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Introduction


This is a journey into space. On board a spacecraft of advanced design we will visit the highlights of the known universe – swooping among the hundreds of quirky worlds in our own solar system, then out into the Milky Way to meet seething unstable stars and exotic exoplanets, through the mysteries of the intergalactic void, to far-flung galaxies where giant black holes shine, and beyond to the exploding stars and collisions that create some of the most distant beacons we can see. For convenience, our embarkation point will be nearby, a mere 499 light seconds away, at an astronomical object that has been observed ever since eyes evolved.


Stephen Battersby, Editor
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Star one


An unremarkable star in cosmic terms, the sun dominates our solar system, our sky and our lives. Within its core, protons fuse together to form helium nuclei, generating the heat that warms Earth along with a horde of ghostly neutrinos. As well as giving us light and life, the sun has the power to bring chaos to civilization – unless we can better understand its magnetic mysteries.


 


The strangest star


Billions of stars fill our galaxy. Many burn bright, destined to become supernovae, while others are dim burnouts. They come alone and in pairs; with or without planetary companions. We have searched the far reaches of the universe in the hope of understanding the stars…but ultimately everything we know is based on our local reference point, the sun.


It is made of plasma – ionized gas. It fuses hydrogen in its core. It blasts us with radiation and life-giving light. As stars go, it is roughly middle-aged, having been around for 4.6 billion years. And it probably has 5 or so billion more to go before it swells into a red giant that consumes Mercury, Venus and Earth. Yet our home star remains mysterious, abounding with strange phenomena…
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FIGURE 1.1   We tend to take our home star for granted but it is a truly remarkable object, with its own rain, tornadoes and plasma jets.


A magnetic calendar


Our planet takes 24 hours to spin once on its axis and 365 days to travel around the sun. The sun’s own schedule is nothing like so simple. Different parts of the sun spin at different rates. So while a day at the equator lasts 25 days, regions close to the poles take a few days longer to make a complete rotation. This uneven spin leads to distortion in the sun’s magnetic field. As the equator spins, it drags the magnetic field that connects to the sun’s pole. The sun’s field gets wound up, which builds tension, like twisting a rubber band. Eventually the magnetic field snaps and releases energy in the form of solar flares or huge projectiles of plasma called coronal mass ejections (CMEs).


This activity follows a cycle that lasts roughly 11 Earth years, with the overall magnetic field reversing its direction in each cycle, giving the sun its own calendar. During a solar minimum, flares are few, and so are sunspots (dark patches that appear on the sun’s surface, marking intense magnetic fields). During a solar maximum, more sunspots burst out, and there are more flares and CMEs. Sometimes CMEs can hit Earth and affect us, causing blackouts on Earth and damaging satellites.


The last solar maximum, around 2012 to 2015, was unusually calm, one of the weakest since records began in 1755. Predictions just a couple of years before had suggested that it would be a scorcher, which shows how little we understand solar cycles.


Blowing bubbles


As the sun follows its 11-year cycle, it alters its output of solar wind, X-rays, ultraviolet and visible light.


The sun provides nearly all the energy that drives Earth’s climate – 2500 times as much as all other sources combined. Solar activity has been partly responsible for warm and cool periods in the past, and today low solar activity contributes to cold winters in northern Europe and the US, and mild winters over southern Europe – although this is a small effect compared with global warming.


We now understand what’s going on a little better thanks to a space-borne instrument called TIM, launched by NASA in 2003. TIM keeps tabs on the spectrum of radiation the sun emits, and detects subtle changes in energy output so scientists can distinguish between human causes of climate change and purely natural causes we can’t control.


Changes in the sun’s output affect much more than just our climate, however. During a solar minimum, the stream of charged particles called the solar wind flows from the poles at a much higher speed, so there’s more pressure pushing against material from interstellar space. This increases the size of the heliosphere, a huge magnetic bubble of charged particles that the sun blows around itself, stretching way out beyond Pluto. During a solar maximum, the sun’s magnetic fields are more knotted up and not as much wind escapes, so the heliosphere contracts.


Rain on the sun


We know the sun affects weather on Earth and in space, but it has its own dramatic weather. Superhot plasma that surrounds the sun forms the solar corona. Some of this plasma streams away to form the solar wind, but it can also rain back to the surface.


Though this coronal rain was predicted about 40 years ago, we couldn’t see or study it until our telescopes became powerful enough. It works a bit like the water cycle on Earth – where vapour warms, rises, forms clouds, cools enough to condense into a liquid and falls back to the ground as precipitation. The difference is that the plasma doesn’t change from gas to liquid, it simply cools enough to fall back down to the solar surface.


This all happens very quickly and on a gargantuan scale, with droplets the size of countries plunging from heights of 63,000 kilometres – about one-sixth of the distance from Earth to the moon.


The sun has tornadoes too. Swirling solar plasma creates a vortex, which causes magnetic fields to twist and spiral around into a super-tornado that reaches from the surface into the upper atmosphere.


Defying thermodynamics


Solar tornadoes are bizarre enough on their own, but they might help explain one of the sun’s weirdest characteristics: its atmosphere is hotter than its surface. At just 5700 kelvin, the sun’s surface is frigid compared with the corona above, which can reach temperatures of several million kelvin.


Generally, an object cools as it moves away from a heat source. A marshmallow will toast faster when it’s closer to a campfire flame than further away. But the sun’s atmosphere does the opposite. Energy must be bypassing the visible surface of the sun and flowing into the corona.


Much of it appears to come from the transition region – the area between the sun’s corona and the chromosphere, the next atmospheric layer down. Tornadoes, rain, magnetic braids, plasma jets and strange phenomena called spicules are all thought to play a role in this heating process, bringing energy from the lower regions of the sun and depositing it higher up. But still no one knows exactly how.


Missions to the sun


To solve some of these solar conundrums, it will help to get as close as possible.


Solar Orbiter is a European Space Agency mission due to launch in October 2018, aiming to fly within 45 million kilometres of the sun. It will photograph the sun’s poles for the first time, which should help scientists understand how the sun generates its magnetic field, and may even give insights into why the north and south poles of the field flip so frequently. The probe will also be able to sniff the pristine solar wind before it has reached Earth.


NASA’s Parker Solar Probe is set to launch in August 2018 and will get even closer, just 6 million kilometres from the sun’s surface. It will approach in a looping, circuitous route, like a matador approaching a wary bull. The slow approach is partly for safety’s sake: as the probe gets closer, scientists can carefully monitor any threats from radiation or heat and adjust the approach if anything goes awry. The mission will swing around Venus seven times to put it on the right trajectory. At its closest approach, it will zip past the sun at 200 kilometres per second. It will try to answer questions including how the atmosphere is heated and how the sun generates its wind.


Missing metals


We can’t go and take a sample of the sun, but we have two ways to work out what it is made of. Helioseismologists look at vibrations on the sun’s surface, which are affected by the chemical composition of the interior. Spectroscopists look at sunlight, passing it through high-tech prisms, decomposing it into stripes that serve as unique barcodes for its constituent elements.


For years, these two methods painted the same picture: the sun is mostly hydrogen and helium, with a sprinkling of other elements donated through the explosions of other stars. Astronomers refer to all these heavier elements as metals. They can be found scattered throughout the interior of the sun, making up a little less than 2 per cent of its total mass. Despite their minority status, these metals play a crucial role, helping to shuttle energy from the core out to the boiling layer on the surface.


Then we hit a snag. In the early 2000s, a young researcher in Copenhagen, Martin Asplund, was studying the motions of the outer layers of stars, a requisite step towards performing more accurate spectroscopic calculations. With a departmental supercomputer at his disposal, Asplund built a three-dimensional numerical model of the sun’s outer layer. In 2009 it gave a startling result: a quarter of the metals implied by helioseismology could no longer be found.


So far, nobody has found a way to discount Asplund’s conclusions, and as his results have become widely accepted, they’ve caused ripples well beyond the sun. As our closest and most accessible star, the sun informs our understanding of its cousins across the cosmos.


Some have reached for exotic solutions, suggesting that dark matter in the sun could reconcile the results. A much more likely solution is that under the extreme temperatures and pressures of the sun, the heavy elements simply aren’t behaving as expected: they may absorb and emit light in a different way.


Our best hope of solving this puzzle is a new Canadian neutrino detector called SNO+. We already routinely detect neutrinos from the sun, but SNO+ may be able to tease out the subtle signal of rare CNO neutrinos – born during fusion reactions involving atoms of carbon, nitrogen and oxygen. Then we could peer directly into the core of the sun to see how many of these heavy elements are in there.


Long-lost solar siblings


The sun may be on its own now – its closest neighbour is 4.2 light years away – but that wasn’t always so. Once upon a time it had close family. After their birth in a cloud of dust and gas, these solar siblings scattered hundreds of light years apart. In May 2014, astronomers reported finding the first one: a star called HD 162826 (see Figure 1.2).
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FIGURE 1.2   Modelling the Milky Way's motion led astronomers to HD 162826, which may be a sibling to our own sun.


The star is about 110 light years away, and with the aid of a pair of binoculars you can see it in the left arm of the constellation Hercules. It’s just a little warmer and bluer than the sun, and 15 per cent more massive.


To find its family ties, a team led by Ivan Ramirez at the University of Texas at Austin combed through galactic archaeology studies, which model the motions of the Milky Way. These predictions lay out where sibling stars would be now if they had formed in the same place as the sun. Though they spread out in different directions, their positions still give away their birthplace.


Narrowing down the search area to 30 stars, the team looked at them closely to find a family resemblance. Only HD 162826 has a similar chemical make-up to the sun. It also has the same age as the sun. And tantalizingly, HD 162826 is in a catalogue of stars that might harbour planets.


Locating more solar siblings could tell astronomers about the birth of our solar system, including what conditions were like when the sun and planets formed.




The next great space storm


On 2 September 1859, a giant ejection of matter and magnetism erupted from the sun and struck Earth. Auroral storms burst over two-thirds of the planet’s skies, compasses went haywire, and the telegraph system across the world malfunctioned as currents surged through the wires.


Named after the British amateur astronomer Richard Carrington – who took observations of it – the event was little more than a spectacular light show to most on the ground. Today it would be a disaster, thanks to our reliance on electromagnetic technologies. Satellites could burn out, and our communications and positioning systems with them. Transformers could be destroyed, bringing down power grids across nations. Public transport would grind to a halt. In 2008, the American National Academy of Sciences estimated that a Carrington event could cost the US economy alone $2 trillion.


Since then, space weather has become a rising priority. The key to protecting ourselves is to understand the sun’s capricious magnetism, which is behind coronal mass ejections such as the one that caused the Carrington event. We can’t predict when and where these ejections will happen, because exactly how the sun generates its magnetism remains a mystery. As mentioned, the European Space Agency’s Solar Orbiter could help change that by measuring solar magnetic fields. If it can unlock the mystery of the sun’s magnetic dynamo, it just might help civilization avoid an abrupt return to 1859.







What would happen if a giant comet crashed into the sun?


Most comets that brush past the sun end their lives in a whimper, but if a big enough comet were to plunge straight in, it should go out with a bang.


NASA’s Solar and Heliospheric Observatory has detected three or more small comets a week passing very close to the sun. The smaller sungrazers don’t usually make it far. It isn’t the sun’s million-kelvin corona that melts them; that is too thin to transfer much heat. Instead, the intense glare of solar radiation sublimates ices into gas, which escapes into space or causes the comets to crack apart. But some survive. In 2011, comet Lovejoy passed through the solar corona, emerging much worse for wear but still loosely together. Comet ISON barely survived a similar trip in 2014.


So what would happen if a comet hit the sun head on? A team led by John Brown, Astronomer Royal for Scotland, has calculated the answer.


If its course takes it close enough, the steep fall into the sun’s gravity would accelerate it to more than 600 kilometres per second. At that speed, drag from the sun’s lower atmosphere would flatten the comet into a pancake: a supersonic snowball in hell, as Brown describes it.


Finally it would explode in an airburst, releasing ultraviolet radiation and X-rays that we could see with modern instruments. The crash would unleash as much energy as a magnetic flare or coronal mass ejection, but over a much smaller area. The momentum of the comet could even make the sun ring like a bell, with subsequent sun-quakes echoing through the solar atmosphere.


The calculations may also apply to other solar systems, where young stars are bombarded with far more comets than the sun has to face.
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Worlds of iron and rock


Four small planets occupy the inner reaches of the solar system. The baked, inky surface of Mercury has only recently been mapped, the toxic hell of Venus could hold lessons for Earth, while crowd favourite Mars might yet reveal traces of life. The troubled third planet from the sun is outside the scope of this book, so our lunar companion will stand in for it, being the only other world visited by humans.


 


Cinderworld


Mercury is an oddball. The chimeric planet has a cratered face like the moon, yet conceals a metal heart larger than that of Mars, making up about 70 per cent of its total mass. It has a remarkably dark surface and a surprising magnetic field. While other planets go around the sun in more or less the same plane, Mercury opts for a jaunty angle; while Earth’s orbit is essentially round, Mercury prefers an ellipse.


Many questions remain unanswered because Mercury is the least explored of all the terrestrial planets. NASA’s Messenger spacecraft was the first mission to orbit it, from 2011 until 2015, taking 300,000 images and millions of measurements of every-thing from Mercury’s radioactivity to the chemical make-up of its atmosphere. Messenger mapped the planet using a laser altimeter to measure the heights of hills and depths of craters (see Figure 2.1). Its other data are helping researchers tease out some of Mercury’s secrets.
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FIGURE 2.1   More than 100,000 images from Messenger combined to create a model of the planet’s topography. The highest point is 4.48 kilometres above average elevation, located south of the equator in some of Mercury’s oldest terrain; the lowest point 5.38 kilometres below average elevation is at the floor of the volcanic Rachmaninoff basin.


A graphite crust


Mercury’s surface is exceptionally dark, reflecting much less sunlight than our moon. It was thought that iron and titanium might be to blame, but Messenger didn’t find enough of either element. Then a clever analysis of Messenger data acquired right above the dimmest parts of Mercury’s surface suggested another answer. A team led by Patrick Peplowski, of the Johns Hopkins University Applied Physics Laboratory in Maryland, combined infrared spectra with the number of neutrons sparked by cosmic rays to reveal that the dark stuff is carbon, in the form of graphite.


The graphite may date back to the earliest days of Mercury, when a magma ocean covered the planet. Assuming the planet had the same chemistry as it does today, nearly every mineral that formed in the ocean would have sunk to the bottom. The only mineral that would float is graphite. Mercury could have been covered in a shell of graphite a kilometre thick.


Later lava flows would have buried this darker layer. That would mean the darkest material on Mercury today should show up in craters where the original surface has been gouged out – exactly what Peplowski’s team found. But this doesn’t rule out a rival theory, that comet strikes could have dusted the whole planet with carbon.


Core question


Conventional planet formation models cannot produce Mercury’s huge metal core. Astronomers have speculated that Mercury once suffered a massive impact that stripped away most of its rocky mantle – or that its outer layers evaporated away by the heat of the sun. But Messenger found volatile elements such as potassium in the planet’s crust. The trauma of either impact or evaporation should have removed those elements.


Meanwhile, observations of extrasolar planets suggest that Mercury’s structure is not unique. The two smallest exoplanets whose densities are known, Kepler-10b and Corot-7b, are far denser than expected, suggesting they share Mercury’s great heart. These planets, like Mercury, sit close to their sun.


In 2013, Gerhard Wurm of the University of Duisburg-Essen in Germany, and colleagues, suggested a way to explain the whole coterie. Dust grains are heated by starlight, and when gas molecules collide with a hot dust grain, they pick up some of this heat, bouncing off faster than they approached. This gives the grain a little shove. Wurm’s group calculated how this photophoretic force would affect dust grains swirling around a star.


Because metallic grains conduct heat well, they are an even temperature throughout. As a result, they will be shoved equally from all sides and so will not move far from the star. But grains that will form rocks, such as silicates, are insulators, so they end up with a hot, sun-facing side, where departing gas molecules will give a bigger shove than those on the cold side. In a forming solar system, this effect could sort the grains, with dense metals left close to the star, and lighter silicates pushed further out. So this process may explain why inner planets like Mercury, Kepler-10b and Corot-7b, are so dense.


The next visitor to Mercury is a Japanese–European satellite called BepiColombo. Due to arrive in late 2025, it could settle this and other questions posed by the iron planet.


What happened to Venus?


It is sometimes called Earth’s twin, but in fact the relationship between our home and its nearest planetary neighbour is more Jekyll and Hyde. Venus is the same size and composition as Earth, and gets roughly the same amount of sunlight. It is technically inside the solar system’s habitable zone where liquid water can exist – and indeed scientists think that Venus probably once had oceans and maybe life. So how did it become so inhospitable?


Our attempts to find out have been thwarted by opaque sulphuric acid clouds, impenetrable to early orbiters. Of the craft we have sent to investigate the surface, less than half survived the trip, the rest collapsing under the punishing pressures of Venus’s atmosphere. The few survivors didn’t last long. Between them, they amassed less than a single day of ground observations.


What they saw was a dim, desolate wasteland pitted by endless sulphuric acid rain and scoured by syrupy winds, blowing fast at dawn and dusk but slowing in the heat of the day. If the choking, largely carbon dioxide atmosphere doesn’t kill you, the heat – a lead-melting 460 °C – surely will.


These scenes support the standard explanation for Venus’s predicament: the planet is just a bit too close to the sun. This caused water to evaporate and form a thick atmosphere that trapped heat, leading to a runaway greenhouse effect and today’s hellish conditions.


But observations from the Venus Express orbiter cast this simple theory into doubt. In 2007, it spotted ions streaming off the planet. The cause was the solar wind, which sails right through Venus’s feeble magnetic field. The wind also triggers regular plasma explosions that rip huge chunks off the planet’s atmosphere.


Given this constant assault, not much ancient water would remain in the atmosphere. It may have helped to generate the original runaway greenhouse, but something else must be replenishing the choking atmosphere today – so perhaps that something was important in the distant past too.


The most likely candidate is sulphur and carbon dioxide released by volcanoes at the surface. As yet, no one has found active volcanism on the planet, but evidence is piling up. Venus Express showed that volcanic flows make up 80 per cent of the planet’s surface. Some may be just tens of thousands of years old.


Finding out about Venus’s past would help us rule out similar dead-end planets in our search for Earth-like worlds around other stars – and maybe tell us whether we have a similar fate in store. Models show that Earth’s climate will begin to resemble Venus’s in about 2 billion years as the sun ages and slowly heats up. But what if we are actually closer to the edge? Could some unknown variable tip us over the brink of destruction much sooner? Such questions have prompted a flurry of proposals for a return to Venus, hoping to find out whether it was always destined to be an uninhabitable wasteland.


Then again, maybe Venus is not so hostile after all. In the cloud decks 70 kilometres above Venus’s infernal surface, the weather is fine: plenty of sunshine and water, and Earth-like pressures and temperatures. Thanks to these conditions life might exist in the clouds. To find out, we would need some kind of atmospheric rover. Aerospace giant Northrop Grumman has designed an autonomous inflatable spaceplane that could bob around the planet for a year, sniffing for signs of life. NASA’s Jet Propulsion Lab (JPL) has a more ambitious concept, an airship that could carry scientists to the balmy clouds of Venus.




Paradise lost


Computer simulations suggest that early Venus might have looked a lot like our home planet, and it might have been habitable until remarkably recently.


David Grinspoon at the Planetary Science Institute in Tucson, Arizona, and his colleagues used a climate model to create four versions for Venus, each varying slightly in details such as the amount of energy the planet received from the sun, or the length of a Venusian day. Where firm information was missing, the team filled in with educated guesses. Venus has an unusually high ratio of deuterium to hydrogen atoms, a sign that it once housed a substantial amount of water, so they added a shallow ocean.


Looking at how each version might have evolved over time, the researchers found that the planet might have looked much like an early Earth, and remained habitable for most of its lifetime, perhaps until about 700 million years ago. The most promising of the four Venuses enjoyed moderate temperatures, thick cloud cover and even the occasional light snowfall. Just like the early Earth, Venus had the requirements for the origins of life – as far as we understand them – says Grinspoon.


He suggests that a future mission to Venus should look out for signs of water-related erosion near the equator, which would provide evidence for the oceans detailed in their simulation. Such signs have already been seen by missions at Mars. NASA is now weighing up two potential Venus projects. One mission would drop a probe through the clouds down to the surface, while another would orbit the planet and image its surface.


The researchers would also like to run simulations of further alternative pasts for Venus – perhaps one where it was a desert world, or submerged in as much water as Earth, to find out which scenario is most likely to lead to the Venus we see today.
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