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Introduction


We live in an interconnected world. Our daily lives depend on networks of trade, transport and communication that extend across the planet. Food and raw materials are transported halfway around the globe, while local and national economies are inextricably bound into a global system, so much so that its upswings and crashes affect us all. Vast quantities of infor–mation surge along the virtual highways of the internet, satellites beam global news into our homes, and individuals, nations and cultures interact with an ease that no one could have imagined just a few decades ago, leading to both conflict and cooperation in new and unpredictable ways.


 


While the human population of planet Earth is linked together as never before, this global web of connections is by no means limited to the affairs of the human race. As we have learned more and more about the workings of our planet’s geology, atmosphere, oceans and biosphere, we have come to understand that these too are joined together in a single global system that has been shaping our world ever since it formed 4.5 billion years ago.


 


As we humans have discovered to our cost, the Earth’s natural systems do not respect national boundaries. In the 1970s, sulphur dioxide emissions from coal-fired power stations in Britain led to acid rain in Scandinavia, poisoning the native conifer forests and damaging the local timber industry. In 1986, radioactive particles from the burning Chernobyl nuclear reactor in the Soviet Union rained down on the mountains of North Wales, leading to a ban on human consumption of livestock reared on the contaminated pastures. Today, global warming primarily caused by the carbon dioxide emissions of industrialized nations is recognized as a problem that affects the entire world. On an interconnected planet no nation is immune from the actions of its neighbours.


 


Natural events in one place can also have profound consequences on the other side of the planet. Sandstorms in the Sahara blow desert dust high into the atmosphere, where it is carried across the Atlantic to fertilize the rainforests of the Amazon Basin. El Niño events warm the surface waters of the Pacific Ocean, triggering changes in rainfall and temperature around the globe, with floods in California, droughts in Australia and colder winters in Northern Europe. Even the day-to-day vagaries of the world’s weather are linked together by a bewilderingly complex web of connections: as the old cliché reminds us, the beat of a butterfly’s wings in Brazil might lead, via a global chain of atmospheric dominoes, to a thunderstorm in Birmingham.


 


But Earth itself is not a closed system, cut off from the rest of the universe. Our environment does not stop at the top of the atmosphere and there is no invisible barrier there to seal our planet into an impenetrable bubble. On the contrary, planet Earth is constantly interacting with its surroundings, and extraterrestrial influences continue to shape our world in every conceivable way. From the sunlight that warms us, driving our weather and powering our food chains, to the gravitational forces that control the tides and keep the Earth on its seasonal track, objects in space exert a profound and immediate influence on our daily lives. The connections go much deeper than that: every mol-ecule, atom and subatomic particle here on Earth can trace its origins out into the wider cosmos, each with an astonishing story to tell, involving comets and nebulae, titanic collisions and exploding stars, and stretching out into the depths of the galaxy and back to the origins of the universe itself. To understand how our planet came to be the way it is, and how its life-sustaining geology, climate and biosphere operate today, we need to consider the Earth as a component in a much larger cosmic system.


 


Even some of the strangest and most extreme types of astronomical phenomena have closer connections to our daily lives than we might suppose. Exotic objects like neutron stars and supernova remnants have played a crucial role in the creation of the habitable conditions that we enjoy here on Earth, while the alien geologies and atmospheres of our neighbouring planets and moons provide us with profound insights into the workings of our own world.


 


Astronomy has also taught us to see our immediate surroundings in a strange new light. One of the greatest achievements of modern cosmology has been the discovery that the ordinary matter that forms our bodies, the Earth, stars, nebulae and galaxies – everything in fact that our telescopes can see – is only 5 per cent of the total content of the universe. The rest seems to be made up of two intriguing but mysterious quantities: dark matter, which holds the galaxies together and accounts for 27 per cent of the cosmic total, and the even more enigmatic dark energy, which provides the remaining 68 per cent and which seems to be causing the universe to expand faster and faster. We currently have no firm idea of what dark matter and dark energy consist of – in other words an astonishing 95 per cent of the stuff of the universe remains a mystery. And yet dark matter and dark energy are all around us – not just out there in the distant reaches of interstellar space but here in the room with us now. Between them, they have played a profound role in shaping the universe of galaxies, stars and planets, helping to create the conditions in which life can exist, but although they have been our constant companions for the whole of human history, it is only in the last few decades that we have realized they exist.


 


This book is all about the surprisingly intimate connections that we have with the universe beyond our home world. Over the coming chapters we will explore the cosmic origins of the fam-iliar substances that make up the world around us: the Earth’s rocks, air and oceans, and even our own bodies. We will discover how the conditions that we take for granted here on Earth are the result of the cataclysmic forces that shaped stars, solar systems and galaxies and how our closest neighbours in space, the Sun and Moon, continue to exert a profound influence on every aspect of our planet. We will see how the Earth’s ceaseless motions through space determine the cycles of days and years and how physics and astronomy enable us to peer into the future and glimpse the ultimate fate of the Earth, the Sun and the universe itself. In the process we will learn how this knowledge has affected human culture – and how our species is beginning to make its mark beyond our home planet.


 


Astronomy and space science may be concerned with the observation and exploration of distant planets, stars and galaxies but these objects are not divorced from our everyday concerns here on Earth. On the contrary, the origins of our planet, its current status and even its future fate can only be properly understood in the broader context of its cosmic environment. As we shall discover, everything we learn about these remote objects helps us to see our own world in a clearer light.










Made of Starstuff


Where do we come from? It’s a simple question, but one which goes right to the heart of how we think about ourselves, our relationship to the planet and to the rest of the universe. We all have our own personal stories, woven together out of the events, places and people that have influenced us and made us who we are; but, as well as shaping our personalities and memories, these life stories also leave their mark on the physical stuff of which we’re made. Throughout our lives, every time we eat, drink and inhale, new atoms and molecules enter our bodies. Meanwhile, as we exhale and excrete, other atoms and molecules are removed and sent back out into the wider world. Many of the new arrivals only spend a brief time inside our bodies, taking part in the various biochemical processes that keep us alive before leaving again. Others become a more permanent part of us, being incorporated into the structures of our organs, blood and bones.


 


Our bodies are the sum of the trillions of different molecules that help to build and sustain them over a lifetime, but each atom and molecule also has its own life story – a story that stretches back way before our own lives, and which will extend far beyond us into the future: ultimately all of the atoms and molecules here on Earth have their origins somewhere far more alien than our own planet.


 


This direct connection between our bodies and the stars is astonishing enough, but the story of how the stuff that we’re made of was created, and the immense journey through space and time that it took before it reached us, is one of the most extraordinary things that astronomy has taught us.


 


It is relatively easy to find out where a manufactured object like a fridge or a car was made, even if this was in a factory halfway across the world from where we bought it. But this place is very likely just where the object was assembled. If we investigated a little further, we could probably find out where each of the individual components was sourced from, and by digging deeper still we could even trace the origins of the raw materials from which they were built. Eventually, all these trails would lead back to the mines from which various minerals were extracted, or the fields, forests and seas where plant- and animal-based materials were grown and harvested.


 


By analysing bones, teeth and hair, archaeologists and forensic scientists can perform a similar piece of detective work on a human being. A record of where they were born and grew up, what they ate, drank and breathed, and even when and where they died, is written in the subtle chemical signatures inside them. These correspond to the differing chemical compositions of the environments in which they spent their lives breathing, eating, drinking and simply coming into contact with their surroundings.


 


The Earth’s great cycles of water, carbon, nitrogen and other substances ensure that there is constant traffic between the atmosphere, rocks, oceans and biosphere of our planet. The mol-ecules of water that we excrete might eventually find their way via sewers, streams and rivers back to the sea, only to evaporate, condense into clouds and fall as rain, perhaps to be consumed and, briefly, become part of a human body once again.


 


Carbon atoms experience a similar circulation between living things and their environment. The carbon dioxide that we exhale is the waste product of the process that powers our bodies. Deep inside our cells, carbon-rich molecules such as sugars combine with the oxygen we’ve breathed, releasing useful energy and producing carbon dioxide in the process. The carbon dioxide is then whisked away by our blood and exits via our lungs – but this is by no means the end of its story.


 


Some of this exhaled carbon dioxide may get sucked up by the leaves of nearby plants, which will use the energy from sunlight to combine it with water to form sugar molecules again. These sugars are intended to be the food supply for the plant itself but they may also be stolen by animals which eat the plant, quickly re-entering the food chain and perhaps ultimately finding themselves back inside a human being again. But if the plant dies and is buried, gradually being compressed by geological processes into coal, the captured carbon will be locked away in the ground and thus removed from the cycle for millions of years – at least until humans dig it up and burn it, releasing it back into the atmosphere as carbon dioxide once more.


 


Other molecules of carbon dioxide might dissolve in the ocean, forming first carbonic acid then carbonates, which react with dissolved calcium to form calcium carbonate – the material that makes up the shells of sea creatures and ultimately is deposited on the sea bed to form limestone, once again locking the carbon atoms away for millions of years.


 


Cycles such as these have been taking place in some form or other over most of the 4.5-billion-year history of the Earth, and they play a major role in maintaining our planet’s habitability. One way or another, most of the atoms in our bodies have been taking part in the sagas of the planet’s rocks, air and oceans for a lot longer than they have been inside living creatures, combining with each other in fleeting or long-lasting chemical alliances to form the vast array of molecules that we find here on Earth. But before the Earth had even formed, these atoms had already been in existence for millions or even billions of years. Based on the fraction of their time that they have spent here, it is fair to say that the cosy environs of Earth are not the natural habitat of most of the atoms that surround us. From biology, to geology, to astronomy, their story stretches right back through the history of the universe, to the moment of creation itself.


 


Astronomers now have extremely convincing evidence that everything in the universe can trace its ultimate origin back to the violence of the Big Bang, 13.8 billion years ago, when space, time and everything in it sprang into existence. Today, when we look out into the depths of space, we see that distant galaxies are receding away from us as space itself expands, carrying them with it as it goes. Rewinding this expansion inevitably leads us to the conclusion that the galaxies must have been closer together in the past and, going back further still, that everything must have emerged from a single point of unimaginable density – a singularity.


 


Other studies show that the entire universe is also pervaded by a low-level ‘hiss’ of microwave radiation, corresponding to an ambient temperature of 2.725 degrees above absolute zero. Extrapolating back into the smaller, denser universe of the past, this Cosmic Microwave Background Radiation would have been hotter and more intense – and we now understand that it is the afterglow of the Big Bang itself, spread out and cooled down from its initial incandescent levels by billions of years of expansion. These observations have been repeated and verified many times and it is extremely hard to think of an explanation for them that doesn’t involve a hot, dense beginning for the universe. The Big Bang is one of the best-supported theories in physics.


 


In its first few instants the universe was infinitesimally small and consisted of a blaze of raw energy, but as it expanded and cooled from this unimaginably hot and dense initial state the most fundamental particles of matter – quarks, gluons, electrons and others – began to condense. At first, these particles bounced and ricocheted off one another but, as the temperature continued to fall, their collisions became less and less violent, eventually enabling some of them to stick and join together, forming larger, more massive particles. Just below 2 trillion degrees Celsius, quarks began to clump into groups of three to form protons and neutrons – the building blocks of atoms. A single proton is the central part – the nucleus – of a hydrogen atom, so it could be said that this marks the point in cosmic history when the first chemical elements began to form. The universe was one second old and it had grown to around a thousand times the size of our Solar System.


 


Hydrogen is the simplest and lightest element of all and on its own it isn’t much use for making planets or people. To make other, heavier elements, individual protons need to join together with neutrons and with other protons to form larger and more complex nuclei. When the universe was a few seconds old, its temperature had dropped to just over 100 billion degrees. Now, at last, the protons and neutrons themselves could combine and the production of heavier atomic nuclei really got going. First of all, protons and neutrons joined to form pairs – the nuclei of a heavier type of hydrogen atom called deuterium. Deuterium was the crucial step in the formation of even heavier elements and it is still a very useful element today: water made with deuterium rather than ordinary ‘light’ hydrogen atoms is known as ‘heavy water’ and is used in medical tests as well as some types of nuclear reactor. From deuterium, which has one proton and one neutron, the next element to be made was helium, which has two protons and two neutrons. Small amounts of lithium (three protons and four neutrons) and beryllium (four protons and five neutrons) also began to form.


 


At some point during these first few minutes, another type of particle was also created. This was ‘dark matter’, and it was made in large quantities – five times as much of it as the ‘ordinary matter’ of electrons, quarks, protons and neutrons. Despite this abundance, we still don’t know for sure exactly what sort of particle dark matter consists of, or exactly when it came into existence – but it seems likely to have been around the same time as the other particles and, as one of the most significant components of the universe by mass, its gravity would go on to play a defining role in helping ordinary matter clump together into galaxies, stars and planets.


 


But this was all still a long way in the future. Only 20 minutes after the Big Bang – just as things were really getting interesting – the temperature of the universe fell to below 1 billion degrees Celsius and the atomic production line ground to a halt. Collisions were now too rare and too gentle for any new atomic nuclei to be formed and the atomic composition of the cosmos was fixed, for the time being at least. The universe now consisted of a seething cloud of atomic nuclei, electrons and other particles of matter all mixed together in a fog of electromagnetic radiation consisting of photons – the particles that make up light. This soup of matter and energy was dense enough that individual photons regularly collided with particles of matter and were bounced in all directions – in other words the light could not travel unimpeded for large distances, so the universe was therefore opaque.


 


About 378,000 years later the universe had grown to around one thousandth of its current size and its temperature fell below another critical threshold. At just under 3,000 degrees Celsius, each positively charged atomic nucleus was able to grab and retain a complementary cloud of negatively charged electrons. Together, nuclei and electrons formed complete atoms, and the first chemical elements had arrived. This transition from sub-atomic particles to fully fledged atoms also had another profound effect. As the positively charged nuclei cloaked themselves with negatively charged electrons, the atoms that they formed were electrically neutral. Neutral atoms interact much more weakly with electromagnetic radiation than charged particles do: suddenly the photons that had been furiously bouncing between the particles of matter for 378,000 years were free and, instead of an opaque fog of light and matter, the universe was transparent for the first time. These photons are still all around us today – they form the Cosmic Microwave Background (CMB) radiation, which provides one of the strongest pieces of evidence for the Big Bang itself (see White Dielectric Material, page 39). The expansion of the universe has stretched and cooled them and they now lie mostly in the microwave part of the spectrum – at wavelengths far too long for our eyes to see but still detectable by radio telescopes. When a photon from the CMB is picked up by one of our telescopes, this is usually the first time it has interacted with particles of matter since the universe became transparent all those billions of years ago: its photons have travelled further to reach us than any other radiation we can detect and so the CMB is our direct link to the time when the first atoms formed.


 


Atoms are the building blocks of ordinary matter – the familiar solids, liquids and gases that make up stars, planets and living things – but this brand-new atomic universe was different in one very important way from the one that we inhabit today. That first 20-minute burst of nucleosynthesis produced only the very lightest and simplest elements in the periodic table: atoms of hydrogen and helium and a trace of lithium atoms. Tiny amounts of beryllium had also been formed in these first minutes, but these atoms were radioactive and within a few weeks they had decayed, producing more lithium. This was not an auspicious start, at least not from the point of view of carbon-based lifeforms like us, living on a wet, rocky planet. The complex chemical makeup of today’s universe is an essential part of what makes life here on Earth possible. Without silicon, there would be no silicate rocks to make planets, without oxygen there would be no water to sustain life and without carbon there would be no organic chemistry on which to base it. We need iron for our blood and calcium for our bones, and a myriad of other elements to build the complex chemical machinery that makes up a living organism.


 


Today, we’re familiar with 98 naturally occurring chemical elements, ranging from hydrogen, the lightest and simplest of all, with one proton and one electron, through to californium, which has 98 protons, 98 electrons and (usually) 153 neutrons. About half of these elements, particularly the heavier ones, are radio­active, which means that the nuclei of their atoms – where the protons and neutrons are found – are unstable and will eventually disintegrate, to produce nuclei of several lighter ‘daughter’ elements. For many elements the timescale over which this happens can be millions or even billions of years, although for others it is much shorter – and these short-lived elements are correspondingly less common. In addition to the 98 elements found in nature, around another 20 very massive but highly unstable elements are also known to exist. Their atoms break apart so quickly that they have only been fleetingly observed here on Earth – and only when scientists have managed to synthesize them in tiny quantities in the laboratory. It is likely that other, still more massive, elements may also be allowed by the laws of physics.


 


The atoms that coalesced from the soup of electrons and nuclei when the universe was 378,000 years old formed a bland expanse, consisting of 1 helium atom for every 12 hydrogen atoms, with a very light sprinkling of lithium atoms mixed in. Because each helium atom has four times the mass of a hydrogen atom, measured by mass this expanse was made up of 75% hydrogen, 25% helium and a ten-millionth of a per cent of lithium. Today the atomic inventory of the universe is not radically different: hydrogen makes up 74% and helium 24% of all atoms by mass, but, crucially, 2% of the atomic matter in the universe now consists of the heavier elements that make up the rest of the periodic table. By far the most abundant of these are oxygen and carbon – essential for water and life – followed by neon, iron, nitrogen, silicon, magnesium and sulphur.


 


Despite their relative scarcity, the physical and chemical properties of these heavy elements allow them to interact with each other and to clump together, becoming more concentrated. The Sun and the gas giant planets like Jupiter and Saturn have a similar elemental abundance to that of the universe as a whole, being dominated by hydrogen and helium, but rocky planets like the Earth are super-concentrations of the rarer, heavy elements. By mass, the Earth is composed of 32% iron, 30% oxygen, 15% silicon, 14% magnesium, 3% sulphur, 2% nickel, 1.5% calcium and 1.4% aluminium, while the remaining 1% consists of trace amounts of the other elements.


 


Meanwhile, again by mass, the oceans consist of 86% oxygen and 11% hydrogen (between them, making water), 2% chlorine and 1% sodium (salt), with traces of magnesium, sulphur, calcium and potassium. The atmosphere is 78% nitrogen and 21% oxygen, with the rest composed of argon, carbon (in the form of carbon dioxide) and, depending on how humid the air is, varying amounts of hydrogen (in the form of water vapour). Even closer to home, the mass of a human body is 65% oxygen (mostly bound up in water molecules), 18% carbon, 10% hydrogen (bound up in water and organic hydrocarbon molecules), 3% nitrogen, 1.5% calcium 1.2% phosphorus and a huge range of essential trace elements which, while only present in small quantities, all play a vital role in our metabolism.


 


Clearly, neither our local environment nor our own bodies could have formed from the mix of elements created by the Big Bang. Where did the rest of the elements come from? How did the universe go from a sterile expanse of hydrogen and helium to the cocktail of elements and molecules that we find today? The answer to these questions is plainly visible, shining above our heads in the form of the Sun and the other stars.


 


Today, each individual star, deep inside its heart, recreates those hot, dense conditions of the early universe, sustaining them not just for minutes, but for millions or even billions of years – and thus allowing the nuclear reactions that build up heavier elements to fire up once again. The stars are the factories in which all of the elements heavier than lithium have been forged, and our planet and everything on it – including us – is composed largely of these heavy elements, which were built up from the primordial hydrogen and helium inside generation after generation of stars.


 


It is gravity that enables the stars to generate such extreme conditions in their cores. A typical star like the Sun contains around 2,000,000,000,000,000,000,000,000,000,000 (2 million trillion trillion) kilograms of matter, mostly in the form of hydrogen and helium, and the crushing weight of all this material bears down on the centre of the star, squeezing it tightly and producing the intense pressures and temperatures required for nucleosynthesis to resume. Here, energetic collisions between the basic atomic building blocks of hydrogen and helium nuclei lead by various combinatory routes to the production of carbon, nitrogen, oxygen and other, heavier elements – a process known as ‘nuclear fusion’ since it involves the fusing together of light nuclei to create heavier ones. The more massive the star, the higher the central pressures and temperatures and the more energetic the collisions between particles: massive stars are therefore able to produce a wider range of elements.


 


Each time a heavier atomic nucleus is created from the collision of two lighter ones, a tiny amount of their combined mass is converted into energy in accordance with Einstein’s famous equation E=mc2, where E is the energy released, m is the amount of mass lost and c is the speed of light. Although the mass lost in each fusion event is very small, the speed of light is very large – and a large number squared is a very large number indeed. The energy is released mostly in the form of electromagnetic radiation – as a high-energy photon in the gamma ray part of the spectrum. In the dense conditions at the centre of the star, these photons ricochet off nearby particles of matter, transferring some of their energy in each collision and raising the temperature and pressure of the core still further as they fight their way out of the star.


 


It is this additional temperature and pressure that keeps the star stable as the outward pressure of the superheated core supports the star’s upper layers against the immense gravity that is trying to force them inwards. Every star in the sky, including the Sun, is a delicate balancing act between these inward and outward forces: we can think of them either as a mass of collapsing gas held up by its own internally generated pressure, or as a nuclear explosion prevented from expanding outwards by the weight of its own outer layers. Far from the serene and unchanging orbs we might fondly imagine them to be, each star is a straining knot of contradictory forces, caught in an ongoing struggle between the urge to collapse and the urge to explode. Meanwhile, the photons make their la­borious way outwards, through the star’s upper layers, losing energy in each encounter with a particle of matter, attenuating from gamma rays to X-rays and eventually flooding out into space as photons of visible light, and ultraviolet and infrared radiation – the star shines. Like the atoms in our bodies, starlight has its origins in the nuclear furnace deep within each star – it is a by-product of the elemental production line that also created us.


 


No one knows exactly when the first stars formed from the primordial clouds of hydrogen and helium, but it was probably around 500 million years after the combination of electrons and atomic nuclei into atoms. Before these early stars began to shine the universe had been dark, with very little new electromagnetic radi­ation being produced, ever since the photons of the CMB had been released on their long journeys. Time was required to allow gravity to do its work: the primordial matter was spread quite evenly through space, but slight variations in density acted as gravi­tational seeds, gradually pulling more matter towards them, and the process fed on itself, forming denser and denser accumulations. It was here that dark matter, five times as abundant as all the hydrogen and helium atoms combined, played a vital role, dominating the clumping process and pulling the hydrogen and helium atoms along with it. Eventually, large clouds of gas had gathered – the embryos of today’s galaxies – and within them were concentrations of sufficiently high density to collapse still further, forming individual stars. The universe began to shine once more.


 


This very first stellar generation would not have been quite the same as the stars we see around us today, however. Formed from a very pure mix of hydrogen and helium, with just a trace of lithium, the earliest stars would have balanced the gravity outside and the pressure inside in a slightly different way from that of their modern counterparts. Scientists suspect that they would have been real giants, containing several hundred times as much gas as a star like the Sun and blazing millions of times more brightly. But stars would never again be quite this big or this bright. As soon as elements heavier than hydrogen and helium joined the mix in significant quantities, the stars’ internal balance mechanism was changed forever: today, a star this massive would not be able to hold itself together against the outward pressure of its own radiation and it would be blown apart before it could properly form. The current upper limit on the mass of an individual star seems to be around a hundred times the mass of the Sun, but perhaps this is just as well. If such primitive stellar giants were still around today, their harsh radi­ation and stupendously violent death throes would make con-ditions extremely uncomfortable for life on any nearby planets.


 


It is an inevitable fact of stellar physics that very massive stars live fast and die young, racing through their supplies of nuclear fuel and blazing radiation into space at much higher rates than an average star like the Sun due to the immense pressures and temperatures generated in their cores. This would have been particularly true of the earliest stellar giants – the equations that govern the structure and lifespan of stars suggest that they could only have lasted for a few million years before reaching the end of the line. But even these relatively brief lifespans would have been enough to generate significant quantities of heavy elements, and within a few million years the elemental mix of the cosmos had been changed forever, with every subsequent generation of stars since then further enriching the brew. By the time our Sun began to form, 9.3 billion years after the universe itself came into being, there were sufficient amounts of heavy elements in its vicinity to give rise to a planet with an iron core encased in silicate rocks, with oceans of water, and an atmosphere of nitrogen and oxygen – as well as the complex, carbon-based mol­ecules necessary for life.


 


But once all these essential elements had been produced, how did they get out of the stars where they were made and into the wider universe? Unless the products of nuclear fusion can be liberated and spread far and wide, subsequent generations of stars – and planets – would never benefit from their creation. The solution, so often the case in nature, is that the enrichment of the next generation is achieved by the death of the previous one.


 


The lifespan of a star is determined at birth and depends almost entirely on its initial mass. This dictates the strength of the star’s gravity, and thus the temperature and pressure in its core and the rate at which nuclear fusion reactions proceed. Even a small star is a colossal object, and stellar cores contain a great deal of hydrogen to act as nuclear fuel, but nothing lasts forever and eventually all of the hydrogen in the core will be fused into helium and this initial supply will run out. What happens next once again depends on the mass of the star. As its nuclear furnace stalls, less radiation is generated in the core and the star’s delicate balance will tip in favour of the inward force of gravity. Crushed by the weight of its outer layers, the core – now a giant ball of helium ‘ash’ – will begin to contract. But this contraction will raise the core’s temperature and pressure still further until, if the star is massive enough, it reaches the point at which helium begins to fuse into carbon.


 


With renewed nuclear reactions releasing a fresh supply of energy, the star’s balance is restored and the core stabilizes once more – at least until this new supply of fuel is exhausted in its turn. The process repeats, this time with carbon and helium fusing together to produce neon, then neon and helium combining to form oxygen and so on through the first twenty elements of the periodic table, many of them essential for life. In this way, a star’s life consists of a series of episodes in which the core shrinks, raising the temperature and pressure to the point at which it can begin a new cycle of fusion using the products of the old as fuel. As the star matures, its core takes on a complex structure of nested shells, like the layers of an onion, with successively deeper shells fusing heavier and heavier elements. The process continues until the gravitational squeezing of the core is no longer sufficient to trigger the next fusion cycle – a fundamental limit set by the star’s total mass.


 


The Sun, a star of modest mass, will falter at a relatively early stage in this sequence, having fused helium into carbon and oxygen but progressing no further. However, it will do this at a sedate pace and the process will take around 10 billion years in total. At 4.5 billion years old the Sun is currently just under halfway through its life as a fusion factory; it still has an exciting career ahead of it – one that we will follow in more detail in a later chapter, since it will have profound consequences for the future of our planet.


 


Stars of greater mass than the Sun will continue through further cycles of fusion – and at a more rapid pace than the Sun – but all will ultimately reach their pre-ordained endpoints. When fusion finally grinds to a halt the star’s internal balancing act, carefully maintained for so long, will also come to an end, as gravity and radiation pull its inner and outer layers in opposite directions and the star is gradually teased apart.


 


The inner core will succumb to gravity, contracting down into a sphere not much larger than the Earth, but incredibly dense and composed of the debris of successive cycles of nuclear fusion compressed into a strange state known as degenerate matter. Unable to generate a continuing supply of energy via nuclear fusion the core is now supported by the pressure of electrons, whose quantum mechanical properties prevent them from being squeezed any closer together. This shrunken remnant is known as a white dwarf star and, although its residual heat will keep it shining for billions of years to come, it will gradually cool and fade into a cold, dead stellar cinder.


 


As the core shrinks towards its compact end-state, the star’s outer layers, also laden with fusion products, will suffer the opposite fate as they are ejected gently into space over thousands of years to form a vast, glowing cloud several light years across, known as a ‘planetary nebula’. As the nebula continues to expand, it will eventually merge with the interstellar medium – the mix of gas and dust that drifts between the stars – and this is one of the main ways in which the wider universe becomes enriched with heavy elements. At some point in the future, pockets of this interstellar gas will clump together once more and gravity will shape them into another generation of stars to begin the process anew. In this way, the elemental mix of the Solar System is the product of many previous cycles of star birth and star death, and when our Sun finally dies it too will bestow a gift of newly forged heavy elements to future stellar generations.


 


Cosmic Dating Agency


 


On a dark, moonless night, far from city lights and other sources of light pollution, the sky is dominated by the majestic band of the Milky Way – a ribbon of pale, hazy light that seems to circle the entire sky. In the seventeenth century, Galileo Galilei used a telescope to demonstrate that the Milky Way’s misty glow was in fact the combined effect of millions of stars, too faint and too numerous for the naked eye to resolve them individually. We now understand that the Milky Way is a spiral galaxy, a flat disc over 100,000 light years in diameter and containing perhaps 200 billion stars. Our Solar System lies within the thickness of the disc and so we see the majority of the other stars in the galaxy arrayed around the sky in a vast circular band.


 


But even with the naked eye an inspection of the Milky Way quickly shows that its light is not evenly distributed. Indeed, some parts of the band appear to be incised with dark ‘holes’, almost as if the disc of the galaxy contains voids in which there are hardly any stars at all. In fact, this is a false impression: if we observe the sky with telescopes that are sensitive to infrared radiation rather than visible light, we find that these apparent voids are just as full of stars as the surrounding regions. The reason that they appear dark is not because they are empty of stars, but because they are full of something else: great clouds of space dust that absorbs and blocks all traces of visible starlight but which allows infrared radiation to shine straight through.


 


Once considered an annoying obstruction by astronomers who were eager to see the distant reaches of the Milky Way, we now know that this dark cosmic dust is an integral component of our own and other galaxies – and it is just as interesting as the stars and clouds of glowing gas, with their conspicuous displays of light. Known as ‘giant molecular clouds’, these dark regions perform a vital role in the anatomy of the Milky Way. On an atomic scale, the dust acts as a galactic chemistry lab in which a vast array of complex molecules are cooked up from the raw ingredients of the periodic table. But its influence is not limited to the world of atoms and molecules: as we have come to realize, it also has a part to play on the scale of the galaxy itself, nurturing the formation of new generations of stars and planets.


 


As we’ve seen, the stars are atom factories, building up heavier and heavier elements by fusing lighter ones together, but there is more to creating planets – and to sustaining life – than the 98 naturally occurring elements of the periodic table. Most of the complexity of geology, chemistry and biology is ultimately based on the combination of individual atoms to form molecules: silicon and oxygen to make silicate rocks, hydrogen and oxygen to make water, carbon and hydrogen to make the thousands of organic compounds that form the building blocks of living things. But in order for atoms to link together in this way, they first of all need to meet up with each other – and in the vast expanses of space, this can be enormously challenging.


 


Compared with the majority of the universe, here on Earth we are blessed with a remarkable abundance of matter: our local environment is awash with atoms and molecules, gathered together as solids, liquids and gases and in concentrations many billions of times greater than the cosmic norm. We think of the air that surrounds us as the very definition of lightness and intangibility, and yet each cubic centimetre of it contains around 30 million trillion atoms and molecules of nitrogen, oxygen, argon, carbon dioxide, water and various other substances. By contrast, in a typical cloud of interstellar gas, drifting between the stars, the same cubic centimetre would contain one solitary atom of hydrogen. In the depths of space such an atom could wait for a very long time before encountering a partner with which to form a molecule.


 


Of course, there are other places in the universe besides Earth where the density of matter is much higher than average. Deep inside the stars, hydrogen, helium and all of the newly generated heavy elements are present in close proximity, where they are constantly colliding with each other; but at temperatures of millions of degrees these collisions are far too violent to allow interesting molecules to form. Only in the outermost layers of the stars, where temperatures can be as low as 3,000 degrees Celsius, can atoms come together gently enough in order to stick together – red dwarf and red giant stars are some of the universe’s most unusual chemistry laboratories and since the 1990s scientists have observed evidence for a variety of molecules in their cool stellar atmospheres. Surprisingly, even the Sun, with a surface temperature of around 6,000 degrees Celsius, plays host to a handful of robust molecules, including magnesium and calcium monohydrides and titanium monoxide.


 


But chemistry in the outer layers of the stars is limited to the most heat-resistant molecules. By contrast, in order to remain stable, most mol­ecules require the cooler conditions that can only exist far from the harsh blast of stellar radiation, and here we return to our original problem: space is cold, but it is also very empty and under these rarefied conditions chemistry is a very slow process indeed. A helping hand is required in order to get the molecular production line moving, and this is where cosmic dust plays a vital role.


 


Cosmic dust is somewhat different from the powdery deposits that accumulate in our homes here on Earth. Several types have been identified, formed under a variety of different astronomical conditions but all are very small, with typical grain sizes just a few millionths of a metre across – comparable in size to smoke particles. Many grains seem to have their origins in the harsh conditions of stellar atmospheres – and even in the incandescent debris of supernova explosions – where hardy substances such as silicon carbide (otherwise known as the mineral carborundum, used in ceramics, brake pads and bulletproof vests), aluminium oxide (the basis of sapphires and rubies), silicates, graphite and diamond are able to condense into tiny solid particles. As they are blown out from the star itself, riding into space on the stellar wind, they begin to acquire a veneer of less heat-tolerant materials, finally becoming encased in an icy layer of frozen water and other volatile substances. Eventually, the dust grains become mixed with the gas that drifts between the stars, and these vast regions of intermingled gas and dust are the dark patches that appear to mar the starry expanse of the Milky Way. Deep inside such dusty clouds the scene is set for the formation of rocky planets like the Earth – and for the origins of life itself.


 


Cosmic grains may be small by our standards, but compared with the tiny scale of an atom they are like mountains floating in the vacuum of space. A lonely atom has a far higher chance of bumping into a bulky dust grain than it does of encountering another atom. But, once it has hitched a ride on the icy surface, suddenly all of the dust’s other atomic passengers are within easy reach – and available for any number of chemical liaisons. For this reason, dust grains have been dubbed ‘cosmic dating agencies’ where atoms can meet and combine into a wide range of molecules.


 


The chemical connections facilitated by the dust are responsible for a growing list of molecules, whose signatures have been detected far out in space, ranging from simple compounds such as carbon monoxide, sodium chloride, hydrogen sulphide and nitrous oxide, to surprisingly complex molecules like acetic acid, urea and the strange, spherical carbon molecule known as buckminsterfullerene. Altogether, more than 200 different molecules are already known to be widespread in the clouds of gas and dust that thread the galaxy, and a discipline known as ‘astrochemistry’ has sprung up in order to study them. Among these plentiful extraterrestrial substances are water, carbon dioxide and ethyl alcohol – so it is reassuring to know that the basic ingredients of a vodka and tonic are common throughout the universe. Even more reassuringly, many of the organic molecules thought to be prerequisites for the chemistry of life are also common in space. It’s important to stress that, in chemistry, the word “organic” simply means a member the huge family of molecules containing carbon atoms. All living things are based on organic mol­ecules but not all organic molecules are involved in living things. However, of the organic molecules known to exist in space, many of them are indeed thought to be prerequisites for the chemistry of life, including polycyclic aromatic hydrocarbons and the substance pyrimidine, from which several building blocks of the DNA molecule can be derived.


 


As well as playing matchmaker for the formation of these life-giving molecules, there is a further reason for us to be grateful to cosmic dust. Molecules floating in space are all very well, but in order for them to give rise to planets and thence to life they need to be brought together once more in the warm conditions close to a star. Gravity is the main force by which this feat is accomplished but, once again, the dust provides a helping hand.


 


Slight variations in the density of interstellar gas clouds are the seeds that lead to star formation: more gas is attracted to the densest regions of the clouds, making them denser still and initiating a process of gravitational collapse. But the laws of physics are strict. As a gas is squeezed into a smaller volume it also warms up – an effect that we can observe here on Earth when air is compressed inside a piston. As the interstellar clouds contract under their own gravity, they too inevitably become warmer – and eventually the rising temperature and pressure of the gas can balance out the force of gravity, halting the collapse and causing the star formation process to stall. Some means is required for the gas to get rid of this excess heat before it can condense further, and this is where cosmic dust comes into play. Embedded within the gas the dust grains act as trillions of tiny radiators, venting the excess energy into space in the form of infrared radiation. With this in-built cooling mechanism in place, the barrier to further collapse is removed and the path to forming new stars and their attendant planets is clear once more. The birth of new stars is a process driven by gravity, but without the dust to act as midwife it is likely that the Milky Way’s population of stars and planets would be much smaller.


 


Here on Earth we think of dust as a trivial annoyance – untidy perhaps, but hardly worth our serious attention. However, the grains of dust that float throughout the Milky Way are quite the opposite: without them the Sun, the Earth and the molecular building blocks of life would probably not exist.


 


 


The process of fusion in ordinary stars like the Sun accounts for the existence and wide distribution of the first twenty elements, but what about the other, heavier elements of the periodic table? A clue comes from a faint patch of light in the constellation of Taurus. Invisible to the naked eye, the Crab Nebula was first observed telescopically by the English doctor and astronomer John Bevis in 1731 and was discovered again, completely independently, by the great French astronomer Charles Messier in 1758. Messier was actually looking out for the return of Halley’s Comet, which had been predicted to revisit the inner Solar System that year – arriving from the direction of Taurus. Through a telescope the cloudy, fuzzy patch of light looked superficially like a comet and it was only by observing it for several nights that Messier could be sure that it remained fixed in position rather than moving against the background stars in genuine cometary fashion. To avoid any further false alarms Messier resolved to make a catalogue of these fixed nebulae (Latin for ‘clouds’) so that astronomers could ignore them and get on with the highly competitive (and far more glamorous) business of discovering new comets. The cloudy patch of light in Taurus duly became Messier 1, or M1 for short – the first object on Messier’s list.


 


The Messier Catalogue is still widely used today, but astron­omers now regard its contents as fascinating objects in their own right rather than distractions to be avoided. Even so, it was some time before the true nature and significance of M1 was realized. The nebula didn’t even acquire a more evocative name until 1844 when the aristocratic astronomer William Parsons, Earl of Rosse, sketched it through one of the powerful telescopes he’d installed at his observatory at Birr Castle in Ireland. Rosse felt that his drawing displayed a distinctly crustacean appearance and coined the name ‘Crab Nebula’ but, after observing it through a more powerful telescope four years later, even he was hard pressed to see any convincing resemblance to a crab. Certainly, rather than a claw-wielding sea creature, modern photographs show a distorted, bubble-like structure formed from delicate filaments of glowing gas, but Rosse’s original name has stuck.


 


Whatever name we decide to give the nebula, one thing is for sure: photographs of it taken several decades apart clearly show that it is expanding, with gas moving outwards in all directions at the colossal rate of 1,500 kilometres per second. By tracing this motion backwards we can estimate the date of the explosive event that flung all of this material out into space and we find that it must have taken place around a thousand years ago. Here, we are indebted to the meticulous record keeping of medieval Chinese astronomers who in 1054 noted the appearance of a dazzling new star in exactly the same part of the sky. Almost as bright as the Moon, this temporary ‘guest star’ was visible to the naked eye for up to two years before finally fading away, and at its peak could even by seen in the daytime sky. The Chinese astronomers had observed a supernova – the explosion of a massive star – and the Crab Nebula is its scattered debris, still spreading outwards almost a millennium later. Together, the Chinese guest star and its expanding remnant are the missing link that explains the origin of all the chemical elements heavier than iron.


 


Nuclear fusion inside the stars is self-sustaining because each time two light elements are fused together to produce a heavier one the reaction releases energy in the form of a photon. This energy release maintains the star’s internal balance between the inward force of gravity and the outward pressure of the hot gas – and the photons themselves enable the stars to shine steadily for millions of years. Energy can be released in this way during the formation of all the elements in the periodic table up to and including iron, the 26th element, which has one of the most stable atomic nuclei of all. This stability makes iron a pivotal element in the physics of very massive stars, but it is also their downfall. Iron can be fused into heavier elements but these reactions soak up energy rather than releasing it – and this reversal catastrophically undermines the delicate equilibrium between pressure and gravity that has kept the star stable throughout its life. The consequences are devastating for the star – but without them we humans would not be here at all.


 


Most stars are incapable of producing iron: they are simply not massive enough to generate the necessary crushing pressures and 2.5-billion-degree temperatures within their cores. But a small fraction of stars – those with masses of more than 8 times that of the Sun – are able to achieve this feat, allowing them to continue fusing their way through the elements of the periodic table. For them iron is the inevitable end product of nuclear fusion as their cores progressively switch their main fuel source from hydrogen to helium, carbon, neon, oxygen and finally silicon, generating other elements along the way as side products. Each stage yields diminishing returns as the amount of energy released per reaction dwindles, and the star’s internal balancing act gets harder and harder to maintain. When the star begins to fuse silicon into iron and nickel, the tipping point is in sight. A core of iron and nickel ‘ash’ begins to build up at the heart of the star, growing in mass but generating no new energy. This iron is at much higher temperatures and pressures than the iron core of the Earth: instead of a molten liquid or a crystalline solid, the stellar iron exists as a plasma – an extreme form of matter in which the electrons are stripped from their atoms and exist in a kind of ‘soup’ of particles along with the remaining atomic nuclei. Like the material in a white dwarf star, this core is tem­porarily supported against gravity by the degeneracy pressure of its own electrons but this cannot persist indefinitely.


 


As more and more iron and nickel are created, the mass of the core increases until it exceeds 1.4 times that of the Sun. This is the critical point – the core of the star implodes, collapsing inwards at more than a fifth of the speed of light. Even electrons can no longer resist the overwhelming force of gravity: they are crushed into the protons that make up the iron nuclei, forming neutrons and releasing a flood of tiny particles called neutrinos. Within a few milliseconds, the temperature within the collapsing core reaches 100 billion degrees Celsius and its particles are squeezed together at densities similar to those in an atomic nucleus. The core has become a neutron star – an object containing more matter than the Sun but compressed into a super-dense ball just a few kilometres across (see On Stronger Tides, page 190).


 


If the mass of the core exceeds five times the mass of the Sun then even the degeneracy pressure of neutrons will not be enough to support it against the inwards force of its own gravity. Instead of halting as a neutron star a few kilometres across, the core will continue its relentless contraction, squeezing itself down to a point of zero size and infinite density – a state known in physics as a ‘singularity’. With the mass of several Suns condensed into an infinitesimal volume this ultra-compact object exerts an intense gravitational field on the space around it. Within a few kilometres of the singularity gravity is so strong that even light – travelling at the ultimate cosmic speed limit – isn’t moving fast enough to escape from its vicinity: the stellar core has become a black hole. Only stars with an initial mass of greater than about ten times the mass of the Sun will end up as black holes – such stars are rare, but already our telescopes have detected more than a dozen black hole candidates in the Milky Way alone.


 


The collapse of a massive stellar core into a a neutron star or a black hole is a sudden event and, in contrast to the leisurely contraction of an ordinary star into a white dwarf, a massive core will shrink from tens of thousands of kilometres in diameter to a tiny size in just a few seconds. As the core stabilizes in its new compact form, a huge burst of energy is released, and a violent shockwave propagates outwards towards the surface of the star. At the same time, the intense burst of neutrinos generated by the crushed material also races outwards, helping to drive the shockwave with even greater force. Within seconds, the implosion of the core leads to the explosion of the rest of the star, ripping the outer layers apart and propelling the debris into space in a blaze of electromagnetic radiation. For a period of several weeks to months the expanding debris shines brightly as a supernova. (See also Exploding Stars, box, page 319.)


 


It is in the chaos of the explosion that new elements heavier than iron are forged. These reactions require energy, but now energy is in abundant supply and as the shockwave of the explosion passes through the outer layers of the star the gas is compressed and heated to the point at which nuclear fusion can resume. Within seconds a vast new array of heavy elements is created, from arsenic, cobalt and copper to iodine, lead and zinc – and on up to the heaviest naturally occurring elements of all, such as uranium.


 


As the light of the explosion fades, this debris spreads out into space, becoming a nebula like the Crab and eventually merging with the interstellar medium, enriching it with all the elements of the periodic table.


 


It turns out that not all Sun-like stars are guaranteed an uneventful life once they have discarded their outer layers and settled down to retirement as a white dwarf. Unlike the Sun, around a third of all the stars in the Milky Way exist as binary pairs, in which two stars are gravitationally bound in orbit around each other. If a white dwarf in a binary system is close enough to its companion it can sometimes siphon off hydrogen from the second star’s outer atmosphere, cloaking its own compressed and degenerate heart in a shell of fresh nuclear fuel. Once this hydrogen shell reaches a critical mass the whole lot will detonate, undergoing a catastrophic burst of nuclear fusion that blows the entire star apart. This is a rather different scenario from the collapse of a massive stellar core but the result is just as violent and for historical reasons such exploding stars are known as Type 1A supernovae (the more traditional core-collapse supernovae are labelled as Type 2). In fact, astronomers are beginning to suspect that many Type 1A supernovae might be the result of an even more violent scenario: the collision and merging of a binary pair consisting of two white dwarf stars.


 


Unlike the collapse of a very massive star, a Type 1A supernova leaves no compact remnant either in the form of a neutron star or a black hole. Instead the entire object is disrupted, with the original material of the white dwarf being blasted outwards and fused into heavier elements in the process – a second, and rather more comprehensive demise for the original Sun-like star. In a Type 2, core-collapse event, much of the iron produced by the massive star before it exploded will remain trapped inside the compact remnant for evermore. It’s therefore likely that Type 1A explosions are the source of the majority of the iron that we find around us here on Earth.


 


Between them, both types of supernova have produced all of the elements heavier than iron, scattering them back out into space. Among them are atoms of the metals platinum, silver and gold and so every time we wear jewellery made from these precious materials we are adorning ourselves with the debris from some of the most violent events in the universe – atoms that share a direct kinship and origin with the exotic ultra-condensed matter that lurks within neutron stars and black holes. The same is true of the iron that gives our blood its vivid red colour: this vital living essence links us to the death throes of stars that went supernovae billions of years ago.


 


The debris of these explosions spreads out into the galaxy, gradually mixing and merging with other clouds of interstellar gas and dust. At some point during their random swirling and eddying some regions of the clouds will achieve sufficient density for gravity to take hold once more. Here too, other supernova explosions may play an important role: the shockwaves generated as their debris collides with nearby gas clouds may provide the extra boost required to compress the gas and trigger its collapse.


 


Slowly at first, but with increasing urgency, the clouds will begin to clump and condense, and the densest knots will ultimately become the seeds of a new generation of stars. We can see this process occurring today in active star-forming regions such as the Orion Nebula. Indeed, one of the most famous astronomical photographs of all, the Hubble Space Telescope’s ‘Pillars of Creation’, shows this process in action: vast columns of gas and dust several light years tall are capped with dense clumps which act as nurseries in which new stars are being born.


 


Thanks to the lives and deaths of their stellar predecessors this new generation of stars will be richer in heavy elements and – crucially – so will the rotating discs of leftover dust and gas that swirl around them as they form. Within these ‘circumstellar discs’ solid grains of dust collide and stick together, forming pebble-size objects, then boulder and mountain-sized clumps – building up into asteroids and protoplanets. As they continue to grow, the strengthening gravity of the developing planets allows them to draw in the surrounding gas, cloaking themselves in the beginnings of an atmosphere.


 


Eventually, the core of each young star ignites its fusion fires for the first time, embarking on a fresh career of synthesizing heavy elements that will last for millions or even billions of years. As the new-born star begins to shine, the torrent of electromagnetic radiation drives off the remaining gas and dust around the star, shutting off the process of planetary growth. The stellar lifecycle has come full circle: out of the death of previous generations a new star, complete with orbiting planets, has arrived and, if conditions are right, on some of those planets the stage may be set for life to emerge. This is how our Sun and its solar system were formed 4.5 billion years ago, from atoms created in the hearts of long-dead stars.


 


Centuries of astronomical observation have taught us that the stars in the night sky are almost unimaginably remote. This is indeed the case, and yet astronomy has also revealed that, in one sense at least, these distant lights are as close to us as our own flesh and blood. The atoms that make up our bodies – the oxygen, carbon, nitrogen, calcium and all the other elements on which our biology depends – were forged inside the stars themselves. As the cosmologist Carl Sagan observed: ‘We are made of starstuff.’
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