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            ASTEROID APOCALYPSE

         

         In the popular imagination, an asteroid or comet impact is one of the top ‘end of the world’ scenarios. It’s a relative newcomer to the field, only having entered mainstream consciousness in the last decade of the 20th century – thanks in large part to the Hollywood films Armageddon and Deep Impact – but it took hold quickly and has stayed with us ever since.

         If the gold standard of cliché-dom is to be satirised in The Simpsons cartoon series, then cosmic impact makes the grade. It’s right there in episode 492 from 2011. Bart says: ‘No matter what we do, an asteroid is going to wipe us out. So we should party hard and wreck the place!’ – to which Homer replies: ‘Yeah, why should the asteroid have all the fun?’

         Popular culture aside, impacts from outer space really do pose a serious, ever-present threat. There are thousands of asteroids travelling on orbits that cross our own – and any of these could, in theory, end up in exactly the same place as the Earth at the same time. The same is true of many comets – and new comets are falling into the inner Solar System all the time. From a cosmic perspective, impacts aren’t a rarity – they’re business as usual.

         It’s happened before …

         Let’s start by looking at the Moon. Its appearance has been shaped almost exclusively by impact events. Aside from the thousands of obvious impact craters, virtually all its other visible features – such as mountain ranges and the large dark areas that are misnamed ‘seas’ – were caused by impacts too. So why has the Moon suffered from cosmic collisions so much more than the Earth?

         The answer is that it hasn’t. The Earth has suffered just as much as the Moon, but various atmospheric and geological processes – not to mention the water that covers almost three-quarters of the planet – conspire to cover up the evidence over the course of centuries. Today, there’s only one easily recognisable impact crater on Earth, the kilometre-wide Meteor crater (also known as Barringer crater) in Arizona. It’s relatively fresh-looking (see page 60) because it’s less than 50,000 years old – the blink of an eye in the planet’s 4.5-billion-year history. However, if you know the signs to look out for, the Earth has plenty of other impact craters. They’re generally older, and sometimes larger – much larger.

         Chicxulub crater, for example, sprawls for almost 200 km across the northern tip of Mexico’s Yucatan peninsula and out into the Gulf of Mexico. It’s the relic of a catastrophic collision that occurred 66 million years ago, when a rocky object about 10 km across plummeted into the Earth from outer space. Now that’s a big chunk of rock, and it would obviously have caused tremendous destruction on a local scale. On the other hand, it’s not really that big compared to a planet that’s almost 13,000 km in diameter. So the Earth as a whole would have hardly noticed the impact, right?

         Wrong. The Chicxulub impactor was travelling at around 20 km/s (kilometres per second), which translates to an enormous amount of kinetic energy. When it hit, all that energy was transferred to the Earth in the form of a huge explosion. The biggest explosion that most people can visualise is the one that destroyed the city of Hiroshima in 1945. So let’s try to imagine something five billion times worse than that, all concentrated in a single instant and at a single point on the Yucatan peninsula. That was Chicxulub.

         The impact produced a huge cloud of dust and ash which enshrouded the planet and changed the global climate for centuries to come. The result was the extinction of around 75 per cent of all plant and animal species then living on Earth. Chicxulub’s most famous victims were the dinosaurs – those giant vertebrates that had dominated the biosphere for 150 million years. It wasn’t the first time something like this had happened. The dinosaurs themselves came to prominence in the wake of an earlier mass extinction, and there were at least three others prior to that. They weren’t all necessarily caused by impact events – there are other possible causes – but it’s likely that at least some of them were.

         If a 10-km object can cause so much devastation, what about a 1-km one – or even 100 metres? That’s not going to wipe out whole species, but it could still be enormously destructive. The object that created Arizona’s Meteor crater was only about 50 metres in size. It doesn’t need much imagination to visualise what would happen if a similar object hit a densely populated city today. An object of similar size – probably slightly larger – entered the atmosphere over Russia in 1908. This one exploded at high altitude, so there wasn’t any crater, but the resulting fireball scorched a huge area of forest, and the blast flattened millions of trees for a radius of 30 km. By a stroke of luck, this happened over the sparsely populated Tunguska river valley, so there were virtually no casualties. If the same thing had happened over Moscow, 3,600 km to the west, it would have been a different story.

         In earlier times, before the notion of cosmic impacts was fully understood, an event like Tunguska would probably have been mis-recorded as some other type of natural disaster, such as an earthquake. Did people notice any correlation between such events and ‘things seen in the sky’? There has always been a strong association between comets and impending disaster, though more likely this was out of pure superstition.

         In many cultures, a comet was once the archetypal ‘bad omen’. To give just one famous example, a bright comet appeared in the year 1066, shortly before the Norman invasion of England. One of the scenes in the Bayeux tapestry – created by the Normans after their victory – depicts the English king Harold being warned about it. His fate was sealed; the comet was taken as a certain portent of defeat (conveniently ignoring the fact that the Normans would have seen the comet too). 
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               Halley’s comet depicted in the Bayeux tapestry.

            

         

         In hindsight, we now know that the comet of 1066 was Halley’s comet – the largest and most spectacular of the regularly appearing ‘short-period comets’. Its orbit brings it back to the inner Solar System time and again, roughly every 76 years. It has been seen since antiquity, but the fact that each appearance was the same object was only worked out after Isaac Newton developed his theory of gravity in the 17th century. Among other things, this explains how objects in the Solar System all move on regular orbits.

         Newton was a professor of mathematics at Cambridge University, but it was a professor at Cambridge’s great rival, Oxford, who first demonstrated the tremendous predictive power of Newton’s theory. This was Edmond Halley, from whom the famous comet takes its name. After observing a comet in 1682 and calculating its orbit, he realised that it was exactly the same comet that had been recorded on at least two previous occasions, in 1531 and 1607. He extrapolated the orbit forwards to work out that the comet would appear again in 1758 – which it duly did, 17 years after Halley’s death.

         This new understanding hardly made cometary paranoia go away – it just changed its nature. To quote Carl Sagan and Ann Druyan:

         
            The brand of mischief that comets are said to bring – flood, darkness, fire, rending the Earth asunder – changes with time and astronomical fashion. But the association of comets with catastrophe remains curiously steady through the generations.

         

         Even Halley wasn’t immune. In 1694, he presented a paper to the Royal Society called ‘Some considerations about the cause of the universal deluge’. Despite wrapping it up in the technical-sounding term ‘universal deluge’, what he was talking about here was nothing other than the Biblical Flood. In his paper, he ascribes this to ‘the casual shock of a comet or other transient body’ – using the word ‘casual’ in its original sense of occurring by chance.

         For modern readers, the reaction to any talk about the Bible outside a theological context is likely to be a rolling of the eyes – but Halley was a product of his time. Nevertheless, his description is surprisingly modern, even hinting at two of the currently accepted effects of impacts: tsunamis (‘the great agitation such a shock must necessarily occasion in the sea’) and cratering (‘such a shock may have occasioned that vast depression of the Caspian Sea and other great lakes in the world’). In common with most of his contemporaries, Halley accepted the Bible as an accurate account of historical events. From that perspective, he concludes that the impact hypothesis ‘may render a probable account of the strange catastrophe we may be sure has at least once happened to the Earth’.

         … and it can happen again

         Another follower of Isaac Newton was William Whiston – a literal follower in this case, since he succeeded Newton as professor of mathematics at Cambridge. Like Halley, Whiston was convinced that a comet had caused the Biblical Flood – and he went a step further. He thought the world was due for another disaster of similar proportions. With a comet on its way in 1736, Whiston predicted that it would collide with Earth and destroy civilisation on 16 October that year. As scaremongering exercises go, this one was quite effective. It’s said that people fled London for the countryside, banks were so inundated by people wanting to withdraw money they had to close, and in the end the Archbishop of Canterbury was forced to issue a call for calm.

         A much more accomplished follower in Newton and Halley’s footsteps was the great French physicist Pierre-Simon Laplace. His Wikipedia page lists more than 30 scientific theories and methods under the heading ‘known for’. In his book The System of the World, first published in 1796, Laplace speculated that cometary impacts might result in global extinctions:

         
            The greater part of men and animals drowned in a universal deluge, or destroyed by the violence of the shock given to the terrestrial globe; whole species annihilated; all the monuments of human industry reversed; such are the disasters which a shock of a comet would produce.

         

         Although Laplace was taken seriously on most subjects, this proved to be an exception. The scientific consensus in his day, and for almost two centuries afterwards, was that there was no place for sudden catastrophes – caused by comets or anything else – in Earthly affairs. Ironically, this particular dogma originated as a reaction against outdated religious narratives like the Biblical Flood. Having dismissed such things as superstition, science embraced a new paradigm called ‘gradualism’ – the deliberate polar opposite of catastrophism. As recently as 1972, The Penguin Dictionary of Geology boasted the following entry:

         
            Catastrophism. The hypothesis, now more or less completely discarded, that changes in the Earth occur as a result of isolated giant catastrophes of relatively short duration.

         

         Having been tossed aside by mainstream science, catastrophism found a new home in the realm of pseudoscientific cranks and religious doom-mongers. This simply created a vicious circle, further hindering its consideration by serious scientists. The most notorious case was that of Immanuel Velikovsky in the 1950s. A qualified psychologist – but not a qualified astronomer – he ascribed a wide range of historically recorded disasters to cosmic collisions, using a narrative that was almost wilfully ignorant of the way the Solar System actually works. The timescales he talked about were those applicable to human affairs, not astronomical or geological processes. A good (and mercifully brief) summary of his theory was provided by science fiction author and pseudoscience-debunker John Sladek:

         
            Between 1500 and 700 BC, the Earth was visited by a series of comet-induced catastrophes, which Velikovsky has choreographed thus: Jupiter collides with Saturn, knocking a piece out of itself which becomes a comet. The comet collides with the Earth several times (causing earthquakes, floods, meteor showers, etc). It then collides with Mars, knocking it out of orbit. Mars bears down on us (more quakes etc). Finally, Mars and the comet collide again, very near the Earth. Small comets are pulled off the comet’s tail; they become the asteroid belt, while Mars is knocked back into orbit, and the comet settles down to become the planet Venus.

         

         That was such utter nonsense it hardened the science community more strongly than ever against catastrophism. At the same time – and frustratingly for scientists – Velikovsky’s ideas proved enormously popular with a certain section of the general public. A whole new sub-genre of pseudoscience grew up around it, on a par with – and catering to the same audience as – flying saucers and alien abductions.

         Velikovsky-style catastrophism is still alive and well today, in the form of scaremongering rumours that pop up every now and then on the internet. In 2012, for example, a number of people became convinced that a collision with a non-existent planet called Nibiru was imminent. Such stories, originating in small online communities, can sometimes reach much wider audiences thanks to irresponsible reporting by tabloid newspapers. To take just one example, in January 2017 the Daily Mail carried the headline: ‘A doomsday asteroid will hit Earth next month and trigger devastating mega-tsunamis, claims conspiracy theorist’.

         An important point needs to be made here. The Daily Mail didn’t run that headline simply for the benefit of other conspiracy theorists – there just aren’t enough of them to make it a commercially viable proposition for a large-circulation newspaper. Instead, they ran it for the millions of ordinary people who see the whole thing as an object of humour. It was an entertainment piece, not a scaremongering one. For scientists, this ‘giggle factor’ – that’s the term they use – is just as much of an annoyance as Velikovsky-style crankery. That’s because, at some point towards the end of the 20th century, the scientists themselves stopped laughing at catastrophism.

         It started with the discovery of the Chicxulub crater, and the unravelling of its cause-and-effect relationship to the demise of the dinosaurs. Just as eye-opening was another impact event, which anyone with a telescope could witness for themselves. This was comet Shoemaker-Levy 9, which crashed into Jupiter in 1994. The impact produced scars in that planet’s atmosphere the size of Earth – and it sounded the final death-knell of dogmatic gradualism. Even the most sceptical scientist could picture what would have happened if Shoemaker-Levy 9 had hit Earth instead of Jupiter.

         Taking the threat seriously

         There’s now a conscious, worldwide effort to locate and track near-Earth objects – the collective name for any asteroids or comets that might pose an impact risk in future. As a result, we’re much more likely than previous generations to have advance warning of a collision. Whether that makes us any less vulnerable is a different matter altogether. So is there anything we could do to avert a collision if we saw it coming?

         In principle, the answer is yes. The movies Armageddon and Deep Impact are packed with bad science, but their central idea – that a carefully planned space mission could deflect or destroy an incoming space object – is perfectly sound. That gives us a huge advantage over the generations, and indeed the species, that came before us. As Neil deGrasse Tyson puts it:

         
            The dinosaurs didn’t have a space programme, so they’re not here to talk about this problem. We are, and we have the power to do something about it. I don’t want to be the embarrassment of the galaxy, to have had the power to deflect an asteroid, and then not, and end up going extinct.

         

         Much the same sentiment has been expressed by others. The science fiction writer Arthur C. Clarke, for example, put it very succinctly: ‘The danger of asteroid or comet impact is one of the best reasons for getting into space.’

         But is the equation really as simple as that: space travel equals the end of cosmic impacts? Before we can answer that, there are several other questions we need to look at first: what these hazardous objects are, where they come from, how much damage they can cause – and how to find them in the first place.
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            ROCKS IN SPACE

         

         In pre-scientific times, when opinions on most subjects were governed by religious beliefs, the idea of rocks falling from space was frowned on for the simple reason that rocks are earthly and the sky is heavenly – so there can’t possibly be any connection between the two. Although that was the established view of medieval Christian scholars, it didn’t originate with them; the ancient Greek philosopher Aristotle was a strong proponent of the same idea. He maintained that all rocks had to originate on Earth, and if they appeared to fall from the sky, it was because they’d been thrown about by a strong wind.

         By the start of the 18th century, the world was a much more scientific place. Thanks to Newton, it was known that the planets, moons and comets of the Solar System all obeyed the same physical laws as everyday objects on Earth. Most of the old superstitions about outer space disappeared – except for one. People still refused to believe that rocks fell from the sky. 

         In 1769, the French chemist Antoine Lavoisier presented a paper to the Académie Royale des Sciences on the subject of ‘a stone which it is claimed fell from the sky’. He concluded that it was an ordinary terrestrial rock that had been struck by lightning. Several books quote him as saying, bluntly and dogmatically, that ‘there are no stones in the sky, therefore stones cannot fall from the sky’. Sadly this memorable phrase doesn’t appear anywhere in his paper, and is probably apocryphal. Nevertheless, it neatly sums up the prevailing attitude in Lavoisier’s time.

         The prevailing attitude among the scientific cognoscenti, that is. Plenty of ordinary people believed that stones fell from the sky, for the perfectly good reason that they’d seen them fall. Time and again, scientists were forced to shrug off eyewitness reports as the misperceptions of ignorant peasants. When a hail of meteorites fell near the French town of Agen in 1790, sworn affidavits attesting to the fall were provided by 300 witnesses. When these were published in a scientific journal, the editors appended a note saying ‘we do not place any faith in any of them’.

         By that time, however, a revolution was afoot – the French revolution. Before long it was a guillotinable offence to talk about ‘ignorant peasants’. When the physicist Jean-Baptiste Biot collected another set of witness statements in 1803, he gave them all equal weight irrespective of social status. Every name was prefixed by the same honorific: Citoyen or ‘Citizen’.

         This new, unbiased sample was enough to convince Biot of the extraterrestrial origin of the fallen rocks. ‘I have succeeded in putting beyond doubt one of the most astonishing phenomena that mankind has ever observed,’ he said. That wasn’t an idle boast, it was a factual statement backed up by a wealth of data. The science community– which is more susceptible to overwhelming evidence than its detractors think – quickly agreed with him. Today, Biot is generally acknowledged as the person who established the reality of meteorites.

         That word ‘meteorite’ was coined soon after Biot published his findings, as a derivative of the older word ‘meteor’. The difference between the two can be confusing for newcomers to astronomy – with other words like comet and asteroid often adding to the confusion. Even for subject-matter experts, the boundaries between the terms can get very blurred. The problem, as with a lot of astronomical jargon, is that the names were coined before people fully understood what they were talking about. Perhaps it’s best if we go right back to basics.

         Apparitions in the sky

         Meteors are a common sight in the night sky, looking like sudden, brief streaks of light. Known since antiquity, they would have been even easier to see in the days before ubiquitous street lighting. For a long time, they were assumed to be purely atmospheric phenomena, and therefore in the domain of meteorology (as the name suggests) rather than astronomy.

         In a sense, meteors are an atmospheric phenomenon. They are the result of cosmic debris entering the upper atmosphere at high speed, where the material is raised to an extreme temperature like a re-entering spacecraft. Some of the larger chunks reach the ground, in which case the surviving fragments are referred to as meteorites. However, the great majority of meteors are just microscopic specks of dust. People rarely give any thought as to what happens to these, but it’s an interesting question even so.

         Of course, being hit by a microscopic speck of dust isn’t going to make anything go extinct, so we’re straying off topic a little here – but it’s worth a brief detour. The first point to make is that, even if they’re only specks of dust, there are an awful lot of them. In an average day, about 100 tonnes of meteor dust falls on the planet.

         So where does it all go? In the first instance, it’s spread evenly all over the surface. Anything that falls on the sea is obviously lost right away, and over most of the land it soon leaches into the soil. So one of the best places to find it is on non-porous surfaces like city rooftops and gutters. The upshot is that you don’t need to go to a museum to see a meteorite. The sludge in your gutter almost certainly contains a few particles that came from outer space.

         Okay, so now we know that most meteors are tiny specks of dust. But where did those specks come from? Some of them are primordial bits of the Solar System that never got swept up into larger objects, like moons and planets (well, the bits in your gutter did get swept up into a planet eventually). Another significant proportion of meteor dust comes from comets. People who have only ever seen comets in photographs sometimes confuse them with meteors, but they’re actually a different visual experience altogether. 

         Like meteors, comets have been seen since ancient times, but they’re much rarer. It’s usually only a few times per century that a comet is visible to the naked eye – rather than several times a night in the case of meteors. And while meteors come and go in the blink of an eye, a comet hangs in the sky for several days before disappearing. A typical comet looks like a bright star with a fainter smudge of tail – or, with a bit of imagination, like a star trailing a long mane of hair. That’s where the name comes from, since kometes in Greek means ‘long-haired’.

         Most of a comet’s mass is concentrated in something much too small to be seen with the naked eye: a nucleus of rock and ice typically a few kilometres across. As the comet’s orbit brings it close to the Sun, some of the ice and other volatile chemicals evaporate off. It’s this process that makes it so visible to the naked eye, creating a roughly spherical coma of dust and gas around the nucleus, and a long tail blown off by the solar wind. That’s not really a wind in the terrestrial sense, but a constant stream of fast-moving particles emanating from the Sun – but the effect isn’t too different. It’s a small part of that blown-off material in the tail that eventually finds its way to Earth in the form of meteor dust.

         There’s one other type of object that’s going to feature prominently in this book. Unlike meteors and comets, these were completely unknown before the invention of the telescope. They were given the name asteroids – Greek for ‘star-like’ – because that’s exactly how they look through a telescope. On the other hand, they behave just like tiny planets, slowly drifting from one day to the next against the backdrop of stars. In fact, ‘tiny planet’ is an almost perfect description of an asteroid.

         Asteroids can be almost any size – it’s just a question of defining sensible upper and lower boundaries. Off the top end of the scale is Ceres – close to 1,000 km in diameter, and with a roughly spherical shape like a planet. When it was first discovered it was, in fact, called a planet, but then for many years it was classed as the largest of the asteroids. By current definitions, it’s a ‘dwarf planet’ like Pluto. This hands the ‘largest asteroid’ title to Vesta, which is just over 500 km across and the archetypal potato shape of most asteroids.

         The lower end of the asteroid size scale is even more arbitrary. The current figure is one metre, with anything smaller than that being described as a ‘meteoroid’. That’s because most meteorites come from objects in this size range, although a few would be classed as small asteroids by current definitions.

         The more asteroids, comets and meteors/meteorites/meteoroids are studied, the more their properties are found to overlap. There are comet-like asteroids and asteroid-like comets. In 1949, comet hunters Albert Wilson and Robert Harrington discovered a comet that was duly named after them. Three decades later, asteroid hunter Eleanor Helin discovered asteroid 4015. It turned out to be exactly the same object, comet Wilson-Harrington. But neither ‘discovery’ was a mistake – 4015 Wilson-Harrington really does tick all the boxes as both a comet and an asteroid.

         There’s one fundamental thing that asteroids, comets and meteoroids all have in common: they travel in orderly orbits around the Sun. That’s what planets do, of course, so while we’re running through some basics we ought to take a brief look at those too. Most people will be familiar with the general arrangement of the Solar System, with the Sun at the centre and eight planets moving in roughly circular orbits around it. The least circular – i.e. the most elongated – of these orbits belongs to the innermost planet Mercury, with an eccentricity* of 0.2. Another similarity, besides their near-circularity, is that all eight orbits lie in approximately the same plane. Taking the plane of Earth’s orbit – called the ecliptic – as a baseline, the highest inclination (Mercury again) is a mere 7 degrees.

         The average distance from the Earth to the Sun is about 150 million km, or (and this is an easier number to remember) precisely 1 astronomical unit (AU). The latter gives us a nice, convenient yardstick for measuring cosmic distances. In these terms, Mercury is 0.4 AU from the Sun, Venus 0.7 AU, Mars 1.5 AU, Jupiter 5 AU, Saturn 10 AU, Uranus 19 AU and Neptune 30 AU.

         So where do space rocks fit into it? Sci-fi movies often give the impression they drift around aimlessly, but the fact is that they follow precisely defined orbits just like the planets. The majority of the asteroids live in the asteroid belt between the orbits of Mars and Jupiter, while comets – the regularly appearing ones, at least – spend most of their time in the Kuiper belt beyond the orbit of Neptune.

         If that was the end of the story, there’d be nothing to worry about. Comets and asteroids would never come close enough to the Earth to pose a collision risk. Yet we know – from all those craters – that they sometimes do. How do they manage to do that, if they’re moving in planet-like orbits? To answer that question, we need to look a little more closely at how orbits work.

         Celestial mechanics

         The term ‘celestial mechanics’ was coined by Laplace – it’s the title of another of his books – and refers to the application of Newton’s theory of gravity to the motion of objects in the Solar System.

         There’s an oft-repeated anecdote about Laplace’s book on celestial mechanics that you may have come across. When Newton first applied his theory of gravitation to the Solar System, the solution he obtained was unstable – so he suggested that God occasionally had to intervene in order to keep it from falling to pieces. Using superior mathematical methods, however, Laplace showed that the Solar System was inherently stable after all. In the famous anecdote, the Emperor Napoleon asks Laplace why his book doesn’t mention Newton’s God-intervention theory, to which Laplace replies ‘I had no need of that hypothesis’. He was simply saying that he didn’t need to invoke God to explain the stability of the Solar System, although the remark is often presented as an example of scientific arrogance, with Laplace claiming to have mathematically disproved the existence of God. 

         What Laplace did, in fact, was to strengthen Newton’s argument that it’s basically gravity that makes the Solar System go round. Gravity comes from mass, and 99.8 per cent of the Solar System’s mass is concentrated at its centre, in the Sun itself. This creates a powerful ‘gravity well’, which pulls everything else down into it. If an object had zero tangential motion – i.e. movement at right angles to the direction to the Sun – there would be nothing to stop it falling all the way to centre. Of course, because the Solar System is billions of years old, everything that met that criterion fell into the Sun long ago. So everything that’s left does have a significant tangential motion, and that’s all that’s needed to keep an object from falling into the Sun. It’s still pulled in by gravity, but the combination of that force with its tangential velocity causes it to swing round the Sun in a closed orbit.

         Under these circumstances, the orbit follows a shape called an ellipse. Essentially this is a stretched circle – in fact a circle is just the special case of an ellipse with zero eccentricity. In a circular orbit, the motion is always tangential, with no component of velocity towards or away from the Sun. In the more general case of a non-circular ellipse, that’s only true at two points on the orbit: the furthest point from the Sun, called the aphelion, and the closest, the perihelion. We’ll try to avoid technical terms wherever possible, but those are two we’re going to need over and over again.

         To soften the blow of introducing two multisyllabic Greek words, here’s an amusing piece of trivia. If you saw the word aphelion on its own, without knowing what it meant, you’d probably run the p and h together and pronounce it ‘afelion’. But seeing it in conjunction with perihelion, it’s clear that ‘-helion’ is a suffix (meaning Sun) and ‘ap-’ is a prefix (meaning away from) – so you might pronounce the two parts separately: ‘ap-helion’. That’s how most astronomers say the word, but it turns out they’re wrong. You were right the first time – the correct pronunciation, according to most dictionaries, is afelion.

         The idea that a closed orbit in the Solar System always takes the form of an ellipse – as opposed to any other shape – is a direct consequence of Newton’s theory of gravity. All Newton did, though, was to provide an explanation for a fact that was already known from observation. In 1609, more than 30 years before Newton was born, the German astronomer Johannes Kepler worked out that the planets all move on elliptical paths – that’s the first of his three laws of planetary motion.

         That may sound rather vague, but it’s a very powerful insight. An ellipse is defined by just five numbers, called orbital elements: the distance to the Sun at perihelion, the eccentricity, the inclination to the ecliptic plane, and the angular directions (the astronomical equivalent of longitude) to the perihelion and the point where the orbit crosses the ecliptic. That means that given a small number of measurements, the entire orbit can be predicted in a precise, mathematical way.

         Kepler’s second law says that a planet moves faster when it’s close to perihelion than when it’s further from the Sun. Again, this isn’t just a vague assertion – Kepler expressed it quantitatively as ‘the line joining the planet to the Sun sweeps out equal areas in equal intervals of time’. As for the third law, that says the time needed to complete an orbit is longer for larger orbits. That may sound pretty obvious, but once again Kepler formulated it in a rigorously mathematical way (readers of a nervous disposition may want to look away at this point): the orbital period increases in proportion to the square root of the cube of the average value of the perihelion and aphelion distances.

         That sounds unnecessarily complicated, but it’s great for astronomers because it allows them to predict planetary motions with a high degree of accuracy. In fact, Kepler’s laws would give an exactly correct answer if there were only one planet in the Solar System. With multiple planets they’re still a pretty good approximation, but if you want an exact solution in that case you have to turn to Newton’s more general law of gravity.

         Kepler’s laws are a remarkable achievement, because he worked them out purely by trial and error – testing various mathematical models against observations until he found something that fitted. That’s different from the approach used by Newton (and most later scientists), who had an underlying physical theory to guide them. Kepler, in fact, wasted a lot of time trying to explain the Solar System in terms of metaphysical ideals such as Platonic solids (regular shapes that fascinated the philosopher Plato) and the so-called ‘music of the spheres’ before he hit on his now-famous laws.

         Although they’re called laws of planetary motion, Kepler’s laws apply just as well to anything else that orbits around the Sun, including asteroids and comets – and even Elon Musk’s midnight cherry Tesla Roadster (giving a whole new meaning to the phrase celestial mechanics). When Musk’s company SpaceX tested its new Falcon Heavy launch rocket in February 2018, they wanted to prove to potential customers that it was capable of sending a payload beyond Earth orbit, without all the hassle and expense of developing a real payload. So they used a ten-year-old car belonging to the CEO – who, of course, was also CEO of Tesla Motors. The result was arguably the most spectacular publicity stunt the Solar System has ever seen.

         The original intention was to send the car out to the orbit of Mars (not the planet itself, which would be at another point in its orbit when the car got there). You might think that involves aiming outwards, since Mars is the next planet out from the Sun. It turns out that it’s a lot easier to aim at right angles to the obvious direction: tangential to the Earth’s orbit, in the same direction that the planet is already moving around the Sun. It does that at a rate of one revolution every year, which equates to about 30 km/s. By launching in the same direction, the spacecraft – sorry, the car – gets the full benefit of that enormous speed, completely free of charge. Together with the additional boost provided by the Falcon Heavy, the Tesla ended up on an orbit of higher energy than the Earth.

         Since it was travelling tangentially to the Sun when it was launched, that point must represent the perihelion of its new orbit. Thanks to its higher energy, however, it can climb further out of the Sun’s gravity well to a much larger aphelion. The plan, originally, was that this aphelion would lie somewhere on the orbit of Mars.

         To be honest, though, SpaceX didn’t worry too much about hitting a particular aphelion. This was just a test, and they simply gave the car as big a boost as possible. As it turned out, this was more than they needed for Mars orbit, and the car will still have plenty of outbound speed when it gets there. Its momentum will keep it going towards the inner fringes of the asteroid belt, as the following diagram shows.
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               Approximate orbit of Elon Musk’s Tesla Roadster, relative to the orbits of Earth and Mars.

            

         

         All this may seem like a digression from the subject of the book – but it isn’t. If launching an object from Earth with an excess of energy can produce an aphelion in the asteroid belt, what about the mirror-image situation? If an object in the asteroid belt loses energy somehow – for example through a gravitational encounter with another asteroid – its perihelion can be reduced to the point that it becomes a collision hazard with Earth. So any attempt to understand asteroid-like orbits is time well spent. 

         The vermin of the skies

         In Kepler’s time, only the first six planets were known. Their distances from the Sun, measured in astronomical units, run (as given previously) like this: 0.4, 0.7, 1, 1.5, 5, 10. There’s something annoyingly unsatisfactory about that jump from 1.5 (Mars) to 5 (Jupiter). As a ratio of consecutive numbers, it’s much bigger than any of the others. That led Kepler to speculate that there must be an undiscovered planet in that gap, to smooth the sequence out. It was an idea other astronomers agreed with. Much later, after the discovery of Uranus at 19 AU seemed to confirm the pattern, a concerted effort was made to find the missing planet.
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