

[image: cover]




[image: Image]





Introduction


Considering how rarely the behaviour of objects in the night sky seems to have a direct impact on human lives, it might seem strange that astronomy can lay claim to being the oldest of the sciences. In fact, the roots of astronomy pre-date recorded history – the oldest known star map was painted onto the walls of a cave at Lascaux, France in the midst of the last Ice Age some 17,300 years ago. At first glance, it is simply a beautiful representation of a charging bull, but closer inspection reveals a cluster of dots behind the animal’s hump: an unmistakeable representation of the Pleiades star cluster in the modern constellation of Taurus.


For the ancients, the motions of Sun, Moon and stars really did have an vital connection to events on Earth: technology may have diminished our exposure to the changing seasons, but for our ancestors, they were a matter of life and death. In the modern age, astronomy wields its influence in other ways, often through the scientific innovation it inspires (as the CCD camera in your smartphone attests). But perhaps the true fascination of astronomy in our bewildered modern times lies in the fact that it touches the mysteries of the infinite, and comes closer than any other science to explaining where we come from.


This book is a celebration of astronomy’s greatest ideas, and the brilliant, insightful and sometimes iconoclastic minds that helped shape them. Across fifty topics, I hope to encompass everything from the varied planets and other worlds on our celestial doorstep, through the lives and deaths of stars, to the structure and origins of the Universe itself. Some of the theories discussed date back for centuries, while others are startlingly modern, and some are still in the process of formation – one of the great beauties of astronomy as a science is that, like the Universe itself, it never stands still. Inevitably, my selection of topics is a personal one, shaped by my own interests and discussions with numerous working astronomers, but I hope there is something here to fascinate, and perhaps even inspire, everyone.


Giles Sparrow





01   Our place in the Universe



The story of astronomy is one in which our understanding of our place in the Universe advances, while our significance within the cosmos gradually diminishes. Once at the centre of creation, our world is now seen as a speck in the vastness of the cosmos.


Humanity has been obsessed with the stars throughout history, not only telling tales about them and filling them with significance, but also using them for practical purposes such as keeping track of time. The ancient Egyptians predicted the Nile flood season was approaching when Sirius, the brightest star in the sky, rose shortly before dawn. But another important strand of ancient thought, astrology, produced the first attempts to model our place in the cosmos.


Ancient astrologers were driven by the idea that the heavens were a mirror of the Earth: the movements of the Sun, Moon and wandering planets among the fixed star patterns called constellations did not necessarily influence events on Earth, but they did reflect them. Thus, if a great famine struck when Mars and Jupiter were in conjunction (close to each other in the sky) in Taurus, then you might anticipate a similar event when those planets neared alignment in that constellation once again. What was more, the movements of the planets were not entirely unpredictable, so if you could forecast their movements, you might be able to foretell future events on Earth.



THE GEOCENTRIC UNIVERSE


The great challenge, then, was to develop a sufficiently accurate model of planetary motions. Most ancient astronomers were hamstrung by the common-sense idea that the Earth is fixed in space (after all, we do not feel its motion). With no inkling of the scale of the cosmos, they assumed that the Moon, Sun, planets and stars all followed circular paths around it at varying speeds, in such a way as to produce the apparent motions seen in the sky (see box).


‘… THAT VAST UNIVERSE IN WHICH WE ARE IMBEDDED LIKE A GRAIN OF SAND IN A COSMIC OCEAN.’


Carl Sagan


Unfortunately, this geocentric (Earth-centred) model, despite its appealing simplicity, did not make accurate predictions. Planets shifted rapidly from their predicted paths through the sky, and astronomers added various fudges to correct for this. The model reached its pinnacle in the 2nd century CE through the work of Greek–Egyptian astronomer Ptolemy of Alexandria. His great work, Almagest, envisioned planets moving on circular paths called epicycles whose centres orbited the Earth in turn. Endorsed by both the Roman Empire and its Christian and Muslim successors, Ptolemy’s model reigned supreme for more than a millennium. Contemporary astronomers largely concerned themselves with refining measurements of planetary movements in order, they hoped, to tweak the model’s various parameters and improve its predictions.


THE SUN AT THE CENTRE


With the dawn of the European Renaissance, the long-held view that ancient wisdom was unimpeachable began to founder among thinkers in a number of fields, and some astronomers began to wonder if Ptolemy’s geocentric model was fundamentally flawed. In 1514, Polish priest Nicolaus Copernicus circulated a small book arguing that the observed motions of the heavens might be better explained by a Sun-centred, or heliocentric, model. In this conception, the Earth is just one of several planets on circular paths around the Sun, and only the Moon actually orbits Earth (a theory that had in fact been proposed by several ancient Greek philosophers). Copernicus’ idea began to gain ground with the posthumous publication of his masterwork On the Revolutions of the Heavenly Spheres in 1543, but his circular orbits caused problems of their own when it came to making accurate predictions. It was not until 1608, when German astronomer Johannes Kepler put forward a new model in which orbits were stretched ellipses, that the mystery of planetary motions was finally solved. Our world was relegated from its position at the heart of creation.




Planetary motions




Planets in Earth’s skies are broadly divided into two groups – the ‘inferior’ planets Mercury and Venus make loops around the Sun’s position in the sky, but never stray far from it and so always appear in the west after sunset, or the east before sunrise. In contrast, the ‘superior’ planets – Mars, Jupiter, Saturn, Uranus and Neptune – follow tracks that take them around the entire sky and can appear on the opposite side of the sky to the Sun. But their motion is complicated by retrograde loops, periods when they slow and temporarily reverse their eastward drift against the stars before eventually continuing on their way. Retrograde motion was the greatest challenge for geocentric models of the solar system, and Ptolemy explained it by placing the superior planets on orbits within orbits known as epicycles. In a heliocentric system, however, retrograde motion is fairly easy to explain as an effect of shifting points of view as the faster-moving Earth overtakes a superior planet.








Soon, astronomers realized that the Copernican Revolution diminished our place in the Universe still further. If Earth was moving from side to side of a vast, sweeping orbit, then surely the parallax effect (the apparent shifting of nearby objects when seen from different points of view) should affect the positions of the stars? The fact that no parallax could be seen, even with new observing aids such as the telescope (see here), implied that the stars were unimaginably far away – not a sphere of lights around the solar system, but distant suns in their own right. What was more, telescopes revealed countless previously unseen stars and showed that the pale band of the Milky Way was made up of dense star clouds.


THE WIDER UNIVERSE


By the late 18th century, astronomers had begun to map the structure of our galaxy, the flattened plane of stars (later shown to be a disc, then a spiral – see here) that was thought to contain all of creation. At first, Earth was once again privileged by being placed near the galaxy’s centre, and it was not until the 20th century that our solar system’s true location – some 26,000 light years out in a fairly unremarkable part of the Milky Way – was confirmed. By that time, breakthroughs in our understanding of the stars, including accurate measurements of their distances (see here) had shown that even our Sun was nothing special. In fact, it is a fairly dim yellow dwarf star, outshone by many of the 200 billion or more stars in our galaxy.
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A wide range of different techniques are used to measure distances of nearby and distant astronomical objects. Throughout the history of astronomy, establishing a rung on this distance ladder often reveals clues as to how objects on the next rung can be found.


One final great shift in our cosmic perspective came in 1924, when US astronomer Edwin Hubble showed that the ‘spiral nebulae’ seen in various parts of the sky were in fact unimaginably distant star systems. The Milky Way, of which we are such an insignificant part, is itself just one among countless galaxies (see here) – perhaps as many as there are stars in our galaxy, scattered across an ever-expanding Universe (see here). And even this may not be the end of the story: there is growing evidence that our Universe itself may be just one of infinitely many in the unfathomable structure known as the multiverse (see here).


The condensed idea


Each new discovery diminishes our place in the Universe




TIMELINE




c.150 CE





Ptolemy’s Almagest cements the classical view of an Earth-centred, geocentric Universe




1543





Copernicus publishes his case for a Sun-centred, heliocentric Universe




1608





Kepler models orbits as ellipses, rather than circles, finally explaining the motions of the planets




1781





William Herschel makes the first map of the Milky Way, showing our galaxy as a flattened plane of stars




1924





Edwin Hubble shows that spiral nebulae are independent galaxies millions of light years beyond our own




1929





Hubble shows that the Universe is expanding – the root of the Big Bang theory








02   Watching the skies



Telescopes have transformed the way we understand the Universe. Today’s ground-based and orbiting observatories can peer to the very edge of space and resolve detail over vast distances, while other sophisticated instruments use invisible radiations to discover hidden aspects of the cosmos.


Prior to the invention of the telescope, the most important tools at an astronomer’s disposal were astrolabes, quadrants and other devices used to measure the position of objects in the sky, and the angles between them. The unaided human eye placed natural limits on both the brightness of objects that could be seen and the amount of detail that could be distinguished. Then in 1608, a Dutch spectacle-maker called Hans Lippershey applied for a patent on an ingenious device using two lenses (a convex objective and a concave eyepiece) to create an image magnified by about three times. This was the first telescope.


A BETTER VIEW


News of the Dutch invention spread rapidly, with word reaching Galileo Galilei in Venice by June 1609. Working out the principles for himself, Galileo built several instruments, culminating in one with an unprecedented 33x magnification. In 1610, he made a number of important discoveries with this telescope, including the four bright satellites of Jupiter, spots on the Sun and the phases of Venus. These convinced him that the Copernican Sun-centred Universe was correct, and brought him into conflict with the conservative authorities of the Catholic Church.


In 1611, Johannes Kepler worked out how, in principle, a telescope with two convex lenses could produce much higher magnifications, and by the mid-17th century this had become the most popular type of telescope, leading to many new discoveries. One particularly successful instrument-builder was Dutch scientist Christiaan Huygens, who used increasingly long telescopes to make discoveries including Saturn’s moon Titan and the true shape of Saturn’s rings (which Galileo had identified as a strange distortion).


‘OUR KNOWLEDGE OF STARS AND INTERSTELLAR MATTER MUST BE BASED PRIMARILY ON THE ELECTROMAGNETIC RADIATION WHICH REACHES US.’


Lyman Spitzer


However, the later 1600s saw an entirely new type of telescope rise to prominence. The reflector design used a curved primary mirror to gather and focus light, and a smaller secondary one to deflect it towards an eyepiece. The first practical telescope of this design was completed by Isaac Newton in 1668, and spawned many variants. Telescopes offer astronomers greater light grasp and improved resolving power. A telescope’s objective lens or primary mirror offers a much larger collecting surface for faint starlight than the small diameter of a human pupil, and so telescopes are generally able to see much fainter objects. The magnifying power offered by the eyepiece, meanwhile, can allow us to resolve detail and separate closely spaced objects.
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Schematics of the two basic types of telescope. In a refractor (top) light collected by an objective lens is bent to a focus and then a magnified image is created by the eyepiece lens. In a Newtonian reflector (bottom), a curved primary mirror collects the light and bounces it back to a secondary mirror, which then deflects it to an eyepiece lens.



MODERN TELESCOPES


Both types of telescope have their pros and cons, but in general the practical problems of casting and mounting heavy convex lenses, plus the huge amounts of precious starlight they absorb, limits lens-based refractors to around 1 metre (40 in). The size of reflecting telescopes, meanwhile, stalled at around the 5-metre (200-in) level for much of the 20th century. However, new materials (mirrors made from interlocking honeycomb segments) and, above all, computerized control have allowed them to mushroom in size to 10 metres (400 inches) and larger (see box).




Pushing the limits




The latest generation of large astronomical telescopes make use of computer control and modern materials to create larger light-gathering surfaces than ever before. The largest single-mirror instruments are the twin 8.4-metre (27.5-ft) monsters of the Large Binocular Telescope at Arizona’s Mount Graham International Observatory, with the four 8.2-metre (27-ft) mirrors of the European Southern Observatory’s Very Large Telescope (VLT) in Chile not far behind. Both instruments use active optics – a web of computerized motors called actuators that support the mirror and counteract distortions caused by its own weight. Another system, called adaptive optics, measures the distortion of light from the target object as it passes through the atmosphere, and constantly adjusts the mirror to counter this, resulting in images whose sharpness can rival those from the Hubble Space Telescope.


Multiple-mirror telescopes can get even bigger. The Gran Telescopio Canarias on La Palma in the Canary Isles has 36 interlocking mirrors that give a surface equivalent to a single 10.4-metre (34-ft) mirror. Even more ambitious projects are being planned, with construction now underway in Chile on the European Extremely Large Telescope (E-ELT), whose enormous 39.3-metre (129-ft) primary mirror consists of 798 individual segments.








Of course, most modern telescopes are not built with the human eye in mind, and since the mid-19th century, photography has played an important role in astronomy. Photographs not only capture views for posterity, they also boost a telescope’s light grasp still further. Provided the telescope is oriented correctly and rotated slowly to keep pace with the effects of Earth’s spin, a long-exposure image can ‘integrate’ many hours’ worth of distant starlight. Astronomical photography is now dominated by electronic CCDs, which can even track the precise number of photons striking an individual semiconductor pixel. Often, light from a distant object is passed through a spectroscope (a device with a finely scored diffraction grating that works in the same way as a prism), splitting it into a rainbow-like spectrum within which the intensity of specific colours can be measured as part of a spectroscopic investigation (see here).


INVISIBLE RADIATIONS


The visible light reaching Earth’s surface from space is just one small part of an overall electromagnetic spectrum. Electromagnetic radiations consist of oscillating packets of waves called photons, and our eyes have evolved to see light because it happens to be one of the few bands of radiation that make it through Earth’s atmosphere to the surface. Other forms of radiation include infrared (‘heat radiation’ with waves slightly longer than those of red light), and radio (with even longer waves). Infrared radiation from space tends to get swamped by the heat of our own atmosphere (or even that emanating from the instruments used to detect it), so it is usually observed using specially cooled mountain-top telescopes or orbiting satellite observatories. The long wavelengths of radio waves, meanwhile, present practical challenges to detection – they are usually collected using huge parabolic dishes that act similarly to reflecting telescopes.


Ultraviolet rays, conversely, have shorter wavelengths than violet light, and higher energies, while X-rays and gamma rays are still shorter and more energetic. All three of these forms of electromagnetic radiation can be harmful to living tissue and, fortunately, are mostly blocked by Earth’s atmosphere. The era of high-energy astronomy has only arrived with the use of space-based telescopes, and the instruments for collecting and detecting X-rays and gamma rays bear little resemblance to the familiar telescope designs of Galileo and Newton.


The condensed idea


Telescopes reveal the hidden secrets of the Universe




TIMELINE




1609





Galileo is one of the first people to point a telescope at the skies




1668





Isaac Newton builds the first functional reflecting (mirror-based) telescope




1870s





William Huggins begins to use photography and spectroscopy through telescopes as a research tool




1957





Bernard Lovell builds the world’s first large steerable radio telescope at Jodrell Bank, England




1979





First Multiple-Mirror Telescope is built at Mount Hopkins, Arizona




1990





The Hubble Space Telescope becomes the first large optical telescope in space








03   Kingdom of the Sun



Our solar system consists of the Sun, all the objects that orbit around it, and the region of space directly under its influence. It encompasses eight major planets, five known dwarf planets, a host of moons and countless smaller objects, with both rocky and icy compositions.


For most of recorded history, the solar system consisted of just eight known objects – the Earth, Moon, Sun and five naked-eye planets: Mercury, Venus, Mars, Jupiter and Saturn. Each followed its own complex path around the sky against an apparently fixed background of more distant stars. It was not until the 16th century that Earth was widely recognized as being simply the third of six planets orbiting the Sun, and the planets’ motion began to make sense (see here).


It was now clear that the Sun was the dominant body in our solar system, exerting a force that keeps all the planets on elliptical orbits around it. In 1687, Isaac Newton explained this as an extension of the same gravitational force that makes objects fall towards the centre of the Earth. With this model now established, astronomers were able to use geometrical techniques, enhanced in accuracy by the recently invented telescope, to measure the true scale of the solar system (see box).


A key measurement was the average distance from Earth to the Sun, which turned out to be roughly 150 million kilometres (93 million miles). This became a convenient measurement unit in its own right, known today as the astronomical unit (AU). Establishing the scale of the solar system also naturally revealed the scale of its individual planets – Venus turned out to be about the same size as Earth, Mercury and Mars significantly smaller, while Jupiter and Saturn were enormous giants in comparison.


NEW WORLDS


While 17th-century astronomers began to discover hitherto unseen moons around Jupiter and Saturn, and Saturn’s magnificent ring system, the only non-planetary objects orbiting the Sun itself were thought to be comets, such as the one whose orbit was calculated by Newton’s friend Edmond Halley in 1705. These were shown to be occasional visitors to the inner solar system. So in 1781, when German-born astronomer William Herschel spotted a fuzzy blue-green blob while conducting a star survey at his home in the English city of Bath, he naturally assumed it was a comet. Follow-up observations, however, revealed the truth: the object’s slow movement against the stars indicated a distance of around 20 AU, suggesting that this was no comet, but a substantial planet in its own right – the world now knows it as Uranus.


‘THE SOLAR SYSTEM SHOULD BE VIEWED AS OUR BACKYARD, NOT AS SOME SEQUENCE OF DESTINATIONS THAT WE DO ONE AT A TIME.’


Neil deGrasse Tyson


Herschel’s discovery triggered a planet-hunting mania, with much interest concentrated on a perceived gap in the order of planets between the orbits of Mars and Jupiter. In 1801, this led to the discovery of Ceres (see here), a small world that proved not to be a full-blown planet, but the first and largest of many asteroids – rocky bodies in orbit throughout the inner solar system, but which are mainly concentrated in a broad belt between Mars and Jupiter.


While Uranus and the asteroids were found by happy accident, it was hard mathematics that led to the discovery of another major planet in 1846. In this case, French mathematician Urbain Le Verrier carried out a close analysis of irregularities in the orbit of Uranus, pinpointing the size and location of a more distant world (now known as Neptune), which was soon spotted by German astronomer Johann Galle at Berlin Observatory.




Aristarchus measures the Solar System




Third-century BCE Greek astronomer Aristarchus of Samos used an ingenious method to estimate the distances of the Moon and Sun. Realizing that the Moon’s phases are caused by varying solar illumination, he measured the angle between Sun and Moon at first quarter, when exactly half of the lunar disc is illuminated, and used geometry to work out the distance to the two bodies. Thanks to measurement errors, he estimated that the Sun was 20 times more distant than the Moon (and therefore about 20 times larger). The actual figure is 400 times, but the difference was still enough to convince him that the Sun, not the Earth, must lie at the centre of the solar system.








THE HUNT FOR PLANET X


In the aftermath of Le Verrier’s triumph, many astronomers became bewitched by the idea of finding new planets through mathematics. Le Verrier himself came unstuck when he predicted another planet called Vulcan, circling the Sun inside the orbit of Mercury, while others made regular predictions of a Planet X orbiting beyond Neptune. The most dedicated of these planet-hunters was wealthy amateur Percival Lowell (also an enthusiast of the so-called canals on Mars – see here), who set up his own observatory at Flagstaff, Arizona, and bequeathed funds for the search to continue after his death in 1916. It was at Flagstaff in 1930 that Clyde Tombaugh, a young researcher hired to carry out a new and comprehensive search for Lowell’s planet, spotted a tiny dot moving against the stars on two photographic plates taken days apart. This distant world was soon named Pluto and heralded as the solar system’s ninth planet.


However, Pluto’s size and mass proved to be disappointingly small, and from the outset some astronomers doubted whether it should really be classed as a planet like the others. Many suspected that it was, like Ceres before, the first of an entirely new class of objects – small icy worlds orbiting beyond Neptune in what we now call the Kuiper Belt (see here). It was not until 1992 that the Hubble Space Telescope finally tracked down another Kuiper-Belt Object (KBO), but their numbers have since skyrocketed, with more than a thousand currently identified. Given this rate of discovery, it was inevitable that Pluto’s planetary status would eventually be called into question, and in 2006 the International Astronomical Union introduced a new classification of dwarf planets that encompasses Pluto, Ceres and several other objects (see here).




The heliosphere




When discussing the limits of the solar system, some astronomers prefer to use not the Sun’s gravitational reach, but the heliosphere, the region where the solar wind is dominant over the influence of other stars. The solar wind is a stream of electrically charged particles blowing off the surface of the Sun and extending the Sun’s magnetic field across the solar system. It’s responsible for phenomena such as aurorae (northern and southern lights) on various planets. The wind travels smoothly at supersonic speeds to well beyond the orbit of Pluto, but then breaks down in a region of subsonic turbulence as it encounters increasing pressure from the surrounding interstellar medium (see here). The outer edge of the heliosphere, where the outward flow of the solar wind comes to a halt, is known as the heliopause, and is the boundary commonly referred to when space scientists talk about missions leaving the solar system. NASA’s Voyager 1 probe crossed the heliopause at about 121 AU from the Sun in August 2012.








Are there other substantial worlds still waiting to be found in the depths of the outer solar system? Current models of the solar system’s birth and evolution might seem to make this unlikely (see here), but some astronomers claim to see the orbits of certain KBOs may be influenced by unknown large planets. In 2016, Caltech astronomers Konstantin Batygin and Mike Brown made the most definitive claim so far, for a ‘ninth planet’ with the mass of ten Earths in a long elliptical orbit. So far, however, the only unseen objects whose existence we can be sure of are the trillions of comets of the Oort Cloud. The existence of this vast spherical halo of comets, surrounding the Sun out to a distance of about 1 light year, is revealed by the orbits of comets falling into the inner solar system.


The condensed idea


The size and complexity of our solar system keep increasing




TIMELINE




1543





Copernicus proposes a Sun-centred view of the solar system, with Earth as one of six planets




1610





Galileo discovers moons, previously unseen, orbiting Jupiter




1781





William Herschel discovers a new planet beyond Saturn, later named Uranus




1801





While looking for a new planet between Mars and Jupiter, Giuseppe Piazzi discovers Ceres, the largest asteroid




1846





Urbain Le Verrier uses irregularities in the orbit of Uranus to predict the position of an eighth planet, Neptune




1930





Clyde Tombaugh discovers Pluto, a new world that proves to be the first known Kuiper Belt Object




2016





Batygin and Brown claim to find evidence for a ninth major planet in the orbits of Kuiper Belt Objects








04   Birth of the solar system



How did the Sun, and the motley system of planets and small bodies surrounding it, come into being? For more than two centuries, scientists have argued over various theories, but now a new idea called pebble accretion promises to finally resolve the remaining unanswered questions.


The solar system has three very distinct zones. Close to the Sun is a realm of rocky planets and asteroids dominated by ‘refractory’ materials with relatively high melting points, such as metals. Further out, beyond the asteroid belt, lie the giant planets and their icy moons, composed mostly of volatile chemicals that melt at lower temperatures. Most distant of all are the Kuiper Belt and Oort Cloud of small, icy bodies.


The first scientific theory of planetary origins, which sought only to explain the difference between the rocky planets and the more distant giants, was known as the nebular hypothesis. In 1755, German philosopher Immanuel Kant proposed that the Sun and planets had formed alongside each other during the collapse of a vast cloud of gas and dust. The brilliant French mathematician Pierre-Simon Laplace independently conceived a similar model in 1796. He showed how collisions within the gas cloud and conservation of angular momentum would naturally cause the planet-forming disc to flatten out and spin faster towards its centre, while forcing the resulting planets into more or less circular orbits.



A MULTITUDE OF THEORIES


By the mid-19th century, some astronomers were arguing that the spiral nebulae visible in the largest telescopes and early photographic images might be solar systems in the act of formation (see here). Others, however, were expressing significant doubts, in particular about the Sun’s slow (c.25-day) rotation period – since our star concentrates 99.9 per cent of the solar system’s mass at its very centre, surely it should spin much faster?


‘UPON A SLIGHT CONJECTURE … I HAVE VENTURED ON A DANGEROUS JOURNEY AND I ALREADY BEHOLD THE FOOTHILLS OF NEW LANDS. THOSE WHO HAVE THE COURAGE TO CONTINUE … WILL SET FOOT ON THEM.’


Immanuel Kant


As these concerns took root, the nebular hypothesis was abandoned in favour of new theories. Perhaps the planets formed from a long streamer of solar atmosphere, torn off by a passing star? Perhaps they were created from captured material when the Sun did the same to another star? Or perhaps they were swept up from a cloud of ‘protoplanets’ in outer space?


It was not until the 1970s that astronomers began to reconsider the nebular hypothesis, thanks largely to the work of Soviet astronomer Viktor Safronov. New elements introduced to the theory allowed planets to form with much less mass in the original disc, reducing the need for a fast-spinning Sun. Key to Safronov’s solar nebula disc model was the idea of collisional accretion – a process in which individual objects grow from grains of dust up to Mars-sized protoplanets, through step-by-step collisions and mergers.


COLLISIONAL ACCRETION


By the time Safronov’s ideas became known outside the Soviet Union, astronomers had also learned a great deal more about the early evolution of stars themselves, and these two strands came together to build a coherent picture. As a young, hot and unstable protostar begins to shine (see here), it produces fierce stellar winds that blow through the surrounding nebula, alongside strong radiation that raises the temperature of the nebula’s inner regions. This has the effect of causing volatile icy material close to the star to evaporate, and then blow outwards leaving the dusty refractory material behind. Random collisions over a few million years see these particles grow from dust grains to pebbles to small asteroids. Once they are large enough to exert moderate gravity, the process snowballs in an effect known as runaway accretion. The growing bodies, known as planetesimals, pull more and more material towards themselves, clearing most of the surrounding space until a few dozen worlds, perhaps the size of our Moon, remain. Collisions between these protoplanets give rise to a smaller number of rocky planets, while the heat unleashed by impacts causes them to melt, allowing their interiors to differentiate and their crusts to settle into a spherical shape.
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While the precise details of the solar system’s formation are still not yet definitely known, the broad story is clear: a cloud of gas and dust began to collapse under its own gravity [1], flattening out into a disc with a bulging centre [2]. The Sun formed at the centre, with the solid cores of protoplanets in orbit around it [3]. These mopped up material from their surroundings to produce today’s major planets [4].


Further out in the star system it is colder. Volatile ices remain frozen and gas tends to linger, leaving much more planet-building material. The process of planet formation proceeds in more or less the same way on a much grander scale, resulting in planets with larger solid cores, which then pull in surrounding gas to form deep, hydrogen-rich atmospheres. On the outer edges of the planet-forming zone, material is too thinly spread to form large planets, resulting in a proto-Kuiper Belt of icy dwarf worlds.


Safronov’s theory has held sway for more than four decades. Backed up by the discovery of planet-forming discs around many other stars, it is widely agreed to be accurate when it comes to the bigger picture. However, some astronomers have recently begun to suspect that it’s not the whole story. In particular, there are doubts about Safronov’s two-body collision model, and there’s growing evidence that many worlds in the solar system did not undergo the kind of complete melting required by Safronov’s repeated planetesimal collisions. Just as importantly, scientists have realized there’s a gap in the chain of growth. On a small scale, tiny static electric charges on dust grains would draw them together, while mutual gravitational attraction would attract large-scale objects together. But how do boulder-sized objects stick together as they grow from one stage to the other? The solution to these problems may lie in a remarkable new theory called pebble accretion (see box), which involves large numbers of small objects coalescing at the same time.




Pebble accretion




Recently, experts on planet formation have honed a new theory to explain several outstanding mysteries in planet formation: not only how accreting bodies crossed the size threshold from small to large scale, but also how the gas giants grew their cores quickly enough to retain rapidly disappearing gas, and why the terrestrial planets seem to have formed at remarkably different times. Pebble accretion suggests that the early solar system rapidly evolved huge drifts of small solid fragments, slowed down and corralled by their motion through surrounding gas. Within just a couple of million years of the Sun’s formation, these drifts grew large enough to become gravitationally unstable, collapsing to form Pluto-sized planetesimals in a matter of months or years. The gravity of these worlds then rapidly drew in the remaining pebbles from their surroundings, leaving perhaps a couple of dozen Mars-sized worlds. The giant planets were therefore able to start accumulating their envelopes of gas and ice early on, while Mars was fully grown. Only the larger terrestrial planets, Earth and Venus, required a final phase of Safronov-style collisions, over the next hundred million years or so, to reach their present size.








The condensed idea


Planets grow through small objects merging together




TIMELINE




1734





Emanuel Swedenborg suggests that planets formed from collapsing gas clouds ejected by the Sun




1755





Immanuel Kant proposes that the Sun and planets coalesced together out of an initial nebula




1796





Laplace puts forward his own version of the nebular hypothesis, outlining the physical processes at work




1905





Thomas Chamberlain and Forest Moulton propose the first theory of accretion to explain how planets grow




1917





James Jeans puts forward a tidal hypothesis to explain the origin of planets




1978





A.J.R. Prentice shows how dust grains in the solar nebula could slow the rotation of its centre




2012





Michiel Lambrechts and Anders Johansen propose pebble accretion as a way to rapidly form planetary cores








05   Planetary migration



Until recently, most astronomers believed that the planets of our solar system had followed stable orbits throughout their history. But new advances in computer modelling suggest that the early days of the solar system involved a vast game of planetary pinball whose aftermath can still be seen today.


Before the discovery of the first exoplanets in the mid-1990s (see here), astronomers tended to believe that alien solar systems would be more or less like our own, with planets following near-circular, stable orbits around their stars. However, just as the past two decades of research have shown that planetary systems are a lot more varied than previously thought, so advances in simulation and modelling based on the collisional accretion model of our solar system’s formation have suggested that planet-forming material would have petered out around the orbit of Saturn. So where did Uranus and Neptune come from? In an effort to answer these and other questions, in 2005 a group of astronomers put forward a remarkable new theory that the first few hundred million years of our solar system’s lifetime saw radical shifts in the distribution of the planets.


WORLDS ON THE MOVE


Theories of planets shifting orbits have gone through periods of popularity since the 19th century, while being roundly dismissed as pseudoscientific nonsense by the astronomical establishment. Indeed, the ideas of ‘independent scholars’ such as Immanuel Velikovsky, who posited planets ricocheting around the solar system in relatively recent times as an explanation for many mythological and historic events, are easily dismissed. But the so-called Nice Model, named after the French city where many of it developers worked at the Observatoire de la Côte d’Azur, is a very different prospect. The Nice Model is a set of interlocking proposals based on computer modelling the evolution of the early solar system in order to resolve some longstanding mysteries. In little more than a decade, it has opened up a new and exciting field of research into the neglected field of solar system dynamics.


THE NICE MODEL


The model postulates that shortly after its formation, the outer solar system was very different from its current state. All four giant plants were more tightly packed, with near-circular orbits inside the current orbit of Uranus (about 20 AU from the Sun). Furthermore, Neptune, now the outermost planet, orbited closer to the Sun than Uranus. Extending beyond the major planets lay a proto-Kuiper Belt – a disc of icy objects whose largest worlds were about the size of today’s dwarf planets, and which were contained within the current orbit of Neptune.


‘ IT WAS A VERY VIOLENT, SHORT-LIVED EVENT LASTING JUST A FEW TENS OF MILLION OF YEARS.’


Hal Levison


Computer simulations indicate that such an arrangement of giant planets would have been stable for about 500 million years, before a series of close encounters between Uranus and Neptune disrupted their orbits and pulled them into elongated elliptical paths. These eccentric orbits soon brought them closer to the much larger planets Jupiter and Saturn, whose powerful gravity flung them out onto much larger, though still elliptical, paths around the Sun, and threw Neptune beyond Uranus for the first time. It was probably during this event, too, that Uranus acquired its current remarkable tilted axis, which has the gas giant planet rotating on its side, rather like a rolling ball in contrast to the ‘spinning top’ motion of the other planets.



DISLODGING THE KUIPER BELT


The new orbits of Uranus and Neptune, however, sent them ploughing straight through the proto-Kuiper Belt, where further encounters with small, icy worlds helped to circularize the ice giants’ orbits at greater distances from the Sun. Many of the smaller worlds were ejected further out into a region known as the scattered disc, while others were sent plunging towards the inner solar system, where they caused the cataclysmic event known as the Late Heavy Bombardment (see box).




The Late Heavy Bombardment




Thanks to the radiometric dating of lunar rocks brought back by the Apollo astronauts, many astronomers believe that the inner solar system went through a traumatic phase about 3.9 billion years ago, in which worlds such as the Moon suffered an intense bombardment of large planetesimals. On the Moon, craters left behind by these impacts were later filled with lava from volcanic eruptions, creating the smooth, dark lunar ‘seas’ that dominate the lunar near side today.


First recognized in the late 1970s, this Late Heavy Bombardment was for a long time assumed to be simply a mopping-up phase at the end of planetary accretion, but more recent evidence suggests that the main phase of planet formation came to an end much earlier. Instead, perturbations created as the giant planets shift their orbits in the Nice Model are now the favoured explanation. However, some sceptics have suggested that the bombardment never happened on the scale that some envisage, arguing instead that all of the impact melt samples collected by Apollo astronauts actually originated from a single vast impact event








The Nice Model is intriguing, not least because it promises to solve mysteries such as the tilt of Uranus, the location of the gas giants and the Late Heavy Bombardment. It can also provide mechanisms for capturing the Trojan asteroids that share an orbit with Jupiter, Uranus and Neptune. But the model is not perfect: it has difficulty in explaining how Jupiter ended up with its current large family of captured moons, and the combined gravitational influence of Jupiter and Saturn as they pass through a period of orbital resonance (with frequent close encounters) could also have caused problems. In fact, some simulations show violent effects such as the complete ejection of Mars and destabilization of the other planets – issues that are big enough for the model to be tweaked substantially. Similarly, the frequency with which modelled encounters between Jupiter and Uranus or Neptune end with the smaller world being kicked out of the solar system completely has led some astronomers to argue for an early solar system with three ice giants.


Despite these problems, the Nice Model or something like it remains a key part of current ideas about our solar system’s history. And other astronomers are applying similar thinking to other questions. For example, why did Mars never grow into a body the size of the Earth, and where did our own planet’s abundant water come from? The answer to both of these questions may lie in the Grand Tack, a hypothetical path taken by a newly formed Jupiter in the gas-rich environment of the very early solar nebula (see here). According to this theory, interaction with the nebula caused Jupiter’s orbit to drift first inwards, and then outwards. In the process, the giant planet’s gravity would have disrupted (and stolen) much of the planet-forming material around the orbit of Mars, and later enriched the outer asteroid belt with icy bodies from further out in the solar system. Once dislodged, these could have rained down upon Earth, bringing with them the water that makes our planet habitable today.
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