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		Preface

		
			The Only Intelligent Planet
		

		Do we owe our existence to the impact of a ‘supercomet’ with Venus 600 million years ago? A decade ago the idea might have seemed laughable. But now we know that there are icy objects the size of Pluto in orbits far out on the fringe of the Solar System, we know that Earth’s Moon was formed by the impact of an object the size of Mars with Earth, we know from chaos theory that no orbit around the Sun is stable, and, crucially, we know that something catastrophic happened to both Venus and Earth at the same time, just before the explosion of life on Earth that led to our existence. Coincidence? Maybe. But if so, it is the most significant in a chain of coincidences that led to the emergence of intelligent life on Earth. And that chain has so many weak links that it may mean that, for all the proliferation of stars and planets in the Universe, as an intelligent species we may be unique.

		There are several hundred billion stars in our Milky Way Galaxy. At a conservative estimate, several billion of them are orbited by planets capable of supporting life. There may be more habitable planets in the Galaxy than there are people on planet Earth. But ‘habitable’ does not mean ‘inhabited’. The thesis of this book is that intelligent civilization exists only on Earth. The reason is connected with the series of cosmic events that affected both Venus and Earth some 600 million years ago. But this is only part of the story, just one of the astronomical and geophysical reasons why the Earth is special, and probably unique.

		Since the time of Copernicus, the progress of science has resulted in a steady displacement of the perceived place of human beings from centre stage in the Universe. By the end of the twentieth century, the received wisdom was that we are an ordinary kind of animal living on an ordinary planet orbiting an ordinary star in the backwoods of an unspectacular galaxy. But this image of the Earth and humankind as an insignificant unit in the Universe may be wrong. This book challenges that idea and suggests that human beings are special after all – the unique products of an extraordinary set of circumstances that have as yet occurred nowhere else in the Galaxy, and possibly not in the entire Universe. An idea known as the ‘Goldilocks Effect’ says that there is something odd about our entire Universe; but such speculations have no place in my argument; whether or not the Universe is unusual, there is something odd about the
			place of the living Earth within the Universe.

		The idea of Earth as a ‘living planet’, expressed most clearly by the concept of Gaia, has captured the imagination of a wide public and become respectable science. We are all used to the idea that our home in space is one interlocking system of life, and have become alerted to the very real prospect that human activities may be the death of Gaia. Such ideas are discussed in recent books from Jim Lovelock. The picture he paints is bad enough from the parochial perspective of life on Earth itself. But does one planet really matter among the immensity of the Cosmos?

		The recent discovery of a planet only a few times heavier than the Earth in orbit around a nearby star,* together with the discovery over the past few years of more than 200 Jupiter-like giant planets orbiting other stars, has fuelled interest in the possibility of finding intelligent life elsewhere in the Universe. Many people hope that the fact that there are other ‘solar systems’ out there must mean that there are other earths – and if there are other earths, surely there must be other people? This is a false argument. In the first place, it seems likely that Earth-like planets are rare. But even if other earths were common, my view is that while life itself may be common, the kind of intelligent, technological civilization that has emerged on Earth may be unique, at least in our Milky Way Galaxy.

		I agree with Lovelock that other Gaias may be relatively common in the Cosmos. But I have reached the conclusion that our kind of intelligent life is so rare that it may be unique to our planet. At the present moment of cosmic time intelligent life exists only on Earth – in the language of Gaia, Earth is the only intelligent planet, at least in our Galaxy.

		Whether or not you see the hand of God in any of this, it would mean that we are the most technologically advanced civilization in the Universe, and the only witnesses with an understanding of the origin and nature of the Universe itself. If humankind and Gaia can survive the present crises, the whole of the Milky Way Galaxy may become our home. If not, the death of Gaia may be an event of literally universal significance.

		I restrict the discussion to the Milky Way not only because it is our own astronomical backyard, an island in space beyond which we cannot hope to explore physically on any reasonable timescale, but because it is possible that the Universe beyond the Milky Way is infinite. In an infinite Universe, anything is possible, but anything interesting may only be happening infinitely far away from us. The Milky Way contains a few hundred billion stars, but almost certainly contains only one intelligent civilization. In that sense, our civilization is alone, and special. This book tells you why.

	
		Introduction

		
			One in a Trillion
		

		The Universe is big. We live in an expanding bubble of space that burst out from a superhot, superdense state, the Big Bang, 13.7 billion years ago. Because this bubble has only been in existence for 13.7 billion years, the farthest we can see in any direction, even in principle, is the distance that light has travelled in 13.7 billion years. Logically enough, this is 13.7 billion light years, where one light year is the distance light can travel in a year – roughly 9.5 billion km or 5.9 billion miles. So the observable Universe is a bubble centred on the Earth, with a diameter of 27.4 billion light years – a bubble growing in size at a rate of two light years (one on each side) every year.*

		This does not mean that we are at the centre of the Universe, any more than a sailor out of sight of land is at the centre of the ocean; the sailor is just at the centre of the circle formed by their own horizon. Sailors in other parts of the ocean are each at the centre of their own ‘observable world’, surrounded by a horizon. The Universe undoubtedly extends beyond our cosmic horizon, just as the sea extends beyond the sailor’s horizon, and may well (unlike the ocean) be infinite. But the puzzle of what lies beyond the cosmic horizon is not one I am going to discuss here.

		Within the bubble of the visible Universe, bright stars, more or less like our Sun, are grouped together in islands called galaxies. On the basis of observations made with instruments such as the Hubble Space Telescope, it is estimated that there are hundreds of billions, and perhaps trillions, of galaxies in the observable Universe. All of the stars we see with our naked eyes are part of one of these islands in space, our home galaxy, called the Milky Way, or simply the Galaxy. But our eyes are hopelessly inadequate for revealing the true nature of the Milky Way Galaxy. In very round numbers, there are roughly as many stars in our Galaxy as there are galaxies in the observable Universe. When I started out in astronomy, back in the 1960s, the round number most often quoted was a hundred billion stars in the Milky Way; as time passed and observations improved, the estimate was increased to a couple of hundred billion, then
			‘several’ hundred billion. Since our telescopes keep getting better, and our observations keep revealing new things, it doesn’t seem unreasonable to round this off and say that, very roughly, our Galaxy contains a trillion stars. That means that the Sun is one in a trillion, and our Galaxy is also one in a trillion. And as far as we can tell, the Sun is a pretty ordinary star (although it may have some significant minor peculiarities that I discuss later).

		
			ACROSS THE MILKY WAY
		

		This island of a trillion stars is the background to my story of the emergence of intelligent life on Earth, and the puzzle of whether there is other intelligent life in the Universe. At this stage of human understanding of the Cosmos, all we can reasonably do when seeking an explanation for the emergence of intelligence is to look at the history and geography of our own Galaxy and try to understand why, and how, intelligence has emerged on Earth, and what that tells us about the chances of finding civilizations on other ‘earths’ somewhere in the Milky Way. If there are enough stars and planets in the entire Universe, there is bound to be another earth out there somewhere; but is there one that is home to another civilization somewhere in our own cosmic back yard?

		In those terms, although our Galaxy contains many components, what we are interested in is planets more or less like the Earth that are orbiting stars more or less like the Sun. The Sun and the planets of the Solar System formed together from a collapsing cloud of gas and dust in space a little more than 4.5 billion years ago, when the Universe was only two thirds of its present age. The fact that it took so long before the Solar System formed is not entirely a coincidence. There is overwhelming evidence that the only elements that were produced in any significant quantity in the Big Bang were hydrogen and helium. Heavier elements have been built up since then inside stars, in a process called stellar nucleosynthesis, and scattered across space when those stars die. So there had to be time for several generations of stars to be born, live and die before there were interstellar clouds containing a rich enough mixture of elements such
			as silicon, oxygen, carbon and nitrogen to make a planet like the Earth.

		Part of that process of nucleosynthesis is what keeps a star like the Sun shining. In the heart of the Sun, the extreme temperature and pressure forces nuclei of hydrogen atoms together to fuse them to make nuclei of helium, with energy being released in the process. In other stars, at different stages in their life cycle, helium nuclei are combined to make carbon, oxygen, and so on. All of this activity goes on in a disc of stars, gas and dust that spans a diameter of about 100,000 light years. By measuring the distribution of this material as best we can from inside the Galaxy, and comparing what we see with observations of other galaxies that we can see from the outside, astronomers have found that our Galaxy has a spiral structure, with bands of bright, young stars (called spiral arms) twining outwards from the centre of the disc. It used to be thought that this marked a clean spiral pattern, with four main arms and a few smaller arcs; but
			recent observations suggest that the pattern is more messy, with spurs sticking out from some of the main arms, fragments of other arms, and even a bar of arms across the middle of the Galaxy.

		Nobody knows exactly how the spiral pattern is produced, but it is a common feature of galaxies. The best guess is that it is a density wave, in which stars and gas clouds orbiting around the centre of the Milky Way pile up at certain places, in much the same way that traffic on a motorway piles up in a moving traffic jam near a large, slow-moving load. Gas clouds that get caught up in the rolling traffic jam are squeezed, and some of them collapse to form new stars, which are what makes the spiral pattern stand out. But individual stars are much smaller than these clouds, and pass through the density wave without being affected, on their approximately circular paths around the centre of the Galaxy.

		Roughly speaking, the distribution of stars across the Galaxy can be described in terms of four parts. Most of the stars, including the Sun, are concentrated in a thin disc, about 1,000 light years deep, which widens out into a bulge around the centre of the Milky Way. The overall appearance is like two fried eggs stuck back to back. Together, the thin disc and central bulge contain about 90 per cent of the stars in our Galaxy. The thin disc is embedded in a thicker, but sparser, disc of stars, which is itself surrounded by a spherical halo, at least 300,000 light years across, across which a few dozen tightly packed clusters of stars are scattered. As far as bright stars are concerned, that’s it. There are, though, two other components, revealed by their gravitational influence on the bright stuff, which are fascinating in their own right but which have no relevance to the search for other earths. The first is a massive black hole right at
			the centre of the Milky Way, with a diameter twenty times bigger than the distance from the Earth to the Moon, containing several million times as much mass as our Sun. Although that sounds impressive, it is only a few millionths of the mass of all the bright stars in the Galaxy put together. At the other extreme, all of the bright components of the Galaxy are embedded in a cloud of dark material, which holds the Milky Way in its gravitational grip. This material fills a sphere several hundred thousand light years across, and is thought to be made of a cloud of tiny particles, on the scale of atoms. But the total mass of all those tiny particles adds up to ten times as much matter as in all the bright stars in the Galaxy put together.

		The search for other planets has so far extended only a tiny way out from the Sun across the thin disc of the Milky Way. At the end of the twentieth century, the technology became just good enough to look for evidence of the influence of planets orbiting nearby stars, and the search has since been pushed out (by no means uniformly) to a distance of a few hundred light years – roughly 0.1 per cent of the diameter of the disc. But the good news is that everywhere we look we find planets. On this evidence, at least half of all the stars we can see probably have planets orbiting around them.

		
			HOT JUPITERS
		

		As yet, the evidence for planets beyond the Solar System is, in almost every case, indirect. Except for a very few cases, we cannot actually see or photograph them yet, and even in those cases the images are only fuzzy blobs; but we detect their influence on their parent stars. As a planet orbits around its star, the gravitational influence of the planet makes the star wobble to and fro by a tiny amount, and this wobble can be detected by studying the spectrum of light from the star. When the star is moving towards us, features in the spectrum shift by a tiny amount towards the blue end of the spectrum; when it is moving away there is a shift towards the red end of the spectrum. This is an example of the Doppler effect, one of the most useful tools in astronomy; the size of the speeds measured in this way, at distances of scores of light years, is about the same as that of an Olympic sprinter. The easiest planets to detect using this method are
			those that have the biggest influence on their parent star, which means big planets that are close to their star. So it is hardly surprising that most of the several hundred planets discovered so far are indeed big and close to their star. As time passes, however, smaller planets, and ones farther out from their stars, are also being discovered.

		As it happens, the very first ‘extrasolar’ planets to be discovered were something out of the ordinary. But, as the first, they deserve pride of place. The star they orbit around is nothing like the Sun. It is an object called a neutron star, with the prosaic name PSR B1257+12. The PSR stands for pulsar, and the numbers are the coordinates of the position of the object on the sky – the celestial equivalent of a map reference. A pulsar forms when a star much bigger than our Sun reaches the end of its life. The outer layers of the star are blown away in an explosion called a supernova, and the inner region collapses into a ball of neutrons (hence the name) only about 10 km across but containing roughly as much mass as our Sun (330,000 times the mass of the Earth). The density of a neutron star is the same as the density of an atomic nucleus, and when they are first formed they are spinning very rapidly and have intense
			magnetic fields. This combination produces a beam of radio noise, which sweeps around the sky like the beam of a cosmic lighthouse; if the beam happens to be lined up so that it sweeps across the Earth, our radio telescopes detect this as a regular ticking. It is these ‘pulses’ of radio noise that give pulsars their name. Some ‘tick’ once every few milliseconds, and PSR B1257+12 is just such a pulsar. In 1992, Alex Wolszczan and Dale Frail, of Penn State University, measured tiny changes in the rate at which this pulsar is ticking, and explained these variations as due to the effect of two planets orbiting around the dying star. A couple of years later they reported the discovery of a third planet in the system. These planets have masses equivalent to 4.3 times, 3.9 times and one fiftieth of the mass of the Earth, and orbit the star once every 67 days, once every 98 days and once every 25 days. In 2005, Wolszczan and his colleague Maciej Konacki
			announced that they had identified a fourth planet in the same system, a tiny object roughly one tenth of the mass of the dwarf planet Pluto (only 0.04 per cent of the mass of the Earth) that takes 1,250 days to orbit once around the pulsar. At least one other pulsar, PSR B1620-26, is now also known to have one or more planetary companions.

		These planets cannot possibly have survived the supernova explosion in which the pulsar was formed. Any planets that orbited the original star must have been destroyed in the blast. So they must have formed from the cloud of debris left around the neutron star in the aftermath of the explosion. This was the first direct proof that planets can form from clouds of debris around a star, rather than by some more exotic process such as a collision, or close encounter, involving two stars. Since stellar close encounters are rare, but all stars form from collapsing clouds of interstellar material, the implication was that planets ought to be common companions to stars. And that was soon borne out by more observations.

		The first confirmed discovery of a planet orbiting a star similar to the Sun was made in 1995. The star is 51 Pegasi (known for short as 51 Peg), and the discovery was made by two Swiss astronomers, Michel Mayor and Didier Queloz, using the Doppler technique. The surprise was that the discovery was almost too easy. It was easier than had been expected because the planet is big and orbits very close to its parent star, a combination which produces a strong Doppler ‘signal’. In our Solar System, there are four small, rocky planets orbiting close to the Sun, and four very large, gaseous planets farther out from the Sun. Distances are measured in terms of the astronomical unit, or AU, which is equivalent to the average distance from the Earth to the Sun. Masses are measured in terms of the mass of the Earth. The small planet Mercury, closest to the Sun at a distance of 0.39 AU, has a mass 5 per cent that of the Earth, but
			the largest planet in the Solar System, Jupiter, has a mass more than 300 times that of the Earth, about 0.1 per cent of the mass of the Sun, which it orbits at a distance of 5.2 AU. The planet found around 51 Peg has more than half as much mass as Jupiter (three thousand times the mass of Mercury), but orbits its star at a distance of only 0.05 AU (only a little more than a tenth of the distance from Mercury to the Sun).

		Nobody had expected to find such ‘hot jupiters’, as they soon became known, because large gaseous planets cannot form close to their parent star. So they must have migrated inwards from the orbits where they were born. This has significant implications for the search for intelligent life in the Universe; but the first importance of this discovery, and those that soon followed, was (and is) that planets are common.

		When the first extrasolar planets were discovered, the news was so exciting that each new discovery rated a separate scientific paper in a prestigious, rapid-publication scientific journal such as the weekly Nature, and often made headlines in the general media. More than a decade down the line, at the time of writing nearly four hundred extrasolar planets are known, and ‘new’ ones are being discovered at the rate of a dozen or so every year. But the news seldom makes headlines even in the scientific journals, let alone the popular press, unless there is something special about the latest discovery – especially if the planet is particularly Earth-like, or is in an Earth-like orbit around its parent star. The whole story, of the number and variety of extrasolar planets, or exoplanets, is much greater than the sum of its parts.

		Part of that story concerns the variety of different techniques used to discover planets orbiting other stars. As well as the tried and tested Doppler method, some planets have been detected by their effect on the light from their star as they pass in front of it, in a kind of mini-eclipse called a transit. Others have been located by their gravitational influence on the very discs of dusty material around stars in which planets form, in a pleasing confirmation of our ideas about planetary formation. A very few extrasolar planets have now been photographed directly, as tiny specks in images obtained using infrared telescopes. And there are other techniques. Almost all these discoveries, though, have one thing in common – so far, they have been successful using ground-based telescopes. But there are now space observatories dedicated to the search for extrasolar planets – including Kepler, launched in 2009 – and the number of
			discoveries is increasing dramatically as they make observations from above the obscuring layers of the Earth’s atmosphere. So this is a particularly good time to take stock of the first phase of exoplanet observations.

		
			PLANETS IN PROFUSION
		

		Because this early phase of the search for exoplanets inevitably picked up a lot of large planets in extreme orbits, from the point of view of the search for other earths it’s particularly encouraging that more than twenty of the extrasolar planetary systems now known contain more than one planet – nearly a hundred planets are known to be orbiting normal stars in multiple planetary systems. Even if we are still mostly discovering large planets (‘jupiters’), this suggests that such planets do not form in isolation, and at least some of those jupiters are accompanied by smaller, rocky planets (‘earths’), as is the case in our Solar System.

		Most of the planets discovered so far orbit around stars that are roughly similar to our Sun (and which, for historical reasons, are known as F, G or K stars – the Sun is a yellow G2 dwarf star, in this classification). This is partly because the astronomers involved in the search are, naturally, particularly interested in such stars. But there are also reasons to think, as I discuss later, that stars much bigger or much smaller than the Sun are unlikely to provide the conditions suitable for the formation of other earths. Although the vast majority of planets discovered so far are at least ten times as massive as the Earth, and some are much bigger than Jupiter, the fact that even a few planets with masses only a few times that of the Earth have been found, in spite of the difficulties of detecting them, suggests that such rocky planets are actually quite common.

		Unfortunately, many of these roughly Earth-sized planets are in tight orbits around their parent stars, like the orbits of the hot jupiters. The natural explanation is that they are the leftover rocky cores of hot jupiters that have evaporated away in the heat from their stars. A typical example is the planet COROT-7b, which circles its parent star at a distance of only 2.6 million km, in just over 20 hours! The star, COROT-7, is a yellow dwarf, only about 1.5 billion years old, similar to, but slightly smaller and cooler than, the Sun; COROT-7b is less than twice the diameter of the Earth, with a density similar to that of our planet. But the planet is so close to the star that the surface temperature is likely to exceed 2,000 °C, hot enough to melt rock. In any case, because its orbit is not quite circular and it is so close to its star, tidal forces are rhythmically squeezing the planet, heating its interior and almost certainly producing
			continuous volcanic activity at the surface. Not a likely home for life. Computer simulations suggest that COROT-7b started life as a gas giant with about the same mass as Saturn (roughly a hundred times the mass of the Earth) in an orbit 50 per cent larger than its present one.

		After the initial surprising (but easy) discovery of hot jupiters, it has emerged that most ‘jupiters’ (a term which embraces all large, gaseous planets, in the same way that the term ‘earths’ embraces all small, rocky planets) are actually in orbits much farther out from their parent star, and that planetary systems with one or two such planets in orbits roughly similar to the orbits of Jupiter and Saturn in our own Solar System are not uncommon. Perhaps they are accompanied by other earths; computer simulations of the way planets form around stars certainly suggest that giants are inevitably accompanied by smaller, rocky planets. Some astronomers now think that every Sun-like star has at least one ‘Earth like’ planet – although by the term ‘Earth like’ they include planets like Venus and Mars, not solely true other earths – in the so-called ‘habitable zone’ around a
			star, the region where liquid water can exist. One big difference, though, is that the orbits of the Jupiter-like exoplanets mostly seem to be more elliptical (less circular) than the orbits of the equivalent planets in the Solar System.

		Two other discoveries have stimulated speculation about the possibility of life elsewhere in the Universe. One was the discovery of a planet only slightly bigger than the Earth, although as it happens it orbits a much fainter star than our Sun. The star is a dim red dwarf, known as Gliese 581, just one third of the mass of the Sun and only a little more than 20 light years away from us in the direction of the constellation Libra. The planet is only 1.9 times more massive than the Earth, and orbits the red dwarf once every 3.15 days, too close for liquid water to exist on its surface. But another planet in the same system has a mass of only seven Earth masses, and orbits farther out, once every 66.8 days. It is smack in the life zone for a red dwarf, where temperatures are between about 0 °C and 40 °C. It could be covered in water. Red dwarf stars are common in our celestial neighbourhood, and like Gliese 581 they seem to provide homes for
			‘super earths’ rather than jupiters. This makes them prime targets for future exoplanet studies, even though they are much smaller than the Sun.

		Water lies at the heart of the other recent discovery. In 2007 a large team of astronomers reported that they had detected water in the atmosphere of one of the hot jupiters. They were able to do so because the planet, which had already been detected in a previous survey, passed in front of its parent star, HD 189733, which lies 64 light years from us in the direction of the constellation known as the Fox. Some of the light from the star passed through the atmosphere of the giant planet before carrying on to be picked up by the Spitzer Space Telescope, operating at infrared wavelengths. The effect of water in the atmosphere of the planet showed up clearly in the infrared signature of the light.

		As if all this wasn’t intriguing enough, in 2008 scientists from the University of Toronto, using the Gemini Observatory in Hawaii, obtained the first picture of a planet in orbit around a Sun-like star.

		Putting everything together, we know that planets are common; we know that rocky planets exist in the life zones around stars; and we know that there is water on worlds orbiting other stars. Out of a trillion stars in the Milky Way Galaxy, a conservative estimate would seem to be that a billion of them (just 0.1 per cent) are orbited by what we might call ‘wet earths’. How could life get a grip on such a potential planetary home?

		
			DUSTY BEGINNINGS
		

		Everything we know about the way planets form suggests that life is an almost inevitable by-product of the formation of a wet earth. Stars – and planets – form from collapsing clouds of gas and dust in space. There is plenty of this material around in the Milky Way, although it needs a trigger – a squeeze of some kind – before it will start collapsing. But the dust, which is essential for the formation of Earth-like planets, is only a small component of the total. The clouds between the stars are 98 per cent gas, almost all of it hydrogen and helium left over from the Big Bang, which leaves just 2 per cent for everything else. We can see young, newly formed stars in clouds such as the Orion Nebula, which is about 25 light years across and 1,400 light years away; it contains thousands of very young stars, hundreds of which are so young that they have not settled down into a mature state like the Sun. Because the Orion Nebula is the closest
			star-forming region to the Earth, some of these objects can be studied in great detail, and in more than 150 cases discs of dusty material have been identified, and some even photographed, around young stars in the nebula. Similar discs have also been identified associated with young stars in other parts of our neighbourhood.

		These discs are the sites where new planets are forming. In some cases, planets have been detected because of their gravitational effects on the discs, warping them, or clearing the dust from some regions. So we know planets are associated with these discs, which are therefore called proto-planetary discs, or PPDs. A lot of information about PPDs comes from studies at infrared wavelengths, because the discs are much cooler than stars – a cool object radiates most of its energy at longer wavelengths than a hot object. The discs are warmed by the energy from their parent stars, which is at shorter wavelengths, and re-radiate the energy in the infrared. The nature of the infrared radiation reveals that the size of the dust grains involved in this process is tiny – up to about 10 microns, or ten millionths of a metre, in diameter. That is roughly the size of a bacterium. But the discs are almost entirely made of dust, because any gas
			that was in the original cloud but didn’t collapse into the central star got blown out of the system by the young star’s radiation.

		In one well-studied system, about 53 light years away and known as Beta Pictoris, there is a few hundred times the mass of the Earth (about the same as the mass of Jupiter) present in the form of dust in the disc. A combination of optical and infrared studies shows that there are denser concentrations of dust in rings within the disc, which may be the sites of planet formation. A great deal of the dust we now see there may actually be a result of collisions between the first rocky objects formed in the system, called planetisimals, which collide with one another and eventually build up into large planets.

		In this sense, Beta Pictoris, although it has an estimated age of only a few tens of millions of years, is a relatively old system. The even younger star HL Tauri has a disc containing about a tenth as much mass as our Sun – ten times the mass of all the planets in our Solar System put together – extending over a diameter of 2,000 AU. That probably is primordial cosmic dust, not the secondary dust seen around Beta Pictoris. Some 60 per cent of stars younger than 400 million years have dusty discs associated with them, but only 9 per cent of stars older than 400 million years possess such discs. All the evidence is that the discs have gone because the dust has been swept up in the formation of planets, and the timescale involved, a few hundred million years, closely agrees with the timescale for the formation of the Solar System, inferred from a variety of studies (more of this later).

		But what does the dust contain? One of the most important ingredients is water, in the form of ice. The most common element in the Universe is hydrogen, about 73 per cent by weight. The next most common is helium, about 25 per cent. Both of these were produced in the Big Bang, but helium does not react chemically so it plays no direct part in life processes. The third most common element is oxygen, at 0.73 per cent, followed by carbon, at 0.29 per cent. In terms of mass, the next most abundant element is iron; but in terms of the number of atoms around, the fifth spot is taken by nitrogen. With a somewhat cavalier attitude towards chemical subtleties, astronomers lump all the elements except hydrogen and helium together under the name ‘metals’. But whatever the name, the important point is that oxygen is the most common reactive element after hydrogen, and hydrogen and oxygen react together eagerly to make water. So
			interstellar grains and grains in PPDs are bound to contain a lot of water ice, which forms a layer on the surface of any solid particles, such as grains of carbon (graphite).

		These grains are about as substantial as the solid particles in cigarette smoke. Because of the way the ice forms in space, straight from the vapour to the solid without passing through a water phase, it resembles snowflakes rather than ice cubes, and when one ‘snowflake’ bumps into another it will tend to stick, building up larger grains. The stickiness of the grains is helped because water molecules have a positive electric charge at one end and a negative charge at the other end, producing electric forces which hold the grains together like tiny bar magnets. Soon, by astronomical standards, the grains in a PPD are big enough to pull on each other by gravity, and the process of planet formation begins.

		The kinds of molecules that can form on the surfaces of such grains are surprisingly complex. We know of the existence of complex molecules in space from observations of the large clouds of gas and dust between the stars, made at radio wavelengths. Just as the atoms of an individual element produce a characteristic pattern like a bar code in the spectrum of visible light, so different kinds of complex molecules each produce their own distinctive pattern in the radio part of the spectrum. More than 140 different kinds of molecule have now been identified in space in this way. These range from such simple and unsurprising substances as molecular hydrogen (H2) and water (H2O) up to compounds containing ten or more atoms in each molecule, such as n-propyl cyanide (C3H7CN) and ethyl formate  (C2H5OCHO). As with these two examples, very many of these complex molecules are
			made from combinations of atoms of carbon, hydrogen, oxygen and nitrogen. At one level, this is not surprising, since as I have mentioned these are the four most common reactive elements in the Universe, in terms of the numbers of atoms around. At another level, it is deeply significant because these four elements, collectively dubbed ‘CHON’, are the most important elements in the chemistry of life. Clearly, that has to do with the fact that life utilizes the chemical materials that are available. But it also has to do with the unusual chemical properties of carbon.

		
			COSMIC CHEMISTRY
		

		Carbon atoms have an unusual ability to combine strongly with up to four other atoms at a time, including other atoms of carbon. The simplest way to picture this is to imagine that a carbon atom has four hooks sticking out from its surface, and each of these can latch on to another atom to make a chemical bond. In the simplest example, each molecule of the compound methane is made of a single carbon atom surrounded by four hydrogen atoms, which are attached to it by bonds – CH4. But carbon atoms can also link up with one another fore and aft to form chains, linking each carbon atom in the chain with two other carbon atoms, but leaving two bonds free to hook up with other kinds of atoms, and leaving the two carbon atoms at the ends of the chain each with three spare bonds. Or the chain may become a ring, with carbon atoms forming a closed loop, still with two bonds available for each atom in the ring to form other linkages. Even complex
			carbon-based molecules, including other rings and chains, can attach to other carbon chains or to other rings. It is this rich potential for carbon chemistry which makes the complexity of life possible. Indeed, when chemists first began to study the complexity of life, and realized that it involves carbon so intimately, the term ‘organic chemistry’ became synonymous with ‘carbon chemistry’.

		There are two key components of the chemistry of life. To non-biologists, the most widely known life molecule is DNA, or deoxyribonucleic acid. This is the molecule within the cells of living things, including ourselves, which carries the genetic code. The genetic code contains the instructions, rather like a recipe, which tell a fertilized cell how to develop and grow into an adult. But it also contains the instructions which enable each cell to operate in the right way to keep the adult organism functioning – how to be a liver cell, for example, or how to absorb oxygen in the lungs. The mechanism of the cell also involves another molecule, ribonucleic acid, or RNA. As the name suggests, molecules of DNA are essentially the same as molecules of RNA but with oxygen atoms removed.

		The ‘ribo’ part of the name comes from ‘ribose’ (strictly speaking, the names should be ribosenucleic acid and deoxyribosenucleic acid). Ribose (C5H10O5) is a simple sugar, but it lies at the heart of DNA and RNA. Each molecule of ribose is made of a core of four carbon atoms and one oxygen atom linked in a pentagonal shape. Each of the four carbon atoms in the pentagon has two spare bonds with which to link up with other atoms or molecules. In ribose itself, these attachments link the pentagon to hydrogen atoms, oxygen
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