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Planets are like organisms in that they have irreducible individuality and must therefore be explained by methods of historical analysis: they are not like molecules in a chemical equation. 





—STEPHEN JAY GOULD






Watching the delicate artistry with which spacecraft are fashioned, trembling at the drama of their launches, admiring the exquisite curves of their trajectories, listening to their strange voices speaking from millions of miles away, stretching the imagination to envisage the new concepts of space, you realise that this is . . . an unheard-of poetry of tremendous dimensions. And who questions the cost of a poem? 





—ALFRED BESTER
























PREFACE


Just off Muswell Hill Broadway, in North London, is a narrow alley. The open stalls that once backed onto this rather ordinary North London street are now long gone, converted into apartments in an area much sought after by young professionals intent on pursuing village life while remaining within safe distance of a Starbucks. A few hundred feet to the northeast is Muswell Hill roundabout and, just down the hill, Alexandra Palace, the Victorian pile from which the BBC started broadcasting television in the days between the two World Wars. 




But for me, this area has another, completely private claim on memory, for it was here in the early 1970s that I asked the local carpenter to build me a spacecraft.


The air was thick with the resinous scent of pine, and the youthful owner, clearly engrossed with the business of his trade, looked workmanlike in his brown leather apron. Yet he did not blink when I, with my father standing by, asked him to build me the nose cone assembly of a Saturn V. To an eight-year-old, it seemed the most reasonable request in the world; after all, how hard could it be? NASA was doing it all the time.


He listened gravely as I told him that all I required was the nose cone, because I had already made arrangements for the rocket’s fuselage. Indeed, the old wooden coat rack I had salvaged was even at that moment waiting on the launching pad in our backyard. The carpenter did not laugh. Instead, he explained courteously that, although constructing the nose cone of a 364-foot-tall rocket that produced over 7 million pounds of thrust and was currently costing the American economy $3 billion a year was beyond his immediate art, he thought my answer might be to get hold of an old wooden barrel—say, an old beer barrel—and modify that.


Thanking him, my father and I (somewhat hurt) moved on.
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For months afterward, the Americans’ battle for the moon occupied my every waking moment. I remember, as though it were yesterday, the treat of staying up late on the night of July 20, 1969. The famous grainy images transmitted from the Sea of Tranquility were not helped by the technology—an old Bakelite television set in my grandfather’s bedroom—available to the household of an impoverished Scottish minister in the late 1960s, but it sufficed.


At that moment—02:56:15 Universal Time (GMT), July 21, 1969—I was there, standing beside them, as Neil Armstrong and Buzz Aldrin made first contact with the surface of a celestial body that was not the planet on which we evolved. To this day, that memory still raises the hair on my arms. Our generation was there.


Forget Woodstock, forget the Berlin Wall, forget the Vietnam War. In a thousand years, the 1960s will be remembered for one thing only: the moment when 3.8 billion years of evolution on an unremarkable, watery world orbiting an unremarkable star in an unremarkable galaxy produced animals capable of traveling to other worlds. What is the statistical probability of being part of that one generation out of all the countless trillions since the first self-copying molecules aggregated on a layer of clay almost 4 billion years ago? Slim, I think you will agree.


As early as the late 1950s, unmanned missions were rocketing into space. Purely for the purposes of science, the Americans had planned to put a satellite into orbit as part of their contribution to the 1958 International Geophysical Year. Orderly progress, however, was derailed when, on October 4, 1957, the Soviets lofted Sputnik 1, a 59cm aluminum sphere, into orbit. The Soviet craft—little more than a ball with a breadboarded radio beacon on board—caused mass hysteria in the United States because of the so-called “missile gap.” The prevailing belief was that the Soviets would soon be dropping nuclear bombs on America like “rocks from a highway overpass” (as Lyndon Johnson famously put it) and that the American scientific and industrial establishment had very seriously “screwed the pooch” (as Chuck “Right Stuff ” Yeager might say).


Explorer 1 became America’s first orbiting satellite after its successful launch on January 31, 1958. It returned instant results, catapulting the astronomer James Van Allen into the limelight with his discovery of the radiation belts that now bear his name. Space quickly became a political game, however, and the unmanned probes were relegated to insignificance for the next decade and a half as the Apollo program and the race for the moon dominated the public imagination. Space probes continued to be built, though, developing in sophistication as their designers strove to comprehend the scientific requirements of space exploration. It was a time of innovation and imagination, for the engineers and fabricators designing these unsung spacecraft had little idea of what they were trying to measure. What was important out there? Magnetism, surface chemistry, atmospheric composition, solar wind? All these properties, and more, would be addressed by the backroom boys of the space age, today allowing us to send unmanned robots equipped with picks, grinders, and lenses to the surface of Mars to carry out geology experiments, exactly as their human equivalents did nearly forty years ago on the lunar surface.


The story of the planets of our solar system is one of several interlocking pieces. The first piece is made up of all those individuals, from the ancient Babylonians to modern scientists, who devoted their lives to investigating those enigmatic bodies. The second consists of the space probes that, since I was young, have relayed information that made those planets real to us in a way impossible before the invention of today’s rockets. The third piece is perhaps the grandest, since it relies on a synthesis of the first two: the natural history of the planets themselves. We now think of the planets as places rather than as dots in the sky and appreciate perhaps the greatest achievement yet in the new science of comparative planetology: the understanding that every body in the solar system has its own unique history. The planets and moons of the solar system were formed at the same time, approximately 4.6 billion years ago, but each of them, like each of us, has its own story, a composite of billions of contingent events. These stories are still mostly unknown; indeed, it would be presumptuous to say that we have more than scratched the surface of what can be discovered. But we are now at a stage where we can begin to understand the lives of the planets in the context of our own history of life on Earth.


The modern study of our solar system is where science and history intersect in a unique way. The Voyager and Pioneer deep-space probes, for example, left Earth decades ago and are still going strong, and who knows what they may yet discover. Simultaneously they are our past and our future.




RICHARD CORFIELD
 Long Hanborough, England 
 2007

























1
 Ages of Dark and Light: The Sun


Not far north of the British cathedral city of Salisbury is a sprawling area of chalky farmland. Its forbidding signs warn off the unwary traveler, and the locals do not visit; they know that this tranquil, quintessentially English countryside hides a deadly secret. Salisbury Plain is littered with unspent ammunition, tank traps, and other—unspecified but certainly nastier—paraphernalia of war. 




South of this eerie place runs A303, the highway connecting the small town of Andover in the east with the market town of Ilminster, gateway to the moorlands of Devon and Cornwall in the west. Like Salisbury Plain itself, A303 is not for the fainthearted. Despite the many speed cameras that dot its sixty-mile length, it is popular with sports car drivers, for its long straightaways, sweeping curves, and two-lane width make it a fine place to put the Ferrari’s hammer down. 


The narrow strip of land sandwiched between this traffic blackspot and military proving ground is not the most obvious place to find one of mankind’s oldest astronomical artifacts, but, nevertheless, it is there: a strange, horseshoe-shaped arrangement of giant standing stones measuring thirty meters in diameter—Stonehenge. If you stand at the center of the formation on June 21, the summer solstice, the sun rises precisely between the arms of the horseshoe.






THE STONE COMPUTER


Stonehenge is a Stone Age supercomputer whose read-only memory consists of thirty-five megaliths, each weighing more than twentyfive tons. Its RAM is an enigmatic set of concentric holes in the ground, its monitor is a solitary megalith standing some distance apart from the others, and its hard drive is a 5 trillion-ton sphere that rotates once every twenty-four hours. This supercomputer’s terrifying hydrogen fusion power supply is located 93 million miles from the rest of the hardware. For three thousand years, that supercomputer helped Neolithic peoples keep pace with the turning of the seasons, telling them when to sow and when to reap and predicting the occurrence of crucial astronomical events such as eclipses.


It was realized as long ago as the eighteenth century that Stonehenge’s arrangement of stones was not likely to be accidental. William Stukeley, an antiquarian and cabalistic scholar with something of a dragon fixation, is generally credited with linking Stonehenge with a Neolithic sun cult. Over the next two centuries, as work proceeded on unraveling the mysteries of Stonehenge, it became apparent that the artifact was vastly more complicated than was originally thought.


We now know that Stonehenge was built over a fifteen hundredyear period from about 3100 BC to 1500 BC in a three-phase construction process. The first construction was a henge in the typical manner—a raised bank surrounded by a ditch. Nearly all traces of the second phase are gone, although it appears that a timber structure was built within the existing henge sometime in the third mil- lennium BC, the early to middle Bronze Age. The famous trilithon stones were part of the final stage of construction. The first phase, although unremarkable now when compared to the giant trilithons and bluestones of the later period, is of most interest because it shows a knowledge of astronomy quite incredible for humans living centuries before the birth of Christ. On the northeast side of the henge, the circular bank and ditch are interrupted by an avenue leading off to the northeast. Slightly outside the henge’s perimeter, nestling between the banks of this avenue, is the solitary heelstone. From the center of the circle, the sun rises exactly behind the heelstone on midsummer’s day.


Dotted around the periphery of the henge, just inside the bank, are fifty-six holes discovered by John Aubrey, a seventeenth-century English antiquary and writer. The Aubrey Holes, as they are known, together with four large station stones that form an enigmatic rectangle superimposed on the periphery of the henge, date from the first phase of Stonehenge’s construction. The significance of the Aubrey Holes and the station stones was a mystery well into the twentieth century, until an American astronomer named Gerald Hawkins revolutionized notions about the function of Stonehenge. Using a state-of-the-art (by 1960s’ standards) IBM computer owned jointly by Harvard University and the Smithsonian Institution, Hawkins investigated the mathematical relationships between the holes and the stones at Stonehenge. His conclusion shook the worlds of astronomy and archaeology and helped crystalize a new discipline called archaeoastronomy.


Hawkins confirmed that not only is the location of the sun at the summer solstice predicted by Stonehenge’s heelstone but the enigmatic station stones mark other crucial events in the astronomical calendar. These alignments correctly identify the most northerly points at which the sun and moon rise and the most southerly points at which the sun and moon set over the course of a year. Even more extraordinary, he showed that the fifty-six Aubrey Holes could be used to predict astronomical events such as the timing of the new moon’s reappearance and the occurrence of eclipses. To predict the former, you simply move a marker two Aubrey Holes each day; when one circuit is completed, one full cycle of the moon, twenty-eight days, will also be completed.


Predicting eclipses using the Aubrey Holes and the station stones is a more complicated and long-term enterprise. It is perhaps the most extraordinary achievement by the builders of Stonehenge because it requires understanding the movement of two invisible points, the lunar nodes, in outer space. The lunar nodes are where the moon’s orbit, which is slightly tilted with respect to the Earth’s orbit around the sun, intersects the plane of the Earth’s orbit. The four standing stones are nothing less than Neolithic calibration points for this 4 billion-year-old astronomical cycle. The fact that these nodes were recognized by a society that had not long emerged from the dark depths of a ten thousand-year ice age is nothing short of phenomenal.


Eclipses, whether solar (when the sun’s disk is obscured by the moon) or lunar (when the moon’s disk is obscured by the shadow of the Earth), can only occur when the sun is closely aligned with a node. Lunar nodes and eclipses are thus intimately linked. To keep track of the nodes, the designers of Stonehenge moved a marker by three Aubrey Holes per year (at every midsummer solstice). One circuit takes 18.67 years, exactly the amount of time for the moon’s orbit around the Earth to intersect the ecliptic. The northeast orientation of Stonehenge and the mathematical symmetries of the Aubrey Holes show that this strange monument on an unremarkable grassy slope in southern England is a prehistoric calculator.


The most compelling evidence for Stonehenge’s status as the world’s first computer, however, comes from its physical location on Earth. In a relationship whose mathematical precision is almost eerie, the angle between the position of sunrise at the summer solstice and the most northerly moonset (marked by the most northerly of the standing stones) is a right angle, as is the angle between the position of the midwinter sunset and the most southerly moonrise (marked by the most southerly of the standing stones). Join the other two standing stones by a line, and that line’s orientation toward the west predicts the position of sunset on the May and August quarter days—the four days in a year that herald the start of a new season—while to the east it predicts the position of sunrise on the February and November quarter days. There are only two regions in the world where this orientation can work, in two bands of latitude less than one-degree wide—one running through southern England between Oxford and Bournemouth and the other near the Falkland Islands in the South Atlantic. The chance that Stonehenge was accidentally located in one of only two such possible seventy-mile-wide bands on the face of the Earth is—literally—astronomically improbable.
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Some ruffled feathers arose from Hawkins’s discoveries about Stonehenge. For almost two centuries, the British archaeological establishment had been run as a type of private gentleman’s club with a heavy emphasis on the arts. Hawkins’s brash reclassification of Britain’s most famous monument as a stone computer contrasted sharply with the British archaeological community’s respectfully quaint designation of it as a Neolithic temple. There were two areas of contention: the first was that a cherished theory developed by generations of arts graduates had been tossed out, and the second was that the man responsible was a colonial. Neither was cricket!


The British archaeological establishment quickly closed ranks and drafted another astronomer to check Hawkins’s calculations. Fred Hoyle, a man for whom the word idiosyncratic could have been concocted, was a maverick of the British astronomical establishment whose 1957 novel, The Black Cloud (about extraterrestrial invasion), had raised a few eyebrows and whose theories on the origins of life in the universe were regarded by some as verging on the crackpot. Fred Hoyle, however, was British and, what was more, was nothing less than the Plumian professor of astronomy at Cambridge University. He was a safe pair of hands—or so the British archaeologists thought.


One evening, while dining at St. John’s College, Cambridge, Hoyle’s friend, the noted Stone Age archaeologist and mystery writer Glyn Daniel, mentioned Hawkins’s book, Stonehenge Decoded. In a conversation that could only take place over the port and claret of an Oxford or Cambridge high table, Daniel asked Hoyle if he would check the astronomy in Hawkins’s book. Daniel reasoned that, since Hawkins had made (at least in the opinion of the establishment) such a hash of the archaeology, might not his astronomy be at fault, too? Curious, Hoyle agreed to take a look at Hawkins’s findings.


Hawkins’s book had been written in a popular style, and Hoyle, who specialized in popular writing himself and had suffered the inevitable jibes from colleagues for it, readily understood why Hawkins had fallen afoul of the British archaeological establishment. Forearmed to see beyond Hawkins’s rosy prose to the argument beneath it, Hoyle quickly confirmed Hawkins’s arithmetic. After reviewing the work as a whole, Hoyle commented simply, “it seemed to me to have a genuine ring of truth about it.”


Two parts of Hawkins’s reasoning were the most compelling to Hoyle: the ability of the station stones to predict the rising and setting positions of the moon through its highly complicated 18.61-year cycle, and the fact that Stonehenge would be useless if it had been built only a few miles north or south of its critical latitude. Hoyle “found it impossible to dismiss this property as a mere coincidence.”


Hoyle did take issue, however, with Hawkins’s theory about the Aubrey Holes. He could not see how Stone Age man could have calibrated the system. Despite the fact that one circuit of the fifty-six holes almost precisely equals three 18.61-year-long lunar cycles, Hoyle correctly reasoned that one rotation of a marker around the circle would not always coincide with the occurrence of an eclipse at Stonehenge. Digging deeper into the mathematics, Hoyle soon dis- covered that careful observation of moonrises, coupled with the use of the Aubrey Holes, would predict all eclipses, although not all of them would have been visible at Stonehenge.


Hoyle’s findings led him to conclude that the Aubrey Holes at Stonehenge comprised a Neolithic orrery that kept track of the positions of the sun and the moon in their endless orbital cycles as well as the major axis of the moon’s orbit. Hoyle had gone native; the Plumian professor was a Stonehenge astroconvert. Far from placating British archaeology, Hoyle’s agreement with Hawkins only further incensed the establishment. British archaeology, it seemed, suffered a catastrophic failure of imagination when faced with the prospect that Neolithic humans could comprehend math that the archaeologists themselves could not master. Hoyle, however, was a scientist and was not interested in the bleatings of numerically challenged arts graduates; he responded like the typically bluff Yorkshireman he was: “It is not speculation to assert that we ourselves could use Stonehenge to make eclipse predictions. We could certainly do so without making any substantive changes to the layout. While this does not prove that Stone Age men did in fact use Stonehenge for making eclipse predictions, the measure of coincidence otherwise implied would be quite fantastic.”


Nicely put.






THE FIRE OF HEARTH AND HOME


Let us turn to Stonehenge’s power source, Sol, the star at the center of our solar system. The scale of our sun takes some understanding. It is over one hundred times the diameter of the Earth and has a surface area almost twelve thousand times that of our planet. The solar prominences that regularly arc from its surface could easily swallow the Earth.


Sol is a solitary yellow dwarf of spectral type G2. There are seven categories of stars (O, B, A, F, G, K, and M), which refer to their different positions on the rather fearsomely named Hertzsprung Russell diagram. In 1913, Henry Norris Russell recognized the relationship between a star’s temperature (routinely measured by assessing its color) and its brightness. To demonstrate the relationship, he designed a diagram with brightness on one axis and temperature on the other. Sadly for Russell, it was such a good idea that it was hit upon almost simultaneously by the German Ejnar Hertzsprung.


The Hertzsprung-Russell (HR) diagram is a fundamental statement about the way most stars make their living, that is, by the atomic fusion of hydrogen to helium within the nuclear furnaces of their superdense cores. It is a neat trick, clean and very efficient, and has been the holy grail of nuclear energy enthusiasts since the heady days of the 1950s when a hydrogen bomb—an inefficient relative of a star’s interior—somehow became an interesting thing to test on the surface of the only habitable planet we know. The HR diagram demonstrates that stars are not randomly distributed in terms of brightness and temperature. They are confined to clearly defined regions on the diagram. The most important of these regions is the main sequence.


At the far lefthand side of the main sequence are the superhot, very bright, O-category stars. These stars usually have a surface temperature of 30,000 to 50,000 degrees C and are between twenty and one hundred times more massive than Sol. A good example is Alnitak, the left star in Orion’s belt. At the other end of the spectrum are the M-category stars with surface temperatures of less than 3,600 degrees C and a mass less than half that of Sol. These are the red dwarfs, and we do not have to look farther than our nearest stellar neighbor, Proxima Centuri, to find an example. O-category stars are like future Nobel Prize winners: hot, rare, and bright. M stars are the football players: cool, numerous, and dim. In between these types lie all the other main sequence stars. G-type stars like our own Sol lie toward the dimmer, cooler part of the middle of the series. Not all stars lie on this main sequence. Off in left field, fizzing with high temperatures but dim luminosities, are the white dwarfs. At the top right are the giants and supergiants, with cool temperatures but bright luminosities.


One of the most interesting things about the HR diagram, although not obvious when it was developed, is that it is fundamentally about time. The stars on the main sequence evolve along its length from faint red protosuns to collapsing red giants that lead to red dwarfs. The various parts of the main sequence have been given names to reflect this stellar evolution. Our sun is currently about halfway along the main sequence in the so-called horizontal branch. When you next look up at Alnitak, recall that you are observing a sun still in the special-care baby unit, and when you contemplate Proxima Centuri, think about assisted living. Like every one of us, stars are born, grow old, and die. Stars, like all terrestrial and extraterrestrial bodies, have unique life histories.
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The age of the solar system is broadly 4.5 billion years. In other words, this is the age of the sun, and the sun and the planets are the same age. But what was here before our solar system? The universe is 13 billion years old, so there was a long period before our solar system came into being.


More than 4.5 billion years ago, what would become the sun was part of a gas cloud with a diameter of more than fifty light years; compare this with the sun’s current size—a little more than one hundred times the diameter of the Earth. It was not a dense cloud and contained only a few thousand atoms per cubic centimeter. Even so, there was enough material to make several solar systems. This vast gas cloud was cold, only a few degrees above absolute zero, and existed in a fragile equilibrium, neither expanding further into space nor contracting in upon itself. But something happened to disturb this fine balance. It seems that one of the stars in our local group finally gave up the interstellar ghost and went nova. After billions of years of tranquility, the pace of life in our proto-solar system began to pick up. Within only a few thousand years, concentrations of atoms began to form clusters within this giant cloud at the same time as its temperature began slowly rising. It was one of these clusters, randomly drifting in the cloud of dust, that would become our sun.


Within 400,000 years, a time span infinitesimally small against the scale of astronomical or geological time, the cluster had contracted to a core one millionth its original size, still making it over four times larger than the size of the solar system today. The center of the core was beginning to heat up as the dust particles were forced into closer and closer proximity. As that happened, the core began to radiate energy and, in so doing, began to slow the capture of more dust particles. The core was now a protosun. After only a few thousand years more, our protosun collapsed to something the size of Mars’s orbit. The temperature had now reached 56,000 degrees C—the temperature at which atoms start to ionize—and the core began emitting a feeble red light. Our sun had arrived at the gates of the main sequence.


The contraction continued until the temperature was high enough to begin burning deuterium and forming helium–3,and the core ultimately reached the temperature at which hydrogen ignites. At that point, the protosun had become a star with a mighty fusion reactor burning fiercely at its center. During this stage, the sun was quite unstable, varying wildly in luminosity and surface temperature, but after 30 million years or so, its structure stabilized. The sun had started on its long journey across the horizontal branch of the HR diagram. At the present time, our sun is in its middle age, 4.5 billion years old and about halfway down the main sequence, with another 5 billion years to go.


What will happen then? When about 10 percent of the sun’s hydrogen has been converted into helium, the nuclear fusion reactions that currently power it will cease. The electrons and nuclei in the core will begin to break down, and the sun will enter the asymptotic, giant branch of the HR diagram. The present equilibrium between the pressure directed outward from the burning core and the inwardly directed gravitation will fail, and the sun will start slowly collapsing under its own weight. The interior fires will reach outward to find fresh reserves of hydrogen in the outer shell, which will ignite. The outer layers of the sun will swell vigorously, swallowing Mercury and roasting Venus and Earth. Ultimately, the helium-rich core will be unable to lose heat fast enough, and it will become unstable. Within just a few hours, the core will overheat and explode. The outer layers of the sun will absorb the core’s explosion, and the sun will now resemble a burning onion from which the center has been removed. The sun may repeat this cycle of contraction and expansion several times, but ultimately the carbon generated by these cycles will quench the core and prevent any further explosion. The outer layers of the sun, rich in helium, will continue to burn, and an intense solar wind will develop that will blow away the tattered fragments of the sun’s outer envelope. After about 30 million years, the sun will expand one last time, swallowing Venus and Earth and losing as much as half of its mass to the interstellar darkness. The core will continue shrinking under the influence of gravitation, and all the remaining matter will collapse into a small body about the same size as the Earth but weighing fantastically more. The sun will become a white dwarf.


As it dies this white-dwarf death, our sun will draw from its tiny remaining reservoir of energy and emit a faint, red-tinged yellow light. Its atoms will be packed together so tightly that further collapse is impossible; a lump the size of a sugar cube will weigh as much as an automobile. It will continue to cool until it becomes as cold as the interstellar space around it. A good example of a white dwarf is the dim star Sirius B, companion to the much larger and brighter Sirius A. Having returned to the cold of its birth, ultimately the sun will emit no light at all. It will cycle endlessly through the Milky Way as a carbon- and oxygen-rich black dwarf, which may eventually encounter another giant gas cloud and become involved in the birth of a new star, perpetuating the stellar cycle.






THE STARMAN OF PADUA


Our sun is currently in middle age, with all the usual accoutrements of that comfortable time of life; it is well regarded at the center of the community with nine or, given the demotion of Pluto, now eight kids, sixty-odd grandchildren, and a stable income of hydrogen. Yet the sun leads a turbulent life. From time to time, its roiling surface is pocked with enigmatic black marks—sunspots, or dark clouds—that mar the otherwise equable face of the master of the solar system. Sunspots have been observed for almost as long as the sun itself. In China, records of sunspots predate the birth of Christ. Although Western observations are not as well documented, it seems likely that the Greek philosopher Anaxagoras discerned them as long ago as 467 BC.


In Aristotelian cosmology, sunspots caused a problem because they seemed to fly in the face of orthodoxy. The heavens were supposed to be perfect, and the notion of blemishes on the face of the sun was perilously close to heresy. It is no surprise, therefore, that only the biggest heretic of them all would initiate their scientific investigation.


Galileo Galilei was born on February 15, 1564, in Pisa, Italy, on the shores of the Ligurian Sea. Privately tutored at a young age, by 1581 he had matriculated as a student of arts at the University of Pisa, where his father wanted him to study medicine. His father’s wish was a natural one—there was a distinguished physician in the family in the previous generation—but Galileo never took to medical studies, preferring mathematics and natural philosophy. In 1582 or 1583, Galileo encountered the mathematician Ostilio Ricci, who was to become a major influence on his life. Ricci successfully persuaded Galileo’s father to allow him to focus on mathematics rather than medicine, and by 1585 Galileo was teaching at Siena. The following year, he traveled to Rome to visit Christopher Clavius, a German Jesuit who was a professor of mathematics at the Jesuit College and whose most notable claim to fame was that he assisted Pope Gregory XIII in introducing the Gregorian calendar. In 1589, Galileo, who was quickly building an enviable reputation as a mathematician, was appointed to the chair in mathematics at the University of Pisa.


In 1591, disaster struck the family. Galileo’s father died, and the young scholar was faced with the prospect of supporting the family with his pitiful university salary. By 1592, he had landed a professorship of mathematics at the University of Padua for three times the salary he had received at Pisa. The subsequent eighteen-year period at Padua was later described by Galileo as the happiest of his life, and there is no doubt that it was his most scientifically fertile time. Galileo’s main duties were to teach Euclid’s geometry and the geocentric astronomy of the day. Ironically, his main audience was medical students who needed knowledge of the movements of heavenly bodies to assist them with astrology, a required part of their medical training.


At about this time, Galileo’s heretical bent began to assert itself. In 1604, he gave three public lectures on the subject of a new star that had appeared in the sky, a supernova. By far the brightest in the sky and rivaling Venus in intensity, the new star was first noticed on October 9, 1604, and was observed by the astronomer Johannes Kepler on October 17. Remarkably, it was the second supernova to have been observed in a generation, for Tycho Brahe had observed one in 1572.


Like Brahe’s supernova, Kepler’s supernova (now known as Supernova 1604, after the year of its discovery) is located close by, within the constellation Ophiuchus in our own galaxy and only some 20,000 light years from Earth. Brahe’s supernova, in the constellation Cassiopeia, is about twice the distance away, but both are our next-door neighbors in astronomical terms. Using parallax arguments, Galileo argued that Kepler’s supernova could not be located anywhere within the solar system. The problem with this conclusion was that it implicitly criticized the geocentric tenets of Aristotelian astronomy. Galileo had become a closet Copernican, following Nicholas Copernicus, the Polish astronomer who pioneered the view that the Earth is in motion around its own axis as well as around the sun. For Galileo, it was the beginning of a long and slippery slope that would lead him to Rome and, ultimately, the Inquisition.


In May 1609, Galileo received a letter from his friend, Paolo Sarpi, describing an extraordinary new instrument recently exhibited in Venice and created by a Dutchman named Hans Lipperhey. Galileo later wrote:




A report reached my ears that a certain Fleming had constructed a spyglass by means of which visible objects, though very distant from the eye of the observer, were distinctly seen as if nearby. [I applied] myself wholeheartedly to investigate means by which I might arrive at the invention of a similar instrument. This I did soon afterwards, my basis being the doctrine of refraction.





Although he did not invent the telescope, Galileo proceeded to build the one that would change history. By August 1609, after teaching himself how to grind and polish lenses, he had made an instrument vastly superior in quality to Lipperhey’s, one capable of a staggering eight or nine times magnification.


Galileo was on the verge of discoveries that would revolutionize astronomy. In fact, during the eight weeks of December 1609 and January 1610, Galileo arguably made more discoveries that changed our world view than anyone has ever made before or since. So important were these findings that, in May 1610, Galileo published his first major work in astronomy, Sidereus Nuncius (Starry Messenger). The book caused a sensation with its tales of mountains on the moon, a galaxy (the Milky Way) made up of countless trillions of seedling stars, and four small, previously undetected bodies orbiting the giant planet Jupiter.


In part due to his alliance with the Medici family, in June 1610, Galileo became the chief mathematician at the University of Pisa and Signor Medici’s personal mathematician and philosopher. At Pisa, Galileo became seriously interested in sunspots. He had already shown these dark regions on the sun’s disk to a number of his friends during a visit to Rome in the spring of 1611. Not until 1612, however, did he initiate a systematic study of them. He was stimulated to do so by the activities of another Jesuit mathematician from the University of Ingolstadt named Christoph Scheiner. Scheiner began studying sunspots seriously in October 1611, and his first paper on the subject appeared in January 1612. Because Scheiner was a Jesuit, he was anxious to preserve the Aristotelian view of the perfection of the heavens; sunspots could not be blemishes on the face of the sun but instead must be orbiting bodies.


Scheiner was friendly with Marc Welser, a member of an old established family in the Augsburg region of southern Germany, who had a great interest in natural philosophy and who owned his own printing press. Welser published Scheiner’s sunspot studies, and he sent a copy to Galileo in the winter of 1611. Soon afterward, Galileo suggested that sunspots were in fact marks on the surface of the sun or in its atmosphere rather than orbiting bodies. Although Scheiner agreed with many of Galileo’s other ideas on astronomy, he would not accept that sunspots were not orbiting bodies.


In August 1612, Galileo formalized his ideas on the nature of sunspots by performing a large number of observations at the same time of day. In this way, the sun’s orientation was standardized, and the motion of the spots across its disk could be easily discerned. Galileo’s observations were facilitated by an invention of one of his research assistants, Benedetto Castelli. Castelli had devised a method of projecting the sun’s image through a telescope, allowing its observation throughout the day and preventing the scourge of sun observers—eye damage.


Using Castelli’s method, Galileo noticed that sunspots change their shapes and sizes and often seem to appear and then disappear on the solar disk, making it impossible for them to be orbiting bodies. The clincher, however, was the rate of movement of the spots across the sun’s face. Galileo noticed that, although a spot took about two weeks to cross the sun, its rate of motion was not uniform. Specifically, the spot moved more slowly when it was near the edge of the sun than when it was near the center. Galileo correctly recognized this difference as a foreshortening effect. A spot nearing the edge of the sun is traveling either toward or away from you, and the resulting effect is of the spot moving more slowly across the disk of the sun. Conversely, when the spot is in the middle third of the sun, all its motion is lateral, and it appears to be moving quickly. This speedrelated foreshortening effect can only occur if the spot is at or very close to the surface of the sun; a planet, by contrast, would not appear to change its speed while moving across the solar disk.


Galileo’s three letters on sunspots were published in Rome in the summer of 1613, demolishing Scheiner’s theories and his Aristotelian beliefs.






THE LONE GUNMAN


The specter of global warming looms over us today exactly as the specter of nuclear holocaust loomed over everyone during the last century. Every day reveals more doom-laden scenarios as highly paid think-tank moguls and academics with an eye on their funding generate forecasts. Is it possible, though, that our ancestors, the same ancestors responsible for the exquisite positioning of the trilithons at Stonehenge, knew more about the importance of the sun than we do?


Galileo’s sun observations and discovery of sunspots laid the foundation for a debate that still rages today and is relevant to our current concerns about climate change. To what extent is the sun responsible for Earth’s climate changes? Why do periods of intense sunspot activity seem to correlate with warmer episodes on Earth, whereas periods of few sunspots correlate with cold periods?


Today we know that sunspots are areas of the sun’s photosphere—its visible surface—that appear dark because they are cooler than their surroundings. Of course, “cooler” is a relative term when considering the surface temperature of a gigantic hydrogen fusion furnace. Sunspots are variously sized, but all are huge, anywhere between 2,500- and 250,000-km across and typically 1,500 to 2,500 degrees C cooler than the average surface temperature of the sun, a staggering 5,400 degrees C.


The sun has a layered structure that rivals the Earth’s in complexity, although it lacks a definite surface. Its core is small (about 0.2 solar radii), dense, and very hot, with temperatures of up to 13.6 million degrees C. In contrast, the surface of the sun reaches temperatures of “only” about 6,000 degrees C. The core is where the main fusion reactions that produce the sun’s energy take place, generating an energy equivalent to 900 million megatons of TNT per second. The rest of the sun is heated by this energy, which travels outward through successive layers from the core. The zone immediately outside the center of the sun, between 0.2 and 0.7 solar radii, is called the radiation zone, where the solar material is still too dense to allow heat transfers by convection. Instead, in this region, as the name suggests, heat transfer is via radiation. Further out still, from 0.7 solar radii to the visible surface of the sun, heat transfer is via convection. After these massive columns of hot gas cool, they sink toward the top of the radiation zone, where they pick up more energy and the cycle renews. The cycling thermal columns of the convection zone impart a characteristic granulated appearance to the sun’s surface.


The visible surface of the sun is the photosphere, above which the sun’s energy is free to escape into space. Immediately above the photosphere lies a narrow band, about 10,000 km thick, known as the chromosphere. Here the temperature varies widely, with a minimum of 4,000 degrees C about 500 km above the sun’s surface, whereas in the transition region at the top of the chromosphere the temperature is almost 1 million degrees C. The name chromosphere means “color sphere,” a name derived from observations made immediately before and after an eclipse when its baleful red light is particularly noticeable.


Beyond the transition zone is the corona, which gives off the spectacular streamers known as solar prominences. The corona, too, has a complicated structure. The K-corona (or continuum corona) interfaces with the chromosphere. This vast region, about the width of the sun itself, is created by sunlight scattering off electrons. Outside the K-corona is the E-corona (or emission corona), which contains abundant calcium and iron, beyond which is the F-corona (for Fraunhofer), created by sunlight bouncing off dust particles.


Sunspots are areas where strong magnetic fields emerge from the sun’s surface. Sunspots usually occur in pairs of opposite magnetic polarity and are linked by loops of magnetic field that arc up through the solar chromosphere into the corona. The intense magnetic fields inhibit the convection of superhot material from the interior of the star, resulting in the lower temperatures that give them their distinct coloring.


The huge energy-creation processes within the sun generate strong electric fields that, in turn, create strong magnetic fields that extend far out into the solar system. Because the sun does not rotate at the same speed at the equator (about once every twenty-five days) as at the poles (about once every thirty-five days), the lines of the sun’s magnetic fields become twisted together into a complex shape known as the Parker Spiral. Close to the sun, these contorted field lines cause sunspots where they penetrate the sun’s surface, whereas away from the sun they bracket complex regions of space with differing magnetic polarity. The boundary between the differing magnetic polarities of the Parker Spiral in deep space forms a complex, rotating structure known as the heliospheric current sheet, which extends to the edges of the solar system.


Sunspots are complex beasts with an interior structure, a preferred habitat, and a disconcerting tendency to come and go in cycles. Larger sunspots have a central region known as the umbra, surrounded by a lighter halo known as the penumbra. In the umbra, lines of magnetic force tend to be vertically oriented, whereas in the penumbra, they are almost horizontal. Sunspots also tend to cluster within zones approximately thirty degrees north or south of the sun’s equator. A sunspot’s lifetime can be as short as a few days or, in the case of the larger spots, can persist for several months.


Many believe sunspots influence Earth’s climate either directly or indirectly by signaling a pending change in solar intensity. The cyclicity of sunspots has excited curiosity ever since it was discovered by Heinrich Schwabe in a series of observations he made between 1826 and 1843. Schwabe was born in the German town of Dessau, where he trained first as an apothecary before turning his attention to astronomy. Curiously enough, what led Schwabe to discover sunspots was his quest for a planet that he believed was orbiting inside the orbit of Mercury. Reasoning that it would be extremely difficult to observe this planet, Schwabe decided to look for a dark spot passing across the face of the sun. For the next seventeen years on every clear day, Schwabe scanned the face of the sun watching for a spot moving across it regularly that was distinguishable from all the other blemishes cluttering its disk. All he saw were the spots that had been known since the time of Galileo. During this epic search, however, Schwabe noticed what appeared to be a regular variation in the number of sunspots. In an 1843 paper, Schwabe published his findings and suggested that the frequency of sunspots increased and decreased in a cycle of about a decade.


It was a revolutionary paper that excited the Swiss astronomer and mathematician Johann Rudolf Wolf, director of the Bern Observatory. Wolf continued Schwabe’s observations and collated all the available data on sunspot activity from as far back as 1610, two years before Galileo’s famous paper that started it all. Using this extended dataset, Wolf calculated the solar cycle as 11.1 years. In 1848 he devised a way of quantifying sunspot activity that is still used today. The Wolfer Number (known more generally today as the International Sunspot or Zurich Number) assigns a single value via a simple equation to the number and size of sunspots currently on the sun’s disk.


It is not hard to see a relationship between sunspots and climate—the idea of a connection between the two is far from a new one. Indeed, in 1801 William Herschel (the Georgian astronomer who discovered Uranus in 1781) attempted to correlate the annual number of sunspots with the price of grain in London. During the northern hemispheric cooling known as the Little Ice Age (which lasted from 1450 to 1820), there were three periods of intense cold known as the Sporer Minimum (1450 to 1540), the Maunder Minimum (1645 to 1715), and the Dalton Minimum (1795 to 1820). Each of these periods correlated with times of few or no sunspots. The Dalton incidentally coincided with Herschel’s observations and may have prompted his 1801 study of sunspots and grain prices.


By about 1900, it was recognized that there might be a relationship between the cyclicity of solar variations (of which the number of sunspots is the most obvious) and the Earth’s climate. In America, Charles Greenley Abbot was assigned by the Smithsonian Astrophysical Observatory to investigate the relationship. So novel was the idea that Abbot had to start by inventing and building his own instruments to measure solar radiation. His efforts were worthwhile. As his research progressed, he discovered a number of cycles in the sun’s solar radiation output, some of which were related to the 11.1-year Schwabe cycle.


As the twentieth century progressed, the Schwabe cycle was recognized as, in fact, only the tip of a hierarchy of cycles, all apparently based on the 11.1-year period. The twenty-two-year Hale sunspot cycle represents the two Schwabe cycles needed to return the sun’s magnetic polarity to its starting point. But the Hale cycle also has its own peculiarities. For example, the polarity of positively and negatively charged regions on the sun’s surface is the same in each hemisphere, but the northern regions are reversed with respect to the southern ones. Furthermore, the magnetic polarities of sunspot pairs reverse in each hemisphere between sunspot cycles, and as each cycle progresses, the sunspots converge on the equator.


Beyond the immediate Schwabe and Hale cycles are other, longerterm cycles. The eighty-seven-year Gleissberg cycle is approximately eight Schwabe cycles or four Hale cycles. At lower frequencies, there appears to be a 210-year Suess cycle and a 2,300-year Hallstatt cycle (although confirmation of these only came with the advent of much longer-term analyses of sunspot cycles in fossilized wood).


Studies of weather station data between 1861 and 1989 show a very high degree of correlation between the number of sunspots and the mean annual temperature of the northern hemisphere. Strangely enough, there is an even better correlation between the length of the sunspot cycle (which according to modern measurements averages 10.8 years but which quixotically varies between 9.5 and 11 years) and mean annual temperature. Shorter cycles correlate with lower temperatures, and longer ones, with higher temperatures.


All this information thus begs the important question of the exact relationship between sunspot cycles and Earth’s climatic cycle and how it fits into theories of climate change. Clearly the transient darkening of the sun caused by sunspots is insufficient to reduce insolation and change Earth’s climate directly. It seems that the increase in sunspot activity is associated with an increase in solar radiation hitting the Earth because the regions surrounding the sunspots become more energetic. How this translates into climate change on Earth, however, remains conjectural.


What is not conjectural is that variations in solar output do affect the Earth, most especially in the stratosphere, part of the upper atmosphere. Times of high sunspot activity are highly correlated with times of high solar magnetic activity, which deflects cosmic rays from hitting the outer atmosphere. According to Henrik Svensmark, a Danish climatologist, fewer cosmic rays lead to a decrease in condensation nucleii in the atmosphere and, hence, a decrease in cloud cover and a corresponding increase in Earth’s surface temperature, for less sunlight is reflected away. The converse is also true. At the present time, the data suggest that sunspot activity warms the Earth’s surface to about the same extent as greenhouse gas emissions and on  about the same timescale.


A skeptic would say that such a statement is only as good as the data it is based on, and a well-informed skeptic would point out that the data only go back about as far as the last 150 years. This interval is far too short to make reliable estimates of the sun’s impact on geologically significant timescales—the only timescale that matters when considering questions of this nature.


Thankfully, we can augment the timescales of human observation by mining the rich terrains of archaeology and paleontology. In 2004, an important study was published in the prestigious journal Nature  that compiled data on the intensity of sunspot activity for the last 11,000 years (recall that Wolf had only managed to study as far back as the seventeenth century). The compilation was assembled using a variety of proxies for sunspot activity: specifically, the concentration of the isotopes carbon–14and beryllium–10 in tree rings.


The study of tree rings, dendrochronology, is an old but very elegant way of ordering the sequence of past environmental events. The number and width of tree rings are highly dependent on the environment in which the tree grew. During wet summers, trees experience greater growth, and correspondingly, tree rings are wider than during dry summers. The consequence of this dependence on the environment is that each tree or group of trees builds up a unique signature of tree ring morphology—the number and width of rings—that can be categorically identified. It is comparatively simple to join overlapping tree ring records from similar trees—say, the same species from the same forest—and assemble a continuous record of climate change far into the past. Using long-lived trees such as the sequoia, this technique can extend the record into the relatively remote past (several thousand years).


Dendroclimatology has been conducted in this manner for decades, but the advent of radiocarbon dating has made the system even more accurate by providing tie-points in time. The concentration of carbon–14 in the atmosphere correlates to sunspot activity. During times of low sunspot activity, more cosmic rays hit the Earth’s atmosphere because the solar wind is less and does not deflect them as much. This heightened cosmic ray flux correspondingly increases the production of cosmogenic isotopes (that is, isotopes such as carbon–14 and beryllium–10 that are formed by cosmic ray activity). Thus, during times of low sunspot activity, more carbon–14, for example, finds its way into living tissues and shows up in tree rings. The converse is also true: during times of high sunspot activity, the amount of carbon–14 incorporated into tree rings decreases.


The authors of the Nature study calibrated their scheme by comparing it with the known record of sunspot activity dating back to the seventeenth century and found a remarkably good match. On this basis, their eleven thousand-year record is likely to be right on the money, too. Through their research, the authors discovered that the past seventy years (until the present day) has been a time of anomalously high sunspot activity. Using Svensmark’s model, this might account for today’s higher temperatures, because high sunspot activity means fewer cosmic rays hitting the stratosphere, which in turn means fewer clouds and less reflection of sunlight. As a result, more solar energy hits the Earth’s surface, thereby warming it up.


Where does this leave the current debate about greenhouse gas emissions? It perhaps shows that human-produced greenhouse gases are only one side of the global warming equation and that, without considering the effect of sunspots, we will be incapable of understanding our climate. Although the jury is still out on these issues, there is no doubt that Earth’s climate is much more complex and influenced by much more than has been previously conceived.
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The sun has been the subject of many space missions since the beginning of the robotic age of space exploration in the late 1950s. The earliest probes were of the Pioneer series—discussed in detail later (especially in regard to Venus and the outer planets)—which made the first detailed measurements of the solar wind and magnetic field. In the 1970s, Germany and the United States collaborated on the two Helios probes that passed inside the orbit of Mercury and set the record for the closest approach to the sun. The NASA Skylab project, which used the surplus equipment left over from the Apollo program, provided scientists with new data about the sun, particularly on the structure of the transition region and the corona. In 1980, NASA launched its Solar Maximum mission to investigate solar flares and showed that, contrary to expectations, the sun is actually brighter during the sunspot cycle maximum.


Japan, a relatively new but important player in the exploration of the planets, launched its own mission to the sun in 1991 with its Yohkoh (Sunbeam) satellite. It was the first mission to observe solar flares at X-ray wavelengths and allowed scientists to describe several different types of flares and to show that the sun’s corona is far more active than had previously been thought.


The Solar and Heliospheric Observatory (SOHO) was a joint NASA/European Space Agency (ESA) project launched on December 2, 1995, which took up position at the Lagrange point between the Earth and the sun some months later (a Lagrange point is a spot in space where the pull of gravitation between two objects is equal). What was originally planned as a two-year mission has now operated successfully for over ten, and SOHO has become a major source of space weather data related to changes in the sun’s activity.


The joint ESA/NASA Ulysses probe was launched in 1990 to study the sun’s poles. It showed that the sun’s southern magnetic pole is much more dynamic than had been predicted and that its location is not fixed.


The Genesis mission, launched in August 2001, was the first to attempt to recover a sample of solar wind, the stream of charged particles ejected from the sun. For three years the spacecraft’s collector arrays were extended to capture particles of the solar wind and were then stowed in a return capsule for the journey back to Earth. A drogue parachute failed to open properly, however, and the spacecraft crashed into the Dugway Proving Ground in Utah at almost two hundred miles per hour. Amazingly, some of the collector arrays were apparently undamaged and are currently undergoing investigation. It may be possible to salvage the mission’s science after all.
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Our knowledge and understanding of the sun has come a long way since our remote ancestors dragged colossal stones from Wales to Stonehenge in their attempt to understand local astronomical and solar cycles. Today, the new science of archaeoastronomy strives to interpret and extend Hawkins’s and Hoyle’s Stonehenge findings. It now seems certain that stones at Carnac in Brittany are even older (ca. 4,500 BC) than those at Stonehenge, and there are other important megalith sites at Newgrange in Ireland, Pentre Ifan in Wales, and Fossa in Italy. The Big Horn Medicine Wheel near Sheridan, Wyoming, was constructed fifteen hundred years before the birth of Christ, yet the spokes of the wheel are oriented to pinpoint the date of the summer solstice as well as the positions of the stars Aldebaran, Rigel, and Sirius. The great pyramid at Giza in Egypt, as well as the Inca temple at Machu Picchu, seem to have astronomical significance as well. To these ancient civilizations, the sun was the centerpiece of the universe, and as we face the challenges of understanding the Earth’s future, we should not forget that wisdom.
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