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“It is the stars, / The stars above us, govern our conditions”


(King Lear, Act IV, Scene 3);


but perhaps


“The fault, dear Brutus, is not in our stars, / But in ourselves”


(Julius Caesar, Act I, Scene 2)


As quoted in “B2FH,” paper in Reviews of Modern Physics, Vol. 29, 
No. 4 (October 1957) by Burbidge, Burbidge, Fowler and Hoyle which explained how heavy elements were made in stars.















Introduction



ACCIDENTAL ASTRONOMY


A little more than five billion years ago, one of the hundred billion or so stars in our Milky Way Galaxy exploded. Stars end their lives once their reserves of fuel, which power the nuclear reactions at their center that make them shine, are exhausted. The immediate result for this massive star was spectacular, producing a supernova, an explosion that briefly, for a matter of days, outshone the rest of the galaxy, but despite its dramatic show the event was not particularly remarkable. A middle-aged galaxy like our Milky Way, an average-sized system engaged in the business of turning gas and dust every so often into stars, perhaps hosts one such supernova once a century.


Like most, this particular supernova will have left behind a dense remnant, either a black hole or else an exotic, dense object called a neutron star. It will also have scattered material throughout its neighborhood, mostly gas newly enriched in heavier elements formed by the nuclear reactions that take place among the debris. It is these reactions, rather than the initial explosion, that produced the light by which the supernova would have shone so brightly so briefly. The shock of the star’s sudden end will have borne this material outward, sweeping up and carrying away any surrounding gas to create a void, a bubble 150 light years—a million billion kilometers—across.1 At the edge of the bubble, gas was compressed, and the resulting disruption began a process of collapse that, in the course of a few tens of millions of years, produced a new generation of stars.




Among those new stars was one unremarkable yellow dwarf, and five billion years later this star is the Sun that warms the Earth each morning. As it rises sedately and surely each day in the east, as it has done for billions of years, long before any creature existed to gaze up and wonder about its origins, it has come to symbolize for many of our planet’s cultures the stability and timelessness of the cosmos. Yet we now know that it owes its existence to the cosmic coincidence of a supernova in just the right place and at just the right time, without which you and I would not be here to contemplate that dawn.2




A similar story of chance could be told of the careening of asteroids in the disc of rubble that surrounded the newly formed Sun and within which Earth formed, or the collision of a proto-planet the size of Mars with the newly formed Earth, a cataclysm that produced the Moon, whose gravitational pull causes the tides that washed our distant fishy ancestors onto unfamiliar shores. A little later, an asteroid coincidentally happened, unfortunately for the dinosaurs, to be in the same place at the very same time as the Earth, so greatly improving the chances of the small furry mammals that survived the impact and went on to evolve, before developing astronomy, gin, and the other trappings of civilization a little while later.


Further back in cosmic history, five and a half billion years or so ago, a small galaxy approached the growing Milky Way. This encounter may have triggered the formation of the star that became the supernova I started with. A series of such collisions are likely responsible for our galaxy’s structure, right down to its beautiful spiral arms, as well as our Sun’s existence among its neighboring stars. When we look up at the night sky, where once we might have imagined stars divinely arranged in their unchanging patterns, moving in perfect order, science tells us we should see only an accidental Universe, arranged by chance.


Trying to understand this feels less like an exercise in cerebral theoretical physics and more like reading history. There is no equation scribbled on a blackboard that can tell you why the Milky Way, Sun, and Earth are precisely the way they are, or why this planet in particular has produced a species capable of trying to tell their stories in the first place. We exist as the result of a chain of countless accidents, just as my happening to be sitting at this desk on a January day in Oxford is the result of historical happenstance on scales large and small.


This isn’t to say that science is powerless in such circumstances. There are equations, theories, and physical laws, each derived from physics, chemistry, and their allied trades, that can tell us what processes are at work in the cosmos and what the odds of various outcomes are. Ask not about why a particular galaxy called the Milky Way sits in this particular part of the cosmos, but instead about the chances of galaxies that are like the Milky Way existing, and we are in business. The history of the Earth itself is difficult to pin down, but trying to work out how many of the billions of planets we now think pepper the cosmos are similar to the Earth is a more tractable problem. It is a major goal of modern astronomy, with new telescopes and much brainpower directed to this burning question. And while I can’t predict your fate, I can tell you that the odds of an asteroid the size of the one that did in the dinosaurs hitting us next year are around one in fifty million, about the same as the odds that you will die in a plane crash at some point.


These, though, are statements about probabilities. Certainties come only when we look at simple systems, and usually only on short timescales. Of the eight hundred thousand or so known asteroids, the most threatening to us is Bennu, a pile of rubble a few hundred meters across that was discovered in 1999 by a telescope operated by the US Air Force. Like everything in the Solar System, Bennu travels a path in orbit around the Sun under the influence of gravity, and I can use the equations discovered by Isaac Newton to predict how it will move. (I might, if I wanted to be especially accurate, upgrade to Einstein’s theory of relativity, which refined Newton’s work, but in this case the difference will be extremely small. The Apollo astronauts navigated to the Moon and back using Newtonian calculations, and Isaac will do fine for asteroids.) Our understanding of gravity has allowed us to follow Bennu in the sky since its discovery, and it allowed me to use a friend’s telescope to take a look at it just the other night, the computerized drive whirring as it moved to the predicted coordinates to show us the asteroid, visible as a point of light seen against a background sprinkling of stars. It has even been good enough to take the OSIRIS-REx spacecraft from Florida on a journey of millions of kilometers to visit the asteroid and return a sample of it back to us here on Earth, the better to understand how we might protect ourselves against future impacts.


Our ability to send spacecraft like OSIRIS-REx zipping about the Solar System, visiting asteroids whenever we choose, might suggest that we are able to predict Bennu’s path perfectly, looking as far into the future as we need to reassure ourselves that it poses no threat, but this is simply not the case. We would do a better job of prediction in a solar system that consisted of only the Sun and Bennu, but here in our crowded neighborhood the gravitational pull of each of the planets, added to that of our central star, has a small but tangible effect on Bennu’s motion. The position of giant Jupiter matters in the long term, as does the effect of the asteroid’s occasional close encounters with the Earth. There are also forces other than gravity at work. The Sun’s light exerts a gentle, almost infinitesimal pressure on the asteroid, capable over decades of appreciably altering its position from where it would be if only gravity mattered.


The best we can do is to tell you that the odds of an impact in the twenty-first century, or even during the first half of the twenty-second, are very low indeed, though at the time of writing there’s a 1 in 1,750 chance of an impact that would occur in the year 2178, or on several possible dates in the years that follow. If you are both of a particularly pessimistic nature and really into long-term planning, you might make sure to be somewhere with a strong roof on September 24, 2182, lest Bennu come crashing down. As we get closer to any specific encounter, our ability to predict what exactly will happen, and to distinguish incoming catastrophe from a close shave, will improve. It is most likely that the chances of an impact on any particular date will decrease as time goes by, but maybe they won’t. We can’t tell for sure, and no amount of staring at Bennu or hard work on new theories can help us.


On a grander scale I can tell you about the processes that dictate how, and to some extent why, galaxies formed, emerging from what was a bland, uniform soup of matter that existed shortly after the Big Bang to create the great cosmic web of today, its superclusters containing thousands of large systems linked by long filaments surrounding cosmic voids. Indeed, with the slightest encouragement I will do so, but I can’t describe in detail why the Milky Way Galaxy turned out to be a spiral. In order to understand the physics that governs the evolution of the cosmos, astronomers make simulations that take years of work to program and that require some of the most powerful supercomputers in the world to run for months, producing virtual universes we can explore. What they can’t do is produce an exact replica of our Universe.


Knowing this, looking up at the night sky or at an image like the Hubble Deep Field, which in a single shot shows thousands of galaxies each the equal of the Milky Way, can make me feel dizzy. Our place in this vast and awesome cosmos is so precarious. We could very easily not have been here to experience it: any one of a number of chances could well have fallen the other way. Simultaneously, such thoughts fill me with glee. I am almost unable to believe my luck that, despite overwhelming odds, I get to see such beauty and grandeur, even while experiencing a touch of terror at being lost in a vast and accidental Universe.


This twin perspective, of both awe and joy, is a feature of thinking about astronomy even when we stay closer to home. When the Curiosity rover, which spends its days exploring Gale Crater, an ancient lake bed on Mars, sends back new pictures to Earth, they are almost instantaneously posted online. If you happen to click refresh at the right time, you can be the first to see its holiday snaps, returned from an alien world. Most are as mundane as an ill-chosen postcard of some metropolis’s bus station, stuck on the bottom of a neglected postcard rack at a newsstand: selfies of calibration targets, such as the miniature sundial placed on the rover deck, are common, and there are many close-up shots of rocks that the rover’s robot arm and drill may (but probably will not) be asked to prod and poke. But just occasionally, when Curiosity and its team of rover drivers are planning the next stage of the exploration of that ancient landscape, its cameras look outward and provide views of simply magnificent splendor.


A recent view that popped up on my screen showed the entrance to a shallow valley, its rock-strewn floor stretching between rounded mesas. One of these looked like a Martian version of the famous Half Dome in California’s Yosemite, and only a blink is needed to add humanity to the scene, imagining the tents of climbers perched precariously halfway up. There may be no campers, yet, and no vegetation to provide a splash of green to break up the red rocks, but there is surprising variation in color. Lighter, pinker rocks contrast with dark, almost brown stripes that run through the landscape. Dust, hanging in the atmosphere, gives the sky a hazy feel, the soft light imparting a twilight sense to the scene.


It is easy to imagine standing in that very spot. Perhaps it is because the mast of the rover, which holds the camera, is about two meters above the ground, and so the images from Curiosity and many of its fellow robot explorers offer a very human perspective on the planet. Looking at them sets me thinking of the time I’ve spent hillwalking,3 and makes me want to start planning a route for a wander through this landscape. Friends who climb have told me of similar experiences, picking out their pitches for the first ascent of these hills, while still others, facile with a paintbrush, see the terrain with artist’s eyes. Many have been inspired to work with the images themselves. A community of digital photographers, image processors, and graphics experts spend their spare time producing cleaned-up, often gorgeous renderings of what the rovers are sending back from Mars, even collaborating with the engineers and scientists who built and operate Curiosity to get better pictures and help plan further extraterrestrial photography.


Visiting Mars through their efforts can feel as familiar as flipping through the travel section in the Sunday papers, pausing over artful images of places that I have never been to, but can dream of one day visiting. With images from Curiosity in hand, it seems as likely that I might wander Gale Crater or hike Mars’s version of the Grand Canyon, the Valles Marineris, as I might one day take the advice of some journalist and find myself kicking back and catching rays at a resort in Bali.4 Though Mars is millions of kilometers away, and it remains far beyond our capabilities to send anyone there, it can seem familiar.






[image: image]

The Curiosity Mars rover looks into Gediz Vallis, a valley cut into the side of Mount Sharp. The scattered rocks on the valley floor offer us the chance to stumble across younger material from high on the slopes of the mountain. Credit: NASA/JPL-Caltech/MSSS/Kevin M. Gill








One of my favorite Curiosity images was taken on January 31, 2014, about an hour and a half after sunset. There is a darkened horizon, craggy and distant, just illuminated by the fading light of a hazy sky. Twenty degrees or so above the horizon is a bright evening star, a scene as familiar as can be, reminiscent of all of the times that I’ve stepped through the back door, looked up, and seen Venus, Jupiter, or Mars itself emerge as the first “star” visible after sunset, marking the start of another clear night.


Look more closely and you’ll see not one star in the Martian sky but two, close together yet still distinguishable. One, with a blueish tinge, is brighter than its whiter companion. Hanging in Mars’s twilight, this is the Earth and the Moon, points of light containing all of humanity and our hopes and dreams, reduced to just two stars in another world’s sky. The effect of this realization is enough to knock me off balance. The familiar landscape I imagined walking in suddenly becomes impossibly alien, an otherworldly place that seems distinctly out of reach.


Both sets of feelings, of a planet just next door I can imagine visiting and a world that seems foreign and remote, hit me at once when I look at those images of Mars. It’s the same duality as comes when looking at images of distant galaxies, flipping between being at home in the Universe and cosmically alienated, secure in our Universe of ordered physics and contemplating an infinity full of accidents. We have learned, ever since the Hubble Space Telescope first flew, that if you point a telescope at even the emptiest patch of sky and leave its camera shutter open long enough, the camera’s field of view will slowly become speckled with fuzzy galaxies, some no more than faint points, whose light has taken billions of years to travel through the Universe before, by accident, encountering our camera. Such images have told us that there are more stars out there in the observable Universe than there are grains of sand on Earth.5 We are adrift in this cosmic vastness, and it is hard not to feel that our planet and all its inhabitants are surely insignificant in the face of such immensity. As Douglas Adams memorably commented in his Hitchhiker’s Guide to the Galaxy, space is big, but it can make us feel small.




This feeling doesn’t go away as you learn more; you can’t think yourself out of it. No amount of poring through books on cosmology, no number of lectures from eminent physicists, no number of hours spent watching Carl Sagan on TV or sitting under waterfalls cross-legged will lead you to an intuitive understanding of what it means to live on a planet that could be one of billions upon billions scattered through the darkness. As an astronomer, I have no more profound insight on what it means to live in our Universe than you do, though I suspect that sheer repetition has meant that I’ve gotten better at not worrying too much about such things when confronted with them on a rainy Monday when there’s work to be done. A sense of awe and wonder is simply the only appropriate response to finding ourselves in this frankly enormous Universe, and it is, I think, an inescapable part of our cosmic experience.


Maybe we can take some solace in the fact that, amid such vastness, we may stand out. It seems likely that the Earth has millions of twin planets out there among the stars; a recent estimate suggests that perhaps at least a billion Earth-like worlds6 exist in the Milky Way alone. Yet, despite our search for alien life and the dreams of several centuries of science-fiction authors and fans, our planet is still the only one where we know that life has reached the level of sophistication that it has around here. Olaf Stapledon, the philosopher who wrote some of the strangest and most inspiring science fiction of the twentieth century,7 said in his history of the next few hundred billion years, Last and First Men:




This is the goal of all living, that the cosmos may be known, and admired, and that it may be crowned with further beauties. Nowhere, and at no time, so far as we can tell, at least within our own galaxy, has the adventure reached further than in ourselves. And in us, what has been achieved is but a minute beginning. But it is a real beginning.


Imagining ourselves as the pinnacle of evolution in this way lets us look out proudly and with something of a proprietary air at the Universe, as we bravely undertake our cosmic task of investigating our surroundings on its behalf. This is a pleasant trick for astronomers, both amateur and, in particular, professional, to play. As my colleague, exoplanet expert Jayne Birkby, said to me recently,8 astronomers must have the ego to comprehend that the Universe is impossibly, imaginably vast, and yet still think it will make a difference whether they understand it or not.




Yet the idea of a lonely Universe in which we—a species whose loudest, barbaric yawp of a broadcast into the cosmos is still, as we’ll discover later, an advertisement for Doritos, and who here at home can produce acts of horrible cruelty as easily as we can great leaps of artistic flair or scientific understanding—are as good as it gets is hard to stomach. Equally dizzying is the opposite prospect, that every other planet from Proxima Centauri b on out has a conveniently humanoid alien race, each also looking to the stars and wondering about their neighbors in a shared dream. Both a Universe that is empty of anyone except us and one teeming with life seem impossible to imagine. Are we a cosmic accident, or the inevitable result of the way that physics and chemistry sculpt matter in a Universe like ours? We don’t know.


Whatever the rules of the game may be, the rolling of the cosmic dice has placed us here, and luck also plays a role in our attempts to understand our circumstances. If we had been born on a planet that orbited a star at the heart of one of the great globular clusters that surround the main bulk of the galaxy, astronomy would be very different. Any intelligent being living in these grand concentrations of hundreds of thousands of stars would see a spectacular night sky, glowing with the light of countless objects brighter than Venus is in ours. But the brilliance of their neighbors would surely make it hard to imagine a Universe beyond. The cosmology of such creatures would be limited just to their natal cluster, and the grand view we have of the cosmic web of galaxies would be denied to them.9 As I note later, any creatures living within the ice-roofed oceans of a world like Jupiter’s large moon Ganymede may not conceive of anything outside their small, watery bubble. Our vantage point is, luckily, not nearly so constraining.




We live, also, at a special time in the Universe’s history. In the first billion years or so after the Big Bang, there was hydrogen and helium, but before the first stars and the first supernovae there were none of the heavy elements that make up you, me, or the world around us.10 Life could therefore only get started after the first cycle of star formation and destruction had taken place, seeding its surroundings with materials for the planet building that could accompany the next, second, generation of stars, but such propitious circumstances will not last.




The bad news is that our Universe is now past its peak. Star formation was at its most vigorous several billion years ago, and there are more stars dying each year than are being born. Our cosmological observations suggest that the expansion of the Universe that started at the Big Bang is speeding up, admittedly for reasons we don’t understand, which leads us to a bleak future that—worse—turns out to be rather boring. As the last stars die, in roughly twenty billion years’ time, our dynamic and beautiful Universe will contain nothing but a sea of particles and light, expanding forever but in which nothing ever happens. Faced with such a future, we should maybe count ourselves lucky to be living at a time when we have a cosmos filled with galaxies and spectacular sights to observe, rather than finding ourselves on a planet in orbit around one of the last few remaining, isolated stars.


What we get to see of the Universe during our lifetimes is, of course, also a matter of chance. Light from the last supernova observed in the Milky Way Galaxy reached Earth in the year 1604, just before the invention of the telescope. Though it was observed by astronomers around the world, including the great Johannes Kepler, for whom it is usually named, it was little understood. Just a century or two later, such an event would have galvanized a worldwide observation campaign and illustrated the importance of such explosions. A bright supernova in the nineteenth century might have inspired new ideas about how stars work, pushing forward astronomy by a century or so. Instead, we’re still waiting on the next nearby one, telescopes and instruments at the ready, replete with questions that can only be answered by studying the death of a star up close.


While we wait, we make do with observing more distant explosions. The nearest supernova seen in the twentieth century, SN 1987A, took place in the Large Magellanic Cloud, one of the Milky Way’s satellite galaxies; its remnant, a glowing ring of shocked gas expanding outward from the site of the explosion, can still be monitored thirty-five years later by large telescopes here on Earth. 1987A was close enough for a handful of neutrinos, tiny particles produced in the explosion, to be accidently detected by experiments particle physicists had constructed to study neutrinos from the Sun. These results were so exciting that dedicated experiments have been built to try to capture neutrinos from the Milky Way’s next supernova.


The most advanced of these is situated in Gran Sasso, an amazing particle physics laboratory in, or rather under, the mountains to the east of Rome. You reach the lab’s doors by taking a sudden and unexpected turn off the road that carries a motorway through the mountain and punching a code into a panel that makes a large door, perfect for any spy movie villain, slowly trundle out of your way. The laboratory is here because the rock above it shields the experiments it contains from cosmic rays. These high-energy particles that rain down from space normally pass harmlessly through you, but they constitute a bright background that swamps detectors looking for other things, like MaCHO, a German experiment that sits waiting for a convenient supernova.


When I visited in 2017, the experiment had been running for more than a decade without success and needed an upgrade. Yet the team I spoke to, hard-headed scientists and engineers all, were wary about shutting down their detector for the eighteen months or so that such improvements would take, feeling that Murphy’s Law would inevitably ensure that a supernova would occur in the crucial period.


Looking deeper into the Universe, chance affects us in a different way. I have friends who spend their lives studying the Andromeda Galaxy, the nearest large system to our own Milky Way, and one that will, in about four or five billion years’ time, collide with us. It is a fascinating system that seems to have undergone some sort of merger already, producing a bright ring of star formation that is spreading out from the center of the galaxy. It is, like the Milky Way, a disc galaxy, a thin pancake of a thing which, maddeningly, is turned almost edge on to us. We have only an oblique view, by random chance, of this fascinating and important object; we cannot, unlike scientists studying objects in a laboratory, turn Andromeda over for a closer look.


Galaxies and astronomical objects evolve and interact, driven by processes that unfold over millions and billions of years. We see only snapshots presented to us by the Universe, moments frozen in time, and from them must try to tell the cosmic story. Faced with such restrictions, our best bet is to use every ounce of ingenuity and guile that we have to collect as much information—as many postcards—as we can, hoarding this precious evidence just as archaeologists cling to each pot shard or ornament from the site of a dig.


Sometimes, I should say, it is different. In our quest to understand the history of the Universe, things do occasionally turn out exactly as predicted, with all our observations lined up to confirm some theory or other, but those days are few and far between, and they aren’t the really fun ones. We astronomers like being surprised, to wallow for the moment in the sense that there is more to understand. It’s a different feeling, utterly, from the way that science and scientific progress are often portrayed on screen or in print, where you’re likely to hear stories about singularly clever people who have been blessed, with some clap of thunder, with a dose of cosmic truth before spending their careers trying to prove themselves right. The astronomy I know and love is more likely to involve a bunch of people staring at a screen and looking confused than to feature someone running down a corridor shouting “Eureka.”


I mentioned the idea that science was often driven not by deliberate moves but by stumbling accidents to Meg Urry, professor of physics and astronomy at Yale, former president of the American Astronomical Society, and more importantly, one of my favorite people, at a recent conference.11 Meg is wise, kind, thoughtful, and smart enough to have been the person to work out how black holes at the center of galaxies behave. As you’d expect from someone so distinguished, she agreed with me completely, going so far as to claim that she couldn’t think of a single major discovery that had been planned in advance. We did consider, as a possible exception, the surprising finding made a few decades ago that the expansion of the Universe that began in the Big Bang is speeding up, not slowing down, under the influence of some unknown force. Two sets of astronomers, each carefully measuring the brightness of special supernovae, made the same discovery at the same time in what could be cited as a perfect example of normal, preplanned science, until you learn that both teams had set out to measure how fast the universal expansion was slowing down. Very few people had seriously considered that anything other than slowing under the influence of gravity was possible, and the results were certainly a complete surprise to those doing the work. The cause of this unexpected acceleration, perhaps a previously unsuspected kind of force that accounts for as much as 70 percent of the energy in today’s Universe, remains the greatest mystery in cosmology, and it was found by astronomers looking for exactly the opposite effect.




The stories that follow are my favorite examples of the times when astronomers have stumbled on new truths about the cosmos, either through unexpected discoveries or by suddenly finding new ways to explore. Some of these accidental findings now form the bedrock of our modern understanding of the cosmos, while others may, in the long run, remain mere curiosities. They cover everything from the sudden arrival of a meteorite on a Sunday evening in the English countryside to the oldest light in the cosmos, from an unusual icy moon orbiting Saturn to a misbehaving star whose fluctuating brightness suggested to some that it might be home to an alien civilization with a taste for grand projects. We start with the most ambitious of astronomical quests, the story of the search for aliens, for extraterrestrial intelligence, for a serendipitous discovery that could change the world, but one that has yet to bear fruit.


These stories help me resolve how I feel about my place in the cosmos, and by telling them to you I hope that I can show you how we are trying to understand it. I hope to encourage you to spend a little bit of time contemplating the cosmos too. I want to share how science actually operates, with all the excitement and confusion and randomness that it entails. If I, sitting on my little planet looking up, feel alienated by the inevitable element of chance that is inherent in forming our vast and unfeeling cosmos, then it is because I’ve forgotten that almost everything we know about it comes from that same rolling of the dice. We are products of randomness, but so too is the arrival of a photon of light from a distant supernova, bearing news about a galaxy far away and the Universe it left long ago.


For as long as our species is capable of it, our position in the Universe leaves us with a responsibility to awe, to borrow a phrase from the astronomer and poet Rebecca Elson: a duty as a species, and as individuals, to make the most of what the Universe provides and to use it to try to understand it. As we look out at the night sky, with the latest telescopes or even with just the naked eye, it’s obvious that there are more surprises to come out there in the vastness of the Universe, arrayed among the familiar patterns of the stars.


Footnotes






1 To deal with cosmic distances, we use the distance that light, the fastest thing in the Universe, can travel. On this scale, the Sun is eight light minutes away, the nearest star four light years away, and our nearest big galaxy, Andromeda, 2.2 million light years distant. Light travels roughly a foot per nanosecond, which means you see your feet not as they are now, but as they were five or six-billionths of a second ago.







2 Usually, I contemplate it by hitting snooze and hiding under the duvet, but perhaps you are a morning person. 







3 Admittedly, a large proportion of this was in the company of the Cambridge University Hillwalking Club, who met at the Castle Inn halfway up the only thing that could even vaguely be called a hill in that notoriously flat Fenland town.







4 I’m not good at doing nothing, which is a distinct problem with a hypothetical vacation in Bali, for one thing. At least on Mars I could explore, though the lack of a breakfast buffet is a definite negative.







5 Probably; it turns out we know the number of stars in the Universe more accurately than we know the number of grains of sand on the Earth. Pull your collective finger out, geologists. 







6 Technically, worlds that, if they shared Earth’s size, mass, and atmosphere, might be the right temperature to have liquid water on their surface.









7 Do read Last and First Men, but skip the first eighty or so pages.







8 In the Lamb & Flag, now reopened after a tough few years and gloriously once again the home of Oxford scientific discussion.







9 Admittedly, they’re going to have a shock when they get to radio astronomy.







10 Astronomers call these “metals,” which drives chemists nuts. To us, oxygen, nitrogen, and carbon are all metals.







11 We have a tradition of having precisely one excellent gin and tonic together at each meeting we both attend.
















Chapter 1



IS IT ALIENS?


Most astronomers will have a story of a time where they were caught unawares, a moment when their heart beat slightly faster for just a few seconds wondering what something they had spotted up there in the sky really was. My own close encounter came on a summer’s evening, standing on a beach on the south coast of England, looking out at a clear western horizon just after the Sun had sunk below the water. Brilliant Venus was already there, shining brightly in the twilight and twinkling madly, flashing through every color available as its light wobbled in the air heated by the day’s warmth, rising off the beach.


I was hoping to catch sight of Mercury, the most elusive of the five planets visible without binoculars or a telescope.1 Though it appears as nothing more than a moderately bright star to the naked eye, and, being smaller than the Moon and never especially close to us, offers nothing beyond the sight of a plain disc to the telescopic observer, there is always something satisfying in seeing Mercury. I think it’s partly the remnant of the kid who collected stamps, still inside my head and wanting to tick each of the Solar System’s denizens off my I Spy list; but maybe it’s also the satisfaction of seeing the clockwork of the Solar System continue to operate as planets appear in turn and on cue. Whichever it is, making the effort to see our innermost planetary neighbor when it appears in either its morning or, more likely, evening apparition is something I’ve always done.




I especially look out for it when it is close to the Moon or another planet; without such a signpost, Mercury never really stands out. On this particular evening it was supposed to be a few degrees below Venus, and so I was pleased when the second object I spotted in the darkening sky was a fainter, star-like point of light in what seemed to be the right part of the sky. What was unexpected was that this new object brightened suddenly until it nearly matched Venus, which should have been easily outshining everything else. I was even more astonished when the interloper began to move, first traveling upward away from the horizon, but then taking what appeared to be a sharp right turn. Nothing in the sky, apart from the flashing lights of airplanes, does this naturally.


I knew that the International Space Station (ISS) was far from the sky over the UK, and in any case what I was seeing wasn’t behaving like a satellite; they move slowly and consistently in a single direction. In contrast, whatever this was started to move erratically, carving switchbacks in the sky as it rose higher above the horizon. It seemed for all the world to be under intelligent control, a genuine Unidentified Flying Object (UFO), and thoughts of science-fiction aliens, flying saucers, and little gray men muttering “take-me-to-your-leader” did begin to nag at the edge of my consciousness, even while most of my brain was busy running through other, more likely and more prosaic explanations.


Had it blinked out or turned tail back toward the horizon, I might still be wondering what it was. Fortunately, it soon passed nearly overhead, revealing itself to be nothing more than a Chinese lantern floating down the coast, a paper balloon suspended and given lift by the flame of a small candle hanging underneath. What I had taken to be a distant light was in fact much closer than I had anticipated, and what had appeared to be wild changes of direction were nothing more than the thing drifting gently in the light breeze. Given a modicum of confusion and a sprinkle of the unfamiliar, it wasn’t hard to find myself half convinced I was seeing intelligence in the sky.


As I said, everyone who looks at the sky has this kind of story, and even casual observers, people whose eyes don’t automatically flick upward when stepping outside after dark, occasionally notice what’s happening above their heads. There’s a long tradition of misidentifying bright lights in the sky. Whenever Venus reaches its greatest western elongation, the part of its orbit where it is most brilliant in Earth’s evening sky, I know my inbox will fill with queries from well-intentioned correspondents wondering if the bright thing they’ve seen might just happen to be the neighbors from Proxima Centauri popping by to borrow a cup of sugar or, as per tradition in 1950s UFO reports, to steal a cow from the prairies of the American Midwest. Satellites fainter than the ISS, moving among the stars, can startle, and I know several people who have been visibly shaken by spotting the US Navy’s NOSS surveillance satellites, occasionally visible to the naked eye and arranged so they fly across the sky in a triangular formation that looks anything but natural.


Though they might be “unidentified” to a particular observer, such UFOs are usually readily explained. The large telescopes with which astronomers survey the sky these days, with powerful software dedicated to tracking things like asteroids which move among the stars, do not produce large catalogs of mysterious objects swooping by, and the fact that almost all of us now carry a decent camera attached to our phones has not produced a vast new crop of convincing images of visiting spacecraft. It is perhaps not a coincidence that as our ability to survey the sky and keep an eye out for truly unexpected visitors has improved, the focus of those who argue that there really are alien ships in the skies above Earth has tended to shift from astronomical mysteries to a new set of unusual objects they find in blurry videos, often recorded by high-altitude pilots. These days, I’m much more likely to encounter someone who believes that such videos show evidence of extraterrestrial activity than I am someone who thinks they’ve spotted spacecraft in the night sky.


The occasional object is picked up, though. Take J002E3, for example, discovered in 2002 by prolific asteroid-hunting amateur astronomer Bill Yeung, which was quickly determined to be in an unusual orbit around the Earth, in a region where interactions with the gravity of the Earth, Moon, or Sun should have ejected it before too long. Did the fact it was there mean that it had been placed in this orbit deliberately, perhaps on a reconnaissance mission?


Studies showed that J002E3 should have spent much of its time orbiting the Sun, changing orbit to circle the Earth just before it was discovered. This was exactly the sort of behavior that you’d expect from an alien surveillance craft, swinging by from time to time for a mission to study the Earth and its inhabitants, perhaps checking every few decades to see if we’ve worked out how to take care of our planet. Nothing moving like it had ever been seen before. Further investigation, including the discovery of the signature of titanium dioxide in its spectrum, showed that it was not, in fact, the work of aliens. J002E3 seems to be the upper stage of the Saturn V rocket that lifted the Apollo 12 spacecraft and its astronauts toward the Moon, still hanging around the Earth more than thirty years after the completion of its mission. No one had bothered to track it as it wandered deep space, so when it showed up near the Earth again it was cataloged as something new.


Aliens have presented themselves as the explanation for more complex phenomena than just moving lights in the sky. Everything from the Ashen Light, a nighttime glow observed in the nineteenth century on the dark side of Venus, to the hexagonal feature that appears in images of Saturn’s north pole has been blamed on alien activity, though in both cases natural explanations are readily available. The great eighteenth-century observer William Herschel, discoverer of Uranus,2 even believed that his observations showed that the Sun was likely to be inhabited. He interpreted the features that he could see on the solar surface as those of a mountainous landscape, which made the Sun some sort of planet. To Herschel and his contemporaries, planets were quite simply and inevitably homes for intelligent beings, and he wrote that evidence of them wandering his solar landscape would surely be easy to find.




We seem, as a species, predisposed to see the work of intelligence everywhere; I vividly remember one of the pictures sent back by the Spirit Mars rover in 2007, on its mission to understand the geology of the red planet, which seemed to show the blurred image of a crouching gray figure, clearly distinguished from the red soil behind it. Though the scale is wrong, the resemblance to faded images that purport to show Bigfoot in North American forests is clear, and the idea of a tiny Sasquatch on Mars is certainly appealing. It is, however, just a rock.3 The infamous face on Mars, which stared back at us, Sphinx-like, in images of a region called Cydonia taken in the 1970s by one of the Viking orbiting spacecraft, was shown in later images to be nothing more than a hill, the deep shadows of which had created the impression of eyes and a nose.




Galle Crater, a little farther north and west than Cydonia, contains within it a curved mountain range with a couple of outlier features that make it look like a classic “smiley” emoji, beloved of ravers in the 1980s. It should perhaps be the spiritual home of the phenomenon of pareidolia, our tendency to see meaningful images, such as faces, in things wherever possible. It is hard to look at the unfamiliar and not see our own image, a particular hazard for those who are planning to search deliberately for aliens. It would be very easy to expect other intelligent beings to have the same desires, technology, and abilities as ourselves, and thus to reveal themselves in much the same way as we do, whereas that might prove to be very far from the truth.


Flagstaff, Arizona, is an old railway town, a staging point for people exploring the wilderness or, these days, a common brief stop for those en route to the spectacular Grand Canyon. When I first went there as a student in 2001, touring the US on a budget rail pass, I remember spending a sleepless night in a motel next to the tracks, kept awake by the whistles of a passing express or the apparently endless shunting of the occasional mile-long goods train. A little bit of excitement played a role in my insomnia too, as I lay awake looking forward to the next day’s visit to Mars Hill, one of the iconic sites of astronomical history.


Located just out of town and accessible via a track that winds through patchy forest, the hill is home to the Lowell Observatory, founded in 1894 and named after its first benefactor, Percival Lowell. Using his family fortune to endow his observatory with state-of-the-art telescopes, one of which would later be used to discover Pluto,4 Lowell intended to follow up on his fascination with Mars, and particularly with his interest in observations that had been made by an Italian observer named Giovanni Schiaparelli in 1877.




Every few years, there’s a period when Mars is close to the Earth. Its disc appears larger, allowing details on the surface to be distinguished. Still, looking at Mars through a telescope, even at these favorable times, is often a frustrating experience. The planet’s color, a product of its rusty deserts, is easy to see, and the bright white polar caps that grow and shrink as the seasons pass are also obvious with even modest optical aid. Beyond that, if you’re lucky and the skies are clear enough, you might catch sight of a pattern of darker markings. These occasionally disappear from view, hidden by the global dust storms that can engulf the planet, before reappearing in the same place once the weather clears. This ability to regenerate led astronomers in the early twentieth century to suggest that the dark areas might be patches of vegetation, growing back bravely through the dust. They are tough to see even with large telescopes, and through my small back-garden reflector I need to use averted vision—the astronomer’s trick of looking out of the corner of one’s eye, the better to see faint features—to have any chance at all.


Using one of the largest telescopes in the world, Schiaparelli had spent longer than anyone else looking at Mars, mapping the faint and barely determinable markings he found he could see during those special moments every observer learns to wait for, when the Earth’s atmosphere suddenly goes still and the view sharpens. He was the first to discern, among the dark patches and dusty soil, a series of linear features that seemed to stretch across the planet’s deserts. He called these canali—Italian for “channels”—and over the course of the next few years produced ever-more-detailed maps that showed the network of straight lines expanding, with many of the channels doubling up and even, occasionally, tripling.


In his publications he was careful to avoid offering an explanation for what he was seeing, and he seems not to have been sure whether he was observing a natural phenomenon or something stranger. Lowell had no such qualms. These features to him weren’t mere channels but canals, the product of intelligence, and of a vast civilization clearly capable of grand works. The Martians were engaged in a vast terraforming effort, bringing water from those polar ice caps to the dry equatorial deserts to irrigate crops or to water cities. Using the telescopes at his new observatory, Lowell’s astronomers made a succession of increasingly detailed maps of the planet, showing the sophistication of the growing canal network.


Observers elsewhere in the world were less convinced. Attendees at a discussion at an early meeting of the British Astronomical Association in 1890, for example, were baffled that they could not see any trace of the features reported by an American guest. Of course, the instruments on Mars Hill, particularly the twenty-four-inch refractor that sits there to this day, were some of the most sophisticated and expensive in the world. So was it really that much of a surprise that the Americans could see things that the British, among others, could not?


Life was commonly believed to exist on Mars. In 1900, the Académie des sciences could still support the establishment of a prize to be awarded to the first to communicate with beings on another celestial body, expecting it to be won quickly. Mars was officially excluded, as communicating with the Martians was thought to be too easy.5




When I visited Flagstaff, Mars happened to be visible in the evening sky. The twenty-four-inch telescope was part of the tour, and it was pointed at the planet. I stepped up to the eyepiece to see what Lowell’s observers had spent so much time staring at. Mars looked stunning in the enormous instrument, giving me easily the best view of it I can remember, and the details on the disc were more obvious than I had ever seen them, thanks to the ability of the telescope’s large lenses to collect plenty of light. Even with such a good view, there was no sign at all of the canals, I’m sorry to say.


Not that I really expected any different. The wondrous waterways of the red planet had long since been revealed to be an illusion, set aside as still larger telescopes failed to reproduce what had been seen from Mars Hill. As photography replaced sketching as the best way to record and share observations, the canals simply failed to show up. A trick of the eye or just the product of overactive imagination? There has been no serious allegation of fraud to explain how experienced scientists, over the course of more than a decade, recorded what is simply not there. It seems to be the case that Lowell’s observers, coming up against the limit of what could be known about a planet tens of millions of kilometers away, had simply seen what they expected to see and convinced themselves of the canals’ reality. Projecting Earth’s expectations onto the red planet, they saw evidence of an alien civilization remaking it in our own planet’s image, even when no such thing was happening.


By the time the first uncrewed spacecraft were exploring the planets in the 1960s and 1970s, there were few who expected there to be intelligent aliens waiting to greet our robot emissaries. We would have to look farther into the cosmos to find company.


On April 29, 2019, the giant Parkes radio dish in Australia, most famous for being the crucial link that picked up the signal as Apollo 11 landed on the Moon (an adventure recorded in the film The Dish), was pointed toward Proxima Centauri, our nearest star. Proxima is an unexceptional red dwarf, weighing in with about a tenth of the mass of our Sun, and would be of no note whatsoever if it wasn’t just next door. Like many nearby stars, it is known to host its own solar system; we have firm evidence for one planet, and there are hints of at least two more buried in the data, but the worlds we know about are unlikely to be very Earth-like. Nothing unexpected should have been found in routine radio observations of this heavily studied star, but analysis of the data coming from the telescope’s systems on this particular day revealed a strange new signal. Could it, possibly, have been something artificial?


Radio waves that seemed to be coming from the direction of the star were detected at a very narrow range of wavelengths. The fact that the signal came only in this tight band is important, as most natural sources emit broadly, covering a wide range of wavelengths, rather than copying the kind of narrow-band transmission that’s used, for example, to broadcast an old-school radio signal to a set listening at a particular frequency.6 This one feature alone made the signal odd, though it seemed real enough, passing simple tests designed to distinguish signals really coming from the sky from ghosts created by the telescope’s complex electronics. It disappeared, for example, when the telescope was moved to a different position, and reappeared when pointed back at Proxima. (Such “nodding” is routinely carried out for radio observations, to help pick real signals out of what is often a noisy background.)




The signal persisted for several hours, so it didn’t come from a nearby airplane or a satellite traveling overhead. While it was there, it didn’t stay at the same frequency, drifting slowly as time passed. This is exactly what we’d expect from a transmitter sitting on a planet in orbit around a distant star; the motion of the planet would cause a change in frequency from a radio transmitter on its surface, just as the pitch of an ambulance siren changes as it dashes past you. The fact that this signal, dubbed BLC1, displayed such behavior was a sign to the astronomers analyzing it, a group from a project called Breakthrough Listen dedicated to looking for intelligence among the stars, that they should take it seriously as a potential alien transmission coming from just next door.


Organized efforts to find radio signals from civilizations among the stars date back to the 1960s and the pioneering years of radio astronomy. The first to propose deliberately trying to listen for aliens were Giuseppe Cocconi and Philip Morrison, who wrote a seminal paper in 1959 on what became known as the Search for Extraterrestrial Intelligence, or SETI. That paper contains one absolutely fundamental insight that identifies the central problem with such efforts: “The probability of success is difficult to estimate,” they note, but “if we never search the chance of success is zero.”


Over at Green Bank in West Virginia, a young astronomer named Frank Drake was inspired. Green Bank was, and is, an extraordinary place, set in foothills among the Allegheny Mountain Range. It is remote, and its suitability for radio astronomy (and the military monitoring of signals from satellites around the globe at a separate facility just down the road) is preserved by a “Quiet Zone,” a square on the map with sides more than one hundred miles long within which the use of anything that might transmit radio waves is restricted. Close to the telescopes themselves, more stringent rules apply. Wi-Fi is forbidden to the few residents who live in the area, and you won’t find a mobile signal no matter how hard you try. No detail is overlooked. A nearby supermarket, for example, has had to use very particular construction materials, preventing signals from its in-house stock-scanning system from reaching the outside world and confounding astronomers. The observatory has patrol trucks to sniff out errant transmissions, though they are slightly more relaxed than they used to be; when I visited, I was told about a recalcitrant neighbor whose illicit Wi-Fi used network names that cast all sorts of colorful aspersions on the region’s astronomers and their interference with free, Wi-Fi-enabled living.


When astronomers first moved to this remote place, they took it over from the farmers who had previously worked the land. Drake and his colleagues had their laboratories in a converted farmhouse, known to everyone involved as the Nut Bin. According to the official history of the site, the name comes from the tree that grew behind the house, dropping its nuts into the gutters.7 In this unprepossessing accommodation some of the most powerful and innovative radio telescopes ever built were designed and constructed, and for four months in 1960, for six hours a day, Drake pointed one of the largest antennae on the site to look for alien life around two nearby stars.




The observations were known as Project Ozma, named for the queen of the land of Oz, which is, according to the original text of L. Frank Baum’s novel, “very far away… and populated by strange and exotic beings.” I’m not sure Drake or anyone else expected to hear from the Tin Man or any lions, cowardly or otherwise, but the purpose was really to show that scientific attempts to listen for signals from space could be conducted. To improve the odds, Drake chose as his targets Epsilon Eridani and Tau Ceti, both nearby stars that are similar to our Sun. They were, he thought, a good bet as possible hosts of planets. (We learned much later that both do indeed have planetary systems around them; there are at least four and perhaps many more planets around Tau Ceti, while Epsilon Eridani has at least one planet, still embedded in a disc of debris from which more worlds may yet be forming.)


By choosing a radio telescope with which to make his observations, Drake wasn’t just making use of the tools that he happened to have available. He also thought that he would be increasing his chances by looking for signals transmitted via a form of radiation that would allow a civilization to send relatively cheap long-distance messages across the galaxy. A glance up at the Milky Way as seen from a clear night sky will reveal dark bands that cut across the glow of light that comes from the stars in the disc of our galaxy. These voids, which have names such as the Cygnus Rift or, in the Southern Hemisphere, the Emu or Coalsack, are regions where nearby clouds of dust—small particles composed mostly of silicon or carbon—block the transmission of optical light. Radio waves are relatively unaffected by such obstructions, so savvy aliens would surely use them to communicate long distance. What’s more, in the 1960s the story of technological progress on Earth could be told by explaining that our civilization was becoming radio-loud, sending signals out with an increasing clamor, starting with the first high-powered television broadcasts in the 1930s. Further experiments in radio broadcasts would, it seemed, surely increase the volume.


Following suggestions from Cocconi and Morrison, the Green Bank telescopes were tuned to detect radiation with a wavelength of twenty-one centimeters, the frequency at which neutral hydrogen gas emits radio waves. Hydrogen is the most abundant element in the Universe, and so if you tune a telescope to this wavelength and map the sky, you find that our galaxy shines brightly. Luckily, at this wavelength water in the Earth’s atmosphere does not interfere too much with radiation coming from space, and so it was observations made using the twenty-one-centimeter line that first revealed the structure of our Milky Way, with its dense spiral arms standing out clearly even in the earliest maps.


Any alien astronomer with aspirations to understand the galaxy would surely know about the twenty-one-centimeter line and have spent a substantial amount of time using it to map their surroundings, just as we here on Earth had learned to do in the 1950s and 1960s. Drake and company were thinking about finding deliberate communications, civilizations sending out beacons in the hope of being no longer alone. They reasoned that alien astronomers who also had time during a busy research career to transmit a signal out into the cosmos, seeking to chat to their interstellar peers, would be doing so at twenty-one centimeters, surely the safest way of making sure that their counterparts elsewhere, also embarked on the task of mapping the galaxy, would be looking.
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