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Of the four billion life forms which have existed on this planet, three billion, nine hundred and sixty million are now extinct. We don’t know why. Some by wanton extinction, some through natural catastrophe, some destroyed by meteorites and asteroids. In the light of these mass extinctions it really does seem unreasonable to suppose that Homo sapiens should be exempt. Our species will have been one of the shortest-lived of all, a mere blink, you may say, in the eye of time.


—P. D. JAMES, THE CHILDREN OF MEN




INTRODUCTION


The average human can expect to live more than 2 billion seconds,1 but there are only a few moments when everything can change at once. It might be the second after you receive the worst news of your life, or the moment when the person you had always waited for says yes. For me that moment is captured in a photograph. I’m in the hospital room on the day my son is born, standing to the left of my wife, Siobhan. A smile is surfacing through the fatigue bunched around my eyes. My father is standing on the right, beside my mother, as she looks into the lens with an expression of pure joy. She is holding our first child. His name is Ronan. He’s just a few hours old, his fine, thin skull dusted with reddish-blond hair, his fingers curled tightly in fists, his eyes shut against the light. Ronan is here, one of the newest inhabitants on planet Earth, and for us nothing will be the same again.


What I see when I look at that photograph today is the future coming into being. My father, who loomed throughout my childhood, is not just my father any longer, but a grandfather. My mother, the first person I remember being conscious of, is not just my mother any longer, but a grandmother. And I, a son for thirty-nine years, am no longer just a son, but a father, as my wife is now a mother. We’re part of a chain that turns toward the future, one human link at a time. And those links are as fragile as a newborn baby.


Until that moment I’d never really thought about the future, which is ironic, because for a decade and a half as a professional journalist the future was my subject. The first years were spent as a foreign correspondent for Time magazine in East Asia, where I witnessed the greatest victory over poverty the world has ever experienced, an economic and political earthquake that will reverberate for decades. I reported from ground zero on SARS, the first emerging global disease of the twenty-first century, a virus that came out of nowhere and exposed just how vulnerable our interconnected world was to the peril of sickness. I worked for a year in Japan as Time’s Tokyo bureau chief, reporting from a country that lives on the very edge of the future.


After six years in Asia I moved to Time’s headquarters in New York to cover climate change, a force that will do more than any other to reset the boundaries of our future. I attended historic conferences like the 2009 United Nations climate change summit in Copenhagen, and ventured to the vanishing ice sheets of the Arctic. I trekked to the dwindling rain forests of South America and the drought-stricken mountains of northern India. Everywhere I went, I witnessed the diminishing of humanity’s future, melting away like the glaciers I once watched calving off Greenland.


When people found out that I covered climate change—and if they believed that climate change was real—they would usually ask me if I found the beat depressing. Weren’t we all doomed? I’d tell them something about how climate change was vitally important because it represented the intersection of business and politics and science, all while allowing me to earn plenty of exotic stamps in my passport. Which was true enough. Climate change was important, and I did feel lucky to cover it. I could read the studies, and I could write articles—so many articles—warning that our species was headed for doom if we didn’t make radical changes in the way we lived. But I never really felt it. I didn’t feel the future—its weight, its uncertainty, its importance, and, like my newborn son, its fragility.


But I would.


In a 2012 poll by Reuters covering more than twenty countries, 15 percent of respondents predicted that the world would end in their lifetimes.2 A 2015 survey of Americans, British, Canadians, and Australians found that a majority rated the risk of our way of life ending within the next one hundred years at 50 percent or greater, while a quarter believed humanity had a better than even chance of being wiped out altogether over that time frame.3 More Americans believe that life was better fifty years ago—when a nuclear holocaust was an everyday possibility—than it is today.4 In 2018, a UN scientific panel reported that the world had just twelve years to sharply reduce carbon emissions or risk a global catastrophe.5 Meanwhile, the tone of the news in the era of President Donald Trump has become nothing short of apocalyptic on both sides of the political divide. And when we’re not reading about the real-life end of the world, we’re watching a fictionalized version: The Walking Dead, The Hunger Games, Avengers: Endgame and half the new shows on Netflix. The bloodier and more dystopic, it seems, the more we love it—as long as we’re watching, and not participating. If we fear the end times, part of us seems to crave them—and perhaps believes we deserve them.


What’s ironic is that this existential panic unfolds against the backdrop of a world that—for most of humanity—is better than it has ever been. In 2018, for the first time in history, more than half of the world’s population qualified as “middle class” or “rich.”6 Infant mortality has fallen by more than half over the past twenty-five years.7 Even as weapons have grown far more lethal, the global death rate from conflict is less than it was six hundred years ago.8 And if numbers like that seem too dry, ask yourself this question: Would I have preferred to be born fifty years ago, not long after a global war killed more than 60 million people? One hundred years ago, before the age of antibiotics, when a simple infection could end your life? One thousand years ago, when human life expectancy was about thirty years?9 I doubt it.


If we don’t appreciate the present, it’s in part because we don’t fully understand the past—even as we make the mistake of assuming the future will be like the present. Psychologists have a name for this trait: the availability heuristic, the human tendency to be overly influenced by what feels most visible and salient in our experience. The availability heuristic can cause us to overreact, as when we hear about reports of a suicide bombing and become fixated on the danger from terrorists, ignoring the longer-term data that shows such incidents are on the decline.10 Risks that are most available to the mind are the ones that we care about, which is why so much of our regulation is driven by crisis, rather than by reason.11 As a longtime journalist, I plead guilty here—the standard definition of the news is the recent and the memorable, so the media plays a role in our overemphasis of now at the expense of the historical perspective. No newspaper has ever led its front page with the story that 100,000 people rose out of extreme poverty yesterday12—yet for years, that is exactly what has been happening almost daily. The myopia of the availability heuristic leaves us fixated on everything that seems to be going wrong today, and blind to how far we’ve come.


But that same psychological bias can also lead us to underreact to far greater dangers and threats that we’ve never experienced. The internet may remember everything but human memory is short and spotty. Few of us have experienced in our own lives catastrophes truly worthy of the name, and no human has seen an asteroid on a collision course with our planet, or witnessed a disease rise and threaten our very existence. These threats have no availability to us, so we treat them as unreal—even if science and statistics tell us otherwise. Our failure to understand that the future could be radically different than the past is above all else a failure of human psychology. And that failure could prove fatal for our species.


In life, as in the stock market, past performance is no guarantee of future results. It’s not just the rising tide of climate change, or the creeping instability at home and abroad, or the deadly natural disasters that seem to be piling up with each passing year. It’s not just the nauseating sensation that our world is spinning out of control, one presidential tweet at a time. Our very future is in danger, as it has never been before, both from an array of cosmic and earthbound threats and from the very technologies that have helped make us so prosperous.


We think we know how bad it can get, but the worst catastrophes that have ever befallen the human race—two world wars; the Black Death, which killed as many as 200 million people in the fourteenth century; the biggest hurricanes and most devastating earthquakes—are mere speed bumps compared to the risks this book will cover, the risks we now face. These risks are darker than the darkest days humanity has ever known. They’re called existential risks, risks capable of putting an end to the existence of humankind, for all time. They are the mistakes we can’t recover from, the disasters that could end the human story in midsentence.


Our species has always lived under the shadow of existential risk—we just didn’t know it. At least five times over the course of our planet’s 4.5-billion-year history, life has been virtually wiped out in great extinction waves, often punctuated by a natural catastrophe that struck on a planetary scale. Asteroid impacts, supervolcanic eruptions, even gamma rays from space—the universe is not a safe space.


The death of the dinosaurs some 66 million years ago, thanks largely to the impact of a six-mile-wide asteroid, was a mass extinction event. Ninety-nine point nine percent of the species that have ever lived on Earth have gone extinct. Some evolved into new species, but most, including every other Homo species we’ve ever shared the planet with, simply died out. And the same fate could befall us.


But if the universe has always wanted to kill us, at least a little bit, what’s new is the possibility that we might destroy ourselves, whether by error or intention. What are called man-made or anthropogenic existential risks were born with the successful test of the first nuclear weapon at Trinity Site in New Mexico on July 16, 1945. The bomb gave us the power to do to ourselves what natural selection had done to most other species before us.


Nuclear war, though, is just the first man-made existential risk, one that has grown no less lethal even as it has receded from our attention. With every passing year, billions upon billions of tons of man-made greenhouse gas emissions are added to the atmosphere, increasing man-made climate change. Given enough time—along with some bad luck—global warming could begin to threaten our existence. Even more frightening—and far harder to predict or control—are the existential risks arising from new technologies like synthetic biology or artificial intelligence, technologies that could create threats we can hardly imagine, bombs that could explode before we even know they’re armed.


How much danger are we in? The Canadian philosopher John Leslie, who helped invent the field of existential risk studies with his 1996 book, The End of the World, gave a 30 percent chance that humans would go extinct over the next five centuries.13 In his final published remarks, the late Stephen Hawking put our species on an extinction clock, writing: “One way or another, I regard it as almost inevitable that either a nuclear confrontation or environmental catastrophe will cripple the Earth at some point in the next 1,000 years.”14 At a 2008 symposium put on by Oxford University’s Future of Humanity Institute (FHI)—one of a new array of academic groups formed to study existential risk—a group of experts collectively put the overall chances of human extinction before the year 2100 at 19 percent.15 That may leave us with a better than four-in-five chance of making it to the twenty-second century, but as the existential risk expert Phil Torres points out, even a 19 percent chance of human extinction over the next century means that the average American would be 1,500 times more likely to die in an end times catastrophe than they would in a plane crash.16


In a 2003 book, Martin Rees, Britain’s Astronomer Royal and the cofounder of the Centre for the Study of Existential Risk (CSER) at the University of Cambridge, put the odds of humanity successfully making it through the century on par with a coin flip—fifty-fifty. “Just a few people or even an individual can, by error or by design, cause a catastrophe that cascades very widely, even globally,” Rees told me when we spoke in 2018. “I like to say the global village will have its village idiots.” And now those village idiots are armed and dangerous.


Rees is right to focus primarily on the existential risk that emerging technologies will super-empower individuals and small groups that may harbor apocalyptic intentions. We’re as vulnerable to planetary disasters like asteroids and supervolcanoes that have wiped out life on Earth before as we ever were. But the very fact that Homo sapiens has survived and thrived for hundreds of thousands of years means that we can reasonably hope our run of luck will continue through the next century, and even longer. By one estimate the probability of human extinction from a natural catastrophe over the next century is almost certainly lower than 0.15 percent—tiny, though not zero.17 And we have something the dinosaurs and other long extinct species lacked—scientists and engineers who can defend us from the dangers above and below, provided we give them the resources and the authority they need.


But the same brains that could protect us from natural existential risks have introduced entirely new ones into the world, technological risks far greater than anything this planet could throw at us. We’re only beginning to understand how these technologies might be used, and how they might be abused. What sets them apart from existing man-made threats like nuclear weapons is that they come not just with risks, but with benefits. Synthetic biology offers us the potential to create immortal organs, powerful drugs, and crops that could keep a growing and warming planet fed. Artificial intelligence may be the most important invention in human history—and possibly the last one we’ll ever need. These technologies are “dual use”—the same science can be used for good, including to counter other existential risks, and for ill. We may not be able to tell which is which until it’s too late. There are no easy answers when it comes to the end of the world.


In 2017, I left Time to begin working on the book you’re reading now, a book that would raise the alarm about the existential threats our world faces, and ask how we might counter them. But even as I began researching the subject and speaking to experts in the field, something about it remained unreal to me, distant and abstract. This is an occupational hazard of existential risk studies. The human mind reels at the numbers—hundreds of millions of deaths, billions of deaths, total extinction. There is a term for this, too: scope neglect, our psychological inability to scale up from the small numbers of a human-level story to the vast figures of mass death. The words may not have been said by Joseph Stalin, but that doesn’t make them any less true: “One death is a tragedy; a million deaths are a statistic.” I was treating the end of the world as a statistic, just as I had done for so long as a reporter with global warming.


That changed as I began to understand the most salient fact about existential risk: It’s not about us. It’s about our sons, daughters, nephews, and nieces, and all those unnamed billions, even trillions, who might come after them—but won’t, if our human story ends now.


The Oxford moral philosopher Derek Parfit proposed a thought experiment. Imagine three possible futures. In the first, there is peace. In the second, there is a nuclear war that kills 99 percent of the world’s population, leaving a sliver of survivors to carry on. In the third, a nuclear war kills 100 percent of the world’s population—every man, woman, and child, resulting in the total eradication of the human race. It doesn’t take an Oxford PhD to conclude that the first future is the best of the three, or that the third one—the extinction scenario—is the worst. And most people would instinctively conclude that the difference between peace and a nuclear holocaust that killed all but 1 percent of the world is much greater than the difference between the death of 99 percent of the global population and the death of 100 percent. Certainly that’s what the raw numbers would say. But Parfit disagreed, writing the following in his 1984 book Reasons and Persons: “Civilization began only a few thousand years ago. If we do not destroy mankind, these few thousand years may be only a tiny fraction of the whole of civilized human history. The difference between [possibilities] 2 and 3 may thus be the difference between this tiny fraction and all of the rest of history.”18


Extinction, as the environmental slogan goes, is forever.19 The true horror of the end of the world is measured not by our own deaths, and the deaths of everyone we know and love, not just by the deaths of our children and grandchildren, but by the nullification of all who would come after them, all those who would live and love and carry this species forward. An existential risk realized is the death of the future.


Basic morality calls us to do what we can to save a single life. If the world were in immediate existential peril—if, for example, a very large asteroid were bearing down on Earth—we would do whatever we could, spend whatever we had, to try to save the billions of people who live here. By that same token, shouldn’t we be even more motivated, even more desperate, to protect the future generations who would take their turn on Earth—provided we don’t destroy it all now, or let it be destroyed by inaction? If we include the future—all of the future—the stakes of what we do or don’t do in the present moment become unimaginably enormous. We could have thousands, tens of thousands, even millions of years of civilization ahead of us, but that future depends on those of us alive in the present moment.


That is what I feel now when I look at that photograph of my new family. It is the past and future made tangible in a single moment. I think of the endless chain of events that had to fall into place in the past to make my son a reality. And I think of the events that are unfolding even now to bring the entire human future into being. That chain could have ended at any time, cut short by disease or catastrophe or simple bad luck. And until very recently, if that end had come—if this species had gone extinct like so many others—there would have been little we could have done about it. Our ancestors couldn’t deflect an asteroid, or invent a vaccine to cure a killer disease. But we can. This could be the end of our times—or just the beginning. The choice and the responsibility are ours.


In the pages to come, I’ll offer a tour of existential risk, and plot a path to survival. I’ll survey the threat of asteroids and comets from space, and hunt with astronomers for the near-Earth objects that could extinguish our future on this planet. I’ll explore the underappreciated danger from the supervolcanoes that have disrupted life on this planet over and over again, including one that sits beneath America’s first national park. I’ll travel to the birthplace of man-made existential risk—Trinity Site in New Mexico, where a terrible beauty was born. I’ll tell the inside story of the climate change conferences that have failed to stop the frightening pace of global warming, and ask just what the present owes to the future. I’ll share what it was like to live through the first global disease outbreak of the twenty-first century, and why a simple virus can wreak havoc on an interconnected world. I’ll stand looking over the shoulders of the scientists remaking life with synthetic biology, and I’ll ask whether the rise of superintelligent artificial intelligence (AI) is something to be welcomed, feared, or merely disbelieved. I’ll search for extraterrestrial civilizations, and scour the so far silent cosmos for any clues it might offer for our own fate. And I’ll explain how our species can survive the unsurvivable, should existential catastrophe finally arrive.


Make no mistake—we are in mortal danger. But the existential risks that follow in these pages have called forth dedicated scientists and experts who are doing their part and more to defend our future from the end times. New organizations have been created to study existential threats across disciplines: the Future of Humanity Institute at the University of Oxford, the Centre for the Study of Existential Risk at the University of Cambridge, the Future of Life Institute in Boston. Combatting existential risk isn’t just a matter of devising asteroid deflectors or ensuring our future robot overlords are peaceful. It demands a new kind of scientific method, a willingness to grapple with planetary uncertainties and cosmic numbers. Original thinkers like Nick Bostrom, Anders Sandberg, Milan Ćirković, Olle Häggström, and others have shed fresh light on the ultimate fate of human beings, a subject that, despite its obvious importance, has been less studied than the life of the humble dung beetle.20 Their work inspired this book, and I will return to it again and again through these pages.


To save ourselves we need to think about the unthinkable, and not merely understand the future but feel its gravity. Our greatest existential challenge isn’t technical or political, but conceptual. We have to believe that the end of the world can happen, and at the same time we have to believe that we can do something about it. But our track record is poor.


The Bulletin of the Atomic Scientists is an academic journal founded after World War II by some of the same people who helped develop the atomic bomb. In 1947 the artist Martyl Langsdorf was tasked with creating a cover for its first issue, and she channeled her dread of the new weapon into what would become one of the most iconic symbols of the Cold War: the Doomsday Clock, its hands inching toward midnight.


From 1947 on, the people behind the Bulletin have shifted the hands of the Doomsday Clock to represent, crudely but effectively, just how close our end times might be. In 1949 it was moved to three minutes to midnight in response to the Soviet Union’s first successful test of an atomic bomb, which kick-started the nuclear arms race. After Washington and Moscow signed the 1963 Partial Test Ban Treaty, putting an end to aboveground nuclear bomb tests, the hands were moved back to twelve minutes to midnight. And while the first decades of the Doomsday Clock focused exclusively on the threat of a nuclear holocaust, the clock continued to keep time after the Cold War ended, broadening out to include new dangers from climate change and emerging technologies. The Doomsday Clock is the closest thing we have to a thermometer of existential risk.


Each fall, the science and security board of the Bulletin—a group of top-level scientists and defense experts—meet and ask themselves two questions: Is humankind safer or at greater risk this year than the last? And is humankind safer or at greater risk this year relative to the entire history of the clock? It’s an imprecise symbol—existential risk isn’t divided up into neat sixty-minute intervals—but a grimly effective one nonetheless. It’s why one of the first trips I took for my reporting for End Times was to Washington, D.C., on January 25, 2018, to witness the Bulletin reveal the new time for the Doomsday Clock at the National Press Club. They did not disappoint. “We have come to a grim assessment,” Rachel Bronson, the president and CEO of the Bulletin, announced to the world. “As of today, it is two minutes to midnight.”


Only in 1953, after a year in which both the United States and the Soviet Union exploded their first hydrogen bombs—weapons of mass destruction far more powerful than the atomic bombs dropped on Hiroshima and Nagasaki—had the clock been this close to striking midnight. The construction of the Berlin Wall, the Cuban Missile Crisis, the Vietnam War—none posed as great a threat to the further existence of the human race as the events of 2017, at least according to the hands of the Doomsday Clock. The Bulletin experts cited an array of factors: North Korea’s atomic breakout, uncertainty over the future of the Iranian nuclear deal, a planned U.S. withdrawal from the Paris climate agreement, the spread of cyberhacking, and of course, an unpredictable President Donald Trump. But what mattered more than the reasons behind the clock’s move—all debatable—was the time itself, and how little might remain for us. “These are dangerous, dangerous times,” Bronson told me after the announcement. “This is not your father’s Cold War.”


In the movie version of this story, Bronson and her Bulletin colleagues would have been delivering their alarm to an overflowing crowd of journalists in the nation’s capital. Cable news shows would have interrupted their regular programming to cover the announcement live, and print newspapers would have broken out their wartime headline font. The Doomsday Clock is about nothing less than the fate of the entire human race, all seven and a half billion of us, and all those who might come after. There should be nothing more important.


Yet only a handful of journalists were with me in the audience that January morning in the National Press Club’s First Amendment Lounge, asking only a handful of desultory follow-up questions. The Doomsday Clock would not go unmentioned by the media—fear makes for good press—but most outlets would treat it as one more data point in a world going madder by the day, to be overtaken almost immediately by the next story, the next scandal.


As I walked out of the National Press Club that morning, I could witness the forgetting already unfolding on cable news playing in the building’s lobby. The breaking stories were about how Trump would perform at the upcoming World Economic Forum summit in Davos, Switzerland, how global demand for iPhones was slowing down, how the midterm elections were shaping up. On one screen ninety-four-year-old Henry Kissinger, a ghost from an earlier doomsday, croaked his testimony to the Senate Armed Services Committee. The clock kept ticking—our clock, our time. And no one seemed to care.


We must care. We can’t give in to apathy, just as we can’t give in to panic or despair. We face enormous challenges, and so many of them are of our own making. But we can overcome them, for our sake and for the sake of generations to come. I know the future that I’m fighting for. I can look in his eyes. And we can begin that fight together, by casting our eyes to the skies above.
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ASTEROID


The Universe Is Trying to Kill Us


This is a book about the threat of human extinction, but it’s impossible to begin the subject without considering the eradication of a group of animals that also once seemed secure in its reign over the Earth: the dinosaurs. Dinosaurs existed for more than 180 million years,1 hundreds of times longer than Homo sapiens’s so-far brief stay on the planet—and then they met a sudden and violent end. What matters for us is not merely the fact that the dinosaurs went extinct, however, but how it happened. We might be reading our own future in the chronicle of catastrophe that is the fossil record.


About 66 million years ago, at what we now know as the close of the Cretaceous period, the orbit of a single asteroid intersected that of Earth. Asteroids are hardly rare—hundreds of thousands of these chunks of rock and metal circle the sun, just as our planet does. At more than six miles wide, this leftover piece of the solar system’s birth was unusually large, yet it was still tiny compared to the planet it would impact, the equivalent of a marble colliding with a beach ball. But as the asteroid met the Earth it plunged through the planet’s atmosphere at a steep angle, like a high diver slashing toward the bottom of the pool, speeding toward what is now present-day Mexico at a velocity of 12.4 miles per second—20 times faster than a gunshot.2 Friction ignited the air around the plummeting asteroid into blue-hot plasma.3 It took just twenty seconds for the asteroid to hit the sea below.


The ocean at the impact point was shallow, and as the asteroid reached the water it punched through the surface, the seafloor, and the crust below, burrowing into red-hot streams of underground magma. The energy released by the resulting explosion had the force of 100 million tons of TNT, greater than 6,500 times more powerful than the nuclear bomb dropped on Hiroshima. A mega-tsunami flooded the surrounding coasts. More than a thousand cubic miles of vaporized rock were blown into the sky, punching a hole in the planet’s atmosphere. Some of the debris condensed into sand-sized, solid particles called spherules, and as they fell back to Earth they were so numerous that 10,000 of them were found on every square inch of the planet’s surface. Thermal radiation from the hot air started fires globally and burned much or all of the land biomass. Some four inches of the Earth’s oceans boiled off. “The asteroid hit and everything on the surface burned. It was like being inside an oven with the broiler on,” said Brian Toon, an atmospheric researcher at the University of Colorado, Boulder, I spoke to who has studied the aftermath of the impact. “It would have baked the dinosaurs alive.”


Those dinosaurs were, above all else, victims of catastrophically terrible luck. As we’ll see, objects from space strike the Earth all the time, but the chance of being hit by something the size of the Chicxulub asteroid—named for the modern Mexican town near the underwater impact crater the asteroid left, one of the largest in the planet’s history—is minuscule. That was the first turn of bad fortune. Even an asteroid as large as Chicxulub may not have wiped out the dinosaurs had it not landed precisely where it did. The shallow seabed at the impact point was unusually rich in sulfur, so the debris cloud caused by the asteroid was spiked with sulfur droplets. Sulfur reflects sunlight, and that cloud suffused with sulfur—and massive amounts of soot—blocked much of the sun’s heat from reaching the Earth’s surface. Global temperatures plummeted, perhaps by as much as 50 degrees Fahrenheit over land and 36 degrees over the oceans. For as long as two years following the asteroid strike, the darkness was so total that photosynthesis all but stopped, leaving only whatever food might have been left on the land and below the surface. “Light levels would have fallen below one percent for a couple of years,” said Toon. “When you have something that extreme, animals and plants can’t compensate.”


That was the second turn of bad fortune—and the last one for the dinosaurs. As traumatic as the actual asteroid strike would have been, especially near the impact site, it was the global loss of light and food that ultimately killed the dinosaurs and some three-quarters of the animals and plants living on the Earth at the time. Wrenching environmental change unfolded faster than anything living could adapt, deadly to anything that couldn’t hide in a hole. It’s what would likely kill us if a comparably sized asteroid collided with the Earth today—unless we’re smart enough to save ourselves.


The story of the asteroid that wiped out the dinosaurs has become so ingrained in our imagination as a stand-in for a natural apocalypse that it’s easy to forget how recently the theory was born. The first identification of an asteroid crossing Earth’s orbit didn’t occur until 1932, and even as Neil Armstrong and Buzz Aldrin walked on the moon in 1969, scientists were only beginning to understand that the craters pocking the lunar surface were the result of ancient asteroid impacts.


Here on Earth, geologists were still in the grip of a theory called uniformitarianism. It may sound like a little-known Protestant sect, but uniformitarianism was the idea that the geological features we see today—from oceans to craters to mountains—were all formed by gradual and uniform processes like erosion. That includes extinctions—scientists at the time largely believed that species went extinct gradually, rather than in sudden mass waves. It was only in 1980 that the father-and-son team of physicist Luis Alvarez and geologist Walter Alvarez published research showing that clay from the layer of sedimentary rocks marking the end of the Cretaceous contained an unusual concentration of iridium, an element found in far greater amounts in asteroids than in the Earth’s crust. The iridium was like the fingerprint of a suspect on a murder weapon, and the Alvarezes theorized that the dinosaurs’ extinction had been caused by the impact of a gigantic asteroid or comet.4


While there are still some dissenters who believe that massive volcanic eruptions were the chief cause of the dinosaurs’ demise—a possibility we’ll examine in the next chapter—the asteroid theory was accepted by most scientists, especially after the underwater site of the Chicxulub crater was discovered in 2001.5 The Alvarezes’ research also helped dispel the theory of uniformitarianism as it became clear to scientists that along with work of slow, everyday geological processes, the Earth had been utterly reshaped by instantaneous catastrophes—hence the name of the new theory, catastrophism. And if such a catastrophe had happened once, it could happen again.


Dinosaurs are the poster species for total extinction, and so their destroyer has come to symbolize a universe that, as the astrophysicist Neil deGrasse Tyson has said, “is trying to kill us.”6 Unlike some of the other natural existential risks we’ll discuss in this book, we’d likely be able to see asteroids coming, which adds to their dreadful power, even as the cataclysmic effects of impact would be felt in an instant. No wonder Hollywood has made asteroids its favorite nonhuman existential villain. They may be chunks of rock and metal, but asteroids are inherently cinematic.


There’s something else that sets asteroids apart. Unlike most other existential risks—especially natural ones—this is one world-ending threat we can potentially eliminate now. Astronomers can find and track asteroids that might intersect with the planet’s orbital path—what are called near-Earth objects (NEOs)—years and even decades in advance of a possible impact. And if an NEO menaces, we have theoretical methods to target and deflect it before it endangers life on Earth. As Tom Jones, a veteran NASA astronaut who has an academic background in asteroid detection, told me, “We are learning how to change the way the solar system works to preserve our species.”


When Chicxulub came for them sixty-six million years ago, there was nothing the dinosaurs could do but die. And if a similar-sized NEO struck again during humanity’s watch on the planet, there would have been nothing we could have done, either—until today. Now we can alter the mechanics of the heavens to keep ourselves and our future safe. We can save the world—from this threat at least—but we’ll need to act soon.


Humanity’s first real inklings of the peril posed by NEOs came on March 24, 1993, when a team of three astronomers at the Palomar Observatory outside Los Angeles discovered a comet on a collision course. The weather at the Peninsular Ranges was windy and cold that night, with clouds obscuring the sky from an incoming storm. The geologist Eugene Shoemaker; his wife, Carolyn, an astronomer; and their colleague David Levy were carrying out a multiyear NEO survey, painstakingly searching for asteroids, comets, and anything else they might be able to find arcing through our solar system. But hopes that night were as dim as the sky. The best conditions for asteroid hunting are clear and still. March 24 was neither.7 Even today, with the aid of digital cameras and tracking software, the practice of discovering and cataloging asteroids is as much art as it is science, and one that favors the meticulous. In the early 1990s, though, asteroid hunters still used analog film. Aiming their cameras through telescopes, they took multiple minutes-long exposures of specific sections of the night sky, then compared those images in the hopes of locating a heavenly body moving against the known background of stars and planets. As if the bad weather that night weren’t obstacle enough, the Shoemakers and Levy had discovered a couple of nights earlier that a stack of their highly sensitive film—which cost nearly four dollars per shot—had been accidentally exposed to the light, making it unusable except for a portion around the center of the slide. Was it even worth potentially wasting their precious remaining good film on such a cloudy night?


Eugene Shoemaker, known as Gene, was a legend in asteroid studies. He was one of the first scientists to conclude that the craters found throughout the Earth were physical evidence that the planet had been struck by asteroids and comets in the past.8 But between the cost of the film and the bad weather, even the stalwart Gene Shoemaker was ready to pack it in for the night. Levy, though, argued that they might as well try to use the damaged slides—if the conditions remained poor, at least they wouldn’t have squandered any of the unexposed film. Gene eventually agreed. Before the gathering clouds finally drew a curtain on the night, Levy managed to take exposures of three fields of sky they hoped could be compared to existing images they had taken previously.9


Once the exposures had been shot and developed, Carolyn Shoemaker began scanning them, two at a time, using a stereo-microscope that caused any moving images—like asteroids—to rise above the background field of stars. Carolyn’s story is an inspirational one. She had spent decades as a wife and homemaker to Gene before making a later career change to become an astronomer, and at age fifty-one now spent her nights hunting for asteroids at Palomar and Northern Arizona University. As she scanned a pair of images the following day, Carolyn spotted something near the center of the field a few degrees away from the planet Jupiter. “I don’t know what this is,” she told Gene and Levy, “but it looks like a squashed comet.”


Over the course of her second act, Carolyn Shoemaker discovered more than 800 asteroids and 32 comets.10 Yet no find would prove more consequential than the object she spotted that evening. What Gene and Levy photographed and Carolyn picked out was indeed a comet, one that would eventually be designated Shoemaker-Levy 9, as it was the ninth such comet discovered by the team. It appeared squashed because it had fragmented, shattered by the force of Jupiter’s gravitational field when the comet’s orbit had taken it near the planet in 1992. But even a broken comet is dangerous, and now what remained of Shoemaker-Levy 9 was on a direct course for the largest planet in our solar system.


Beginning on July 16, 1994, with the telescopes of the world watching—along with the spacecraft Galileo, then just 150 million miles from Jupiter—the lead fragments of Shoemaker-Levy 9 slammed into the gas giant.11 Shoemaker-Levy 9 marked the first time that astronomers were able to directly observe a collision between two extraterrestrial objects in the solar system, and the show did not disappoint. Most of the cometary fragments were at least as large as 1.25 miles across and were traveling at 125,000 miles per hour, fast enough to cross the width of the continental United States in little more than a minute. A single piece of Shoemaker-Levy 9 delivered the energy equivalent of 6 million megatons of TNT, a force hundreds of times greater than the explosive power of the world’s combined nuclear arsenal at its peak.12 The impacts created fireballs that reached heights of more than 1,800 miles—higher than three hundred Mount Everests—and burned at temperatures as hot as 42,660 degrees.13 The great dark scars from the collisions were as large as 7,400 miles across, and were visible even from a child’s backyard telescope on Earth.14


For astronomers, the Shoemaker-Levy 9 collision with Jupiter was an unprecedented cosmic fireworks spectacle, one so powerful that the thin rings circling the planet were left tilted, like a football player whose helmet had been knocked askew by a blind-side hit.15 When one 2.5-mile-wide fragment struck the planet, the flash generated by the impact was so bright that it temporarily blinded many of the infrared telescopes trained on the event. Yet if Carolyn Shoemaker hadn’t picked out that “squashed comet”—and if David Levy hadn’t urged his team members to keep working through that cold and cloudy night at the Palomar Observatory—scientists might never have witnessed the collision.


But Shoemaker-Levy 9 wasn’t merely a scientific milestone. Jupiter is the biggest planet in the solar system, so large that you could fit 1,300 Earths inside it and still have room to spare. If any planet in the solar system would be capable of shrugging off a blow from a comet, it would be Jupiter. Before the impact event, astronomers wondered if Shoemaker-Levy 9 would simply disappear into the bowels of the gas giant. Yet months after the collision the scars from Shoemaker-Levy 9 were even more pronounced than Jupiter’s Great Red Spot, that eye-shaped spinning storm in the planet’s atmosphere that is twice the size of the entire Earth. It was as if a new inmate had picked the biggest, baddest guy in prison—and beat him to a pulp. If a cosmic collision could do that much damage to Jupiter, what would it do to our little blue planet? Suddenly the solar system seemed like a much more dangerous place.


Expert concern about the threat posed by NEOs had begun to mount in the years before Shoemaker-Levy 9, spurred by the Alvarezes’ discovery and by a close call with a half-mile-wide asteroid that passed within 500,000 miles of the Earth in 1989.16 In 1990 Congress included language in NASA’s budget authorization requiring the agency to prepare a report on NEOs—how to track them and how to stop them. But when then vice president Dan Quayle endorsed an idea that same year for the federal government to buy telescopes to track potentially hazardous asteroids—and use modified Strategic Defense Initiative antimissile weapons in orbit to destroy them—it became a punch line, not policy.17 Planetary defense was plagued by the “giggle factor”18—a real term for when a scientific subject appears too ridiculous on its face to be taken seriously. The highly visual lesson of Shoemaker-Levy 9 helped change that. “We woke up to the fact that asteroid impacts had an effect on the evolution of life on the earth,” said Steve Larson, a coinvestigator at the Catalina Sky Survey at the University of Arizona, one of the first programs dedicated to searching for NEOs.


Hollywood even got in on the act, eager in those immediate post–Cold War years for disaster scenarios on an apocalyptic scale. Two separate films about efforts to prevent an extinction-level collision event, Deep Impact and Armageddon, were released within two months of each other in the summer of 1998. Deep Impact, in the likely event that you’ve blocked it from your mind, is the comet one, and Gene and Carolyn Shoemaker were even credited as “comet advisors” on the film. Armageddon is the one with Ben Affleck and Bruce Willis as oil rig workers drafted by NASA to drill into an incoming asteroid and blow it up with a nuclear bomb. Armageddon was so critically loathed that director Michael Bay—who has made more than his fair share of critically loathed movies—actually apologized for it fifteen years later.19 (In the DVD commentary, Affleck made the astute point that it would probably have been easier to train astronauts to become oil drillers than vice versa.) It still made $553 million to Deep Impact’s $349 million. I saw them both in the theaters.


The same year those films hit screens, NASA established its NEO Program and, under a congressional directive, dramatically increased its participation in the Spaceguard Survey, which was tasked with discovering and tracking at least 90 percent of potentially hazardous NEOs larger than 1 kilometer (0.62 miles) within the following ten years. Impactors that big could potentially cause continental or even planetary damage. In a field where cost overruns and blown deadlines are common, NASA almost met that target on time, and achieved its goal in 2010. Because the movement of celestial bodies is predictable with sufficient data, scientists could forecast the orbits of identified asteroids decades into the future, and determine whether any have a chance of colliding with the Earth in the decades to come.


The results were a relief. Thanks to the work of Spaceguard and the astronomers around the world who contribute to it, we can be confident that our civilization is unlikely to be ended by any Armageddon-class asteroids for the foreseeable future. But humanity shouldn’t become complacent. While NASA has pinpointed nearly all of the largest NEOs, of which there are some 2,000,20 a new congressional mandate in 2005 to find at least 90 percent of potentially hazardous NEOs larger than 140 meters (460 feet) by 2020 has proven far harder to fulfill. While an impact from a smaller asteroid may not threaten civilization, it could easily wipe out a city, and potentially much more. And there’s a good chance that we might not even see it coming before a collision was imminent, far too late to deflect the asteroid or even evacuate those in harm’s way. “This is the only natural hazard that is predictable and preventable,” said Clemens Rumpf, a research fellow at the University of Southampton who studies asteroid strikes. “But we have to know that the asteroid is coming.”


To do that—to fully “retire the risk,” as asteroid hunters say—we’ll need to spend more on planetary defense. That includes executing a mission that would rehearse tracking and deflecting an asteroid in space. Such an effort would ensure that should the time come to save the world, we’ll at least have a practice run under our belts. It would cost more than the roughly $60 million NASA currently dedicates to planetary defense each year,21 but the math of existential risk proves that it’s worth spending far more to reduce even a tiny risk of planetary catastrophe. The biggest challenge isn’t what we can budget for, but what we can imagine. “There’s no technical obstacle to protecting ourselves,” said Franck Marchis, a senior planetary astronomer and asteroid expert at the SETI Institute in Silicon Valley. “We know how to protect ourselves. We’ve just never tried.”


To understand the risk from NEOs, you need to understand what they are and where they come from. Our solar system was formed some 4.6 billion years ago, as the sun emerged from a cloud of gas and dust known as a solar nebula. Over a hundred million years the matter that remained following the sun’s formation began to clump together. The planets, including our own, grew through a process of accretion, like sand castles built one grain at a time.


Our planet’s youth was a wild one, as the Earth endured a rain of asteroid and comet strikes. Not long after the planet was formed, a celestial object the size of Mars collided with our planet, blasting billions of fragments of rock and molten magma into space. Some of that rock eventually cooled and formed a sphere—our moon.22 That was just one massive impact—between 3.9 and 4.5 billion years ago, the Earth, moon, and many of the other planets of the solar system were struck again and again during what scientists call the Late Heavy Bombardment. Extrapolating from the impact evidence on the pockmarked moon—where there is no air or water to erode the silent craters—the Earth may have been hit by more than 20,000 asteroids or comets capable of leaving craters from 6.2 miles to 620 miles in diameter.23 The Late Heavy Bombardment was, as the author Craig Childs writes in his book Apocalyptic Planet, “what everything else is measured against, an apocalypse unmatched in Earth’s history.”24 Though there was still creation amid the destruction. Some of those comets may have borne water to a young and barren Earth, along with the carbon-based molecules that form the foundation of life. Whatever asteroids and comets may do to us in the future, we might not even be here without them.


Even after the solar system finally settled down into a more sedate middle age, there were still millions of pieces of rock and metal wandering unattached through space like leftover pieces of a jigsaw puzzle. These were asteroids and comets. Comets are composed of rock, frozen gases, and ice—the characteristic tail in a comet is a result of the sun vaporizing some of its material, releasing dust particles that trail behind it. They originate in the Kuiper Belt and the Oort Cloud, on the outermost fringes of the solar system. Asteroids tend to be rocky or metallic, and true to their name are usually found within what’s known as the asteroid belt, between Mars and Jupiter. While films like The Empire Strikes Back make it seem as if an asteroid belt is so dense with rock that the odds of successfully navigating it are—to quote C-3PO—approximately 3,720 to 1, our belt is actually so sparse, as the planetary scientist Carrie Nugent points out in her delightful book Asteroid Hunters, that the actual odds are closer to 1:1.25 If you took all the asteroids in the asteroid belt and squashed them together, you’d have an object less than 4 percent of the mass of our moon.26


Every once in a while, gravity perturbations from Jupiter or Mars can kick asteroids out of the main belt, like a big child nudging a smaller one off a merry-go-round. Those loose asteroids might spin out of the solar system altogether or be swallowed up by the sun, but some can end up in shallower orbits that bring them close enough to our planet to be classified as an NEO. An NEO’s orbit must bring it within about 30 million miles of the Earth’s orbit, around 125 times the distance between the Earth and the moon. A potentially hazardous object, or PHO—the ones to watch out for—is any NEO big enough to potentially survive the plunge through our atmosphere, meaning larger than 100 or so feet wide, and with an orbital path that can bring it within about 5 million miles of the Earth.27


That we rarely notice asteroid impacts is in part a sign of just how empty space is—by one estimate, only 0.0000000000000000000042 percent of the universe actually contains matter.28 But in truth we’re under near-constant bombardment, though mostly by the cosmic equivalent of BBs. Each day the Earth is battered by about 100 tons of dust and sand-sized particles;29 keep a close enough watch on the night sky and you’ll see the larger pieces flaring briefly as they burn up in the atmosphere as what we call, inaccurately, shooting stars. The size and number of asteroids in the solar system follows a proportional relationship called a power law, so that smaller asteroids are far more numerous than large ones. That’s why it has been easier for NASA to locate asteroids above 1 kilometer than it has been to locate those above 140 meters—the big ones are bigger, so they were easier to spot, and there are fewer of them to find.


Though the English astronomer Edmond Halley—he of the eponymous comet—theorized as early as the seventeenth century that impacts could create craters on the Earth’s surface,30 the first NEO wasn’t discovered until 1898.31 For years astronomers found asteroids—which showed up as smudges on the pictures they took from telescopes, just as any moving object is blurred in a photo—more annoying than intriguing. They were searching for the interesting stuff—planets, moons, and stars, all of which are far rarer than what appeared to be the dregs of the solar system. In her book, Nugent writes that the astronomer Edmund Weiss found asteroids so irritatingly common that he began referring to them as “those vermin in the sky.”32


One scientist’s vermin can be another’s life work, however, and by the 1960s interest in hunting asteroids surged. The Palomar Observatory, where the Shoemakers and David Levy discovered their comet; the Leiden Observatory in the Netherlands, led by another husband-and-wife team, Cornelis and Ingrid van Houten; the LONEOS survey in the mountains near Flagstaff, Arizona—all were staffed by astronomers dedicated to finding NEOs.33 But no search program has been more successful than the Catalina Sky Survey at the University of Arizona, which as of 2018 had found nearly half of the roughly 18,000 NEOs that have been discovered to that point.34 As Eric Christensen, Catalina’s primary investigator, told me when I visited him at the University of Arizona: “Finding near-Earth objects is our only mission, our only goal, and we’re free to optimize everything we can towards it.”


If a civilization-threatening asteroid or comet does zero in on Earth, there’s a better than even chance that the NEO hunters of Catalina will be the ones to spot it. They are the first line of defense this planet has against existential threats from space—which is why I decided to travel to Arizona to see their work firsthand.


Greg Leonard was right—I should have brought a jacket. The Mount Lemmon Observatory, where the Sky Survey does its work, is perched high in the Santa Catalina Mountains north of Tucson, Arizona. Tucson is a desert town and warm even in March, but the observatory is more than 9,000 feet above sea level. By the time I’d navigated the switchback mountain roads, the sun had vanished and temperatures were plunging, so much so that I was shivering as I walked the last few steps to the telescope. I was warned to point my car away from the observatory when I parked—light is the enemy of asteroid hunting, and even a brief flash of headlights could be enough to spoil an observation. The sky was mostly clear as the evening began, save for a few spindly clouds framed against the materializing stars. I was lucky—had the cloud cover been fuller, I would have spent my time on Mount Lemmon watching Leonard, the observer on duty that night, filing old data.


A few things to know about modern asteroid hunting. You don’t directly look through the telescope, which is fortunate, because the room that houses it is open to the night sky, and therefore the high-altitude chill. Instead, Leonard and his apprentice Brian sat in a cramped—though blessedly heated—control room, surrounded by stacks of humming servers, walls of computer screens, and lots of coffee. The computers direct the telescope and display the images, the servers store the data from observations, and the coffee keeps the observers awake through their all-night duty rotation. Whereas the Shoemakers had to use limited and costly analog film to take glimpses of the sky—and then had to develop that film themselves and manually scan each image for moving objects—Catalina and other asteroid surveys now use what are called “charge-coupled devices,” or CCDs, thin wafers of light-sensitive silicon on top of an array of pixels. When light is concentrated on the CCD, photons fall onto the pixels and are stored there, like raindrops collected in a bucket.35 Far more images can be collected now than was ever possible during the days of analog photography, and those pictures are of higher quality and easily shareable. As a result, the pipeline of data has gone from a trickle to a torrent. And data is the lifeblood of asteroid hunting.


But while the tools have improved, the techniques of the search haven’t changed much. After a tour of the observatory—which didn’t take long, given its compact size—I balanced on a stool and watched as Leonard directed the telescope to a single patch of sky. He paused for thirty seconds to gather enough light to make an exposure. Another benefit of CCDs is that astronomers no longer have to keep their telescope fixed for minutes to make a single image, which means far more of the sky can be covered in a single night. He shifted the telescope slightly—or slewed it, the technical term for rotating a telescope—to observe a different region of the sky, and took another exposure. The only sound inside the observatory was the grinding of gears as the telescope, originally built in the late 1960s, slid by a few degrees. Two more exposures were taken, and then Leonard returned to the first target and took another exposure, each separated in time by about fifteen minutes, until he had four exposures of the same target.


Leonard motioned for me to come over to the computer screen. He clicked a button and the images he’d taken over the hour ran together, creating the illusion of animation, like a child’s crude flipbook. The stars, so much brighter under the telescope’s magnification than they were even through the cold and clear Arizona night, twinkled from frame to frame, the result of turbulence in the Earth’s atmosphere refracting their distant shine.


But Leonard wasn’t looking at the stars. He was searching for something, anything, moving against the background of space, reflecting the spare light of the distant sun. (Asteroids—like planets, moons, and virtually every other object in the heavens that isn’t a star—are visible only because they reflect the light of the sun.) Catalina, like other modern sky surveys, uses software that automatically scans the exposures and highlights anything that might be an asteroid or a comet. But the program is prone to false positives, mistaking dust or bent light for a moving object. NEO hunting still requires the eyes of a trained observer, one who can parse the signal from the noise.


Once an observing team locates a possible NEO, they relay the data to the Minor Planet Center (MPC) in Cambridge, Massachusetts, the global catalog for all things asteroid and comet. The MPC is the final arbiter on asteroid discovery, processing some 50,000 observations every day36 sent in by professional surveys like Catalina as well as amateur astronomers from around the world. Nearly all of those reports are false alarms—either outright mistakes, or NEOs that are authentic but have already been discovered by someone else, or objects that are still confined to the asteroid belt, and which therefore pose no threat to the Earth. Eric Christensen compared the process to factory trawlers that fish the sea: “We have a big net, and we’re just trying to catch whatever’s in the ocean, and most of what we catch are not NEOs.”


Searching for asteroids is an almost monkish discipline, one that demands a fanatical attention to detail as well as the stamina to work on a mountaintop when the rest of the world is asleep. Observers spend several nights in a row at the observatory, sleeping through the days in nearby bunks, and then take several days off. “It tends to wreak havoc with your social life,” Leonard told me during a break in the observation. “The ones who make it are the ones who can keep themselves busy when they’re not on the mountain.”


For Leonard, who has cropped graying hair and the build of a triathlete, that means exercise, in part to compensate for the eye-straining hours crouched over a computer screen on Mount Lemmon. Gene Shoemaker himself initially brought Leonard into the business. On the wall next to a bank of computer servers was a poster memorializing Shoemaker, featuring a star field above lines from Shakespeare’s Romeo and Juliet: “When he shall die, / Take him and cut him out in little stars, / And he will make the face of heaven so fine / That all the world will be in love with night / And pay no worship to the garish sun.”


As lonely as life in the observatory could seem, it soon became clear to me that NEO hunting was a team effort. Throughout the night, Leonard and his apprentice fielded a string of requests to try to locate possible NEOs that have been spotted by other observers, somewhere else on Earth. Because asteroids won’t stay still, they need to be observed multiple times over multiple days before astronomers can know where they’re going, how large they are, and whether they might pose a threat to Earth—and they need to make those observations around the sun, which blocks much of the sky from view. Carrie Nugent compares the process to being a teacher trying to count children running around a field at different speeds, the view obstructed by a large tree.37 The faster children will appear soon enough, but the slower-moving kids may remain blocked behind the tree for some time, and the teacher—and the asteroid hunter—can only wait and watch.


Given those challenges, it’s not surprising that mistakes do happen. On January 13, 2004, an automated telescope in New Mexico recorded an observation of a possible NEO. Staff at the MPC in Cambridge then posted the information on their website—as they always do—so that amateur astronomers could target the candidate for further observations. One spotter in Germany found it and calculated that it was on pace to grow in brightness by an astounding 4,000 percent over the next day. This was concerning, in much the same way that observing a pair of headlights getting rapidly brighter would be concerning if you were standing in the middle of the road. A NASA researcher did further work and calculated that there was a one-in-four chance that the 100-foot-wide asteroid—now named 2004 AS1—was bound to hit somewhere in the Northern Hemisphere, and that it could do so within a couple of days.


You might think that if there were a 25 percent chance that an asteroid was about to strike, NASA would wake up the president in the middle of the night, drag them into the Situation Room, and warn them that the Earth was in imminent danger. But in 2004 there was no clear protocol for responding to the possibility of a possible hit, even from a smallish asteroid. So the astronomers kept doing what they were doing—watching the sky in the hopes of gathering additional observations that would dispel the uncertainty. The heavy cloud cover over both Europe and the United States at the time made any further observations impossible, however, until the air cleared over Colorado and an amateur astronomer named Brian Warren was able to use his telescope to search the portion of the sky where 2004 AS1 would be if it were indeed on a collision course with Earth. But the asteroid was nowhere to be found. In fact, the 2004 AS1 was more than 7.4 million miles away when it passed by the Earth, some 32 times the distance between our planet and the Moon.


As it turned out, though, we were doubly lucky, and doubly wrong. 2004 AS1 missed the Earth, but it was closer to 1,000 feet wide, not 100, which made it about the height of the Eiffel Tower—large enough to potentially create devastation on a continental scale had it collided with the Earth.38


Despite all the challenges they face—bad weather, thin budgets, the fact that the sun stubbornly obstructs their view—asteroid hunters like Greg Leonard are very good at their jobs. They’ve located more than 8,000 NEOs in the 140-meter-plus category that NASA has been charged to track, and thousands more below that size. (Remember: there are proportionally more small asteroids out there to be found.) The Catalina Sky Survey alone discovers around three new NEOs per observation session on average.


Toward the end of my night on Mount Lemmon—around the time I began wondering if I would be able to stay awake on the twisty drive down the mountain—Leonard and his partner zeroed in on a small asteroid, one that hadn’t been registered by the MPC yet. It was small, and later calculations showed that it posed no threat to the Earth, but the act of finding an unknown asteroid provides the kind of instant gratification that is rare in the sciences, where years or even decades can pass between the first steps to a discovery and the final recognition of publication. “We have the ability to go to the telescope and know we’ve discovered something that night,” Eric Christensen told me when I met him the next morning, once I’d come down from the mountain and had dosed myself with near-lethal amounts of caffeine.


Those discoveries have immediate practical value. Asteroids and comets differ from other existential risks because with sufficient data, astronomers can predict the future. Take enough observations, mix in some math, and scientists can determine with remarkable precision where any NEO is likely to be in five, ten, or even a hundred years time. That’s what makes the act of asteroid hunting on lonely mountaintop observatories so necessary. It’s only through standing watch and scanning the skies, night after night, that we’re able to know what threats the cosmos may be sending our way.


This isn’t mere science; asteroid hunting is about the preservation of the species. The jolt of excitement I felt when the Catalina team zeroed in on their new asteroid came from witnessing two human beings, in a remote observatory, playing their small roles in keeping the other seven and a half billion people on this planet safe from extinction. No other animal can do that, and neither could human beings until very recently. Asteroid hunters like Greg Leonard take that charge seriously. “I know that the chances of me dying in an asteroid impact is less than dying from a lightning strike,” Leonard told me toward the end of my time on Mount Lemmon. “But I also know that if we do nothing, sooner or later, there’s a one hundred percent chance that one will get us. So I feel privileged to be doing something.”


Intelligence-gathering alone won’t keep the Earth safe, though. As Leonard said, given enough time, a large NEO will end up on a collision course with our planet. It’s happened before and it will happen again. So when the day comes, what will we do about it?


The Earth’s first line of defense against incoming fire is actually the gas giant that sits fifth from the sun. Jupiter’s gravity sweeps up some of the most dangerous Earth-threatening comets and asteroids. Our second line of defense is our atmosphere. Most objects that collide with the Earth never reach the surface. Asteroids travel through the frictionless vacuum of space at speeds that reach tens of thousands of miles per hour. But when a meteor—which is what an asteroid is called once it reaches Earth—breaches the atmosphere, it hits air, which quickly piles up. Friction from air resistance causes the meteor to glow brightly and heat up to temperatures as high as 3,000 degrees.39 Up to 95 percent of the meteors that enter the Earth’s atmosphere burn up completely, and most of the rest rarely leave behind more than tiny fistfuls of rock or metal known as meteorites.40 As antimissile systems go, the atmosphere is superior to anything developed by the Pentagon.


But even NEOs that never make it to the ground can cause substantial damage. On June 30, 1908, an asteroid or comet, perhaps 130 to 200 feet wide, exploded in the skies above the Stony Tunguska River in the heart of Siberia. The airburst produced the same amount of destructive energy as 185 Hiroshima-scale nuclear bombs. The comparison is apt—nuclear warheads are detonated in the air, rather than at ground level, to distribute the destructive force over a wider area. Tunguska was nothing less than a natural nuclear strike—albeit without the radiation—and one more powerful than any bomb humans have ever employed in wartime. The explosion annihilated more than 770 square miles of forest, pulverizing an estimated 80 million trees. It is the largest known NEO impact in recorded human history.


Fortunately, then as now, Siberia is a place where trees vastly outnumber human beings, and no one is known to have been hurt by the strike. But Tunguska was still a close call—had the NEO arrived just four hours later, the rotation of the Earth would have brought the Russian city of St. Petersburg into the crosshairs. A 2018 White House report found that if a Tunguska-sized impactor were to hit New York, it would obliterate virtually the entire city and many nearby suburbs, taking out the world’s financial nerve center and potentially killing millions.41 “Something this size wouldn’t take down civilization, but if it hit in the wrong place, plenty of people would be dead,” said Ed Lu, a former astronaut and the executive director of the B612 Foundation, a Bay Area nonprofit dedicated to asteroid defense.


The Tunguska strike occurred only a decade after the first NEO had even been discovered. There were no sky surveys, no astronomers searching for incoming fire, no warning, and no defense. It was only luck that the victims of the Tunguska were trees, not people. But what could we do today if astronomers discovered another largeish asteroid—say, over 300 feet—set to impact a major population center like New York or London or Tokyo?


If the impact were predicted to occur within a few days—as briefly seemed possible in 2004—our best hope would be to move as many people as possible out of harm’s way. Were the object to hit inside the United States, the Federal Emergency Management Agency (FEMA) would be charged with preparing for the disaster and its aftermath. An incoming asteroid’s path and power can be tracked in advance, allowing astronomers to create a likely impact zone, just as meteorologists do with hurricanes. In fact, NEOs are far more predictable than weather here on Earth, let alone natural disasters like earthquakes that strike with no warning at all. And while a Tunguska-sized asteroid could obliterate a city with a direct hit, just 3 percent of the world’s land surface is covered in urban areas,42 meaning it’s much more likely that an asteroid would either strike a largely unpopulated area like Siberia or land in the oceans that cover two-thirds of the planet. That’s the good news.


The bad news is that if an asteroid the size of the one that killed off the dinosaurs were to hit our planet today, it would have global effects no matter where it landed, and according to one study could result in fatality rates of up to 100 percent—in other words, extinction.43 In a 2013 congressional hearing, Representative Bill Posey of Florida asked then NASA administrator Charles Bolden what the strategy would be for dealing with an Earth-threatening asteroid that was discovered with three weeks’ warning. Bolden was blunt. Our strategy, he replied, would be to “pray.”44


If we’re smart and forward-thinking, we won’t have to depend on supernatural intervention. “With enough warning—let’s say at least ten years—we could design a space mission to protect ourselves,” said Ian Carnelli, a program manager at the European Space Agency who works on asteroid surveillance and defense.


The way to stop an NEO is to deflect it, though that word is deceptive. Rather than trying to knock an asteroid to the side, we would try to either slow down or accelerate the asteroid along its given orbital path. Remember that an impact occurs when an asteroid and the Earth intersect while traveling along their separate orbital paths. Asteroid experts compare the process to cars merging on a highway. To avoid a collision, one driver has to speed up or slow down. There’s no speeding up or slowing down the Earth, so we have to alter the velocity of the asteroid, ensuring that it arrives either too late or too early for its appointment with our planet.


One option is to take advantage of a fundamental force of the universe: gravity. Here’s a quick high school physics refresher: all objects with mass or energy—planets, asteroids, even light itself—are attracted toward each other through the force of gravity. If a large object—called a gravity tractor in this case—could be placed in space near an incoming asteroid, its gravitational attraction could be just enough to slightly tug the NEO’s orbital path away from an intersection with the Earth.


We could also take advantage of what is known as the Yarkovsky effect. Just like the Earth, asteroids rotate as they journey along their orbits, which means each half of the asteroid has a day and a night that alternate as the object spins. When the warmer daylight side of the asteroid rotates to face away from the Sun, it releases infrared photons that carry a bit of momentum from the asteroid, acting like a minuscule rocket thrust. That’s the Yarkovsky effect. As anyone who has worn a black T-shirt on a hot, sunny day knows, dark colors absorb light, while paler colors reflect it. By painting one side of the asteroid—perhaps by using paintballs made of dry powder with an electrical charge, which could theoretically survive the vacuum of space—we could use the Yarkovsky effect to tweak the asteroid’s speed. A similar method would involve employing a laser to burn away one surface of the asteroid; as it ejected the vaporized rock and metal, the asteroid would be pushed ever so slightly in the opposite direction.


Each of these methods would create only tiny changes in the orbital path of an NEO, but if we act decades before it is predicted to hit the Earth, those tiny adjustments could accumulate over the years to ensure that the asteroid would miss our planet. But we may not have decades of warning, and if the fate of the Earth is at stake, we’d have to opt for a more direct application of Newtonian physics. An object in motion—like an asteroid—stays in motion with the same speed and the same direction unless acted upon by an unbalanced force. We could bring that unbalanced force to bear on an asteroid by ramming an unmanned spacecraft called an impactor into it. Newton’s second law—force equals mass times acceleration—would do the rest, slowing down or speeding up the NEO. If we know how large an asteroid is and how fast it is traveling, we should be able to figure out how large and how fast our impactor needs to be.


NASA knows this method can work, because they’ve tried it—though not exactly on purpose. In 2005, the Deep Impact spacecraft rendezvoused with the comet Tempel 1, some 266 million miles from Earth. Upon arrival, Deep Impact—which, for the record, was not named after the film—released an 820-pound impactor that rammed into the comet at about 23,000 mph, delivering a jolt of force equivalent to 4.8 tons of TNT.45 Given that the comet was nearly four miles across while the impactor was the size of a washing machine, there was no measurable deflection to speak of—that’s Newtonian physics for you—but the collision did leave a measurable crater, and gave NASA at least an outline of how a kinetic impactor could work on a smaller asteroid, or with a bigger impactor. Which brings us to nukes.


The more force we can deliver to an NEO, the more we can alter its orbit—and for better or for worse, there is nothing in the human arsenal more forceful than a nuclear weapon. If we needed to deflect a large asteroid, or one that was already close to Earth—so the change in the NEO’s orbit would need to be more extreme—nukes would likely be our only alternative. Erika Nesvold, an astrophysicist formerly with the Carnegie Institution for Science, devised an algorithm called Deflector Selector that simulated 18 million attempts to prevent an asteroid impact. She concluded that a nuclear option was the right call for as many as half of the simulations. “It’s not all that surprising,” she told me. “This is a physics problem, and nukes have the most energy.”


What we wouldn’t do is simply fire a bunch of intercontinental ballistic missiles at the asteroid and hope to blow it to smithereens, as if we were playing a real-life game of Missile Command. It may sound counterintuitive, but you don’t want to blow up an asteroid if you’re trying to defend the Earth. There’s no telling where the resulting debris might hit, and as Shoemaker-Levy 9 demonstrated, a broken impactor can still pack a serious punch. One 2019 computer model study found that if an impactor did break up an asteroid on a collision course, the space rock would eventually pull itself back together.46 As with other deflection techniques, the aim is to speed up or slow down the asteroid along its orbital path. Nuclear weapons just provide extra oomph.


One method would be to explode a nuclear device several hundred feet away from the asteroid. Space is a vacuum, so there is no air to carry the destructive force of a shockwave as on Earth, but the high-energy gamma rays, X-rays, and neutrons released by the detonation would hit the nearby surface of the asteroid and vaporize part of it, creating plasma that ejects particles back into space and so thrusts the asteroid in the opposite direction. Hopefully nothing gets blown up—especially the Earth. “This isn’t about sending Bruce Willis to the asteroid with a bomb,” said Carnelli.


About that. You can’t discuss asteroid defense—even among PhD-holding astrophysicists—without Bruce Willis and Armageddon coming up sooner or later. On the one hand Armageddon—and the somewhat more scientifically sound Deep Impact—introduced audiences to the existential threats posed by NEOs in visceral fashion, and proved that we weren’t helpless to stop them. On the other hand, certain licenses were taken with the science. In Armageddon the killer asteroid is described as being “the size of Texas,” reportedly because Michael Bay didn’t think that audiences would believe than an NEO six or seven miles across would possibly be big enough to wipe out the human race. (It would be.) A group of scientists at the University of Leicester in Britain calculated that the bomb Willis and his crew planted after drilling into the asteroid would have needed at least 50 billion megatons of kinetic energy in order to blow apart a Texas-sized NEO. For the sake of comparison that’s a billion times more powerful than the biggest nuclear bomb ever built, the Soviet Union’s Tsar Bomba.47
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