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CHAPTER 1

Order, chaos and uniqueness in the solar system

If crime fiction is to be believed, English village life is in the main quiet and regular, an ordained series of small and unimportant events punctuated by drama that reveals secrets hidden behind the lace curtains at the windows of outwardly respectable people. The village day has a regular roster of visits by the postman and the electricity-meter reader, the month has a schedule of meetings of the Bridge Club and the church choir, the year has an annual cycle for the Flower and Produce Show and the Nativity Play. But the colonel is then found in his bed, stabbed, it turns out, by a former partner in his shady business dealings in the Far East. The verger is found hanging from the ropes of the church bell, having thus been removed by his ex-wife’s lover from the list of beneficiaries of a will. The post-mistress is on the track of the writer of poisoned-pen letters until she is drowned in a well, her bicycle lying nearby on the village green. The quiet life of the village is disrupted and the secrets that lie under its surface are exposed.

Novels like Agatha Christie’s are fictionalised versions of real life. We would like to think of life as orderly and structured, but we learn about, and occasionally are participants in, chaotic events like car accidents, illnesses, hurricanes, floods and terrorist attacks.

Likewise, we may have the impression that the solar system is constant and perfectly regular like a clock, or a planetarium instrument. On a short timescale it is. But, seen in a longer perspective, the planets, and their satellites, have had exciting lives, full of drama. As in human lives, some changes in the lives of the planets are evolutionary and gradual, corresponding in us to the natural processes of growing up. Sometimes, they are life-changing, like catastrophic accidents in human lives, that throw a planet into a new trajectory, metaphorically or literally. The effects of the dramatic events leave their traces on the appearance and structure of the planets, and part of the job of planetary science is to infer what happened. ‘The present is the key to the past’, wrote the nineteenth-century Scottish geologist Archibald Geikie about the Earth. As the Earth, so all the planets.



The vision of the solar system as a clock reached its pinnacle in the eighteenth century. The fundamental geometry of the solar system as a system of planets in orbit around the Sun was surmised by the Polish cleric Nicolaus Copernicus in 1543, and demonstrated to be so by the Italian physicist Galileo Galilei through his discoveries with the telescope in 1610. Empirical laws describing mathematical properties of the planetary orbits, such as the fact that they are ellipses, were established by the German astronomer Johannes Kepler between 1609 and 1619. Drawing together all these discoveries, the mathematician Isaac Newton put forward in 1687 the underlying physical principles of planetary motion in his book known as Principia, with its brilliantly simple and exactly formulated notion of a Law of Gravitation.

Newton’s model of the solar system held that it was a thoughtful work of mathematics. He asserted in 1726 that ‘the wondrous disposition of the Sun, the planets and the comets, can only be the work of an all-powerful and intelligent Being’. According to Newton, God orchestrates the movements of the solar system, and controls them through the Law of Gravitation as the planets progress towards their future.

This model of the Universe developed further in the hands of Newton’s successors, notably the French physicist Pierre Simon Laplace. He demonstrated mathematically, from Newtonian principles, that the solar system was stable. The planets orbited in a flat disc around the Sun and they would continue to do so indefinitely. He thought therefore that, once created, the solar system would last in the same form for ever. The solar system was something eternal that developed from its beginnings with inevitability.

Laplace was able to express the certainty of physics with certainty of belief:



We ought to regard the present state of the Universe as the effect of its antecedent state and as the cause of the state that is to follow. An intelligence knowing all the forces acting in nature at a given instant, as well as the momentary positions of all things in the Universe, would be able to comprehend in one single formula the motions of the largest bodies as well as the lightest atoms in the world, provided that its intellect were sufficiently powerful to subject all data to analysis; to it nothing would be uncertain, the future as well as the past would be present to its eyes.



In an influential book, Natural Theology or Evidences of the Existence and Attributes of the Deity, published as the eighteenth century opened, the theologian William Paley described the construction of the planetary system:



The actuating cause in these [planetary] systems, is an attraction which varies reciprocally as the square of the distance: that is, at double the distance, has a quarter of the force; at half the distance, four times the strength; and so on . . . So far as these propositions can be made out, we may be said, I think, to prove choice and regulation; choice, out of boundless variety; and regulation, of that which, by its own nature, was, in respect of the property regulated, indifferent and indefinite.



Paley likened the solar system (and human anatomy, and other natural phenomena) to an intricate, well-made watch. He inferred from this that, just as a watch was made in a particular way by a watchmaker, natural phenomena were made by God, the Divine Watchmaker. This is the Teleological Argument for the existence of God (otherwise known as the Argument from Design). In brief, the argument is: natural phenomena work well; they fit together intricately as if designed; there must have been a Designer; the designer is God. Paley reasoned that, if we find a watch lying on the ground,



the inference, we think, is inevitable; that the watch must have had a maker; that there must have existed, at some time and at some place or other, an artificer or artificers, who formed it for the purpose which we find it actually to answer; who comprehended its construction, and designed its use.

It was a reassuring model of the Universe: we live in a harmonious world designed by the Supreme Being. Paley applied this idea to the solar system of planets, but he concentrated also on human anatomy – the human eye looked as if it had been made to a design and God was that designer. The model persists in modern times, and Paley’s book is still quoted.

The nineteenth century found an alternative natural theory to account for the structure of the human body in Darwin’s Theory of Evolution. In living creatures, the design is only apparent, because natural variations inherited from a parent are passed on to subsequent generations if the variations are favourable to biological success. There is thus a repeated, incremental process by which the structure of a biological organ improves, the better to suit its uses. It only seems as if the organ was designed on purpose. The argument in Paley’s book is used nowadays principally to support opposition to Darwin’s Theory of Evolution, often in favour of Creationism, the assertion that the Universe, in particular humankind, was created once and for all by God.

In biology, the scientific argument is that living things evolve towards an apparently foreseen design through incremental, hereditable changes that result in improvements in function via natural selection. In physics, the scientific advances of quantum mechanics came about in the twentieth century and cast Paley’s expressions of confidence about the functioning of physics, based on Natural Theology, into postmodern doubt. Quantum mechanics explicitly brought into play an Uncertainty Principle: the outcome of a given process in physics is inherently uncertain, and there is no inevitability to the result of a natural physical change, just a range of possibilities, some more favoured than others.

This is most readily apparent in the behaviour of small things – electrons, atoms, quarks, etc. In astronomy, the future of large things – such as the solar system – is also uncertain, due in that case to chaos theory, which was discovered in applications of the theory of gravitation to astronomy. Laplace’s claim of Enlightenment certainty, that he could in principle predict everything that will take place in the future using the theory of gravitation, is untrue. There is no certainty in the future, only probability. This is the reverse of what we need from a clock design.



In boasting about what a powerful intelligence could foresee, Laplace was extrapolating from Newton’s analysis of two bodies in orbit one around the other: the Sun and a planet, or two stars or two galaxies. The orbits in these cases are indeed determined for all time, ellipses that repeat indefinitely. But, of course, the solar system consists of more than two bodies – there are eight major planets in orbit around the Sun, and innumerable smaller bodies. At some level, it is impossible to ignore the pull of each planet on the others, and the orbits of planets are actually much more complex than the repetitive ellipses of the simple two-body case.

The extension of Newton’s theory from two bodies, even by only one more to just three bodies, proved difficult, indeed, intractable. In 1887 the King of Sweden offered a prize for the solution of what came to be known as the Three-Body Problem: what are the orbits of three bodies moving under the influence of their mutual attraction by gravity? The French mathematician Henri Poincaré entered the competition and won because his analysis was the most impressive entry, but he did not find the precise, mathematical solution that was being sought.

Poincaré was able to calculate the orbits of three bodies numerically – we would nowadays do this by computer; he had to do it by laborious calculations on paper – but the orbits were ‘so tangled that I cannot even begin to draw them’. Moreover, Poincaré found that when the three bodies were started from slightly different initial positions, the orbits were entirely different. ‘It may happen that small differences in the initial positions may lead to enormous differences in the final phenomena. Prediction becomes impossible.’

Poincaré’s work has been confirmed by modern mathematical techniques. The description mathematicians would use now is that planetary orbits are ‘chaotic’. If you start with the planets in a particular configuration, you can calculate where they will be in, let us say, 100 million years. If you displace one of the planets by just one centimetre from its initial position, you might expect the effect that this would have on the positions of the planets after the same length of time of 100 million years to be about the same size, and completely negligible. But, in fact, the planets could literally be almost anywhere else, within the boundaries of possibility, and the outcome could be entirely different from before. The displacements in position that arise as a result of the slight initial displacement grow uncontrollably.

In modern physics, ‘chaos’ is the word used to describe behaviour like this, which is predictable in the short term but which, in the long term, depends so much on the initial state that you cannot calculate the long term. Meteorologists can usually predict the weather, more or less accurately, one day or one week ahead. However, since nobody can know about the air disturbances from the flapping wings of every butterfly in Brazil, meteorologists cannot predict when or where a hurricane will strike Florida next year – the small unknowable effects of those flapping wings have completely changed the future. This fact of weather forecasting was discovered in 1963 by Edward Lorenz, a meteorologist at the Massachusetts Institute of Technology. If you change the initial data just a little, the forecast weather patterns can be completely different. Lorenz called the problem ‘the Butterfly Effect’; James Yorke coined the name ‘chaos’. This concept of meteorological chaos was the same concept earlier discovered as a feature of planetary orbits by Poincaré.

What ‘chaos’ implies for the solar system is that there have been incalculable upheavals in the positions of the planets over the last 4 billion years since our planetary system was formed. These upheavals were unique events, which have given character to each planet of the solar system. What is even more surprising, and, so far, unexplained, is that, to our knowledge, the solar system, as a whole, seems to be unique.



As I write in 2019, there are about 3,800 planets known in orbit around stars other than the Sun (‘extrasolar planets’). Planets appear to be common. On average, there is about one planet per star in our Galaxy – half the stars have no planets, half of them have an average of two. The samples are not complete, because finding planets orbiting around stars that are light years or thousands of light years away is hard and astronomers can only find the easiest cases, but they are good enough to be able, with some thought, to discern some generalities about planets and planetary systems.

It seems that the most common planets in the Galaxy are Earth-like, but twice the size of the Earth – so-called super-earths. Our solar system has four Earth-like planets, the Earth being the largest. There is no super-earth: this might be because we never had one, or because we had one and now it has gone. It is not known what favours the formation of super-earths but our solar system might have missed out on it. Or, alternatively, perhaps our solar system made a super-earth that was somehow flung off into interstellar space? What possible event could have happened in the life of our planetary system; an event that was evidently catastrophic enough to doom a super-earth but let our Earth survive?

Another discrepancy concerns extrasolar planets with a mass close or equivalent to Jupiter’s. They are common: and we have a couple in our solar system, Jupiter itself and Saturn. Jupiters are the most frequently discovered of extrasolar planets (but, of course, being the largest and most massive, they are also the easiest to find). The surprising thing about extrasolar jupiters is that they are much nearer to their parent star than our own Jupiter. This warms them up and causes them to evaporate. Jupiters are large because they formed in the far, cold regions of their planetary system: so how did extrasolar jupiters get to the nearer, hotter regions, and, if this is ordinary for many planetary systems, why has this not happened in our solar system?

The bottom line is that our solar system has no parallel among the known planetary systems. Astronomy has no fully accepted explanation for this yet.

Astronomy can, however, explain many of the features of our planets, which can be traced back to particular events. Other secrets remain to be uncovered. In the biography of a historical person there may be gaps. So too with the planets.



Before we can begin looking at their lives, we need to know what planets are. Who are the subjects of this book?

The concept of ‘planet’ has evolved as our understanding has developed and left us with some confusion. Astronomers themselves have made the confusion more entangled by trying to make everything clear.

Originally, in classical times, the word ‘planet’ meant a ‘wandering star’, not a fixed one. Fixed stars were lights in the sky that maintained their positions relative to one another (as far as could be discerned with the equipment available at that time in scientific history); but planets changed their positions relative to the fixed stars. There were seven planets as defined that way: Mercury, Venus, Mars, Jupiter, Saturn, the Sun and the Moon.

Then the perception of the Universe changed when, in 1543, Copernicus realised that our Sun is a star, like the fixed stars, the Moon is a satellite of the Earth, in orbit around it, and our Earth, with Mercury, Venus, Mars, Jupiter and Saturn, is one of six planets, in orbit around the Sun. The orbits of the planets are almost circles lying in the same plane. Further satellites were discovered in orbit around the other planets, and further planets (Uranus and Neptune) were later discovered in more distant orbits around the Sun.

The definition of ‘planet’ was at that time in history clear, based on the positions and motions of solar system bodies. It began to get muddled when the word took into consideration further issues, ones about the nature of solar system bodies. Comets orbit the Sun, but they are not planets. First of all, they have anomalous orbits. Their orbits are eccentric, not near-circles, and their orbits can be skew, not in the same plane as the rest of the planets. But, most significantly, they have a different appearance, which signifies that they have a different structure. Planets and their larger satellites are almost spherical worlds, either with solid surfaces or enclosed with clouds. They support themselves, and as a result have settled into layered spheres, solid and liquid in the middle, gaseous with an atmosphere on the outside, each layer supporting the lighter layers above. Comets are diffuse (the word ‘comet’ refers to a hairy appearance), and they have tails: they are structured nothing like planets.

Further discoveries were made in the nineteenth century: small bodies, in orbit around the Sun, with orbits that are mostly near circular and coplanar with the main planets, but crowded together between Mars and Jupiter. These bodies are surprisingly small compared with the main planets. Some of them proved to be near-spherical worlds, but many were irregular in shape. They were at first regarded as ‘minor planets’, but then they were recognised as belonging to a class of orbiting objects, separate from planets in their nature, and another name became current: ‘asteroid’.

Then the classification process for the bodies of the solar system started to go seriously wrong. In 1930, Pluto was discovered. A near-spherical world, somewhat like Mars, it orbits the Sun. It had been discovered as a result of a search for the planet presumed to orbit beyond Neptune, so it had been deemed to be a planet even before it was known to exist. However, its orbit is highly inclined to the orbits of the other planets, and eccentric, so much so that it crosses the orbit of Neptune. Doubts about its status as a planet started to creep in. Then, from 1992 increasing numbers of orbiting bodies were discovered beyond Pluto. They were reminiscent of the asteroids, their shapes a mixture of near-spherical worlds and irregular pieces. They were labelled in an accurate, if unimaginative, way as Trans-Neptunian Objects (TNOs).

These properties were brought together with a growing understanding of the origins of the planets, asteroids and TNOs. The planets are the main result of a process in which large bodies had accumulated from a disc that originally surrounded the Sun as it was forming, the so-called ‘solar nebula’. The asteroids, comets and the TNOs were detritus left over from this process, and fragments created since that time by collisions of asteroids. This put Pluto in a new light: as much detritus as planet. It was accurately a Trans-Neptunian Object, but doubtfully a planet. This view led to a redefinition of Pluto, a downgrading, if there could be said to be a hierarchy of status in the bodies of the solar system.

Pluto is indeed a body that orbits the Sun and it has sufficient size that it has settled into a near-spherical shape, supporting itself. However, a third property came into play in the definition of a planet, which ruled Pluto out. This definition was adopted in 2006 by the International Astronomical Union (IAU), representing the global community of astronomers. I was one of the hundreds who raised their hands in the meeting in Prague in the Czech Republic that was called to approve it. It was a controversial decision, which received considerable publicity, because of the perception that it reduced the importance of Pluto. A small army of schoolchildren and other people took exception to this. It is astonishing to me that this mattered to the public at large, but it is at the same time gratifying that an arcane astronomical matter was regarded as so important.

The third property, the one in which Pluto fails to make the grade as a planet, is a characteristic not of its orbit, nor of its structure, but of its previous life. To be a planet, declared the IAU, the body, in addition to the right orbit and the right structure, has to have enough of a size that it cleared out its orbit of other bodies, either gathering them up into itself, or capturing them into orbit as a satellite, or possibly throwing them elsewhere. A planet, said the IAU, has to dominate the orbital zone that it inhabits. Pluto does not: its orbit crosses Neptune’s and it ventures among the other TNOs. As a result, Pluto is regarded, not as a planet, but as a ‘dwarf planet’. The asteroid Ceres is also regarded as a dwarf planet for similar reasons: it has a similar structure to Pluto and is about the same size, but it orbits among other asteroids that it failed to feed on, so it is not a planet.

In our solar system, the word ‘planet’, without any qualifying word, is currently reserved by scientists for Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus, Neptune. ‘Dwarf planet’ includes the largest asteroid Ceres, Pluto, and some of the other large Trans-Neptunian Objects. ‘Satellites’ orbit their planet. Everything else is defined in the same neutral, unimaginative way as TNOs, as a ‘small solar system body’.

There is a summary of the variety of bodies in the solar system and of the vocabulary used in relation to them in an appendix at the end of this book. I am a scientist and I suppose that, strictly, I ought to follow the formalities and restrict this book, with its title The Secret Lives of Planets, to the eight planets of our solar system that are recognised by modern science. But when considering what I should write about, I concluded that, if I was too formal, I would be leaving out some of the most significant worlds of the solar system, ones that are the focus of lots of astronomical interest at the start of the twenty-first century. So the book includes the eight main planets, but also two dwarf planets and some of the small solar system bodies, like asteroids and meteoroids, and some satellites. It is my selection of the most significant worlds of the solar system. They are the distinctive characters, the worlds with the most colourful personalities, the ones whose lives are, in my opinion, most worth examining. 





CHAPTER 10

The Galilean satellites: siblings of fire, water, ice and stone

[image: ]Scientific classification: four main satellites of Jupiter.

[image: ]Distance from Jupiter: 422,000 km (262,000 miles) to 1,880,000 km (1,168,000 miles); 1.09 to 4.90 times the Earth–Moon distance.

[image: ]Orbital periods: 1.77 to 16.7 days.

[image: ]Diameters: 3,650 km (2,270 miles) to 4,820 km (3,000 miles); 0.286 to 0.378 times Earth.

[image: ]Rotation periods: Synchronous.

[image: ]Average temperatures: −155 °C.

[image: ]Secret grievance: ‘The planets receive more attention than us satellites, but we have as much variety and we are more hospitable than most planets.’



Even with just a pair of binoculars you can see the four main satellites of Jupiter. They are not planets, because they orbit their parent planet rather than the Sun, but they are certainly planet-like. They are all roughly 3,000 to 5,000 kilometres in diameter, the smallest being slightly smaller than the Moon, the largest slightly larger than Mercury, and they are all similar to the terrestrial planets.

Three sisters and a brother, they form a motley crew. As siblings, the satellites have a family resemblance but are all different. Together with Jupiter they make a miniature planetary system, and, it is thought, were formed at the same time as Jupiter in much the same way that our solar system was formed. Fundamentally, they are rocky, but their position far out in the solar system means that, with one exception, they have retained the original ices they accrued from the solar nebula. Water and ice have played a considerable part in their lives, although one of them now lives a dry life of fiery eruptions.

We on the Earth lie in the same orbital plane in which the four satellites revolve around Jupiter, so to us they seem to line up in a row, moving back and forth from side to side, sometimes passing in front of Jupiter and casting a shadow on its cloud tops and sometimes hiding, either obscured behind it or in its shadow. Their periods lie roughly between a day and two weeks, so they change their positions while you watch them from night to night, or even from hour to hour through the night. When they move into Jupiter’s shadow and are eclipsed, their light is extinguished in a few minutes, fading progressively until what is called the ‘last speck’ of light is extinguished.

The satellites remain, as seen from Earth, as points of light. But we know their structure from the visits of four space probes. The Voyager spacecraft, 1 and 2, flew by Jupiter in 1979. Galileo was the first spacecraft to enter into orbit around Jupiter in 1995 and was able to make extensive observations over eight years. A second probe, Juno, entered orbit around Jupiter in 2016. These space probes have revealed the landscapes of Jupiter’s satellites as, in one case, a volcanic desert, and, in the others, an Antarctic continent of rocks, icebergs and cold, cold oceans.

The four are called the Galilean satellites, because they were discovered by Galileo in the first two weeks of 1610, with his new telescope. On the first night he saw only three stars, two on one side of Jupiter and one on the other. He saw three again on the second night, but all of them were on the same side of Jupiter. He thought at first that they were a chance line of three stars and that the change was due to the motion of Jupiter through the three. A couple of nights later there were only two and then a few nights later there were four.

Initially Galileo thought that the four moved back and forth in a straight line. How could they pass through the body of Jupiter? But suddenly the penny dropped and Galileo realised that the four ‘stars’ were moons in orbit around Jupiter. It was a dramatic discovery because it disproved the theory that every celestial body orbited the Sun. In fact, the way the satellites orbited Jupiter was an exemplar for the way the planets orbited the Sun, as in the theory formulated by Copernicus in 1543.

Galileo referred to the four simply as I, II, III and IV but christened the satellites as a group. He called them ‘the Medicean stars’, in the hope that Cosimo II de’ Medici, the seventeenth-century Grand Duke of Tuscany, would become his patron. His plan worked – Cosimo appointed Galileo as his Philosopher and Mathematician and provided a stipend. But Galileo’s collective name for the satellites was rejected by other astronomers, who did not look well on naming stars after someone else’s patron. They became known as Io, Europa, Ganymede and Callisto, all of them in mythology Jupiter’s lovers (of both sexes).


The closest of Jupiter’s moons to the planet is Io. The entire surface of Io is coated with black rocks mixed with sulphur – yellow, orange and red in its different forms – like a medieval picture of Hell. There are almost no meteor craters, showing that the surface is young, and that geological processes have erased craters that had formed earlier. However, the surface of Io is pitted, like an acne-scarred face. The pits are mostly not meteor craters. They are calderas, among mountains taller than any on Earth, and lava flows, some of them cold and solid, others hot and flowing. It is a volcanic landscape. I imagine it to be like the volcanic landscapes of La Palma in the Canary Islands and the Big Island in Hawaii, the observatories of which I worked in for several years. The ground is made up of solidified mounds of smooth, black lava and loose, jagged rocks. Where the land has been sectioned by the explosion of a volcano that had excavated a crater, drifts of yellow or orange ash are exposed. In the still-active areas, there are vents of steam and sulphurous gas, heat radiating from the red, molten lava oozing from below.

As the closest of the satellites to its parent planet, Io is squeezed and relaxed by strong tidal forces originating in Jupiter. The heat generated by this repeated working of Io’s interior has melted its rocks and created about four hundred volcanoes, some so active they shoot lava 400 kilometres (250 miles) into the sky.

The volcanoes on Io were discovered by Linda Morabito, the navigation engineer for the Voyager 1 space probe. During its flight through Jupiter’s system of satellites, Morabito’s task was to identify stars in images taken by the navigation camera, determine the position of the spacecraft and correct the spacecraft trajectory in real time so that it did not crash into something. Later, the images would be analysed to reconstruct the trajectory even more accurately, as a basis for stitching together images of the planetary surfaces. As the encounter was ending and the spacecraft was tracking away from Jupiter and its satellites, there was behind them a particular star that was key to the accuracy of the navigation process. The star was dim and Morabito had to process its images by ‘stretching’ them, increasing their contrast so that she could see it. She noticed something that was invisible on the unprocessed picture. It was a kind of cloud, very large, just above Io’s surface. The ‘cloud’ was positioned over a heart-shaped feature on Io.

What Morabito had discovered was an ash-cloud from a volcano, now named Pele (after the Hawaiian goddess of volcanoes), and the heart-shaped feature was the volcano itself, with its slopes, ejecta and lava flows. ‘I had the sense that I was seeing something that no one else had seen before,’ she recalled. Later that day at dinner she had the satisfaction of telling her parents that she had discovered the first volcanic activity outside the Earth that anyone had ever witnessed.

Io is only a little larger than our own Moon. It is slightly ellipsoidal (the shape of a rugby football, or an American football); Jupiter’s tidal forces have locked on to the long axis, which points towards the parent planet, so that, like all the Galilean satellites, Io gazes at Jupiter with the same face all the time. Its rocky surface is all but ice free (presumably the volcanic heat has evaporated all the water) and is coated with sulphur: its colours are the colours of different forms of sulphur. Material ejected by the volcanoes forms a thin atmosphere, and feeds into Jupiter’s magnetosphere. The volcanoes generate lava flows hundreds of kilometres long and hundreds of times the volumes of recent flows from volcanoes on Earth, bulldozing earlier deposits into deep channels. The extensive volcanic activity has built around a hundred and fifty mountains on Io, the tallest of which exceed Mount Everest in height.

Io’s life is one of stress. Although imprisoned in the tight grip of Jupiter’s gravitational field, its body is never at rest. It is always in fits, always fevered, always bleeding, always twisting, contorted like the people in the hellish paintings by Hieronymus Bosch.


Europa is the second-nearest Galilean satellite to Jupiter. By contrast to fiery Io, Europa is a world covered with cold ice, as smooth and completely spherical as a billiard ball. It is almost featureless. Only the nearly sunken traces of a few recent meteor craters break the monotony of a white, flat landscape. The ice is cracked into floes, with mineralised water splashing and oozing up through the gaps, overflowing onto the surface, staining it in a spider’s web of red threads. The red stains are traces of deposits left by the evaporating water.

Europa looks like a world in stasis, but there is activity below its icy surface. The ice is a kilometre thick, floating on an ocean of salty water perhaps 5 kilometres (3 miles) deep. The water is warmed from below by geothermal energy. When the ice floes thrust together, they make hills of ice on the surface, but they are only a couple of hundred metres high. The landscape here is similar to the Arctic sea ice around the coasts of northern Canada or Siberia.

Altogether, there is more water on Europa than there is on Earth. In some future space mission, a lander might settle on the ice and try to penetrate through the ice layer, perhaps by using a radioactive probe to melt the ice and work its way down through the meltwater. It would be a suicide mission for the probe, as the water would refreeze above it, sealing it in. But what would it find? The still waters of Europa run deep, and it is tempting to imagine that, as it breaks through the lower
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