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PREFACE
I am neither a specialist in solar physics and astronomy nor a historian of science. My field of expertise is particle astrophysics—more specifically, the study of ultra-high-energy cosmic rays, which include the highest energy subatomic particles in the universe. These extreme energy events are very rare and are difficult to capture. They are most likely produced in distant galaxies that harbor supermassive black holes at their centers. Studying these particles requires the construction of enormous arrays of detectors spread over hundreds of square kilometers and the development of very sensitive telescopes to detect the faint fluorescence produced by the particles. The two main observatories are the Telescope Array located in the western desert of Utah and the Pierre Auger Observatory near Malargüe, Argentina. There is a kind of “background hum” in these detectors—a steady rain of much lower energy particles, many of which come from our Sun, this relatively docile beast in our cosmic backyard. It emits low-energy particles copiously, but from my perspective, these just added to the noise we had to dig through to get to the interesting events.
I changed my mind about the Sun while on a short sabbatical leave from the University of Utah, spending time at the University of Adelaide in Australia. Adelaide, a beautiful city on a bay with a Mediterranean feel to it, has a university known for its astronomical and cosmic ray research as well as a fine wine collection in the very pleasant open-air faculty club. It looked as though it would be a relaxing few months.
A few weeks after arriving, I happened to wander into the university library stacks and randomly pulled out a few books in the astronomy section. These turned out to be on the Sun—an area of astronomy I was not very familiar with. For the rest of my sabbatical, from morning till night, I found myself hooked and immersed in the science and the history of the science of the Sun—the phenomenon of sunspots in particular. I had had some vague ideas about these solar blemishes, but the more I read, the more fascinated I became. The Sun turned out to be a huge laboratory for the study of magnetic effects in a super-hot plasma gas. This laboratory was spinning on its axis, and it had a beat to it—a kind of clock, if you will. The clock manifested itself in the appearance of sunspots, growing and waning in number every eleven years or so.
But that was not the end of the story. A sweeping wind of particles, pulsing with the same beat as the sunspots, impacted Earth and the other planets of the solar system. On occasion, enormous storms on the Sun would send hurricanes of these particles toward Earth, wreaking havoc with compasses, communication satellites, even the power grid, and increasing radiation to dangerous levels. Why would a giant rotating ball of hot gas behave this way?
I began to think that this story could be a great unifying idea for an introductory science course—one dedicated to nonscientists. As a graduate of the University of Chicago in the 1960s, I had fond memories of the general education courses we were all required to take (this was still the legacy of the Hutchins Great Books era)—in particular, Karl (Jock) Weintraub’s section of the History of Western Civilization. To be putting together science, the history of ideas, and a little philosophy seemed both nostalgic and bracing after decades of doing pure science. There were so many stories and philosophical issues in the history of our understanding of the Sun. Appreciation of the reality of sunspots turned out to be entangled with major cultural shifts: the ancient Greeks and Chinese, the rise and dominance of Islam, the power of the Catholic Church, and the beginnings of a truly empirical science all played a role. Tracking the story of sunspots in different cultures through history could be a way of bringing together seemingly disparate areas—science, philosophy and religion, and the rise and fall of cultures and civilizations. And there was a whole panoply of personalities, some famous and others less well known.
In the following year I developed the curriculum for Liberal Education 141: The Clock in the Sun. I wrote extensive course notes, since no appropriate textbook existed. I taught the course for a number of years, learning to adapt to the new generation of undergraduates, who were not just younger versions of myself. Years later, after retiring from the University of Utah and coming across my course notes, I realized that they could be turned into a real book, aimed at the general reader with an interest in science and its history. I was very pleased that Columbia University Press was interested in my initial proposal. This was a particularly welcome association because my first real scientific job was a postdoctoral appointment at Columbia University’s Nevis Laboratories. I was an assistant professor in the physics department from 1975 until I left for the University of Utah in 1981. My time at Columbia laid the foundation for my future work in particle and astroparticle physics, so it seems fitting to close my career with this publication at this press.
The book is organized chronologically but not pedantically so. The first five chapters, covering solar science in medieval China, Europe, and the Islamic empire, follow a historical order. This material does not require much prior knowledge of physics or astronomy. The emphasis here is on how cultural influences affected the development of ideas about the Sun. In some instances, these influences made it virtually impossible to reach correct conclusions. A secondary theme is the porous nature of the boundaries between what seem at first sight isolated, antithetical cultures. The movement of information and scientific ideas from culture to culture and their modification as they traveled across the ancient world can be readily seen in the microcosm of ideas about the Sun. In recent years there has been a growing realization of the importance of astronomy in the Muslim empire, not just as a transmission and preservation of Greek scientific ideas but as highly original in itself. Arab astronomers even played a role in the development of astronomy in ancient China.
With the arrival of the Renaissance and the towering figure of Galileo, we reach the beginnings of the modern scientific worldview. With detailed telescopic observations, the study of sunspots becomes more quantitative, culminating in the discovery of the solar cycle. Different aspects of solar science now begin to develop an independent history. The science of sunspots also needs to be spelled out in much more detail, and individual chapters become more thematic, dedicated to particular aspects of solar astronomy. I have tried, as much as possible, to keep to a historical chronology within each thematic chapter, but inevitably there are time jumps and repetitions, for which I beg the reader’s patience.
The discovery of the solar cycle coincided in time with the realization that there was another tide in the affairs of men—the business cycle. Because both cycles seemed to have the same period, rampant speculation on whether and how they could be related ensued. Several chapters are devoted to ideas about the possible relationship between solar activity and economic cycles, whether mediated by the supposed solar effect on weather or by other factors. While most of these ideas turned out to be dead ends, they did lay the foundation for ideas about the possible effect of solar variations on climate change.
I would like to thank the physics department of the University of Adelaide for their hospitality during my sabbatical. Particular thanks go to Bruce Dawson and Roger Clay for making our family feel very much at home. This visit began the nearly two-decade gestation period for this book—it would not exist otherwise. I would also like to thank my Utah students who sat through that sometimes-rough experiment. Their questions and enthusiasms helped me focus and refine the material you are about to read. The librarians at the Stanford rare book room and the University of California, Berkeley libraries were extremely helpful in pointing me in the right direction in my historical research. I would like to thank Miranda Martin, my editor at Columbia University Press, for her support and encouragement for this project through some difficult Covid times. Jamie Zvirzdin contributed valuable writing advice as well as detailed editing. Julie Callahan did a wonderful job at cleaning up many of the illustrations. Finally, heartfelt thanks to Susan Sokolsky for her careful reading, editing, and perceptive comments, which produced a much clearer and more coherent narrative.



INTRODUCTION
The year is 1364. Central Russia is in the grip of the worst heat wave in memory. Parched earth and lifeless, brown vegetation are everywhere. Streams are dry, and lakes have turned to caked mud. Fires have been burning for miles around the monastery. The sun, bloodred and huge, sets on the horizon, turning the smoke-filled sky to a ghastly yellow glow. It is a time for omens.
A chronicler monk walks slowly through the fields by the monastery. He thinks over what he knows: the incessant pressure from the Mongol emissaries of the Golden Horde for tribute; the heat, the fires, the failure of the crops, and the black plague wiping out whole villages in the countryside. All these have demoralized the population and pushed it to its limits. And why this scourge of a disease sent from God, for what mysterious purpose?
The chronicler gazes up through the smoke. The thick haze means that he can stare, unblinking, directly at the sun. He stiffens, recognizing that something is out of the ordinary. There, in the sun, is a sign, a black spot—an omen that can bring no good.
Thousands of miles away, on another side of the globe, the Chinese court astronomer walks onto the platform of the royal astronomical observatory in time for the daily survey of the sky for omens, a way of searching for signs that the yin and yang are out of balance. There is ample reason to think so. The emperor, for more than a hundred years, has not been truly Chinese but a conqueror, a Mongol, a descendant of Genghis Khan. He rules over an increasingly restive populace. There are peasant rebellions and disorder everywhere. The astronomer looks out through the thick morning haze of Beijing at the rising sun and grunts in satisfaction. There, on the sun, he sees the long-awaited omen—a black spot. He hurries to report his finding to the court chronicler. The universe is indeed out of balance: the time for change has arrived.
Two different cultures, both oppressed by a common conqueror; two coincident observations of a portentous astronomical event, recorded in two historical chronicles. Almost eight hundred years later, the appearance of these black spots on the sun is still being recorded, and we are still endeavoring to discover what meaning they have for human life on Earth.
The Sun is a constant presence in our lives. We are secure in its proximity even when it is hidden behind clouds. Its changing pattern of rising and setting throughout the year causes us no concern, though for some, lack of sunlight in the winter can affect the psyche. We know the Sun as a steady source of heat and light, and though the details of the nuclear fusion processes that power its core have become familiar to only a tiny fraction of people on the globe, we accept as a fact that the Sun will continue to shine upon, power, and provide for our civilization for a long, long time—basically forever, in human terms.
It has not always been so. What did our ancient forebears think about the whereabouts of the Sun when they woke up to a cloudy day? We know from legends and stories that they worried about where the Sun went at night and that they personified it as a god or spirit, as they did with all the important celestial objects. Doubts and fears about the Sun’s return from the underworld or its possible annihilation in the depths of winter ran deep within the collective mind of ancient cultures. The Aztecs, Toltecs, and Mayas of Central America developed a cult of sacrifice to the Sun god to ensure that the Sun would rise again. Druids at Stonehenge held rituals at the winter solstice to keep the Sun from disappearing forever. All these rites and rituals have their echoes throughout many cultures of the world.
The ancient dread of a departing Sun reemerges, in the European Romantic period, in this poem by Lord Byron:
I had a dream, which was not all a dream,
The bright sun was extinguish’d, and the stars
Did wander darkling in the eternal space,
Rayless and pathless, and the icy earth
Swung blind and blackening in the moonless air.
Morn came and went—and came, and brought no day;
And men forgot their passions in the dread
Of this their desolation; and all hearts
Were chill’d into a selfish prayer for light . . .1
We have venerated the Sun as the giver of warmth and light from earliest times, yet among astronomical objects it is the only one whose retinal image blinds. The Sun is an invisible god, precisely because its presence is so overwhelming. It is not a far stretch from this to Exodus 33:20: “You cannot see My face; for no man shall see Me, and live.”
The Sun’s daily and yearly cycles set the stage for our sense of time. Its dimming presence in the depth of winter generates fears that are still deeply ingrained in our minds and actions. The solstices and equinoxes produced by the Sun’s apparent motion in the sky form the basis of our agricultural calendar and might affect our economic cycles. Only in recent centuries have humans created ways to peer directly at it. Behind that awful radiance they found no perfect divine body but one that had structure, variability, and imperfections. An imperfect god is hard to live with. A revolution in technology and in the scientific conception of the world had to occur before such a blemished Sun could be accepted.
If the Sun were a real god, it could be venerated and propitiated by appropriate ceremonies. People had a sense of agency, some way to affect the powers of the universe. And the Sun’s immense importance in life was an invitation to associate it as a powerful symbol of the ruler, be it king or queen, head priest, pharaoh, or emperor. We need only look at the reign of Amenhotep IV in Twentieth Dynasty Egypt. He proclaimed an essentially monotheistic religion centered on the Sun god Aton (or Aten) and then established himself as the god’s representative on Earth. His power flowed directly from the Sun, as described in the following record:
Thou appearest beautifully on the horizon of heaven,
Thou living Aton, the beginning of life!
When thou art risen on the eastern horizon,
Thou hast filled every land with thy beauty.
Thou art gracious, great, glistening, and high over every land;
Thy rays encompass the lands to the limit of all that thou hast made. [. . .]
At daybreak, when thou arisest on the horizon,
When thou shinest as the Aton by day,
Thou drivest away the darkness and givest thy rays.2
Ancient Greek philosophers and astronomers, though they viewed the cosmos in ways closer to modern understanding, still held on to a separation between the earthly and the heavenly. It is not hard to see why Aristotle made the Sun, planets, and stars out of a perfect and unchangeable substance, completely different from what Earth and its atmosphere are composed of. The perfect celestial spheres proclaimed permanence and eternal harmony—a secure universe centered on us. Consider, then, the impact of the empirical and emotional challenge of Galileo and others who, armed with telescopes, proclaimed mountains on the Moon, spots on the Sun, and change everywhere. They were met by harsh resistance. The Sun was still identified with God’s seat in the universe. Assigning imperfections to such a body was indeed impious.
One way to deal with fear of change (in this case the disappearance of the Sun) is to personify and deify the Sun. On the one hand, this allows the possibility of a “conversation” with the god, a way to plead, propitiate, and thus ensure stability. On the other hand, a perfect deity remains eternally unchanged without having to be propitiated. Not only does the discovery of solar blemishes revive the ancient fears of change, but, as Galileo showed, the existence of sunspots is a strong argument for the Copernican system, which further moves us from a central position in the universe.
But what were these imperfections—the dark spots that came and went on the solar surface? Were they openings in the Sun’s atmosphere that offered a glimpse into a dark interior surface world where new forms of life might exist? Was the Sun another planet like Earth, and if so, could life exist on it? If so, the universe suddenly looked to be a very populous place. But then a pattern to the appearance of these sunspots became apparent. Their number rose and fell with an approximate eleven-year period, in apparent synchronism with some of the most mysterious occurrences on Earth: auroral displays sometimes extending down to the equator, magnetic anomalies producing perturbations in the normally steady alignment of compasses, and even magnetic storms.
And what about the pattern of the weather? Was it too in some way affected by these spots? Were they an indicator of a periodic dimming of solar energy? If so, perhaps this could be related to variation in agricultural fertility and to business productivity as well. When the reality of a business cycle was first discerned in the early nineteenth century, there appeared to be an eleven-year cycle in phase with the Sun’s. Is synchronicity evidence of causation? And should the Times of London publish the daily sunspot number on the front page, as proposed by the nineteenth-century economist William Stanley Jevons?
Over the centuries, our evolving understanding replaced a perfect celestial being with an enormous spinning ball of glowing plasma interlaced with magnetic fields. These fields weave themselves into bundles that punch through the solar surface and produce sunspots, their number ebbing and flowing every eleven years or so. The Sun produces a wind of particles whose strength is tied to this cycle. This “clock” thus affects Earth through the interaction of the solar wind with our magnetosphere. The sunspot cycle can also be considered a luminosity cycle. Earth’s irradiation by solar energy has a faint eleven-year cyclical imprint. Can this affect our weather? Since the nineteenth-century description of the solar cycle, there have been innumerable attempts to tie it to everything from the weather in India to the British business cycle, stock market fluctuations, and even emergency room admissions. The human mind is primed for finding patterns. Sequences with a similar period impel us to suppose a causal connection.
If the solar sunspot cycle is like a clock, more catastrophic asynchronous events also occur on the Sun—particularly at times when the number of sunspots is at a maximum. These events, known as coronal mass ejections, solar energetic particles (SEP), ground level enhancements (GLE), or sometimes just solar storms, can wreak significant havoc on Earth. They can disrupt communications and power transmission—even increase radiation exposure for airplane passengers and crew. They can be lethal for astronauts. If the sunspot cycle is like a clock, then these events are like the alarm bell, triggered by the solar cycle, but with an unpredictable “loudness.” We have recently discovered that the Sun and other, sunlike stars are capable of “super storms.” Once every few hundred to a thousand years, the impact of such an incredible solar storm will hit Earth with such intensity that the results for our highly technologically dependent civilization could be catastrophic. As humans trek to outer space and other planets, understanding these encounters will become more and more important.
We know a great deal about the Sun: the nature of its enormous energy output, driven by nuclear fusion; the composition of its intensely hot core and cooler surface. We know something about its internal magnetic field structure and how the recombination of magnetic fields produces the violent eruptions we call solar flares. We know about the flow of particles from the solar corona and the streaming solar wind into space. When this flow finally reaches us, it envelops our Earth and ties in with our own magnetic field in a cradling magnetic cocoon. But the basic mechanism driving the solar cycle, whose timing underlies many of these solar phenomena, remains mysterious. The maximum number of sunspots during a solar cycle varies significantly from cycle to cycle, and there have been extended periods when very few sunspots existed at all.
At the same time, we understand ever more clearly how closely Earth and the Sun are linked through the flow of energetic particles and magnetic fields. Earth’s magnetic field links with the Sun’s so that occurrences on the solar surface are reflected in Earth’s atmosphere, affecting radio and cell phone communication and in extreme cases disrupting the electric power grid. The solar wind also acts to block the flow of cosmic radiation from outside our solar system. As the Sun’s activity dies down, more energetic cosmic ray particles reach Earth, affecting our satellites and increasing radiation exposure for astronauts. These particles even affect the stability of the memory chips in our personal computers and cell phones. The Sun and Earth truly form an ecological system that is far more complex than our daily experience of solar heating of the atmosphere and the day-and-night cycle.
How did civilization move from a divine image of a sacred Sun to the Aristotelian cosmos of the Greeks to our modern scientific view? This is the story of the history of the Sun and its spots from their earliest recorded observations by the ancient Chinese, through the Middle Ages in Europe and the Middle East, to the first truly scientific observations in Galileo’s time and onward to the present. This common thread will touch on many aspects of civilizations, from the rise and fall of ancient empires to the great philosophical and scientific debates of the late Middle Ages to the industrial revolution and the rise of capitalism in the nineteenth and twentieth centuries. In the process, we will discuss the great scientific controversies that form the background to the story. There are many themes and connections in the history of science that resonate beyond the narrowly technical or purely scientific. Few have had such an impact as the story of these spots and the associated growth of understanding of the role that our Sun plays in human life on Earth.



1
SUNSPOTS AS OMENS
Russian and Chinese Observations
Sunspot records in the West (Europe and Russia) begin in the Middle Ages, but they are sparse, with often unclear descriptions. Were they really sunspots or some other phenomenon? There is one instance, however, of a clear agreement of observation—fourteenth-century records in Russia, which coincide with Chinese astronomical observations.
WHAT THE MONK SAW
Copies of original chronicles kept by Russian monks in the Middle Ages have been preserved. The most complete of these is a massive compendium put together by the sixteenth-century head of the Russian Orthodox Church, the Metropolitan Nikon, known as the Nikonian Chronicle. In the entry for the year 1364, we read: “There was a portent in the sky. The Sun was the color of blood; and black spots were on the Sun and haze remained half the summer. Then there was a great heat and it was so hot that the forests and marshes burned, and the rivers dried out. Some watering places dried out completely and everyone was terrified, alarmed and greatly aggrieved.”1
Less than a decade later, in 1371, there came an even more alarming set of omens:
The same fall there were many portents in the skies: for many nights people saw a manner of pillars in the sky, and the sky was red as blood. The sky was so red that the Earth and the snow were as red as blood, and this happened many times. The Earth, water and houses all looked bloody, even before it snowed. And when it snowed, the ground covered by snow, looked like blood, and people walking about looked as red as blood; but as soon as one would enter a house or church he no longer looked red in the least. This portent presaged forthcoming great grief—invasion, war and bloodshed, fratricidal feuds and blood-letting.2
And again in 1371 we read: “There was a portent on the Sun. There were black spots on the Sun which looked like nails and there was such deep darkness that people could not see two yards ahead of them . . . and birds in the air could not see but would fall to the Earth from the air. And so the beasts such as bears, wolves, foxes and others—which could not see—would walk into the towns and cities, mixing with people.”3 This is a classic description of a conjunction of naked eye sunspots with the aurora borealis occurring at the maximum of the solar cycle.
The Russia of these medieval chronicles was a country under the control of the powerful and ruthless Mongols of the Golden Horde. The Mongols, originally a set of nomadic tribes living in what is now Karakorum in Mongolia, moved beyond internecine warfare with the accession to power of Genghis Khan. He unified these tribes under his command, and at a tribal council in 1206, they decided to conquer the world. Remarkably, the Mongols set out very methodically to do just that. By 1215 Beijing had surrendered, and the Mongols controlled China. Russia experienced its first Mongol raid in 1223. By 1237 the Mongols had overwhelmed most of Russia, and they kept control in large measure until 1397.
The Mongols could have continued their westward conquests and possibly conquered all of Europe. Their ascendance on the battlefield was partly technological and partly tactical. They had developed extremely powerful bows capable of shooting armor-piercing arrows. Medieval European knights also found themselves outmaneuvered. The horde was the finest light cavalry then in existence. Riding small, fast horses, they lived off the land, struck like lightning, and took no captives. They decisively won several major battles against the Teutonic knights and Polish armies.
In addition to tactical military and organizational advantages, the Mongols had help from Mother Nature. Recent evidence uncovered from tree-ring data (see chapter 9) shows that the climate in the largely arid area of Mongol influence became significantly wetter around this time.4 This would have produced an unusually rich food supply for cavalry horses and enabled the Mongol armies to extend their ability to live off the land and sweep across it with ease. As we will see, the consolidation of Mongol control over a vast area had important implications for the transfer of scientific, particularly astronomical, knowledge.
Throughout this difficult period, the Russian Orthodox Church played a vital role in maintaining a sense of unity and continuity of culture in Russia. Political power was split among often warring rulers of such principalities as Moscow, Novgorod, Pskov, and Kiev. But there was also a great interest in monasticism during this time, and many now-famous monasteries were founded.
Monks appointed to be the official chroniclers recorded all kinds of events of interest: political, social, natural, as well as religious. The Russian church was based on Byzantine Orthodox Christian traditions, which had no special teachings about the sky and the heavenly bodies. There was not much interest in what we would now call natural science, but there was a great deal of attention to atmospheric and astronomical events as omens of things to come. Perhaps the clearest expression of this can be found in an entry in the above-mentioned Nikonian Chronicle: “when there are portents in the sky, in the stars, on the Sun on the moon or anywhere else, then no good, but only evil, will occur. These bad portents are manifested with the purpose that people forsake evil and return to the Lord God and repent. Such portents foretell hunger, death, invasion by enemies, or fratricidal feuds and wars.”5 Given the dire historical period, there were plenty of opportunities for coincidence between such omens and human suffering.
WHAT THE COURT ASTRONOMER SAW
Eastward across the Eurasian continent, China was in the grip of the great rebellion that would topple Toghan Temur, the last Mongol emperor to rule in the Yuan dynasty. This was the beginning of a series of blows to the Mongol Empire. In 1370 the Chinese warrior Chu Yuan-Chang founded the Ming dynasty and reestablished the traditional mandarinate and titles of nobility that the Mongols had usurped. China was again ruled by a Chinese emperor.
Chinese court astronomers watched the sky daily and noted their observations in records that date back to 2000 BCE. They reported, through the astronomer royal, directly to the emperor. Their role was vitally important because the legitimacy of the emperor’s rule depended on harmony with the powers of heaven. An imbalance in this harmony manifested itself through omens seen in the sky (eclipses, comets, new stars, sunspots, and meteorological phenomena). All these could have a direct bearing on the future prosperity of the ruling family and the country. In this time of change, with the overthrow of the Yuan dynasty founded by Genghis Khan, the court astronomers would naturally be even more alert for signs indicating whether the balance of the universe was being disturbed.
Their well-preserved records exist in the court manuscript of the time, the Ming-shih Chih. Sunspots are reported on January 1, October 2, October 21, and December 7 of 1370. We read that on January 1, 1370: “Within the Sun, there was a black spot.” Similarly for the period December 1370 to January 1371, we read: “In this month within the Sun, there were frequently black dots.”6 The same phenomenon recorded by chance by the Russian monks (most likely because of the unusual instance of observing the Sun with the naked eye due to the smoke and haze from forest fires) was also seen by the much more systematic observers of a totally different culture.
The Chinese astronomical records extend to the seventeenth century CE. They represent an independent Chinese view of the cosmos and include about 150 reports of sunspots. The court astronomers were most likely able to observe the Sun with their naked eyes when it was low on the horizon, at sunrise and sunset, aided by the high frequency of haze in the Chinese capital and outlying areas. Some science historians have speculated that they may also have used translucent jade or smoky quartz as filters to protect their eyesight.
The lack of reports of sunspots during certain periods in the Chinese record raises interesting questions. From 1200 to 1360 and from 1400 to 1600, for instance, we find a total absence of such appearances in the Chinese court manuscripts. We now know that the frequency of sunspots is a measure of solar activity. If the Chinese record can be trusted, these episodes could support the case that the Sun’s energy output varies with time. In turn, the state of the Sun is connected to the state of Earth’s atmosphere both through the impact of direct irradiation and the outflow of electrons and protons from the Sun into space known as the solar wind. Remembering the reports of intense heat in the Russian chronicles, could this have influenced the weather?
The coincidence of reports from two cultures as disparate as Russia and China makes the reality of these historically remote observations much more convincing. Both cultures had long-established traditions of attention to unusual events in the sky, though the Chinese were much more systematic about it. In fact, the reported observations of solar and lunar eclipses in the chronicles of both cultures can be verified using modern astronomical information, and they are largely accurate.
Additionally, we have astronomical records from Korea. The Korean observations begin in about 1150 CE and overlap the Chinese observations up to the seventeenth century. They too show coincident observations of sunspots, with a gap from 1220 to 1350 and an abundance of observations around 1370. Taken as a whole, the Korean, Chinese, and Russian observations all appear to indicate that sunspots big enough to be visible to the naked eye occur with greater likelihood during certain periods. Long (roughly hundred-year) intervals pass when there are no reports of such observations at all. As striking as this seems, it has such important implications for our understanding of the Sun that more careful vetting is required.
HOW OBJECTIVE ARE THE CHINESE REPORTS?
Since sunspots are by nature ephemeral, the reliability of Chinese astronomical observations is best checked by studying the record of eclipses, because these can be accurately calculated backward from the present using the known laws of planetary and lunar motions. As far back as the Shang dynasty (seventeenth to eleventh century BCE), oracle bone inscriptions indicate many reports of astronomical observations, including eclipses and sunspots. This kind of divination became established as the most reliable way that heaven communicated with man.
The ancient Chinese astronomers originally viewed eclipses through the lens of Taoism. That philosophy saw the changing phenomena of the world as resulting from the intermixture of two basic elements, yin and yang. Change occurred as one element became dominant over the other. The Taoists believed that the Sun’s radiance was the yang and the Moon’s yin. In an eclipse, the yin overcomes the yang. The scholar Kan Te, in the Khai-Yuan Chan Ching, even suggested that sunspots were incipient eclipses—small bits of the yin overcoming the yang.
According to the Shu Ching (the so-called Historical Classic), eclipses were first recorded in China in 3000 BCE. The first total eclipse recorded in the Shih Ching, or Book of Odes, occurred in 734 BCE. Six additional lunar eclipses and one solar eclipse were identified in 1361, 1342, 1328, 1204, and 1217 BCE.
A more modern view of solar eclipses was largely established by the first century CE. Wang Chung proposed that during an eclipse the Moon, being closer to the Earth, covers the Sun.7 Similar ideas were proposed by Liu Hsiang (circa 20 CE) and Chang Heng (120 CE). They recognized that the Sun emits light while the Moon reflects it, in the same way that water does. The Moon appears bright because it faces the Sun, but it has a dark side as well. The Moon can eclipse the Sun in the same way that the Moon can be eclipsed by the Earth. Planets have the same nature and reflect light from the Sun.8
Joseph Needham, the great Western historian of Chinese science, reports a description of a solar eclipse showing truly remarkable insight for its time. In 1221 CE, a certain Chin Chang-Chun was traveling from Beijing to Samarkand to visit Genghis Khan. He observed a total solar eclipse along the way. He noticed that descriptions of the eclipse differed in the towns along the route: some reported total darkness and others only a partial covering of the Sun’s disk. Putting this information together, he came up with what must be the first accurate description of the path of an eclipse along the Earth’s surface. Any particular eclipse can be seen only from certain parts of the Earth. It will look different in different areas, going from totality to a minor partial eclipse. Chin wrote: “It is just as though one covered a candle with a fan . . . in the direct shadow of the fan there is no light but the farther one moves to the side, the greater the light becomes.”9
All this is to show that by the first millennium CE, Chinese court astronomers were sophisticated and accurate in their observations. But there were certainly periods when astronomical observations were not deemed as important, and observational accuracy suffered. The nature of the justification for the existence of an astronomer royal and the associated astronomical bureau could make the position a political hot potato. Could this have influenced the surviving astronomical record?
THE MANDATE OF HEAVEN
The ideology underpinning the importance of astronomical observations was the notion of the Mandate of Heaven. The emperor’s rule and heaven were intimately connected. The role of astronomy was, as stated by the first-century-CE historian and astronomer Sima Qian, “to explore the boundaries between Heaven and man, to comprehend changes old and new, and finally to form a total perspective of the cosmos.”10 The emperor’s rule on Earth reflected the particular balance between yin and yang that characterized his reign. Dong Zhongshu of the earlier Han dynasty put this most succinctly: “The interaction between Heaven and Man is awesome. If the ruler governs the country inappropriately, heaven will issue disastrous events to warn him. If he does not amend his behavior, heaven will again issue strange events to terrify him. If he still does not change his ways, calamity will come.”11
Unexpected changes in the balance of heaven and Earth would bode ill for a ruling family. Because sunspots, eclipses, and other astronomical events were considered to be warnings from heaven, it is conceivable that during unpopular reigns, astronomical omens were fabricated to put pressure on the government. Needham reports that during the reign of the actively criminal empress Kao Tsu (she was particularly hated for torturing and executing two important court officials, as well as for exterminating all their family members), eclipses were recorded (in 186 BCE) that in fact could not have occurred. Conversely, real eclipses and other events could have been observed but not noted down during popular reigns in order to protect a ruler. There were plenty of reasons for bias in one direction or another. Before drawing firm conclusions, the Chinese records need to be cross-checked whenever possible.
Chinese astronomers had no philosophical issues with change and imperfection in astronomical bodies. Indeed, Chinese naturalism emphasized an organic universe governed by the Tao and placed few preconceptions on the nature of the Sun or other astronomical bodies. The balance of yin and yang continuously readjusted itself and produced the flow of observed phenomena. Change was inevitable. Such beliefs were in stark contrast to the much more orderly and static worldview inherited from the Greeks that prevailed in most of the West during this time and considered dogma by Catholicism.
But what about sunspots in particular? Chinese and Korean sunspot records have been carefully examined by numerous scholars and scientists. Although there is no well-documented evidence for a regular sunspot watch (at sunrise or sunset, for instance), there was a systematic and careful approach to observations of heavenly events, and these records appears to be trustworthy. How much, then, should we trust the lack of reports during certain centuries? Are these truly periods when there were very few spots on the Sun? Coincident independent observations confirm this. There was an almost exact correspondence in the absence of sunspots from 1280 to 1350 CE in Chinese and Korean records.12
In the Western world during this time, there were very few reports of sunspots attributed to changes in the Sun. These include the two Russian reports previously described, an 1128 manuscript by John of Worcester with a drawing of two sunspots, a sunspot reported in Bohemia in 1139 as fissuram in sole vidice (“a fissure in the face of the Sun”), and an entry relating the sighting of a spot on the Sun in the ship’s log of the Richard of Arundel (Henry Hudson’s ship) near the Faroe Islands in May 1609. These are the only clear European reports of sunspots attributed to changes in the Sun itself until the invention of the telescope early in the seventeenth century.
Additional European and Islamic sunspot reports during the Middle Ages all attributed the event to the passage of a planet (typically Venus) in front of the Sun. But from the information we have, this was clearly impossible. These reports include one in Einhard’s “Life of Charlemagne” of a spot seen for eight days in 807 CE (attributed to Mercury); one by the Arab historian Ibn al-Qifti (circa 1000 CE), who claimed that a spot visible on May 25, 840, was due to Venus; and similar reports and misattributions of several spots by Averroes (1068), Avicenna, and others.13 Why did observers in Western Europe ignore sunspots or, if they did notice them, avoid ascribing them to changes on the surface of the Sun? We have to go back to ancient Greece, and Aristotle in particular, to understand the reasons for this solar blindness
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THE ROOTS OF WESTERN COSMOLOGY
Mesopotamia, Greece, and Islam
Ancient Greek cosmological ideas dominated Western European thinking about the universe during the Middle Ages, particularly after their acceptance by the Catholic Church as part of official dogma. The Greeks, in turn, were indebted to the Babylonians and other Mesopotamian cultures, the first people in the West to pay careful attention to the sky and to record what they saw in writing. The ancient people of the Mesopotamian region developed a written language called cuneiform, which was inscribed on clay tablets. Because of the stability and durability of this medium, we have cuneiform records extending back to the Uruk culture of 4000 BCE and going forward to near 100 CE. While the vast majority of these tablets have to do with commerce and bookkeeping, a few hundred give remarkably detailed and precise descriptions of heavenly phenomena—in particular, the rising and setting of planets such as Venus (Ishtar) and Mars (Negal) as well as eclipses and other celestial phenomena. Mesopotamian astronomers developed a numerical, algorithmic system that allowed them to predict the first annual appearance of certain planets as well as eclipses. The accuracy of their prediction of Venus’s appearance was within one day per century—quite a remarkable feat.
Why this interest in quantitative prediction? As in ancient China, the role of astronomers was to aid in divination using celestial and other omens (such as reading the future in sheep entrails). The sky signs and their interpretations would be passed directly to the ruler to aid him in making military or political decisions. Mesopotamian astronomers also created an ideal astronomical calendar. This was most fully developed around 500 BCE in Babylon and Uruk. The calendar was not meant to be realistic; rather, it was a theoretical framework against which the sky was carefully observed and measurements taken, searching for deviations. Divergences from the ideal were considered ominous. This was very different from our approach today, in which a theoretical system is compared to reality with the goal of improving the theory. The diviners viewed their work as pragmatic—interpreting the observable world to discern the will of the gods. The result was a numerical astronomy that had no concept of Nature as we would recognize it.1 There was no model of the universe in our modern sense. As the Roman philosopher Seneca put it with respect to another archaic culture: “The difference between us and the Etruscans . . . is the following: that whereas we believe lightning to be released as a result of the collision of clouds, they believe that clouds collide so as to release lightning.”2 Omens were messages from the gods encoded in deviations from the norm. This was a tabular, numerical astronomy. While undeniably impressive, it remained for Greek civilization to develop a geometrically based model of the cosmos—one that we would immediately recognize.
CLASSICAL GREECE: BEYOND POETIC COSMOLOGY
The classical Greek view of the world incorporated geometric mathematical ideas into what would otherwise remain a kind of poetic cosmology. As mathematics represents an ideal world, so the resulting model of the cosmos came to incorporate notions of perfection and incorruptibility. Certain things were clear from observation. It was entirely obvious that Earth was the center of the universe. You had only to look up at the heavens to see that all heavenly objects rotated around it in a slowly changing diurnal pattern. The seasons brought their own slower variations. The contrast between the world in the sky and the world below was striking. Earth and its atmosphere were the abode of change, death, destruction, and rebirth. The heavens above, called the “celestial spheres,” were composed of an eternal and incorruptible substance, the “ether,” and followed pure geometric laws. Since the circle embodied perfection and eternity, all motion above Earth’s atmosphere had to be circular and uniform. These two ideas—the uniform circular motion of heavenly bodies and their composition out of an unchanging perfect ether—were to have a profound effect on Western scientific ideas from the time of Pythagoras well into the seventeenth century.
The notion that the Moon, Sun, and planets move in circular paths on spheres is as old as the pre-Socratic philosophers. Circular motion is discussed in Plato’s Timaeus. But the Greeks were aware that a handful of stars seemed to deviate from this simple prescription. The Timaeus acknowledges this but posits that these “wandering stars” or “planets” have a different kind of motion, but one that it is still somehow circular. To solve this problem mathematically, Eudoxus of Cnidus (408–355 BCE) developed a sophisticated geometric model composed of twenty-seven concentric spheres (see figure 2.1 for a simplified version). Each sphere rotated about its own axis. The great Athenian philosopher Aristotle (384–322 BCE) largely adopted Eudoxus’s point of view and gave it a theoretical foundation, based on his laws of motion. This Aristotelian conception of motion and the nature of matter would dominate Western thinking until the time of Galileo. It did not fully disappear until the publication of Newton’s Principia in 1687.


FIGURE 2.1  Eudoxus’s model of the celestial spheres carrying the Sun and the Moon around Earth. The Sun is the open circle; the Moon is the crescent. CP is the north celestial pole around which the stars revolve; it is nearly coincident with the North Star. The sphere of the fixed stars rotates about this axis every twenty-four hours. EP is the north ecliptic pole. The sphere holding the Sun rotates about this axis every eighteen years and eleven days (in addition to the overall twenty-four-hour rotation). LP is the north pole of the lunar sphere, which rotates every 27.5 days (the lunar month).
Source: William O’Neil, Early Astronomy: From Babylonia to Copernicus (Sydney: Sydney University Press, 1986).
Aristotle’s teachings about the universe can be found in his books Physics and De Caelo (The heavens) (circa 370 BCE). He presents us with what looks like a cosmic onion. Our planet is at the center. Surrounding Earth are eight to ten concentric spheres. The lowest sphere represents the orbit of the Moon, followed by spheres for Mercury, Venus, the Sun, and so on. The outermost sphere contains the fixed stars. This is a finite universe: nothing lies beyond the last sphere. The spheres rotate about the fixed Earth and reproduce the observed motions of the stars, Sun, and planets.
Aristotle makes a fundamental distinction between two realms: the celestial and the terrestrial (or sublunary). The terrestrial realm is the locus of change and decay. The four basic elements of the terrestrial realm—earth, water, fire, and air—are by definition elements that suffer change. The celestial realm is composed of a totally different substance, called ether or “quintessence.” Ether suffers no alterations other than the change in position produced by uniform circular motion. This accorded with observations in that no essential changes had been observed in the heavens since ancient times, proving for Aristotle that his theory was correct. While such a belief might seem odd, given the plethora of unusual phenomena such as comets and meteors that must have been obvious to the ancient Greeks, Aristotle assigned such phenomena to what we would now call the upper atmosphere—the sublunary or terrestrial realm where change is acceptable.
Two elements are critical to Aristotle’s cosmology: Earth is the center of the universe, and the celestial spheres are perfect and unchangeable. That Earth must be at the center of the universe is a direct consequence of Aristotle’s physics. Each of the elements has its own kind of motion. Earth and fire are opposites. Fire moves upward and earth moves downward. Their motion is caused by a desire to return to their natural place, not by an external force such as gravity or buoyancy. The natural place for objects composed of the earth element is as close to the center of the universe (the center of Earth) as possible. The comparable natural place for fire is as high in the terrestrial sphere as possible. In this way, matter that is mostly composed of the earth element will naturally form a spherical body around the center point of the universe. Since celestial ether is perfect, the only kind of motion it can have is circular, with no beginning or end.
The motive forces behind the revolution of the spheres of planets, Moon, and Sun are not the same as those revolving the sphere of the stars. These are secondary to the primary revolution of the celestial sphere. There is a kind of frictional force between this outer sphere and the spheres of the planets. These revolutions represent the ultimate cause of change in the sublunary sphere—without them there would be no day and night, no summer and winter.
Aristotle’s laws of physics were intimately tied to his cosmology. Even as observational data made it more and more difficult to believe in his purely spherical universe, astronomers still clung to his physics. It is not surprising that a new set of physical laws developed at about the same time that astronomers began to seriously question whether Earth was at the center of the universe.
There were other schools of thought, though they never made it to the mainstream. Aristarchos of Samos (310–230 BCE) developed a heliocentric model. Epicurus (341–270 BCE) introduced an atomic theory and an infinite universe of colliding particles (later to influence the Roman philosopher Lucretius [95–55 BCE]). These did not have much impact on most European and Islamic thinkers in the Middle Ages. They were hypnotized by the Aristotelian idea of motion and perfection.
Hipparchus (190–120 BCE), one of the most influential Greek astronomers, explicitly rejected heliocentrism and instead introduced a geometric novelty to the earlier Eudoxian spheres. This was the notion of epicycles (figure 2.2). This clever geometric construction allowed him and future astronomers to fine-tune the basic Aristotelian model to match observations and make predictions about the future appearance of celestial events more accurately. Hipparchus was interested in understanding the results of measurement, not just the underlying philosophy of motion.


FIGURE 2.2  Hipparchus’s epicycle. This plot represents the motion of the Moon, whose orbit around Earth deviates from a perfect circle. The center of the epicycle completes a counterclockwise rotation in a mean sidereal month (the time needed for the Moon to return to the same place against the background of the stars) while the Moon rotates clockwise on its epicycle with a slightly different rotational velocity.
Source: William O’Neil, Early Astronomy: From Babylonia to Copernicus (Sydney: Sydney University Press, 1986).
We have here the beginning of an internal conflict or inconsistency in cosmology that persisted for centuries. There is the Aristotelean requirement that, on the one hand, all celestial motion be circular and uniform and, on the other, that it predict actual planetary motion. We know that real planetary orbits are elliptical. Circular orbits will never give more than an approximation to their motion. Introducing epicycles (spheres riding on spheres) and offsetting circles from Earth’s center (so-called deferent circles) made it possible to better approximate the true elliptical orbits.
Introducing epicycles also made it possible to understand why planets exhibited retrograde motion. This phenomenon had been a problem for Aristotle’s model from the beginning. While planets generally move from east to west with respect to the background of the fixed stars and their constellations, there are times of the year when they appear to stop and begin moving in the opposite direction. Describing this motion with uniformly rotating nested spheres is clearly impossible.
RETROGRADE MOTION AND EPICYCLES
If you look at the northern sky on a nightly basis you will observe the movement of the stars, rotating with constant speed around the north celestial pole, very close to the position of the North Star. Stars rise from the eastern horizon, move as if along great circles in the sky and set in the west. Some stars, located closer to the celestial pole never set. The familiar constellations—the Big and Little Dipper, Draco, Cassiopeia—appear as star patterns or images that we project onto the celestial sphere, following this uniform rotation. These “circumpolar” constellations never set. Other groupings, such as Orion, rise above the horizon every night during a part of the year and remain below for the rest. The planets (including the easily visible ones—Mars, Venus, Jupiter, and Saturn) follow the same pattern. They are all located in an angular band near the great circle in the sky determined by the path of the Sun (the ecliptic). The particular planet you might be tracking, say the red planet Mars, will appear to move slowly, from night to night, along the ecliptic, proceeding from one constellation to another as the months progress. At this point, the Aristotelian Earth-centered spherical model of the heavens seems to be a reasonable description. Each planet is on its own concentric sphere, all moving with an appropriate rotational velocity to account for their slow movement along the ecliptic. But there is a marked deviation from this simple behavior at certain times of the year. Mars slows down, stops, turns around, and goes backward relative to the fixed constellations. This behavior is called retrograde motion. At some later time, Mars will pause again and begin moving in its original direction once again. The same is true of other planets (figure 2.3).

FIGURE 2.3  Time-lapse photography of the position of Mars relative to the fixed stars captured a week apart, from August 2022 to March 2023, showing retrograde motion.
Source: U.S. National Aeronautics and Space Administration, Jet Propulsion Laboratory, California Institute of Technology.
It is easy to see why this happens from the point of view of a heliocentric system. Figure 2.4 shows a simple picture of the situation. As Earth moves around the Sun, an observer on Earth sees the relative position of Mars against the background of the fixed stars shift forward each month. At a certain point, this shift slows down and then reverses direction. There is nothing mysterious about this if you look at the figure. The appearance of retrograde motion is a straightforward consequence of the relative motion of two planets moving along concentric circles with different orbital velocities. Figure 2.1 shows the situation if the Earth is at the center. Since, according to Aristotle, Mars must move with a uniform velocity around a circle, retrograde motion is impossible.



FIGURE 2.4  Retrograde motion in Sun-centered system. Note the simplicity of the explanation for the phenomenon in the Sun-centered system.
Source: Brian Brondel/Wikipedia—Creative Commons.
Hipparchus came up with an ingenious geometric construction to explain retrograde motion while still keeping within the principles of Aristotelean cosmology (i.e., Earth-centered spheres and uniform circular motion). Figure 2.2 shows a typical arrangement with circles representing the three-dimensional spheres. There are two circles: the deferent (with the large radius) and the epicycle (with a smaller radius). The center of the epicycle moves with uniform motion along the deferent. The epicycle rotates about its center with its own uniform velocity, different from the velocity around the deferent. The planet is fixed to a point on the epicycle. As this construction starts to move, the orbit of the planet seen from Earth (which is at the center), can be adjusted to be an eccentric circle, an ellipse (when the direction of rotation of epicycle and deferent are opposite), or to follow a complex path with loops, where the motion of the planet appears to periodically reverse and then go forward again (see figure 2.5). This last accords with the observation of retrograde motion. All one must do is adjust the velocities of the epicycle and the deferent. From a purely mathematical perspective, this is a simple way to generate interesting orbital patterns. Imagining a real physical system constructed of crystalline spheres is a different story.


FIGURE 2.5  The stationary Earth system requires the planets to move in epicycles. Figure 2.5 shows the effect of reversing the direction of motion of the epicycles and different relative rotation rates: (a) opposite motions with the same period result in a circular orbit; (b) opposite motions with the epicycle moving twice as fast result in an ellipse; (c) and (d) motions in the same direction produce retrograde orbits.
Source: William O’Neil, Early Astronomy: From Babylonia to Copernicus (Sydney: Sydney University Press, 1986).
Yet these geometric improvements came at a major cost: they did not accord with Aristotelian physics. While the motions were still circular and uniform, they were no longer centered on Earth. This conflict between phenomenological adjustments (“saving appearances”) and the deeply held conviction that Aristotelian physics underlay all celestial motion motivated astronomers in Greece, North Africa, and Europe to search for a resolution.
While Hipparchus and other Greek astronomers developed the theoretical basis for a more refined cosmological model, they were not particularly systematic observers of the heavens. They based their theoretical models largely on data compiled over millennia by Mesopotamian astronomers, scribes who watched the sky every night and noted down what they saw in detailed astronomical diaries. This trove of data became particularly accessible to Greeks after the conquest of Persia by Alexander the Great. Hipparchus and Apollonius of Perga (225 BCE) used epicycles and deferent or eccentric circles as needed to match these data. But the full flowering of Greek astronomy came with Claudius Ptolemy (100 CE) and his magnum opus, The Almagest.
PTOLEMY
Ptolemy lived in Alexandria, founded by Alexander the Great to consolidate his control of North Africa and Egypt. It became the great center of Greek scholarship, science, and philosophy. Endowed with a magnificent library and hundreds of resident scholars, Alexandria dominated Mediterranean culture for centuries—until the collapse of the Roman Empire. Ptolemy was the most famous astronomer and mathematician to come out of this enclave. His seminal work was originally titled A Treatise on Mathematics, but it became known as The Great Treatise or Megiste in Greek. In Arabic, this became al-Mageste, which in turn became the Latin Almagest.
One of the aims of the Almagest was to explain the observed motions of the planets. Ptolemy held to one of the great principles of Greek astronomy: all planetary appearances must be accounted for by uniform motion of the planets on a circle. For him, however, this uniform motion could be quite complex. A circle’s center could be moving with uniform circular motion on the circumference of another circle. One could even have a circle moving on a circle moving on a circle and so on, to any required complication that would explain the appearances of the heavens. Earth, however, must remain at the center of the universe. Ptolemy writes, “All the observed order of the increases and decreases of day and night would be thrown into utter confusion if the Earth were not in the middle. And there would be added the fact that the eclipses of the moon could not take place for all parts of the heavens by a diametrical opposition to the Sun.”3
A major accomplishment of Ptolemy’s model (dating back to Hipparchus) is the ability to accommodate and explain the retrograde motion of planets (figure 2.5d). Ptolemy suggests two ways to accomplish this:
1. Circular motion of the planets around Earth but with the circle not centered on Earth (eccentric circle).
2. Circular motion centered on Earth, but with the planet moving along an epicycle centered on the circle. To account for even more complex irregularity, both kinds of motion can be combined—i.e., eccentric circles with epicycles.


FIGURE 2.6  Major features of Ptolemy’s solar system (excluding the Moon). All motion is counterclockwise. The letters a through g correspond to Earth, Mercury, Venus, Sun, Mars, Jupiter, and Saturn.
Source: William O’Neil, Early Astronomy: From Babylonia to Copernicus (Sydney: Sydney University Press, 1986).
This is a purely mathematical description—a model designed to “save appearances” (see figure 2.6)—but it clearly violated Aristotelian physics because some circular motion was not centered on the Earth.
THE RISE OF ISLAM AND ISLAMIC ASTRONOMY
Alexandria remained a preeminent intellectual center for several hundred years after Ptolemy, but a new era in the cultural and political history of the world was dawning: the rise of Islam. By the eighth century CE, Arab armies had rapidly occupied an enormous swath of North Africa and the Middle East. The political and cultural center of the region moved to Baghdad. The new Islamic rulers had a tremendous challenge: they had to unite a divergent set of peoples and cultures. Establishing Arabic as the universal language for science and religion was of prime importance. Under the Abbasid caliphate (750–1258) there was an intense focus on the translation of Indian and Greek astronomical, scientific, and mathematical texts into Arabic. This included Galen, Hippocrates, Euclid, Aristotle, Brahmagupta, and most importantly, Ptolemy’s Almagest. At the same time, astronomical observatories were built in Baghdad and Damascus, and the Arab astronomer al-Battani (858–929) tested and improved on Ptolemy’s predictions.
This massive emphasis on translation had consequences for the further development of science: “from the ninth century onwards, the language of science was Arabic, and that language had, in turn, a universal dimension: it was no longer the language of one people but of several; it was no longer the language of a single culture but of all learning.”4
Islamic interest in astronomy was based on practical religious considerations. Islam uses a lunar calendar in which the date of Ramadan moves from year to year. Establishing this date was a job for specialist astronomers, just as it was in Europe where the movable date of Easter had to be determined. The date of the new moon, the exact time for prayers, and the orientation toward Mecca from any location in the Muslim Empire were all important religious tasks for which astronomical knowledge was useful. Even astrology played a role, as would be the case in Europe, though its importance waxed and waned depending on the view of the prevailing Islamic scholars.
Interest in astronomy spread to territories conquered by the Mongols. Hulegu Khan (circa 1217–1265), grandson of Genghis Khan, built the Maragheh observatory in northwestern Iran. Ulughbek (1394–1446), grandson of Timur (1336–1405), built the Samarkand observatory, which included a 40-meter sextant, the world’s largest at the time. They produced the first independent star catalog since Hipparchus.5 Islamic astronomers traveled to China and brought the predictive power of Ptolemy’s Almagest to the emperor’s court.
How did this come about? The Yuan dynasty court under Kublai Khan (1275) had access to the whole of the Mongol empire, reaching into the territories ruled by Islam. The Silk Road had long connected China to the Mediterranean cultures.6 This network of trade routes was important for maintaining communication and political control over the Mongol world. It also served to make contact with the countries of the Muslim Empire and their cultures. Chinese emperors became interested in importing Islamic astronomers because of their knowledge and technical skill. Islamic astronomy, very different from the Chinese variety, was based on Greek (Ptolemaic) mathematical ideas. This allowed accurate predictions about events the Chinese considered ominous, such as planetary conjunctions and eclipses.
When Marco Polo visited Kublai Khan, he found thousands of Muslims in China. Kublai had even founded a Bureau of Islamic Astronomy, which operated in parallel with the Chinese bureau. Many Islamic astronomical treatises were translated into Chinese, including the Zijae, a set of planetary, solar, and lunar eclipse prediction tables. The main Chinese-Islamic text was the HuiHui Lifa.
The Islamic and Chinese Astronomical Bureaus ran their own calendrical systems and operated independently of each other. This tradition continued in the Ming dynasty. Envoys were even sent to Muslim countries to recruit astronomers. Necessarily, a translation bureau was established for translation from the Arabic. Yuan Tong (1384–1396) wrote A Gateway to the Islamic Method for the Calculation of the Sun, thus directly bringing knowledge of the Ptolemaic system to the Chinese court.
This interest in Islamic astronomy stems from the same impetus that helped to develop Chinese observational astronomy—the importance of observing celestial omens. But the radically new Islamic astronomy promised something further: the possibility of knowing the future. The emperor, with the help of his foreign astronomers, could make prophecies of omens to come.
The usefulness of this predictive power for political ends is illustrated by the following story, worth quoting at length:
Zhu Yuanzhang, the Grand Ancestral Emperor of the Ming dynasty issued a command paper on the 16th day, 2nd month in the 20th year of the Hongwu Reign [6 March 1387]:
Hereby let me announce the disastrous anomaly foreshadowed by the celestial phenomena with clearly noted dates. Four times the moon and Venus will occult the asterism of Kings, and there must be someone who will be responsible for these disasters. Last year, as the moon and Mars occulted the asterism of Kings four times, I was so worried about the princes, being afraid that someone would be responsible for the disaster. I did not anticipate that the Kings of Zhou, Qi, Tan and Lu had all carried misdeeds that offended the god. Although they have been punished already, how could this ease the anger of the Divine Heaven? They will not be able to continue their life if they do not correct their mistakes immediately. Again this year, the moon and Venus will occult four times. I do not know which king is still carrying on misdeeds every day and thus enrages the Heaven on high. Therefore the two luminaries will abruptly occult [the asterism of the Kings]. It seems that the crime has been exclusively committed by the Kings of Zhou, Qi, Tan and Lu. Why do I think that the Kings of Zhou, Qi, Tan and Lu should be responsible for this? Take the King of Zhou as an example. He did many evil things that cannot be described completely. . . . Those who value their life have to guard themselves and retrieve the mandate of the heaven with good deeds. Otherwise the disaster cannot be evaded.7
With the Arab conquest of Spain in 711 CE and the establishment of the Umayyad caliphate in Cordoba (756–1031 CE), the Arabic language and Islamic astronomy became the dominant forces in science in the Mediterranean and North Africa until the Renaissance.
The Arab rulers of Spain (al-Andalus) were separated by the Mediterranean Sea from the centers of power in the Middle East and developed their own more liberal and tolerant approach to governance. This led to a cultural and scientific flowering that lasted from about 700 CE to the end of the “Reconquista” by Catholic forces in about 1490 CE. The multicultural scholars (Spanish, Jewish, and Arabic) of al-Andalus not only advanced astronomy but also brought the world of the ancient Greeks to Europe. A new translation movement, this time from Arabic to Latin, arose. The works of the Greeks finally became accessible to those not fluent in Arabic or Greek and were incorporated into Catholic dogma and scientific ideas in Western Europe. Aristotle’s vision of the cosmos would become the European vision until the time of Galileo.
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MEDIEVAL EUROPE AND THE ISLAMIC EMPIRE
Where Have All the Sunspots Gone?
In contrast to China, Korea, and even Russia, there are very few references to sunspots in medieval European astronomical literature. Even when this phenomenon was noted, it was attributed to a planetary occultation of the solar disk. This bias has been traced to the influence of Greek and particularly Aristotelian philosophy. How did this come to pass? A short diversion into the history of Europe and North Africa in the Middle Ages will help us understand why this was the case.
THE EARLY MIDDLE AGES
The early Middle Ages begin with the collapse of the Roman Empire in approximately 400 CE. Knowledge of Greek culture and language, preserved by the Romans in the original and in Latin translations, essentially disappeared. As waves of warring barbarian tribes moved across northern Europe over the succeeding centuries, there was an enormous disruption in the development of scientific astronomical knowledge. Only a few fragments of translations in Latin compilations survived from the Greeks.
Isidore, Bishop of Seville’s Etymologies (636 CE) is an example of this poverty of scientific knowledge. It is a mishmash of scraps of theories and practical knowledge, today considered a wholly derivative work. Nevertheless, it was “one of the most widely read books for the next thousand years.”1 Isidore “was the hapless heir of a drastically diluted scientific heritage. He was rarely better than his sources, and occasionally much worse.”2
The next five hundred years, the so-called monastic period (600–1100), saw the rise of the Benedictine order and the construction of many monasteries throughout Europe. The only surviving original scientific work from this period is John Scotus Erigena’s De Divisione Natura. Monks and priests with an interest in astronomical matters undertook a number of tasks that were important to the Church. Among them was the establishment of coordinate systems, since churches had to be physically oriented east to west. A similar but more complex task awaited the astronomers of the Arabic world: they had to determine the direction of Mecca from any geographical location. Another important task was the development of calendars. Beyond such practical issues as when to sow and when to harvest, the date of Easter and movable feast days changed annually. Originally, the date was proclaimed every year by the Pope, but as chaos descended on Europe and communications with Rome became unreliable, a way had to be found to calculate the date locally. This was a complex issue, requiring reconciliation of the lunar and solar calendars, and became a subfield of its own called computus. Astrology, which at times was in high regard, required observational astronomical data as well.
But this era of struggle sometimes called the Dark Ages did not last, and much of Greek knowledge of science and astronomy did eventually return to Europe. Where was this ancient Greek culture preserved, and how exactly did it return? The answer lies in the Islamic world. Much classical and later Greek writing became available to Islamic scholars as a consequence of the Muslim conquests of the early Middle Ages. These included the great center of Greek science in Alexandria, on the North African coast. By the eighth century the cultural and scientific history of the West was deeply affected by developments in North Africa and the Middle East. As mentioned in the preceding chapter, the Abbasid caliphate sponsored a massive effort to translate Greek texts into Arabic, in particular Ptolemy’s Almagest. Islamic astronomy, based on Ptolemy, made many important improvements and additions to the scientific knowledge of earlier times.
After the fall of Spain to Islamic invaders from North Africa in 700 CE, new centers of science and learning arose in cities like Seville and Granada. In one form or another, despite many attempts at reconquest by their Christian neighbors, internal power struggles, and disagreements with the centers of Islamic orthodoxy in the Middle East, Islamic rule lasted for seven hundred years. Spain under Muslim rule was a multifaceted society with periods of remarkable cultural flowering and tolerance among the Spanish, Arab, and Jewish populations of its cities. Astronomical studies prospered, with a focus on resolving the inherent contradictions between Ptolemy’s epicycles and Aristotelian physics and cosmology.
By the twelfth century Islamic scholars had become more critical of the received Greek ideas, particularly the issue of “saving appearances.” As early as 900 CE Abu Abdallah al-Battani, one of the greatest Islamic astronomers of the medieval period (whose work was later to influence Copernicus), proposed corrections to Ptolemy in his book of astronomical tables. Hasan Ibn al-Haytham (circa 965–1040) wrote Al-Shukuk al Batlamyus (Doubts concerning Ptolemy), in which he criticizes Ptolemy’s use of Aristotelean physics together with epicycles. “Ptolemy assumed an arrangement (hay’a) that cannot exist, and the fact that this arrangement produces in his imagination the motions that belong to the planets does not free him from the error he committed in his assumed arrangement, for the existing motions of the planets cannot be the result of an arrangement that is impossible to exist.”3
Many scholars in al-Andalus contributed to this new critical movement. The most important attempt to purge epicycles and return to a purely Aristotelian cosmology was that of Nur ad-Din al-Bitruji (circa 1150–1204). His work Kitāb al-Hay’ah was an attempt to explain observed planetary motions and was highly influential. It was translated into Hebrew before 1213 by Moses Ibn Tibbon (circa 1165–1232) and into Latin in 1217 by Michael Scot in Toledo. But even its very complex system of concentric spheres moving with different constant velocities remained in poorer agreement with observations than the system of the Almagest. Its main appeal was that it did not conflict with Aristotle. The Andalusian Jewish scholar Joseph Ibn Nahmia, in The Light of the World (circa 1400), returned to the problem of making more precise predictions of planetary motions within the context of a purely Aristotelian physics. His models improved on al-Bitruji’s but still could not approach a correct description. The resolution to this conundrum would have to wait for Copernicus.
There was always some degree of contact between scholars in Spain and those in northern Europe, but the trickle became a flood after the Reconquista, as Catholic rule was reestablished in Spain from 1000 to 1248. Spanish monasteries were the natural locus for the compilation of this “new” knowledge. Scholars traveled to Spain from northern Europe, and many returned to their homelands to spread this Greco-Islamic science. Gerbert of Aurillac (945–1003), a student versed in Islamic science, introduced the abacus and navigational instruments such as the armillary sphere and the astrolabe to northern Europe. He later become Pope Sylvester II.
In 1137 John of Seville produced the first Latin version of al-Farghani’s Rudimenta Astronomica, outlining the fundamentals of Greek Ptolemaic astronomy, and in 1160 Ptolemy’s Almagest was translated. Translations into Latin of all of Aristotle’s works and later Greek and Arab commentaries followed rapidly. An outstanding example of this new breed of translator was Gerard of Cremona (1114–1187), who single-handedly translated into Latin more scientific works of the Islamic world than anyone else had previously done.4
In addition to the work of individual scholars, the newly organized universities at Bologna (1088), Oxford (1167), and Paris (1150) were instrumental in digesting and assimilating this torrent of new ideas. Their development in Western European culture is in part the result of the discovery of the riches preserved by Islamic civilization.
This process was not a simple matter of assimilation as scholars were presented with “the shock of the new”: these ideas had to be understood within the context of a Christian European tradition. Aristotle’s belief that the universe was eternal directly contradicted the biblical teaching of the creation of the world. The Church’s initial response to the many difficulties and conundrums presented was to suppress the teachings. In 1210 the Faculty of Arts at the University of Paris received a decree from the bishop of Paris commanding them not to read or teach Aristotle (though the Faculty of Theology was allowed to do so!).
Imposing censorship on universities was as difficult back then as it is now. The newly translated Greek classics represented the cutting edge of both science and philosophy. The faculty was supposed to expurgate them, but the committee chosen for this task somehow never submitted a final report and the matter died. By 1255 Aristotle was a mainstay of the curriculum in Paris. By 1277, however, schools of thought had developed that began to worry the church fathers more seriously, and a papal bull was issued condemning certain interpretations of Aristotle and other writers. From then on, Aristotle’s philosophy had to be modified and qualified. A kind of doubletalk developed. Scholars said that something could be naturally impossible but supernaturally possible—i.e., God could achieve what was naturally impossible if he so desired. Aristotle’s offending statements about nature referred to the realm of the naturally possible but did not in any way constrain God’s power.5
Pierre Duhem (1861–1916), a great historian of science, claimed that this Bull of 1277 paradoxically had a positive impact on the development of medieval science. It forced philosophers to move away from a blind acceptance of what Aristotle wrote and opened up a new dynamic. Issues foreign to the original intent of Aristotle and other Greek philosophers arose.6 The papal condemnations were annulled in 1323 with the ascendancy and acceptance of St. Thomas Aquinas’s version of Aristotle, integrating the Greek ideas with Catholic dogma.
Besides these thorny theological issues, there was another conflict inherent in the material the West had inherited from Islam and the Greeks. Previously, we described the two contradictory theories of the heavens. One was based on careful observation by ancient Mesopotamian, Greek, and Islamic astronomers and summarized by Ptolemy in his Almagest. The other was the physics and cosmology promulgated by Aristotle, largely on theoretical philosophical grounds and only qualitatively connected with observations. This view also maintained the perfection and unchangeability of the cosmos beyond the Moon’s orbit, so that the occasional real observations of imperfections on the Sun or the appearance of comets and supernovae had to be explained away.
Ptolemy’s work, while still keeping Earth at the center of the universe, introduced epicycles in order to adequately describe the actual motion of the planets. Since these epicycles required spheres that were not centered on Earth, the teachings of the Almagest clearly clashed with Aristotle’s philosophical conceptions and his physics. Islamic philosophers and astronomers had proposed a number of compromise solutions. Ibn al-Haytham’s Liber de Mundo et Coelo, translated into Latin in the later Middle Ages, was a particularly influential work. Substantially the same material appears in Roger Bacon’s Opus Tertium (1267). For its era, that work became the prevailing standard model of the cosmos.
Yet this proposed solution was not straightforward. Three different spheres were required to describe the motion of a planet. One sphere was centered on Earth, one was eccentric, and the planet rolled between the two spheres on an epicycle. The outermost convex and innermost concave surfaces were concentric with Earth. This partly satisfied Aristotle’s dictum of Earth’s centrality. However, the other orb, known as the eccentric deferent, was off center.
Islamic astronomers tried other ingenious fixes to the Ptolemaic system. Figure 3.1 shows the “Tusi couple” used by Ibn al-Shatir and others. Here an epicycle rides on an epicycle, each moving with a different constant velocity. Epicycle B is rotating counterclockwise, while its center is moving in the clockwise direction. The figure is meant to represent the orbit of Mercury, whose motion was particularly challenging to describe.



FIGURE 3.1  Tusi couple used by al-Shatir to describe the orbit of Mercury. Dashed line represents the actual orbit. There are two sets of epicycles. Epicycle A moves with its center (point C) on the solid circle. A hinged couple extends from C to P. This couple rotates around point C, defining the second epicycle.
Source: William O’Neil, Early Astronomy: From Babylonia to Copernicus (Sydney: Sydney University Press, 1986).
The controversy concerning the nature and reality of epicycles split the medieval scientific world. The influential Jewish philosopher Moses Maimonides(1137–1204) states the problem in his typically clear fashion in The Guide for the Perplexed:


The revolution of the epicycles is not around the centre of the world. Now it is a fundamental principle of this world that there are three motions: a motion from the midmost point of the world, a motion toward that point, and a motion around that point. But if an epicycle existed, its motion would be neither from that point nor toward it nor around it. . . . Furthermore, it is one of the preliminary assumptions of Aristotle in natural science that there must necessarily be some immobile thing around which circular motion takes place. Hence it is necessary that the Earth should be immobile. Now if epicycles exist, theirs would be a circular motion that would not revolve round an immobile thing.7
Removing the epicycles and just using eccentric circles does not help matters: “For eccentricity also necessitates going outside the limits posed by the principles established by Aristotle, those principles to which nothing can be added.” Maimonides then comes to the crux of the matter: “Consider now how great these difficulties are. If what Aristotle has stated with regard to natural science is true, there are no epicycles or eccentric circles and everything revolves round the center of the earth. But in that case how can the various motions of the stars come about? Is it in any way possible that motion should be on the one hand circular, uniform and perfect, and that on the other hand the things that are observable should be observed in consequence of it?”8 If Aristotle is correct, the observed motions of the stars and planets cannot be explained—there is no way of getting around it.
NICHOLAS COPERNICUS AND THE REBIRTH OF THE HELIOCENTRIC SYSTEM
There were Greek philosophers and astronomers whose ideas ran counter to Aristotle’s. Aristarchus of Samos (circa 310–230 BCE) proposed a heliocentric system. There was also a modified heliocentric system with the Sun orbiting Earth, but all the other planets orbiting the Sun. These ideas were resurrected in the later Middle Ages by the work of scholars such as Nicholas Oresme, Nicholas de Cusa, and Leonardo da Vinci.
For some, the question of whether Earth was at rest or rotated on its axis every twenty-four hours was the first step away from Aristotle. Jean Buridan (1301–1362) wrote: “It should be known that many people have held as probable that it is not contradictory to appearances for the Earth to be moved circularly in the aforesaid manner, and that on any given natural day it makes a complete rotation from the west to east.”9 The motion of Earth about its axis could not be distinguished from the rotation of the celestial spheres around a stationary Earth. Buridan goes on to explain the concept of relativity of motion. Passengers on a ship, thinking they are at rest, observe another ship passing by and believe that it is moving. Passengers on the other ship can equally well believe themselves to be at rest and that the first ship is passing by. Similarly, the Sun could be moving around Earth every twenty-four hours, or Earth could be turning once a day while the Sun remains at rest—all celestial phenomena would look identical in both cases.10 Interestingly, Buridan then moves away from the description of the relativity of motion that he has presented. He writes: “this opinion is not to be followed. In the first place because it is against the authority of Aristotle and of all the astronomers. . . . But these people (the critics of Aristotle) respond that authority does not demonstrate, and that it suffices astronomers that they posit a method by which appearances are saved, whether or not it is so actually.”11
Nicholas Oresme (1325–1382) takes up many of the same arguments in Le Livre du Ciel et du Monde—a translation into medieval French of Aristotle’s De Caelo with extensive commentaries. He intends to show, however, that pure reason cannot conclude which of these scenarios—Earth rotating and the heavenly spheres at rest or Earth at rest and the heavenly spheres rotating—is correct. How does one find the truth? We would say it is all a matter of choosing coordinate systems, but such a conclusion was not tenable in the Middle Ages. One statement must be correct and the other wrong. If reason alone cannot find the truth in the case of an argument about the physical world, how much less trustworthy can it be with regard to theological arguments? Oresme again presents an argument for faith, masquerading as a discussion of astronomy, in this case belief in the Aristotelian position, which by then had become Church dogma.
The discussion of the relativity of motion opened up another Pandora’s box. If Earth can be thought of as rotating about its axis, could it move about some other axis while still in circular motion? These ideas converged in the person of Nicolas Copernicus (1473–1543), a Polish astronomer and canon of the Bishop of Frauenberg. His ideas are expressed in De Revolutionibus Orbium Coelestium (On the revolutions of the heavenly spheres), written in 1530 and published just before his death.
Copernicus was particularly concerned with the phenomenon of retrograde motion. Though this reversal can be explained by the introduction of epicycles, Copernicus saw that it could be understood much more simply by placing the Sun at the center of the cosmos and having Earth and the other planets orbit around it. Retrograde motion is then a trivial consequence of that arrangement (see figure 2.4). He wrote: “For if the annual revolution were changed from being solar to being terrestrial, and immobility were granted to the Sun, the risings and settings of the signs and of the fixed stars—whereby they become morning or evening stars—will appear in the same way; and it will be seen that the stoppings, retrogressions, and progressions of the wandering stars are not their own, but are a movement of the Earth and that they borrow the appearances of this movement.”12 Copernicus still kept the Sun, moon, and planets moving on their Aristotelian spheres surrounded by a sphere of fixed stars but placed the Sun in the center.
Yet very few astronomers and philosophers took up this view. Apart from the most glaring issue of Earth’s motion, Copernicus had to introduce quite as complex a system of epicycles as in the Ptolemaic case, since the planets actually move around the Sun in elliptical orbits. The only real difference in his system of the heavens was the placement of the Sun at the center. But the philosophical objections to this shift in view were too profound. Placing Earth as just another planet among the celestial spheres played havoc with notions of perfection and change—the celestial versus the terrestrial. And there was the contradiction with the Bible, which seemed to clearly state that the Sun moved and the Earth stood still.
Among the few supporters of the Copernican position were Johannes Kepler (1571–1630) and Galileo Galilei (1563–1642). The great observer Tycho Brahe (1546–1601) held to a hybrid theory in which Earth was at rest at the center of the universe while all the other planets revolved around the Sun as it revolved around the Earth. The Catholic Church itself was not initially antagonistic to Copernicus and his works. De Revolutionibus was dedicated to Pope Paul III, perhaps a good political maneuver on the part of the writer. By contrast, the Protestant reformers Luther, Melancton, and Calvin were rabidly against his work from the start. Martin Luther wrote: “An upstart astrologer . . . this fool wishes to reverse the entire science of astronomy; but sacred scripture tells us that Joshua commanded the Sun to stand still, and not the earth.”13
Copernicus laid the foundation for an alternative to Aristotle’s physics and cosmology. It took the invention of the telescope, however, to bring about the final demise and replacement of this philosophy. The universe suddenly appeared much more complex and changeable, from the discovery of the phases of Venus and the moons of Jupiter to the rediscovery of sunspots on the perfect and immutable Sun.
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THE INVENTION OF THE TELESCOPE
Sunspots as Heresy
And new Philosophy calls all in doubt,
The Element of fire is quite put out;
The Sun is lost, and th’Earth, and no mans wit
Can well direct him where to looke for it.
And freely men confesse that this world’s spent,
When in the Planets, and the Firmament
They seeke so many new; then see that this
Is crumbled out againe to his Atomies.
‘Tis all in peeces, all coherence gone;
All just supply, and all Relation.
—JOHN DONNE, “AN ANATOMY OF THE WORLD”1
What do sunspots have to do with the centuries-long debate about Aristotle’s, Ptolemy’s, and Copernicus’s models of the solar system? That disagreement could seem to be about Earth’s position: is it the center of the universe or just another planet orbiting the Sun? But an equally and perhaps more important debate is about the geometrical perfection of the celestial sphere. The discoveries of mountains on the Moon, comets residing in interplanetary space, and blemishes on the perfect sun were disturbing transgressions against what seemed settled dogma. These become eventually unassailable evidence against the Aristotelian view of the world. The universe beyond Earth was not a static perfection but full of surprises. Also unsettling to many was the lack of consensus about what the new observations meant. The British writer and Oxford don Robert Burton (1577–1640) expressed this bewilderment in his monumental work, The Anatomy of Melancholy.2
Galileo was vilified and condemned by the Inquisition not just because he sided with Copernicus but because he was a messenger of change. To borrow a title from one of his works, he was the personification of Siderius Nuncius—a Starry Messenger—and his instrument was the telescope.
FIRST TELESCOPIC OBSERVATIONS
The next major step in the history of sunspot observation came with the invention of the telescope. Lenses had been known in Europe and used as magnifying glasses and eyeglasses at least as far back as the thirteenth century. The invention of the compound telescope, an instrument that magnifies by using two or more lenses, is generally credited to Hans Lipperhey (also spelled Lippershey) in 1608 in Holland. Early versions of the instrument could magnify distant objects from two to thirty times. Word of this new device spread rapidly—its importance for the military and for navigation was evident. But as is the case with many revolutionary inventions, there were many doubters—mostly about the reality of the images produced. Were they optical illusions or the result of defects in the telescope lenses?
Such doubts became graver when telescopes were turned toward the heavens. The Sun was among the first objects to be observed. At first, the bright solar disk was observed through thin clouds or smoke. It took little effort to discover the presence of odd dark shapes. More systematic studies began when the full solar image was projected onto a screen. The discovery of sunspots, imperfections that changed with time, on the surface of the supposedly perfect Sun was shocking. Optical illusions or atmospheric distortions were suggested as explanations. Many observers were totally resistant to the fact that these objects were indeed on the Sun.
Shortly after the first astronomical telescopes became available in 1611, observers including Johannes Fabricius (born Johann Goldsmid) (1587–1615) in Holland, Galileo Galilei (1564–1642) in Italy, Christoph Scheiner (1573–1650) in Germany, and Thomas Harriot (1560–1621) in England all reported their discovery of sunspots. Fabricius was the first to publish his observations and, by observing the movement of the spots over time, was the first to realize that the Sun rotated. Harriot made hundreds of observations of sunspots between 1610 and 1613; he too deduced the existence of solar rotation, though he never published his work.
Fabricius observed sunspots using both a telescope and a pinhole projection chamber. The telescope was a brand-new technology, but the pinhole projection device was well established, having been used in ancient China and by Islamic astronomers. Observing the same phenomena with the telescope and the pinhole chamber was important: it meant that the lenses themselves were not responsible for the controversial observations. The description of his first sighting and the sense of excitement at the discovery are well conveyed in his 1611 book De Maculis in Sole Observatis.3 He and his father, also an astronomer, observed the Sun just after sunrise, while it was still relatively dim, through a telescope. They saw a black spot on the Sun’s surface. They spent the rest of the day and night impatiently waiting for the chance at another observation. If the spot was an illusion, it would not reappear. To their delight, they saw the spot again the following morning, but it had moved. They then projected the solar image through a pinhole onto a piece of paper and were able to clearly see the spot in the form of an elongated cloud. There followed three days of bad weather, which increased their frustration. Finally, they were able to see the spot again. It had moved obliquely to the western side of the Sun and was now followed by a second, smaller spot. A third spot then appeared. The spots vanished in the order of their appearance. Then, ten days later, the first spot reappeared on the eastern side of the Sun. At this point, they concluded that it had revolved completely around the Sun. Further observation convinced them that the spots were indeed rotating around the Sun.
Fabricius quickly came to the correct conclusion about the significance of these spots: “We invite the students of science to profit by our description, they will doubtless conclude that the Sun has a motion of rotation, as Jordanus Bruno has asserted, and more lately, Kepler. Indeed, I do not know what we could make of these spots on any other supposition.”4
GALILEO AND SUNSPOTS
The great Italian scientist Galileo Galilei made some of the most important observations of sunspots. He learned of the invention of the telescope in 1609 and, as was his habit, derived the principle behind its operation for himself. He proceeded to construct much improved models (figure 4.1). He presented his redesigned telescopes to the rulers of the Venetian state. Since Venice was a major maritime power and the telescope was immediately seen to have great importance for navigation, Galileo was richly rewarded for his work. He was granted tenure at the University of Padua, where he was a professor, and his salary was doubled.

FIGURE 4.1  Galileo’s telescope. Museo Galileo, Florence, Italy.
Photo by the author.
Galileo published the results of his first telescopic observations in Sidereus Nuncius (Celestial messenger). This treatise presented to an incredulous public the first observations of mountains on the Moon, three moons orbiting the planet Jupiter, and a tenfold increase in the number of visible stars in the heavens. It was an immediate bombshell.
In 1613 Galileo presented his solar discoveries in one of his most important books, Istoria e Dimostrazione Intorno Alle Macchie Solari (History and demonstration concerning sunspots). Galileo mentions first observing sunspots on October 1, 1611, and continued to observe sunspots for several more years (see figure 4.2). These discoveries were important not so much for their completeness, since he was not a particularly systematic observer, as for the conclusions that he drew from them. These included:
1. The spots were on the sun itself—not planets obscuring the sun.
2. The sun rotates about its axis with a period close to a lunar month.
3. The spots typically occur in groups.
4. There is relative motion of spots within a group.
5. Sunspots are confined to a relatively narrow belt around the solar equator.

FIGURE 4.2  One of Galileo’s sunspot sketches. Scans of Galileo’s sketches can be found at the Galileo Project, galileo.rice.edu.
Source: Galileo Galilei, Letters on Sunspots (Rome: Lyncean Academy, 1613).
The oft-repeated story that Galileo’s vision loss was caused by damage from looking at the sun directly through a telescope is untrue. He observed the sun early and late in the day, as well as by projecting its image onto a screen. His eye problems late in life were likely due to cataracts and glaucoma.
Galileo made many more astronomical discoveries using his telescope. After a particularly successful night of observation, he is quoted as saying, “I render infinite thanks to God for being so kind as to make me alone the first observer of marvels kept hidden in obscurity for all previous centuries.”5 The existence of moons orbiting Jupiter was a particularly powerful argument against Aristotelian cosmology. It proved that circular motion existed around other celestial objects, not just around Earth.
As a result of his observations, Galileo became convinced that the Copernican model of the universe was correct. Unhappy with the requirement of teaching Aristotelian cosmology at the university, he took a position as chief mathematician and astronomer in the court of the Duke of Florence. His stature and fame as an astronomer were at their peak. But a combination of politics, professional jealousy, a sharp tongue, and his unwillingness to bend to the prevailing dogma spelled trouble with the Catholic Church. His support for the Copernican position in his treatise Dialogues Concerning Two World Systems, published in 1632, led to peril. In 1633 he was “vehemently suspected of heresy.” This eventually led to his prosecution by the Inquisition.
Galileo had friends in high places who tried to warn him of the dangers of the path he was on. Carlo Cardinal Conti, who had close ties with the Jesuits, wrote letters to Galileo urging caution. Conti pointed out that the discovery of these spots was a matter of great consequence with difficult implications. He urged Galileo to take the long view—lengthy observations would be needed before one could clearly refute the hypothesis that numerous unknown stars or planets were passing in front of the Sun.6 Galileo would not take this counsel and continued to press his scientific conclusions in public.
In the end, the pressure brought to bear by the Church was too great. Taken before the court of the Inquisition, Galileo, now an old man, publicly recanted his beliefs under fear of very serious consequences. Some Catholic apologists have written that since the modern scientific view of the cosmos allows motion to be described from any particular center, viewing the motion of the Sun and planets from Earth’s perspective was just as legitimate as placing the Sun at the center of the solar system. The Church’s teachings were thus not wrong.
But the heresy of solar centrism was just part of the Galileo’s difficulties with the Church. Imperfection and change in the heavens were just as impermissible as a moving Earth. In any case, the real essence of the Church’s objection went beyond Aristotle—it was biblical. This is made very clear in the Inquisition’s final judgment of the Dialogues:
We say, pronounce, sentence, and declare that you, Galileo, by reason of the matters which have been detailed in the trial and which you have confessed already, have rendered yourself in the judgment of this Holy Office vehemently suspected of heresy, namely of having held and believed the doctrine which is false and contrary to the Sacred and Divine Scriptures, that the Sun is the center of the world and does not move from east to west and that the Earth moves and is not the center of the world; and that one may hold and defend as probable an opinion after it has been declared and defined contrary to Holy Scripture. . . . We are willing to absolve you . . . provided that first, with a sincere heart and unfeigned faith, in our presence you abjure, curse and detest the said errors and heresies, and every other error and heresy contrary to the Catholic and Apostolic Church.7
Galileo escaped the worst—his sentence was commuted to house arrest and isolation from his scientific peers. In the last year of his life, blind and ill, Galileo dictated his last treatise, which laid the foundation for the modern science of mechanics. His ideas were taken up again, a century later, by Isaac Newton. The Dialogues was condemned as heretical and was kept on the Church’s Index of Prohibited Books until 1835.
Galileo’s problems with the Church were symptomatic of a broader malaise. Astronomical events and discoveries were proving very difficult to understand in the accepted Aristotelian framework. The discovery of Jupiter’s moons immediately called into question the notion of circular motion centered on Earth. Data from widely spaced observers on the angular position of comets showed they had no measurable parallax—there was no shift in their position in the sky for two widely spaced observers.8 This put them in the same class as stars—objects beyond the Moon’s orbit and therefore in Aristotle’s perfect celestial world where change was impermissible. A recent supernova showed the same lack of parallax. Observation of mountains on the Moon was inconsistent with objects in the celestial realm being perfect spheres. And most crucially, the perfect Sun seemed, on closer inspection, to be blemished and inconstant. All of these challenges to the prevailing dogma stirred up disquieting discussion among scholars and produced an instinctive pushback from Jesuit and other Catholic authorities.
A letter from Paul Guldin, then studying mathematical subjects at the Collegium Romanum, to the German Jesuit priest Christoph Scheiner raises some of these issues. He brings up the prevalent view that sunspots were not physically on the sun but were actually planets transiting the solar disk:


But in what place will we put these new planets? Which and how many orbs and epicycles will we assign to them? Is Tycho’s opinion to be embraced? Will we allow the stars to move freely like fish in the sea? And surely Aristotle will hardly be alone in arguing why this cannot or ought not to be done. Who will prohibit each individual star from being assigned an intelligence as a guide and director of its journey? But these things are beyond what a wretchedly poor novice in physics such as I, utterly confused by shortcomings, could appropriately discuss about the material, and the form. I would like to hear Your Reverence, your Rector, and other experts converse about these issues.9
Whatever the difficulties the Church was having with the new discoveries, scholars and artists were deeply intrigued. Galileo’s friend, the artist Ludovico Cardi, known as Cigoli, painted The Madonna as the Immaculate Queen of Heaven in the dome of a chapel in Santa Maria Maggiore. She is shown standing on the lunar crescent. This was traditionally a symbol of the perfect and unblemished Virgin. Instead, Cigoli painted a realistic view of Galileo’s observed lunar mountains on the crescent. In a sense, he “published” Galileo’s controversial claim of the imperfection of the heavens.10 The rapid development of the technique of perspective drawing by Cigoli and others was also very influential in clarifying what the telescope was really showing about the Moon, the planets, and the Sun. Here, as elsewhere during the Renaissance, science and art complemented each other.
THE SCHEINER-GALILEO CONTROVERSY
Galileo’s correspondence with Christoph Scheiner, a German Jesuit at the University of Ingoldstadt, goes to the crux of the controversy concerning the nature of sunspots. Scheiner was one of the first sunspot observers. A serious and committed astronomer, he made continuous systematic observations of the Sun over many years. His first sunspot observation was accidental, while glancing up at the Sun through the smoke from a burning university building. Proficient at building instruments, he was the first to devise an equatorial mount for telescopes. Setting up a solar observatory, he made careful drawings of the projected solar image on a nearly daily basis. As a member of the Jesuit order, he had to obtain permission to publish his findings, which were clearly going to be controversial. The initial response was not encouraging. His superior wrote back: “I have read my Aristotle . . . and I can assure you that I have never found in it anything similar to what you mention . . . calm yourself . . . what you take for spots on the Sun are the faults of your glasses or your eyes.”11
Scheiner and Galileo, well aware of each other, knew they had to be careful about challenging the Church. Scheiner carried on an indirect correspondence with Galileo through an intermediary, using the pseudonym Appeles. This go-between was Mark Welser, a wealthy merchant with an interest in science who was also a strong supporter of the Jesuits. Galileo wrote to Welser: “I indeed must be more cautious and circumspect than most other people in pronouncing upon anything new. As Your Excellency well knows, certain recent discoveries that depart from common and popular opinions have been noisily denied and impugned, obliging me to hide in silence every new idea of mine until I have more than proved it.” Welser published this exchange of letters in 1612 as History and Demonstrations Concerning Sunspots and Their Phenomena.12
Scheiner’s interpretation of what he saw was strongly colored by the prevailing Aristotelian dogma. The spots could not be on the Sun, for the Sun would then be imperfect and subject to change. He argued that they were small planets or “stars” moving between the Sun and Earth and blocking its light. His reasoning was not just a response to dogma. In Tres Epistolae de Maculis Solaribus (Three letters on solar spots), he writes:
I have always considered it inconvenient to place spots darker than any ever seen on the moon (with the exception of one small spot) on the bright body of the sun. It is not plausible to do so, for if they were on the sun their motion would imply that the sun rotates, and we should see the spots return in the same order and in the same position they had among themselves and with respect to the sun. So far they have failed to reappear although other spots have followed the first ones across the solar disk. This is a clear argument that they are not on the sun. I do not think, therefore that they are real spots but rather bodies partly eclipsing the sun, namely stars located either between the sun and ourselves or revolving around the sun.
Philosophical prejudices notwithstanding, Scheiner was a careful observer. He reported phenomena very similar to those noted by Galileo, agreeing with him on the sunspot period and the fact that they were confined to a narrow belt about the solar equator. Scheiner published the complete results of his many years of observations in 1630 in Rosa Ursina Sive Sol. The odd title comes from a reference to his patron, the Duke of Orsini’s crest—the rose and the bear. This monumental work contains many beautiful sunspot drawings from the years 1625 to 1627 and is even now valuable as data on solar activity in this time period (see figure 4.3). It was the earliest work used by the nineteenth-century astronomer Johann Rudolf Wolf (1816–1893) to help establish the reality of the solar cycle.

FIGURE 4.3  Sunspot figure in Christoph Scheiner, Rosa Ursina Sive Sol (Bracciano, Italy: Andreas Phaeus, 1630).
Photographic reproduction courtesy of the Stanford University Rare Book Library.
The full extent of Galileo’s brilliance and remarkably “modern” perspective is on full display in his correspondence with Scheiner. We see two very different minds confronting the same phenomenon. Both are keen observers, but Galileo appears as a free thinker, unswayed by precedent or arguments from authority. Scheiner keeps looking over his shoulder; still he too is forced to think in new ways, though with much greater caution.
In Scheiner’s first letter, he writes: “If blemishes could appear and disappear on the face of the sun itself, the incorruptibility and inalterability of the heavenly bodies was destroyed.” Hitherto unknown planets orbiting between Earth and the Sun were the best explanation for the observations. Scheiner wanted to test this theory by observing an actual occultation of the Sun by Venus, expecting to see an apparent sunspot of exceptional size. He saw nothing, but concluded that the planetary ephemerides were wrong and Venus was apparently not occulting the Sun at the time of his observations. Even if it were, he suggested, Venus might shine with its own intrinsic light, like a star, and thus not show up as a sunspot against the bright body of the Sun. The test of his hypothesis was a failure, but there were plenty of reasons why this had nothing to do with sunspots. He further notes that having followed sunspots across the solar disk for up to fifteen days, he expected them to reappear after half of a solar rotation. The fact that they didn’t and that their shape changed as they drifted across the solar disk meant that they could not be features of the solar surface.
Galileo, in the first of three letters to Mark Welser, demolishes Scheiner’s argument:
It proves nothing to say, as this author does in his first argument, that it is unbelievable for dark spots to exist in the sun simply because the sun is a most lucid body. So long as men were in fact obliged to call the sun “most pure and lucid,” no shadows or impurities whatever had been perceived in it; but now that it shows itself to us as partly impure and spotty, why should we not call it “spotted and not pure”? For names and attributes must be accommodated to the essence of things, and not the essence to the names, since things come first and names afterwards.
Long an opponent of argument from authority, Galileo pulls no punches in defending his belief in the primacy of observations over dogma.
Galileo tries to understand the nature of sunspots systematically, without prior prejudices. First, he shows that the spots cannot be in Earth’s atmosphere because they exhibit no parallax. They must be more distant than the Moon (which does show parallax). They might lie between the Moon and the Sun, or on the solar surface. Galileo then addresses Scheiner’s concern that the same spots do not reappear as the Sun rotates. Galileo writes: “This argument would be conclusive if we could be sure that these spots were permanent. Now I think it is a very difficult thing—even impossible to prove that they are permanent . . . ! I am not affirming or denying that the spots are located on the sun; I merely say that it is insufficiently proved that they are not.” Galileo takes a cautious position here. He writes: “I am not yet sufficiently certain to affirm any positive conclusion about their nature . . . I see nothing discreditable to any philosopher in confessing that he does not know, and cannot know what the material of the solar spots may be.”
Galileo then forms a hypothesis by analogy. Sunspots resemble clouds on the solar surface. Like clouds, their lifetimes may be variable. Some spots condense and disappear while others expand. Spots change shape and their “blackness,” or obscuration, varies. Assuming they have a cloudlike nature, his estimate of their angular width indicates that they are “simply enormous.”
Galileo, likely influenced by his artist friend Ludovico Cardi, who developed the theory of perspective distortions, uses the newly acquired theory of spherical projection.13 He points out that the spots appear foreshortened when viewed near the edges of the solar disk. This can only be understood if they are on or very near a spherical surface (see figure 4.4). Galileo writes: “Since clouds are of no great depth with respect to the breadth in which they are normally extended, those seen at the center of the visible hemisphere would appear quite broad, while those toward the edges would look narrower. In a word, no [cloudlike] phenomena would be perceived that are not likewise seen in sunspots.” His final conclusion in the first letter is: “I shall say that the solar spots are produced and dissolve upon the surface of the sun and are contiguous to it, while the sun, rotating upon its axis in about one lunar month, carries them along, perhaps bringing back some of those that are of longer duration than a month, but so changed in shape and pattern that it is not easy for us to recognize them. This is as far as I am willing to hazard a guess at present.”

FIGURE 4.4  Effect of spherical projection of a concave sunspot as it moves to the edge of the solar disk. Note how a circular spot becomes more and more elliptical as it nears the edge or limb of the Sun.
Source: Rudolph Kippenhahn, Discovering the Secrets of the Sun (Hoboken, NJ: Wiley, 1994), by permission.
In his second letter to Welser, Galileo once again argues from observations of actual properties of sunspots. He finds that the Sun is absolutely spherical, and rotates from west to east with a period very close to a lunar month. Sunspots fall in a zone between the two great circles (− 28 to + 29 degrees latitude from the Sun’s equator). In addition to the foreshortening effect near the edges of the solar disk mentioned previously, the distance traveled by any particular spot in equal time intervals always becomes smaller as the spot moves near the edge of the sun, exactly as expected for a spherical surface. Even the distances between spots moving in a group scale as predicted from spherical geometry. They bunch closer together as they approach the edge of the Sun. Sunspots must be thin compared to their length and width since gaps between spots are visible all the way to edge of the disk. One spot does not block another as would be the case if they protruded like pimples from the solar surface. Spots within a group have an independent drifting motion of their own—they do not all move in lockstep. But this “proper motion” is small compared to their overall motion around the Sun.
Returning to the possibility of planetary occultation, he turns to the report of a naked eye sunspot during Charlemagne’s reign. He writes: “For nine days together the people of France saw a black spot on the solar disk, whose ingress and exit from the sun’s face could be observed because of clouds. This was believed to be Mercury, then in conjunction with the sun—but this is too gross an error, seeing that Mercury’s movement is so fast that it cannot remain conjoined with the sun for even 7 hours.”
Concerning the Aristotelian objection that nothing above the lunar sphere can be imperfect or mutable, he notes that comparison of nearly simultaneous drawings of the location of sunspots from different parts of Earth show no parallax. They “fit to a hair those made by me.” This fact “should be enough to persuade anyone that such spots are a long way beyond the moon.” If beyond the Moon, then wherever they are, their existence already denies the reality of Aristotle’s perfect unchangeable crystalline spheres. In a charitable mood, Galileo writes of Aristotle: “I am sure that he never took its [heaven’s] inalterability to be as certain as the fact that all human reasoning must be placed second to direct experience.”
Scheiner wrote a second letter to Galileo in reply. He was still convinced that sunspots must be planets, largely because the authority of so many wise people would otherwise be contradicted. Galileo, in a third letter, turned up the heat on Scheiner. Authority, he writes, cannot be a worthy argument, “for in the sciences the authority of thousands of opinions is not worth as much as one tiny spark of reason in an individual man.” As to the Aristotelian argument for the perfection of the celestial spheres, he considers its psychological component—the fear of change. He writes: “Our special hatred of death need not render fragility odious. Why should we want to become less mutable?” Change, not timeless perfection, is what we see most clearly in the universe.
The exchange of letters between Galileo and Scheiner began politely enough, though Galileo was not cutting Scheiner any slack. But what began as an intellectual discussion led to something much more acrimonious. As is often the case in science, the dispute was about priority of discovery. Scheiner felt that he had priority in the discovery of sunspots, claiming to have first seen them in March 1611. He was a careful and considerably more systematic observer than Galileo and published the results of years of observation in the Rosa Ursina (published in parts from 1626 to 1630). In this book, he points out that in the unlikely case that sunspots actually are on the surface of the Sun their motion would follow the rotation of the solar surface. His observations would then imply that the solar axis was tilted with respect to the ecliptic—the plane containing the orbits of the planets. Galileo came to a similar conclusion about the tilt of the solar axis and published it in his Dialogues Concerning the System of the World (1632), without attributing the priority to Scheiner. It is quite probable that Galileo actually got the notion of a solar axis tilt from a letter by Francesco Sizzi in 1613 and not from Scheiner at all. The existence of such a tilt was actually an important argument for the Copernican position that Earth moves around the Sun. If the Sun’s axis is tilted, the shape of the paths that sunspots take across its face would change as Earth went around the Sun. Sunspot paths would appear straight during certain time periods and curved at other times (see figure 4.5).



FIGURE 4.5  Effect of solar axis tilt. Arrows indicate the apparent paths of sunspots across the Sun’s disk as Earth moves around it in its orbit during the year.
Source: Rudolph Kippenhahn, Discovering the Secrets of the Sun (Hoboken, NJ: Wiley, 1994), by permission.
Ironically, Scheiner’s work was actually plagiarized by the French astronomer Jean Tarde (1561–1636), who published a book titled Les Astres de Borbon, et Apologie pour le Soleil: Montrant et vérifiant que les apparences qui se voient dans la face du soleil sont des planètes, et non des taches, comme quelque italiens et allemands observateur d’icelles lui ont imposé (Bourbon stars and an apology for the sun: showing and confirming that appearances seen on the face of the sun are planets and not spots, contrary to what some Italians and German observers claim) in 1623. Tarde studied sunspots for more than four years with an eye to preserving Aristotle’s vision of the cosmos. He too hypothesized that a swarm of hitherto unknown planets orbited between the Sun and Earth. Scheiner’s planets—referred to by Tarde as Bourbon stars in honor of the French king—are also referred to in Robert Burton’s Anatomy of Melancholy.
GIORDANO BRUNO AND THE INFINITE UNIVERSE
Galileo was freed of the fetters of Aristotelian cosmology by his belief in the primacy of observation. He accepted the Copernican theory but was unsure if the fixed stars were on a celestial sphere or dispersed throughout an infinite universe. Indeed, he felt it was beyond his powers of observation to decide, perhaps not something that could ever be known. The Copernican universe was still finite, though not Earth-centered. But a different view of the cosmos was emerging, even before Galileo’s great work, and it led to an even more unfortunate confrontation with the Catholic Church. The Italian monk Giordano Bruno (1548–1600) had no compunctions about denying a finitude. Trained in philosophy and theology, he became disaffected with religious life. He left his monastery in 1576 and traveled across Europe, spreading his teachings from country to country. His revolutionary ideas caused him many difficulties with church authorities. Arrested and extradited to Rome in 1593, he was accused by the Inquisition of, among other things, believing in the eternity of the universe and the plurality of worlds. He refused to recant, and his obstinacy increased as his interrogation progressed. The Inquisition found him guilty and condemned him to be burned at the stake. On hearing his sentence, Bruno was said to reply: “Majori forsitan cum timore sententiam in me fertis quam ego accipiam” (Perhaps you have greater fear in passing sentence on me than I have in hearing it). Whatever the Inquisitors’ feelings, the sentence was executed and made him into a martyr for science and a philosophical hero.
Bruno not only supported Copernicus but went far beyond him in his enthusiastic embrace of an infinite universe. He writes: “The world is infinite and . . . therefore, there is no body in it to which it would . . . be in the center, or on the center, or on the periphery, or between these two extremes.”14 In De L’infinito Universo e Mondi (On the infinite universe and worlds) we find: “There is a single space, a single vast immensity which we may freely call Void; in it are innumerable globes like this one which we live and grow; this space we declare to be infinite, since neither reason, convenience, sense perception or nature assign to it a limit. For there is no reason, nor defect of nature’s gifts, either of active or passive power, to hinder the existence of other worlds throughout space, which is identical in natural character with our own space, that is everywhere filled with matter or at least ether.”15 Bruno thought that life could exist anywhere, even on the Sun and the stars. The planets and stars were in a sense living beings for him. The whole universe was a kind of organism that was a manifestation of the divinity.
The German Jesuit Athanasius Kircher, whose works we will discuss in more detail in the next chapter, held very similar views—so similar that he must have been well acquainted with Bruno’s works.
The French mathematician and philosopher René Descartes (1596–1650) also believed that the stars were suns that were spread out in an infinite universe. In the Principia Philosophia (1644), he proposed that the sun was a rotating sphere made of tiny corpuscles. Ethereal vortices extended out from this sphere, spreading out to the rest of the universe. Similar vortices proceeded from all the other stars. Sunspots were, in his rather striking image, like scum appearing on top of boiling liquid. They were produced by irregular corpuscles that became tangled up with each other and rose to the surface of the Sun only to be eventually redissolved. Descartes believed that all stars were of the same nature and had similar spots. Observations of variable stars were actually reports of exceptionally large spots appearing on their surface for a time.
The general picture Descartes painted seems very prescient. The ethereal vortices flowing out from the sun are analogous to solar wind (or solar air, as he called it), which he supposed extended all the way to the orbit of Mercury and beyond. When sunspots dissipated, they added new material to this solar air. Descartes even discussed the effect of the solar wind on Earth: “What appears to favor this idea is that for the last 5 or 6 years when the aurorae, as often happens, have become very frequent, and according to our hypothesis [should be associated with] great extensions of this ‘air,’ sunspots have likewise been numerous.”16 Descartes comes very close to positing the correlation between auroras and sunspots that was finally established in the mid-nineteenth century, even proposing a mechanism for this correlation.
LIFE IS EVERYWHERE
The change in worldview from a static, Earth-centered, Aristotelian universe to the Copernican scheme in which Earth is just another planet would seem to displace humanity from its special central place in the medieval cosmos. Many proponents of the Copernican view of the universe in the seventeenth and eighteenth centuries viewed Earth’s displacement from the center of the universe in a different light. To some of them, the new conception meant that life (and for many of them this was human life) must pervade the entire universe.
The historian of science Pierre Duhem writes:
Physicists . . . not only saw in the system of Copernicus a model enabling them to construct new tables of celestial movements, they also imagined something of an entirely different nature, something that claims to reveal a truth. They imagined that the earth is a planet of the same nature as Venus, Mars, or Jupiter. The problem that the new astronomy laid down for them is as follows: can each of the bodies we call wandering stars be a world similar to the world in which we are living, having at its center an earth covered by water, surrounded by air?17
The Copernican revolution was not only a change in coordinate system or reference frame. Placing Earth on the same footing as other planets made it possible to imagine that these other planets could also sustain life.
Some of these ideas predated Copernicus. Nicholas of Cusa, one of the first medieval challengers to the Aristotelian view, wrote that if Earth was at the center of the universe then it was the most lowly and vile of all cosmic entities being the seat of change and decay. Perfection was elsewhere. He proposed instead that Earth was a star like all the other stars (he made no distinction between stars and planets) and was therefore not such a vile place. Since there was life on this star, there might also be life on other stars. There could be a hierarchy of living beings on these other stars as well.
It may be conjectured that the inhabitants of the sun are more solar, more bright, clear, and intellectual; we assume that they are more spiritual than those who inhabit the moon who are lunatic. Those on the earth are more material and rough, so that the intellectual beings found on the sun are more in actuality and less in potency, while the inhabitants of the earth are more in potency and less in actuality; the inhabitants of the moon are somewhere in between these two extremes. The regions of the other stars are similar to this, for we believe that none of them is deprived of inhabitants.18
As the revolutionary Copernican and Galilean ideas were assimilated, the idea that life could exist everywhere in the universe was revived. An example of this kind of speculation is A New Treatise Proving a Multiplicity of Worlds by Pierre Borel (1620–1671), the French polymath and physician to Louis XIV. According to Borel, the infinite number of heavenly bodies could not be created just for the enjoyment of Earth’s inhabitants because the noblest cannot serve the vilest. It is much more likely that every such body is a world like Earth, populated by a variety of creatures who may be very different from us but are similarly capable of mutual love and harmony.19
Tommaso Campanella (1568–1639), was a Dominican friar who wrote on philosophical and astrological issues, best known for his book on a utopian community, Civitas Soli (The sun state). His anti-Aristotelean views and defense of Galileo brought him into conflict with the Inquisition. He was later convicted of conspiring against Spanish rule in Calabria and spent much of his life in prison. He was finally released by Pope Urban VIII so that he could use his powers of “natural magic” to protect the pope from the evil influence of two predicted eclipses. The pope survived the eclipses, and Campanella’s persecution came to an end.
Campanella’s ideas are preserved in Borel’s writings: “that though God and nature do nothing in vain yet such a great number of stars, greater than the earth, would be in vain, if there was not in them divers demonstrations of the ideas of God; It’s then consonant to reason, that not only the four elements be in every one of the starres, but also men . . . and plants . . . be in them.”20 Borel believed that evidence for life on other planets had already been found. His evidence was the bird of paradise, recently discovered by explorers in the New World. Since no living specimens presently existed, they must have flown to Earth from another star and perished, unable to breathe the atmosphere here. Starting from this remarkably weak premise, he proceeded to deduce the existence of forms of life on other stars, for “now if birds be found in the stars, there also may other living creatures be.”21 It was common in these speculations to people the Sun as well as the stars and planets. Borel writes: “Some of the stoics were of the opinion, not only that there are people in the Moon but also in the body of the sun. And Campanella saith that this lively and bright habitation may have inhabitants, perhaps more wise and learned than we, and better informed in those things that to us are incomprehensible.”22
Another work that proposes the existence of extraterrestrial life, this time on the Moon, is John Wilkins’s Discovery of a World in the Moon, Tending to Prove ’Tis Probable That There May Be Another Habitable World in That Planet (1638). This was not a fringe idea at the time. Wilkins was one of the founders of the Royal Society and a strong supporter of Galileo and Copernican theories.
These speculations, including the possibility of life on the Sun, persisted through the eighteenth century and well into the nineteenth. They are certainly the prototypes for the literary genre of science fiction. Two works by Cyrano de Bergerac, The Other World: I The States and Empires of the Moon (1657) and The Comical History of the States of the Moon and the Sun (1687), are early examples of the genre. In the latter work, the Sun is populated by birds, salamanders, and a youth with a composite body made up of many little people.
The acceptance of the idea of an infinite universe and the plurality of worlds may have been given a boost by the growing European awareness of Chinese ideas, as pointed out by Joseph Needham in his Science and Civilization in China.23 Chinese naturalism conceived of the universe as infinite. The seventeenth-century Jesuit emissaries to the Chinese court brought back fragments of the Chinese worldview to Europe. Though these reports were typically critical and derisory in tone, it is likely that something of that ideology was absorbed. The pioneering Jesuit missionary Matteo Ricci wrote letters pointing out the absurdities that the Chinese believed. He lists some of them: “There is only one sky (and not ten skies). It is empty (and not solid). The stars move in a void (instead of being attached to the firmament).”24
A more positive view can be found in the works of Christoph Scheiner:


The peoples of China . . . have never taught in any of their innumerable and flourishing academies that the heavens are solid; or so we may conclude from their printed books, dating from all times during the past two millennia. Hence one can see that the theory of a liquid heavens is really very ancient, and could easily be demonstrated; moreover, one must not despise the fact that it seems to have been given as a natural enlightenment to all peoples. The Chinese are so attached to it that they consider the contrary opinion (a multiplicity of solid celestial spheres) perfectly absurd, as those inform us who have returned from among them.25
There was a proliferation of seventeenth- and eighteenth-century literature about interplanetary travel, often including a Chinese theme. Needham writes: “Indeed it is hardly possible to take up any book of this period dealing with the plurality of worlds without finding some reference to China.”26 Among these books are Francis Godwin’s The Man in the Moone: or a Discourse of a Voyage Thither, by Domingo Gonsales, the Speedy Messenger (1638); Daniel Defoe’s The Consolidator: or Memoirs of Sundry Transactions from the World in the Moon (1705); and Miles Wilson’s The History of Israel Jobson, the Wandering Jew (1757).
Robert Burton (1577–1640) summarizes the whole situation masterfully in The Anatomy of Melancholy:


We may likewise assert with Campanella and Brunus, that which Pythagoras, Aristarchus Samius, Heraclitus, Epicurus, Melissus, Democritus, Leucippus maintained in their ages, there be infinite Worlds, and infinite Earths or systemes, in infinito aethere, which Eusebius collects out of the tenents, because infinete starres and planets like unto this ours, which some sticke not still to maintine and publikely defend . . . For if the Firmament be of such an incomparable bignesse, as these Copenicall Giants will have it, infinitum, aut infinito proximum, so vast and full of innumeable starres, as being infinite in extent, one above another, some higher, some lower, some neerer, some father off, and so farre asunder, and those huge and great . . . if our world be small in respect, why may we not suppose a plurality of worlds, those infinite starres visible in the Firmament to be so many Sunnes, with particular fixt Centers; to have likewise their subordinate planets, as the Sunne hath his dancing still round him? . . . Though they seeme close to us, they are infinitely distant, and so per consequens, there are infinite habitable worlds: what hinder? . . . yet the said Kepler betwixt jest and earnest in his perspectives, Lunar Geography, etc somnio suo, dissertat. cum nunc: syder. seemes in part to agree with this, and partly to contradict; for the Planets, he yeelds them to be inhabited, he doubts of the Starres: and so doth Tycho in his Astronomical Epistles, out of a consideration of their vastity and greatnesse breake out into some such like speeches, that he will never beleeve those great and huge Bodies were made to no other use, then this that we perceave, to illuminate the Earth, a point insensible, in respect of the whole.
But who shall dwell in these vast bodies, Earths, Worlds, if they be inhabited? rational creatures, as Kepler demands? Or have they soulest to be saved? Or doe they inhabit a better part of the World then we doe? Are we or they Lords of the world? And how are all things made for man? . . . tis hard to determine; this only he prooves, that we are . . . in the best place, best World nearest the heart of the Sunne. Thomas Campanella, a Calabrian Monke, in his second book “De Sensureurm” chap. 4, subscribes to this of Keplerus, that they are inhabited hecertainly supposeth, but with what kinde of creatures he cannot say he labors to prove it by all means, and that there are infinite worlds, having made an Apologie for Galileus, and dedicates this tenet of his to Cardinall Cajetanus.27
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AFTER GALILEO
Sunspots as Windows Into the Sun and Omens of Weather
The excitement over the observation of sunspots in the early seventeenth century was short-lived. A long period with few reports followed. Was this just due to a decline in interest? Had the early telescopic observers reported all that could be easily discovered and it was time to move on to other matters? In fact, while reports of sunspot observations declined markedly after 1630, astronomers were far from abandoning solar observation. Founded on May 1, 1667 by King Louis XIV, known to history as the Sun King, the Paris Observatory had as one of its explicit tasks the systematic study of the Sun. The newly formed French Academy of Sciences began meeting in the same building. Not to be outdone, King Charles II of England, who had already established the Royal Society in 1663, opened the Greenwich Observatory in 1675 with solar observation very much part of the program.
There were solar observations at least fifteen days out of each month at the Paris observatory from 1666 to 1719. This would have been quite sufficient to observe most sunspots. In fact, very few were found. There was a nearly one-hundred-year period of a quiescent Sun—now called the Maunder Minimum. It is interesting to speculate what would have happened if the telescope had been invented a mere fifty years later than it was: observers might not have noticed sunspots for another hundred years, and Galileo’s letters would certainly not have been written.
Jean Picard (1620–1682), an important French contributor to solar astronomy, observed the Sun routinely, actively searching for sunspots but finding none. His breakthrough occurred in August 1671, during a trip to Uraniborg, on the way to Hamburg. By a stroke of luck, bad weather forced his ship to tie up for the day and Picard, to while away the time, took out his telescope and observed the Sun, which was hidden by a thin cloud. To his delight, he observed the first sunspot to be seen in a decade. He later reported sunspots in 1674, 1676,1678, and 1689, making detailed drawings of each. He made the most accurate measurement of the Sun’s rotational period in that epoch.1
The most important published report on sunspots after the original spate of telescopic observations was that of Gian Domenico Cassini (1625–1712), director of the Paris Observatory. He was the progenitor of the illustrious multigenerational astronomical Cassini family (Jacques [1677–1756], César-François [1714–1784], and Jean-Dominique [1748–1845]), who each in turn became director of the Paris Observatory. His paper, published in England, was titled “New Observations of Spots in the Sun; Made at the Royal Academy of Paris, the 11, 12 and 13th of August 1671.”2 These were the first published observations in twenty years. Cassini also contributed to the discovery that the sunspot umbra, the central dark spot, is lower on the Sun’s surface than the penumbra, the lighter aureole around it.
John Flamsteed (1646–1719), the first English Astronomer Royal, confirmed the lack of sunspots in his 1684 report: “these appearances however frequent in the days of Scheiner and Galileo have been so rare of late that this is the first and only one [sunspot] I have seen in his face [the Sun’s] since Dec. 1676.”3 This long drought in sunspot reports is reminiscent of the periods in Chinese history marked by the absence of naked eye sunspots. As we will see, there is now good evidence that solar activity was indeed suppressed during these periods.
POPULARIZATIONS OF SUNSPOT DISCOVERIES
The scientific controversies around the nature of sunspots did not pass unnoticed in more popular literature. Pierre Borel (1620–1671) notes that Tommaso Campanella is said to have written, concerning Galileo’s discovery of sunspots, “He hath ashamed the Sun, discovering in him those spots, which for so many ages had buried and hid in his bright obscurity, and hath discerned, that those spots were not fixed and always lasting, as those in the Moon, but that they disappear and appear again, turning round the Sun.”4 Borel then gives his own opinion:
And as touching the spots of the Sun, I shall content myself to say that Galileo asserts, that these spots are bigger than all Asia and Africk; some there are who believe them to be only vapours, and some impressions in the ayr, because that their figures are irregular, and that they are seen in great number disappearing, and again appearing, but they only hide themselves in the Sun; or to say more congruously, they only disappear by reason of their too high approach to the light of the Sun, and besides, they have a regulated course, according to which they fail not to return at a certain time; and therefore they are some stars, touching which I send the reader to Tardus’s book, who calls them the Stars of Bourbon, after the name of the king of France, under whose reign these new stars were first discovered.5
A good example of seventeenth-century popular science reporting can be found in Astronomy’s Advancement, or News for the Curious: Being a Treatise of Telescopes (original author unknown, 1684).6 Among its many claims: Since telescopic observations show spots on the planets, there should be no surprise that there are spots on stars as well. This could be an explanation for the phenomenon of variable stars. When the “star-spots” are on the side of the stars turned toward Earth, these objects appear less luminous. The stars do not shine by their own intrinsic light. Instead, like the planets, they reflect the light of the Sun. Turning to the sunspots themselves: “By help of the aforsaid instrument [the telescope], there has been observed upon the convexity of the Body of the Sun, black spots which are moveable, variable and subject to change, and which do move regularly towards the West, finishing their revolution in 26 or 27 days.”7 The Polish astronomer Hevelius (1611–1687) is said to claim that the spots appear convex and hollow. “The motions of these solar spots testifies unto us, that the body of the Sun turns upon his center, with that motion. These spots are not celestial bodies as J. Tarde would make us believe, but rather evaporations which rise from the body of the Sun.”8
Athanasius Kircher (1602–1680), a German Jesuit priest who succeeded Scheiner as professor in the Roman College, was considered “the man who knew everything.” Some considered him to be the last Renaissance man. The author of more than forty books on every conceivable subject, from Egyptian hieroglyphics to the structure of volcanoes, and incidentally the inventor of the aeolian harp, Kircher veered far from Aristotle in his Ecstatic Celestial Journey, a dream vision in which the angel Cosmiel takes him on a tour of the universe: “You are mistaken, and greatly so, if you persuade yourself that Aristotle has entirely told the truth about the nature of the supreme bodies. It is impossible that the philosophers, who insist upon their ideas alone and repudiate experiments, can conclude anything about the natural constitution of the solid world, for we [angels] observe that human thoughts, unless they are based on experiments, often wander as far from the truth as the earth is distant from the moon.”9 Kircher saw the universe as composed of an infinite number of stars, similar to the Sun, surrounded by planets that are made of the same kind of matter as Earth. Ever the evangelizing Jesuit, he points out an important implication: since they and we are made of the same stuff, the people living on these planets can be baptized.
Kircher believed that the surface of the Sun was in a perpetual flaming agitation. He wrote, in Mundus Subterraneous, “that in some parts may as it were be seen burnings, and in others spots, much like unto thick smoak; that these burnings and these spots are not without the Sun but they seem to proceed forth from his disque, appearing and disappearing, increasing and decreasing.” Indeed these “black smoaks . . . are the spots that we perceive in this great luminary.”10
A peculiarity of Kircher’s view of the Sun and stars is what he called “panspermia”: “The whole mass of this solar globe is imbued, not with one single property, but rather with a certain universal seminal power (panspermatica quadam virtute) by means of which, as the nature of the various parts of the Sun, in various ways, hides its riches within the hidden bowels of the Solar World, a fiery liquid, blended in various ways, touches things below by radiant diffusion and produces various effects.”11 This radiant diffusion was not just light and heat, but could also include the transmission of smells and fertility across space.
Kircher somehow evaded the fate of Bruno and Galileo at the hands of the Inquisition. He had the good fortune to be on friendly terms with Pope Alexander VII, and he was careful to draw a crucial distinction in his writings: while the universe was infinite, it was finite in God’s eyes—only He could count all the stars and call them by name.
Kircher’s work attracted the attention of Cotton Mather in New England, who, while perhaps better known for being a defender of the Salem witch trials, was also a proponent of European scientific discoveries (and a member of the Royal Society). In The Christian Philosopher, he writes: “Kircher supposed the Sun to be a body of wondrous Fire, unequal in Surface, composed of Parts which are of a different Nature, some fluid, some solid: The Disque of it, a Sea of Fire wherein Waves of astonishing Flame have a perpetual Agitation.”12 Adrien Auzout (1622–1691), a French astronomer and the great Dutch scientist Christian Huygens (1629–1695), worked together at the Paris Observatory, and claimed that the mottled appearance of the surface of the Sun is due to the effect of our atmosphere—that the appearance of foams of fire on the solar surface was due to the aberration of light in our atmosphere. Other authors advanced the thought that the spots are the progenitors of comets. Ironically, some writers in the nineteenth century came to believe that comets produced sunspots when they collided with the Sun.
EIGHTEENTH-CENTURY THEORIES ON THE NATURE OF THE SUN
The discovery of spots on the Sun intensified interest in the nature of the Sun itself. Some of the ideas that gained currency went back to the Middle Ages. The fifteenth-century Cardinal Nicholas of Cusa proposed that the Sun had a black Earthlike nucleus surrounded by many envelopes of air, clouds, and light, similar to Earth’s atmosphere. Elements of this view survive well into the nineteenth century. Variations on this theme also appear. Gian Domenico Cassini wrote that “an ocean of light surrounds the solid and dark nucleus . . . the violent movements enable us from time to time to see the mountain summit of the non-luminous body—these constitute the black nuclei in the centre of the Suns spots.”13 A similar theme is sounded by the French astronomer Jerome de Lalande (1732–1807), who wrote that sunspots were rocklike prominences of a dark and solid body alternately exposed and submerged by a fiery liquid penumbra surrounding them.14
Alexander Wilson(1714–1786), a Scots contemporary of Lalande’s, spent a good portion of his career carefully observing sunspots. He is credited with the discovery of what is now known as the Wilson effect. He confirmed that sunspots were indeed a depression on the Sun’s surface by demonstrating that sunspots change their shape as they approach the Sun’s limb in the same way a cavity or dimple on a sphere would (see figure 4.4). His ideas were published in 1774.15
Wilson believed that the Sun was a solid dark sphere surrounded by a thin luminous layer. A sunspot was a rift in this envelope caused by the generation of gas within it. Wilson wrote in 1783: “Whether their first production and subsequent numberless changes depend upon the eructation of elastic vapours from below or upon eddies or whirlpools commencing at the surface or upon the dissolving of this luminous matter in the solar atmosphere, as clouds are melted and again given out by our air, or, if the reader pleases, upon annihilation and reproduction of parts of this resplendent covering, is left for theory to guess at.”16
WILLIAM HERSCHEL’S SOLAR PHENOMENA
The clearest and most developed statement of these ideas about the nature of the Sun comes from Sir William Herschel (1738–1822), one of the founders of modern observational astronomy. Herschel bridged the gap between the amateur and the professional. Born in Hanover, Germany, he was trained in music, becoming a proficient violinist. After serving as a military musician in the Hanover guards, he moved to England, where he thought he would have better opportunities, and began a career playing in and directing orchestras in Bath and other cities and giving music lessons. In his spare time, he composed six symphonies.
Very proficient at mathematics from a schoolboy age, he pursued this interest later in life as well. He writes: “The theory of music being connected with mathematics had induced me very early to read in Germany all what had been written upon the subject of harmony; and when not long after my arrival in England the valuable book of Dr. Smith’s ‘Harmonics’ came into my hands, I perceived my ignorance and had recourse to other authors for information, by which I was drawn on from one branch of mathematics to another.”17
At the age of thirty-five, entirely self-taught, he constructed his first telescope with the help of the same Robert Smith’s A Compleat System of Optiks (Cambridge, 1768). Increasingly fascinated by astronomy, he spent as much time as he could observing while still supporting himself by giving music lessons. A typical entry in his notebook states: “Attended 6, 7, or 8 scholars every day. At night I made astronomical observations with telescopes of my own construction.”
In addition to his general love of astronomy, Herschel found that he had a talent for constructing and improving telescopes and related instruments. His devotion to observation and his technological inventiveness made him one of the preeminent eighteenth-century astronomers. He built an excellent seven-foot telescope at his home in Bath and began a second career writing and presenting papers based on his observations. The powerful, high-resolution reflector telescopes that he built and operated opened new vistas for astronomy. His interpretations of what he saw through them were sometimes fanciful, however. In May 1776 he tried out his new ten-foot telescope with a magnifying power of 240, remarkable for its day. Aiming it at the Moon, he was “struck with the appearance of something I had never taken notice of before and which I immediately took to be woods or large quantities of growing substances in the moon.”18
He concluded erroneously that the dark areas we call the lunar seas were actually dense living forests. Herschel was not alone in believing that life was present throughout the universe. This was a common popular idea, as we have seen, but beginning to be frowned on by the more professional astronomers. As astrophysics became a well-established science in the nineteenth century, it became harder to imagine life on the Sun or other planets. Only recently, with the discovery of thousands of exoplanets, has astrobiology become a reputable science. It now again becomes possible to imagine some form of life everywhere.
Herschel’s initial fame came from a series of observations of double stars. But what really made him preeminent was the discovery of a new planet. While scanning the sky to complete a survey of very faint stars, he observed a barely visible object that seemed to move relative to the others. Further observations showed that it was not a comet but the first new planet to be discovered since antiquity. King George III was informed of this discovery, and Herschel was invited to a royal audience. Herschel wanted to name the new planet Georgium Sidus in the king’s honor, but the French, who were no admirers of the British monarch, later renamed it Uranus. He was awarded the Copley medal in 1781 and elected a fellow of the Royal Society.
He so impressed the king that he was knighted, given a salary of two hundred pounds per year, with an additional sixty pounds per year for his younger sister Caroline Herschel (1750–1848), who was his trusted assistant. This made her the first royally funded female scientist and the first English female scientist ever to be paid a salary.19 The only duty associated with this funding was the presumption that Herschel would occasionally report on new discoveries to the royal family. The king also contributed four thousand pounds for the construction of a 40-foot telescope. Thus, from 1782 on, Herschel was freed from the necessity of teaching music to support himself. His work was now entirely funded by the English government. With the king’s backing, he was able to complete a 40-foot telescope, the largest of its kind and considered a wonder of the age. He had made the transition from an amateur to a professional astronomer and continued observing and publishing results until his death in 1822.
Caroline Herschel is independently important in astronomical history. Like her brother, she was trained as a musician. She studied astronomy with her brother after they immigrated to England and quickly became much more than an able assistant. Observing on her own, she used a small specialized telescope that may have been needed because of a typhus infection, contracted at age ten, that stunted her growth to 4' 3" in adulthood. She discovered six comets in the period from 1786 to 1797. She achieved quite a bit of notoriety with the first discovery, which, though it became known as the “ladies’ comet,” resulted in an almost unprecedented publication by a woman in the Philosophical Transactions of the Royal Society. After Herschel’s death in 1822, she returned to Hanover and prepared the Catalogue of the 2500 Nebulae and Clusters based on their work together, receiving the gold medal of the Royal Astronomical Society in 1828.
There was a great deal of interest in comets in both English and French astronomical circles around this time—dozens had been found by mid-century. They were messengers from beyond the solar system. But tracking comets also led to the beginning of an idea that we will encounter again in the nineteenth century: some comets could hit the Sun, burn up, and add to the solar energy source (whatever it might be). Perhaps all of the Sun’s energy was provided by cometary collisions. A popular versification of this idea came from James Thomson (1700–1748):
From his huge vapouring train perhaps to shake
Reviving moisture on the numerous Orbs,
Through which his long ellipsis winds; perhaps
To lend new fuel to declining Suns,
To light up Worlds, and feed the etherial Fire.20
The Herschels turned out to be another important astronomical family. William’s son John (1792–1871) also went on to become an outstanding astronomer and a great force in revitalizing the Royal Society with new, nonaristocratic blood. We will encounter some of his contributions in the following chapters. Alexander Wilson’s son Patrick (1743–1811) also became an astronomer. He became a close friend of William Herschel’s and carried on a long correspondence with him.
William Herschel was an active and accurate observer with many important discoveries to his credit, including thousands of nebulae. His observations of other “island universes” changed the understanding of the scale of the cosmos. These stand the test of time.
His theoretical views were more erratic but are of interest as they show the limitations of even the best astronomical minds of the time. His views on the nature of the Sun and sunspots are illustrative. He began by questioning previous conjectures about sunspots: “Dark spots . . . have been supposed to be solid bodies revolving very near its surface . . . the smoke of volcanoes . . . scum floating upon an ocean of fluid matter . . . clouds . . . opaque masses, swimming in the fluid matter of the Sun.” He rejected many of these hypotheses based on his own observations. In 1779, while observing the Sun using his seven-foot reflector, he saw a huge sunspot and measured its diameter to be 50,000 miles. He could not believe a volcanic explosion could be the cause of such an enormous object. In 1783 he observed a spot near the limb of the Sun that was clearly depressed below the solar surface and had “shelving around it that was partly elevated above its surface confirming the effect.” He describes one particularly important observation: “in the instance of one large spot on the Sun, I concluded from appearances, that I viewed the real solid body of the Sun itself, of which we rarely see more than its shining atmosphere.”21 By 1792 he had also observed elevated bright regions on the surface, which he called faculae (“little torches”), following Hevelius.
By 1794 Herschel’s views had matured. The Sun to him was a solid sphere with an extensive atmosphere that extended well beyond limits of the luminous surface. This atmosphere was more compressed than Earth’s and had two permanent layers of clouds. The lower clouds were dark and opaque and formed a continuous screen. The upper clouds were luminous and formed a kind of lattice through which patches of the lower cloud layer could be seen. This gave the impression of a mottled surface. Hot gases floated up in this atmosphere and formed fiery clouds that looked like granules. When exceptionally abundant, they coalesced to make larger openings, which were the sunspots. The inner clouds shielded the Sun’s surface from heat.
Alexander von Humboldt (1769–1859), a highly respected nineteenth-century naturalist, restated Herschel’s ideas in his widely influential book, Cosmos: “The body of the Sun itself is almost entirely hard, but surrounded at a considerable distance by a luminous envelope; that funnel-shaped openings are formed in this envelope, in consequence of the passage of currents from below upwards . . . the black nucleus of the spot is a portion of the dark body of the Sun which is visible through the opening.”22
William Herschel was the first to discover that part of the Sun’s heat radiation was invisible to the eye—what we now call infrared radiation. But he argued, strangely, that the Sun’s “heat” was not “hot” until it interacted with Earth’s atmosphere. The Sun itself was apparently, he thought, quite cool.
Herschel certainly subscribed to the eighteenth-century view that life was present everywhere, that “providence had stocked all corners of the universe.” He writes: “We consider that the knowledge of the construction of the Moon leads us insensibly to several consequences, which might not appear at first; such as the great probability, not to say almost absolute certainty, of her being inhabited.”23 In 1795 Herschel speculated that the Sun’s dark, solid surface could support life, since the inner layer of clouds would protect these solar life forms from the heat generated in the upper reaches of the atmosphere. He suggested further that the surface had mountains and valleys “richly stored with inhabitants . . . but now I think myself authorized upon astronomical principles, to propose the Sun has an habitable world, and am persuaded that the foregoing observations, with the conclusions I have drawn from there fully sufficient to answer every objection that may be made against it.”24
Herschel was also the first to consider the possible effect of variations in the Sun’s energy output on Earth. His first task was to find signs on the Sun that would indicate variation in the emission of solar energy. These signs could serve for forecasting good or bad harvests, for instance. “I am now much inclined to believe, that openings with great shallows, ridges, nodules and corrugations . . . may lead us to expect copious emissions of heat, and therefore mild seasons. . . . A constant observation of the Sun with this view and a proper information respecting the general mildness or severity of the seasons in all parts of the world, may bring this theory to perfection, or refute it, if it be not well founded.”25 He tried to determine if the frequency of sunspots affected the weather on Earth. Since there were no reliable meteorological records, he had to search for indirect markers of a correlation. He reasoned that wheat prices could be a sensitive index of the weather. Comparing the sunspot record since 1650 with the price of wheat on the London commodity exchange, he thought he would find evidence that the appearance of a large number of spots could indicate a higher level of solar activity and increased emission of energy. Conversely, “the absence of solar spots and concomitant phenomena seems to indicate a low degree of combustion and consequently, a less beneficial action on the temperature of our planet and the development of vegetation.” Unfortunately, no convincing correlations were evident. Still, he remained hopeful. “The result of this review of the foregoing five periods is, that, from the price of wheat, it seems probable that some temporary scarcity or defect of vegetation has generally taken place when the Sun has been without these appearances which we surmise to be symptoms of a copious emission of light and heat.”26 This was just the opening volley in a long series of attempts at establishing a correlation between sunspot numbers and economic indexes that goes on even in our day.
While some of Herschel’s ideas may seem bizarre to us, he had flashes of very sound intuition. He noted that clouds on the Sun were unlikely to be anything like the clouds on Earth. They would be much more like the giant arches, curtains, and other formations seen in the aurora borealis. His son Sir John Herschel (1792–1871) later wrote: “If in accordance with an early hypothesis of Sir William Herschel, the Sun itself is in the condition of a perpetual northern light (I should rather say of an electro-magnetic storm), we should seem warranted in concluding that solar light, transmitted in the regions of space by vibrations of ether, may be accompanied by electro-magnetic currents.”27 It was more than another hundred years before the solar wind, the carrier of electromagnetic currents that link the Sun to Earth’s magnetosphere, was experimentally verified.
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DISCOVERY OF THE SOLAR CYCLE
Sunspots as Clocks
HEINRICH SCHWABE OF DESSAU
All through the seventeenth and early eighteenth centuries, ever more powerful telescopes were trained at the Sun, revealing details of sunspot structure and other surface features. But no one thought to keep track of their appearance and disappearance. The growing class of professional astronomers thus missed a crucial discovery. Sunspot numbers turned out to be anything but a random affair. The next great step in understanding the nature of sunspots fell to the careful and painstaking work of an amateur. Heinrich Schwabe of Dessau (1789–1875) was a prosperous pharmacist with a strong interest in astronomy. His ambition was to search for new planets. Perhaps, he thought, a small planet within the orbit of Mercury would have been missed by the professionals and he might have the opportunity to make a major discovery by searching for its occultation of the Sun. Accordingly, he began systematic observations of the Sun in 1826. He realized that since a planet in front of the Sun could look like a sunspot, he had to observe and keep track of the number of visible sunspots as well. As time went by, his daily sunspot observations and recordings became the most important activity in his life. He sold his pharmacy to devote all of his time to this obsession; he set up an observatory on the roof of his house and equipped it with 3.5- and 6-foot telescopes. There he conducted careful, almost daily surveys of the solar surface.
After seventeen years of observation and careful recordkeeping, Schwabe realized that he had found something unexpected: there was an approximate ten-year periodicity to the sunspot number (see figure 6.1). While he did not differentiate between isolated spots and small groupings, the number of visible spots rose to a maximum and fell to a minimum every ten years or so. He published his results in a 1843 paper in which he cautiously concludes: “If one compares the number of [sunspot] groups with the number of days when no spots are visible, one will find that sunspots have a period of about 10 years, and that for five years of this period they appear so frequently that during that time there are very few or no days when no spots at all are visible. The future will tell whether this period persists, whether the minimum activity of the Sun in producing spots lasts one or two years and whether this phenomenon takes longer to build up or longer to decline.”1

FIGURE 6.1  Plot of Schwabe’s observations: sunspot numbers versus time.
Schwabe was an obscure amateur—his work was unknown to most astronomers until 1851, when he was finally able to make a convincing presentation of his discovery. But the real breakthrough that brought his discovery of the solar cycle out of obscurity was the publication of the popular encyclopedic work Cosmos: A Sketch of the Physical Description of the Universe.2 This work, written by the well-known German scientist and naturalist Alexander von Humboldt, immediately became immensely influential. It highlighted Schwabe’s discovery and, largely thanks to Humboldt’s influence, Schwabe was awarded the gold medal of the Royal Astronomical Society in 1857. He later compared his experience to that of biblical Saul, who went out to search for his father’s asses and found another kingdom instead.
M. J. Johnson, the president of the Royal Astronomical Society, had this to say about Schwabe’s work:
Twelve years, as I have said, he spent to satisfy himself—six more years to satisfy, and still thirteen more to convince, mankind. For thirty years never has the Sun exhibited his disk above the horizon of Dessau without being confronted by Schwabe’s imperturbable telescope, and that appears to have happened on an average about 300 days a-year. So, supposing that he observed but once a-day, he has made 9000 observations, in the course of which he discovered about 4700 groups. This is, I believe, an instance of devoted persistence (if the word were not equivocal, I should say, pertinacity) unsurpassed in the annals of astronomy. The energy of one man has revealed a phenomenon that had eluded even the suspicion of astronomers for 200 years!
Let us hope that the example will not be lost. Men are apt to speak of astronomy as an exhausted science, meaning that all that can be known is known. No doubt being the most perfect, it is in one sense the most exhausted science. But the astronomer of Dessau has taught us that there are still mines rich in ore, though they lie deep buried, and must be worked with more assiduity and with more care. I can conceive few more unpromising subjects, from which to extract a definite result, than were the solar spots when Schwabe first attacked them.3
A more refined analysis of the time variation of sunspots by the Swiss mathematician turned astronomer Rudolph Wolf (1816–1893) established that the mean period for the solar cycle was 11.11 years. Wolf went far beyond Schwabe’s data, searching through all available records of sunspot observations, going back to the work of Galileo and Scheiner. In the process, he introduced a more quantitative way of estimating the number of spots on the Sun, taking into account the variations among observers owing to the size of the telescope used and other factors. This is now known as the Wolf sunspot number. He became the director of the Zurich Observatory which, under him, became a world center of information regarding sunspot numbers.
ALEXANDER VON HUMBOLDT
Alexander von Humboldt (1769–1859), the German geographer, naturalist, and explorer, was one of the founders of the discipline of ecology. He traveled widely to North and South America and Russia, collecting specimens and observing the flora and fauna. His work set the stage for Darwin and others. His also played a seminal role in bringing new scientific results to the educated nineteenth-century European public. His encyclopedic multivolume review of virtually everything then known about the universe, Cosmos, was published between 1841 and 1852. Among many other subjects, it presented a concise summary of the state of knowledge about the Sun in the middle of the nineteenth century.
In the introduction to this work, Humboldt details some of the most important problems confronting the astronomy of his day:
Physical astronomy presents us with . . . phenomena which cannot be fully comprehended in all their vastness without a previous acquirement of general views regarding the forces that govern the universe. Such for instance, are the innumerable double stars . . . which revolve around one common center of gravity and thus reveal in distant worlds the existence of the Newtonian law, the larger or smaller number of spots upon the Sun, that is to say, the openings formed through the luminous and opaque atmosphere surrounding the solid nucleus, and the regular appearance . . . of shooting stars.4
Humboldt considers the study of sunspots to be one of the important scientific problems of his time. He discusses the history of the discovery of sunspots and the ideas about solar structure. His views on the Sun are very similar to Herschel’s and the views of Nicholas of Cusa, who in 1450 presented “conjectures regarding the many envelopes of air, clouds and light, which surround the black, earth like nucleus of the Sun.”
Humboldt is particularly interested in Herschel’s work on a possible correlation between the number of sunspots and the amount of radiated solar energy. Herschel published papers in the Philosophical Transactions of the Royal Society in 1795 and 1801 suggesting that the sunspot number could be an index of solar activity and energy output. If higher solar activity influenced life on Earth through increased development of vegetation, then phenomena like the price of corn or a run of poor crop yields might be predictable. He had already speculated that the high price of corn and poor crop yields from 1676 to 1684 might be related to the reported absence of solar spots during that period. Once the solar cycle was discovered, such a possible correlation became especially interesting. Were there other phenomena on Earth that depend on solar activity and thus have an eleven-year cycle?
Humboldt concluded his summary of the state of sunspot science by urging additional long-term and complete observations of both the solar surface and meteorological conditions on Earth.5 Such studies were indeed to occupy many professional and amateur observers from the mid-nineteenth century to the present day. The potential impact of a causal Sun-Earth relation on agriculture and economic conditions remained a tantalizing theme both for the popular press and for academic writers and scholars.
RICHARD CARRINGTON
In England, the astronomer Richard Carrington (1826–1875) carried Schwabe’s statistical study of the sunspot cycle to a new level. His study of how sunspots were distributed above and below the solar equator led to a major discovery that turned out to be crucial for understanding what was going on in the Sun. As an independently wealthy owner of a brewery, he was in the tradition of the “gentleman astronomer” who was able to finance his own research. Educated at the University of Durham but dissatisfied with the instruments he could gain access to, he decided to build an observatory to his own specifications at his estate in Redhill. His initial idea was to complete a survey of northern stars. But, fascinated by Schwabe’s discovery of the solar cycle and reported correlations between sunspots and geomagnetic effects, he determined to undertake a study of sunspots himself, realizing he could study the stars at night and observe the Sun during the day. Carrington carried out his observations from 1853 to 1861.6
He learned the art of making detailed drawings of the solar surface projected from his telescope’s eyepiece onto a white screen. He also devised an ingenious method for quantifying the position of sunspots by projecting the image of two crossed gold wires in the telescope’s eyepiece onto the screen with the solar disk image. The time at which a sunspot or sunspot group crossed a particular wire could be used to determine its position and speed with great accuracy. This was the last and perhaps best such work before the advent of modern photographic techniques.
Carrington believed that tracking a single spot’s “orbit” to determine the solar surface rotation could be misleading. Spots might move with their own “proper motion” relative to the solar surface. The possibility of differential rotation had also to be considered. If the Sun was not a solid body, sunspots might move with different velocities depending on their latitudinal distance from the solar equator. In fact, some previous authors had found that using spots at different latitudes gave discordant values of the solar rotation period. Carrington decided to investigate this problem and was able to demonstrate that the Sun’s surface indeed exhibited differential rotation. Carrington discovered that the rotation period of sunspots increased with distance from the equator. A spot near the equator takes twenty-five to twenty-six days to go around the Sun, whereas a spot near 30–35 degrees latitude takes about twenty-seven days. Spots near the poles would take even longer, but very few are found north or south of 40 degrees latitude. If sunspots are imbedded in the Sun, its surface must rotate more rapidly at its equator than anywhere else. This is a clear demonstration that the Sun cannot be a solid since a spinning solid sphere would have the same angular velocity anywhere along its surface. After all, an Earth day is twenty-four hours long at any latitude.7
His careful observations led to another unexpected discovery: the average solar latitude of sunspots decreased steadily from the beginning to the end of a solar cycle.8 Not only was the number of sunspots changing over the eleven-year period, but they also tended to cluster more and more closely around the solar equator as the period progressed. In fact, sunspots from the next solar cycle could appear near 40 degrees north and south solar latitudes simultaneously with sunspots from the previous dying cycle near the solar equator. Gustav Spoerer (1822–1896), a German amateur and high school teacher by profession, confirmed this finding, studying this effect in greater detail at the Potsdam Astronomical Observatory. Unfortunately for Carrington, though he had priority, it is now known as Spoerer’s law. The process can be visualized by plotting the position of first appearance of sunspots on the solar surface over a full cycle. Because the map has the appearance of a butterfly wing, it is known as a butterfly diagram (see figure 6.2).

FIGURE 6.2  (top) Butterfly diagram showing total visible area of all sunspots at a particular solar latitude as a function of time. (bottom) The progression of the solar cycle (number of sunspots versus time).
Source: David Hathaway, U.S. National Aeronautics and Space Administration, Ames Research Center.
The discovery that does carry Carrington’s name and for which he will always be remembered was the chance observation in 1859 of an extreme solar eruption, or solar flare. Now known as the Carrington Event, this is one of a handful of solar storms that we know of that produced extraordinary effects on the Earth. We will return to a description of this event in the section on the discovery of the solar corona.
Richard Carrington’s life took a tragic turn. In failing health, he moved to a lonely location in Surrey after selling his brewery and the Redhill telescopes. There he built another observatory and tried to continue his work. But things went from bad to worse. His wife had been having an affair with another man practically from the first day of their marriage. She spent little time at home and stayed with her paramour under the pretense that he was her brother. One day this lover, in a fit of jealousy, stabbed her with a knife. She survived the attack, and he was arrested, tried, found guilty, and imprisoned. A few years later, Carrington’s wife was found dead in her bed from an apparent overdose of a sedative medication. The coroner implicated Carrington of negligence, though nothing was proved. A week after the coroner’s verdict, Carrington was found dead in his house. Ostensibly he died of a stroke, but some speculate that his death was a suicide.
Carrington’s work was taken up and improved upon by the Irish astronomer Annie Russell Maunder (1868–1947), this time using photographic techniques. Under her maiden name of Annie Russell, she took her mathematics tripos at Girton College, Cambridge. As a testament to her skill and value, she was given an open contract at the Royal Observatory in 1889, very unusual for a woman at this time. There she found herself working with the astronomer Edward Maunder (1858–1921), whom she married. Because married women were forbidden to work in the civil service, she quit paid work in astronomy but continued doing research alongside her husband at the Royal Observatory, doing her most important solar work from 1873 to 1905. While a fully competent professional, she was forced to take on an amateur’s role because of her marital status.
After the first photographic daguerreotype of the Sun was taken at the Paris Observatory by Hippolite Fizeau and Jean Bernard Leon Foucault on April 2, 1845, the photographic technique improved rapidly and was taken up by astronomers at the Kew and Royal Observatories. Photography could be used to study sunspots in a much more reliable and reproducible way. Annie Maunder’s work was based on more than nine thousand photographs of the Sun, many of them taken by her personally. Thirty years’ work resulted in tabular and graphical reduction of five thousand separate groups of spots. She measured sunspot areas systematically and further developed the butterfly diagram.9 She also became an important member of expeditions to observe solar eclipses. Nominated by her husband, she became a fellow of the Royal Society in 1916, twenty-one years after being refused membership because she was a woman.
PLANETARY INFLUENCES?
A cyclical phenomenon needs a periodic force to generate it. Keeping a child happily swinging requires a push just at the right time as the swing rises up. It was natural to speculate that the forces producing the solar cycle, whatever they were, would have the same period. Could planetary motion be responsible? Rudolph Wolf in 1859 noticed that the sunspot cycle is roughly equal to the orbital period of Jupiter (11.86 years) and suggested that sunspots might be created by planetary tidal effects on the solar surface. At the Kew Observatory, the astronomers Warren De La Rue (1815–1889), Balfour Stewart (1828–1887), and Maurice Loewy (1883–1907) proposed a similar theory: the gravitational tugs of planetary motion were the cause of sunspots.10 Khristian Birkeland (1867–1917) further suggested that the tidal action of planets, though small, triggered the release of the Sun’s internal energies, which then manifested themselves as sunspots. How exactly these tides or triggers worked was never very clear. Nevertheless, this became a widely accepted explanation. The editor of Nature wrote: “That the solar spots are produced in some way by the planetary disturbance of the photosphere, is now generally admitted. As yet, however, the manner in which this influence is exerted can be little more than a matter of conjecture.”11
An earlier idea that sunspots were caused by meteors falling into the Sun had the added advantage that this would give the Sun back some of the energy it emitted as heat and help keep it shining. The sunspot period was produced by the supposed existence of a ring of meteors orbiting the Sun whose density varied with an eleven-year period. This theory was advocated by John Herschel, among others. The American astronomer Daniel Kirkwood (1814–1895), an expert on the theory of asteroids and meteors, challenged this picture but observed that if certain meridians (areas on the solar surface extending from the north to the south pole) on the Sun were more susceptible to influence than others, there might be hope for this idea.12 He also proposed that the eleven-year cycle was mostly due to the influence of Mercury with perturbations from Venus.
The idea that planets could influence the Sun persisted well into the twentieth century. It was taken up later by certain economists who theorized that the sunspot cycle influenced the business cycle (see chapter 10). What was missing was a detailed physical understanding of just how such gravitational tugs could produce a sunspot. As it turned out, another kind of correlation would prove much more fruitful in understanding the nature of sunspots.
MAGNETIC STORMS AND AURORAS
By the mid-nineteenth century, three disparate phenomena—auroras, magnetic storms, and sunspot maxima—were found to be related. Auroras have been known since the earliest days of human history when humanity spread to high northern and southern latitudes. While auroras inspired superstitious fear in the Nikonovsky Chronicle and concern in the Chinese court astronomers’ records, the connection between this phenomenon and the state of the Sun was not at all obvious.
The magnetic compass has a long history as well. It likely came to Western Europe from China. Compass needles were highly useful for navigation because they seemed always to point in the same direction, but this was only approximately true. Mariners quickly learned about magnetic anomalies. They made corrections to compass headings in certain geographical locations and tabulated these consistent corrections in navigational tables. But there were also day-night variations, as well as periods of irregular magnetic behavior at any given location.
In fact, the direction of a magnetic compass needle at any fixed point on Earth’s surface is constantly changing with a regular twenty-four-hour diurnal oscillation. The magnitude of this oscillation in the United States is about fifteen minutes of arc in the summer and about six minutes of arc in the winter, but these amplitudes also change slowly over a ten-year period. There are times, however, when the compass needle swings wildly and unpredictably, sometimes by as much as five or ten degrees. This is a manifestation of a magnetic storm.
In 1851 Johann von Lamont (1805–1879) in Munich discovered that the diurnal amplitude of magnetic instruments monitoring Earth’s magnetic field had an approximately ten-year periodicity. Taking advantage of the great sprawl of the British Empire, Sir Edward Sabine (1788–1883) convinced the government to fund a worldwide network of magnetic measurement stations. By 1852 the data gathered showed clearly that these diurnal magnetic changes were not a local phenomenon. They behaved similarly all over Earth and, remarkably, their magnitude was correlated with the solar cycle. This was confirmed by Jean-Alfred Gautier (1793–1881) in Switzerland and Richard Wolf in Germany. Wolf also included reports of auroras in his exhaustive summary of sunspot records dating back to Galileo’s time. His data showed that the auroral cycle also had an 11.11-year period—the same as the sunspot cycle. The relation between auroras and magnetic disturbances had been discussed as early as 1819 by Francois Arago (1786–1853). Parenthetically, the pioneering science writer and popularizer Agnes Clerke pointed out that there were no reports of auroras for seventy years during the period of very few sunspot reports now known as the Maunder Minimum.13 The three phenomena seemed to be clearly related. But what was the physical process that produced the correlation?
SOLAR FLARES AND MAGNETIC STORMS
The direct solar influence on magnetic storms and auroras became particularly dramatic on September 1, 1859. On that day, Richard Carrington was observing the Sun in what had become an established routine. He projected the solar image on a screen and was examining a particularly large sunspot group when he suddenly saw two very bright white beads of light along its edges (see figure 6.3). Though they appeared like tiny new moons, he estimated that they were spaced 12,000 miles apart and were 8,000 miles long and 2,000 miles wide. He noted that the flare lasted for five minutes and then faded completely. While it lasted, the flare appeared to him five times brighter than the surrounding photosphere. Carrington writes: “The impression left upon me is that the phenomenon [the solar flare] took place at an elevation considerably above the general surface of the Sun, and accordingly altogether above and over the great group [of sunspots] in which it was seen projected.”14 Richard Hodgson (1804–1872), a retired publisher and amateur astronomer, witnessed this phenomenon independently. An inveterate solar observer, he had been making a drawing of the large spot when the flare erupted. The event was independently observed—there was no chance that it was an astronomer’s illusion. Eighteen hours later, there was a truly memorable auroral display over large parts of the world. In many places, it lasted until dawn the next day. At its peak, the aurora was so bright that newspapers could be read by its glow. Auroras continued to be reported until September 4. Carrington traveled to the Kew Observatory, which had instruments that monitored Earth’s magnetic field, and asked to see the records of the magnetic measurements. In fact, a short-lasting magnetic disturbance had been recorded. Balfour Stewart, the newly appointed director of Kew, wrote that a magnetic disturbance had broken out at the very moment the flare was detected. Eighteen hours later, the magnetic instruments recorded a major magnetic storm.

FIGURE 6.3  Carrington’s 1859 sketch of the solar flare.
Source: Richard Carrington/Wikimedia Commons.
John Herschel reported that this solar flare was accompanied by auroras in both hemispheres as far south as Cuba and as far north as Melbourne. Telegraphs stopped working because of strong currents induced in the wires. Signal men received severe electric shocks, while in Norway the telegraphic apparatus burst into flame due to the magnetic disturbance.
As striking as these events must have been, Carrington cautiously pointed out that “a swallow does not a summer make.” Correlation does not necessarily imply causation, particularly when dealing with rare events. Could all of this be a coincidence?
There was speculation that Earth encountered from time to time a “corpuscular stream” arising from a particular area of the Sun and appearing to rotate with the same speed as the Sun. Scientific American published a news item about the appearance of a naked eye sunspot on February 22, 1894 (also photographed by the Lick Observatory).15 There were widespread auroral reports two hours after the appearance of the sunspot. It was beginning to seem that there was a direct cause-and-effect connection at work.
The discovery that the return of a sunspot group to the center of the Sun’s disk was completely coincident with the onset of magnetic storms on Earth was the final proof. The American astronomer Charles Augustus Young (1834–1908) wrote of this experience:
On August 3, 1872, the chromosphere in the neighborhood of a sunspot, which was just coming into view around the edge of the Sun, was greatly disturbed on several occasions during the forenoon. Jets of luminous matter of intense brilliance were projected . . . There were three especially notable paroxysms at 8:45, 10:30, and 11:50 a.m. local time. At dinner the photographer of the party, who was determining the magnetic constants of our station, told me, without knowing anything about my observations, that he had been obliged to give up work, his magnet having swung clear off the scale. Two days later the spot had come around the edge of the limb. On the morning of August 5th I began observations at 6.40, and for about an hour witnessed some of the most remarkable phenomena I have ever seen . . . On writing to England, I received from Greenwich and Stonyhurst, . . . copies of the photographic magnetic records for these two days . . . after making allowance for longitude, the magnetic disturbance in England appears strictly simultaneous, so far as can be judged, with the spectroscopic disturbance seen on the Rocky Mountains.16
Earth’s magnetic storms obey the Sun’s rotational period. There must be some force exerted by an area on the solar surface that extends to Earth and produces the magnetic effects. But how could this affect electrical and magnetic properties of Earth and its atmosphere?
The next step in understanding would come from much more detailed analyses of the composition and makeup of individual sunspots. As late as 1835, these kinds of studies seemed impossible. The French philosopher Auguste Comte (1798–1857) wrote that while sunspot shapes, sizes, and motions could be known, their chemical composition or structure could never be determined. Yet the foundation for this deeper understanding was being laid by the work of the German physicist Gustav Kirchhoff (1827–1887), who developed the study of solar spectroscopy. This led to a growing understanding of the Sun’s magnetic field and that other solar manifestation that changes with the solar cycle—the solar corona.
SOLAR ECLIPSES AND THE SOLAR CORONA
The solar corona shows itself during a total eclipse of the Sun—a terrifying event for prehistoric humans. Early cultures have left pictorial records of coronalike solar halos (see figure 6.4). The medieval Nikonovsky Chronicle paints a particularly dramatic word picture: “The Sun became like a crescent of the moon, from the horns of which a glow similar to that of red-hot charcoals was emanating. It was terrifying to men to see this sign of the Lord.”17

FIGURE 6.4  Chaco Canyon petroglyph suggesting observation of the solar corona during an eclipse.
Photo by the author.
A solar eclipse continues to be an awe-inspiring experience. Perhaps it takes the temporary disappearance of the Sun to make us viscerally aware of our interconnection and dependence on it. The following is an entry from the British writer Virginia Woolf’s diary regarding her experience of the 1927 total eclipse, the first to be seen in England in 203 years:


Before it got dark we kept looking at the sky; soft fleecy . . . Then we had another doze . . .; then here was a level crossing, at which were drawn up a long line of motor omnibuses and motors, all burning pale yellow lights. It was getting grey—still a fleecy mottled sky . . . All the fields were auburn with June grasses and red tasselled plants none coloured as yet, all pale. Pale and grey too were the little uncompromising Yorkshire farms. As we passed one, the farmer and his wife and sister came out, all tightly and tidily dressed in black, as if they were going to church. At another ugly square farm, two women were looking out of the upper windows. These had white blinds drawn down half across them. We were a train of 3 vast cars, one stopping to let the others go on; all very low and powerful; taking immensely steep hills . . . We got out and found ourselves very high, on a moor, boggy, heathery, with butts for grouse shooting. There were grass tracks here and there and people had already taken up positions. So we joined them, walking out to what seemed the highest point looking over Richmond. One light burned down there. Vales and moors stretched, slope after slope, round us. It was like the Haworth country. But over Richmond, where the Sun was rising, was a soft grey cloud. We could see by a gold spot where the Sun was. But it was early yet. We had to wait, stamping to keep warm . . . There were thin places in the clouds and some complete holes. The question was whether the Sun would show through a cloud or through one of these hollow places when the time came. We began to get anxious. We saw rays coming through the bottom of the clouds. Then, for a moment, we saw the Sun, sweeping—it seemed to be sailing at a great pace and clear in a gap; we had out our smoked glasses; we saw it crescent, burning red; next moment it had sailed fast into the cloud again; only the red streamers came from it; then only a golden haze, such as one has often seen. The moments were passing. We thought we were cheated; we looked at the sheep; they showed no fear; the setters were racing round; everyone was standing in long lines, rather dignified, looking out. I thought how we were like very old people, in the birth of the world—druids on Stonehenge; (this idea came more vividly in the first pale light though). At the back of us were great blue spaces in the cloud. These were still blue. But now the colour was going out. The clouds were turning pale; a reddish black colour. Down in the valley it was an extraordinary scrumble of red and black; there was the one light burning; all was cloud down there, and very beautiful, so delicately tinted. Nothing could be seen through the cloud. The 24 seconds were passing. Then one looked back again at the blue; and rapidly, very very quickly, all the colours faded; it became darker and darker as at the beginning of a violent storm; the light sank and sank; we kept saying this is the shadow; and we thought now it is over—this is the shadow; when suddenly the light went out. We had fallen. It was extinct. There was no color. The earth was dead. That was the astonishing moment; and the next when as if a ball had rebounded the cloud took colour on itself again, only a sparky ethereal colour and so the light came back. I had very strongly the feeling as the light went out of some vast obeisance; something kneeling down and suddenly raised up when the colours came. They came back astonishingly lightly and quickly and beautifully in the valley and over the hills—at first with a miraculous glittering and ethereality, later normally almost, but with a great sense of relief. It was like recovery. We had been much worse than we had expected. We had seen the world dead. This was within the power of nature.18
Here is astronomer Charles Augustus Young again, with a more prosaic but scientifically exact description:


From behind it [the eclipsing Moon] stream out on all sides radiant filaments, beams, and sheets of pearly light, which reach to a distance sometimes of several degrees from the solar surface, forming an irregular stellate halo, with the black globe of the moon in its apparent center. The portion nearest the Sun is of dazzling brightness, but still less brilliant than the prominences, which blaze through it like carbuncles. Generally this inner corona has a pretty uniform height, forming a ring three or four minutes of arc in width, separated by a somewhat definite outline from the outer corona, which reaches to a much greater distance, and is far more irregular in form. Usually there are several “rifts” as they have been called, like narrow beams of darkness, extending from the very edge of the Sun to the outer night, and much resembling the cloud—shadows which radiate from the Sun before a thunder-shower. But the edges of these rifts are frequently curved, showing them to be something else than real shadows. Sometimes there are narrow, bright streamers, as long as the rifts, or longer. These are often inclined, occasionally are even nearly tangential to the solar surface, and frequently even curved. On the whole, the corona is usually less extensive and brilliant over the solar poles, and there is a recognizable tendency to accumulations above the middle latitudes, or spot-zones; so that, speaking roughly, the corona shows a disposition to assume the form quadrilateral or four-rayed star, though in almost every individual case this form is greatly modified by abnormal streamers at some point or other.19
The consensus in the early part of the nineteenth century was that the corona and related streamers were optical illusions, effects of either Earth’s or the Moon’s atmosphere, not something connected with the Sun itself. These ideas go back to Kepler, who thought that the corona was due to the scattering of light in the atmosphere of the Moon.
During the 1836 total eclipse of the Sun, the British amateur astronomer Francis Baily (1774–1844) observed something that seemed out of the ordinary: strange flashes on the edge of the Moon’s disk. These bright points, similar to a string of beads that appeared around parts of the circumference, became known as Baily’s Beads and provoked a great deal of discussion. Though they eventually proved to be the reflection of the Sun’s rays on the mountains of the Moon, their discovery heightened interest in the next total eclipse. The 1842 eclipse, which could conveniently be seen in southern Europe, was observed by more than a hundred astronomers. The nature of the corona and the so-called solar prominences, or fingers of light extending from the solar surface, became a subject of hot debate. Observing these normally hidden solar phenomena obsessed many astronomers through the century. Expeditions ventured to distant regions of the world where an eclipse could be observed in its totality. These scientifically motivated travels were the nineteenth-century equivalent of the eighteenth-century exploits of the likes of Captain Cook to observe the transit of Venus. The astronomer royal, Sir George Airy (1801–1892), observing a total eclipse in 1851, pointed out that the solar prominences were centered near concentrations of sunspots. This was the first indication of a connection between sunspot activity and what was going on in the corona.
The new science of photography finally put an end to the controversy about the reality of the corona. Walter de la Rue (1818–1887), a businessman and amateur astronomer with an interest in photography, began working with Edward Sabine at the Kew Observatory. Sabine and Airy together provided funds for an expedition to Spain, and on July 18, 1860, de la Rue obtained one of the first photographs of a total solar eclipse. They were beaten to this prize by Johann Julius Friedrich Berkowski, who made the first solar eclipse photograph on July 28, 1851, also using the daguerreotype process, at the Royal Observatory in Königsberg, Prussia (see figure 6.5). Photographic plates showed the corona and its prominences and filaments and proved conclusively that the corona was not some atmospheric effect or subjective visual disturbance. It was an extension of the solar surface into space. As such it must play an important role in the solar system, and its nature needed to be understood.

FIGURE 6.5  First photograph of a solar eclipse showing the corona. Johann Julius Friedrich Berkowski made this first solar eclipse photograph on July 28, 1851, using the daguerreotype process, at the Royal Observatory in Königsberg, Prussia. Shown is a later copy of either an 1854 engraving of J. J. Berkowski’s original 1851 daguerreotype or an 1891 photograph of the original.
Source: Johann Julius Friedrich Berkowski/Wikimedia Commons
Expeditions to observe eclipses in 1871, 1875, 1878, and 1882 were occasions around which the modern discipline of solar physics was formed. Out of the shared experiences and travails associated with these events arose a community of solar physicists. As Karl Hufbauer points out in Exploring the Sun: “Besides being a glorious spectacle, every eclipse provided solar physicists with an opportunity to discover something new about phenomena above the Sun’s dazzling photosphere. To reach a station along the path of totality required coordinated fund-raising and preparation. To witness an eclipse took some luck with the weather. To make the most of the moments of totality demanded uncommon adroitness. Those who went out to eclipses were legion. Those who came back with good results were few. Those who returned with discoveries were the elect.”20 This community laid the foundation for the modern field of astrophysics.
Some journeys to observing locations were quite remarkable. The French astronomer Pierre Jules Janssen (1824–1907) was set to journey from Paris to Oran in North Africa to observe the 1870 eclipse. He was particularly eager to depart because two years earlier, observing an eclipse in India through the newly developed solar spectroscope (more on this below), he had seen evidence for what he thought was a new element, now called helium. But the observations were not conclusive, and he desperately needed another chance at more data. His competitor, Joseph Norman Lockyer (1836–1920), had independently observed the same phenomenon and was already claiming discovery. But the Franco-Prussian war had broken out, and Paris was besieged and completely encircled. The Germans were actually willing to let him leave, given the importance of his scientific mission, but he refused to be treated differently from his compatriots. Instead, he escaped the city in a hot air balloon. Evading German fire, the balloon left Paris behind but was caught up in a wind current and pushed out toward the Atlantic. Luckily it crash-landed moments before drifting out over the ocean. Janssen finally made his way to Africa, but unfortunately the Oran site was completely clouded over on the day of the event. Such were the vicissitudes of eclipse hunters.
The systematic photographic study of coronas during total eclipses between 1871 and 1882 turned up another very important fact: the shape of the solar corona changed with the solar cycle. During a sunspot maximum, the corona and its extended arches and filaments are seen to be roughly symmetric around the Sun (see figure 6.6). Janssen described this kind of corona as similar to the petals of a giant dahlia. During a solar minimum, on the other hand, there are long streamers or coronal rays along the equatorial plane and plumes (luminous hairs) coming out of the polar regions, giving an altogether much less symmetrical appearance (see figure 6.6). In 1889 Pietro Tacchini (1838–1905) discovered that the positions of these coronal rays were correlated with the distribution of prominences along the solar limb. Since these were known to vary with the solar cycle, it became clearer why the corona would change its shape as this cycle progressed.

FIGURE 6.6  Corona at solar maximum (top) and minimum (bottom). Note change from a relatively symmetric shape to an elongated one.
Source: U.S. National Aeronautics and Space Administration.
While nineteenth-century solar astronomers achieved a great deal of progress in understanding the nature of the corona, it was difficult to study its properties other than during eclipses. This severely restricted observations to eight days a century or so. Even then, these had to be performed over very specific areas on Earth’s surface in a very short (one- to five-minute) time interval.21 There was some progress in observing prominences in the chromosphere by using specialized spectroheliographs even when there was not an eclipse (see chapter 8), but it was not until the invention of the coronagraph in 1931 that astronomers were able to study the corona on a daily basis. This instrument, a kind of artificial Moon, blocked out the Sun’s central disk. The coronagraph and the science of solar spectroscopy ushered in a revolution in understanding the nature of the corona, sunspots, and the solar cycle itself.
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THE BUSINESS CYCLE
Sunspots as Economic Indicator
Heinrich Schwabe (1789–1875) was a pharmacist and an obscure German amateur astronomer with a passion for observing the Sun. Why did his well-documented discovery, published in 1843 and widespread after 1851, of an arcane eleven-year sunspot cycle generate so much interest in the nineteenth century? That fascination persists to this day. It is surely related to the association of the solar cycle with events on Earth, be it the weather, crop yields, or the business climate. This human feeling of a “cosmic connection” goes far back in our history. It relates to astrological ideas that natural rhythms have a deep importance when they are associated with our own life cycles. The alteration of day and night and the seasons have a direct effect on us. Does this clear and distinct association predispose us to expect that other, more remote cyclical natural phenomenon might also connect with our well-being in more indirect ways? In this chapter we depart from our historico-scientific exposition to look at some of the quirkier reactions to news of events on the Sun.
The development of the discipline of economics in the latter part of the eighteenth century paralleled the experience of booms and busts in the economy of industrializing countries, particularly England. With the publication of Adam Smith’s Wealth of Nations and works by David Ricardo and John Stuart Mill, the field of economics was progressing rapidly, grappling on an intellectual level with the transformation of life brought about by industrialization. The late eighteenth and early nineteenth century brought enormous social transformation in England. The invention and development of the steam engine and the subsequent industrial revolution saw the movement of thousands of workers from the countryside to the new northern industrial cities like Manchester. A huge increase in population and terrible living conditions brought with them all the concomitant woes. Periodic economic depressions or crashes led to mass unemployment and additional misery. English political leaders recognized that something had to be done to avert further catastrophes.
As a first step, the government instituted committees whose job was to establish a statistical basis for future action. The Statistical Department of the Board of Trade was established in 1832 and the Royal Statistical Society in 1833. As reliable economic data finally became available (collated in the famous Parliamentary Blue Books), the phenomenon known as the “business cycle” became apparent. Nineteenth-century swings between prosperity and depression seemed to follow a regular pattern. Why should such an apparently cyclical behavior exist? The reality of that cycle produced social upheavals and general misery and had much to do with the development of socialist calls for reform and communist economic philosophy and political action.
Economic records going back to the early eighteenth century, showed booms and busts occurring every ten years or so. They seemed numerically quite close to the recently discovered solar cycle period. This association caught the attention of W. Stanley Jevons (1835–1882), a British polymath with interests in meteorology, economics, physics, and the foundations of logic.
W. STANLEY JEVONS AND THE ECONOMIC IMPACT OF SUNSPOTS
Jevons is remembered today chiefly for his pioneering work in mathematical economics and for introducing the concept of marginal utility. Trained in chemistry and botany at the University of London, he had to interrupt his studies because of the economic hardship his family faced in the economic panic of 1847. He spent a number of years in Australia, where he became interested in meteorology. Returning to England, he became a professor at Owens College in Manchester and became well known for his work in logic, mathematics, and economic theory. However, he is of particular interest to us because of a series of papers, published in the British journal Nature, in which he postulated a causal connection between the solar cycle and the business cycle. His first paper, “Commercial Crises and Sunspots,” was written in 1876, perhaps stimulated by an ongoing severe economic downturn. In it he points out that similar crises had occurred, working backward in time, in 1866, 1857, 1847, 1837, 1825–26, and 1815–16. Searching for deeper causes of this apparent cyclical recurrence, he reviews previous work on the subject. Hyde Clarke (1815–1895), a British engineer and philologist, writing in the midst of the Panic of 1847, had proposed that the business cycle had a ten- to eleven-year period.1 Clarke defined the business cycle succinctly: “A period of bustle, or of gambling, cut short in a trice and turned into a period of suffering and loss, is a phenomenon so often recorded, that what is most to be noticed is that it should excite any wonder.”2 Clarke was unable to find a physical reason for this cycle. The banker and statistician William Langton published a paper in 1840 in which he too demonstrated the existence of a decennial, or ten-year, business cycle.3
Jevons, who rubbed shoulders with leading English scientists, was struck by the “recent continual discussions concerning the solar or sunspot period.” Poring through statistical data in the History of Agriculture and Prices in England from the Year 1259, he thought he had found Wolf’s 11.1-year solar period manifesting itself in the price of corn and other agricultural commodities. Unfortunately, three-, five-, seven-, and thirteen-year periods also seemed to be consistent with the available data. Frustrated with this apparent multiplicity of cycles, he withdrew his original paper from publication and turned to other matters.
The next recession struck in 1878, and Jevon’s interest in this problem returned. As it happened, the Scottish astronomer John Allan Broun (1817–1879) had published a new estimate of the solar cycle period of 10.45 years. With a new number to play with, Jevons quickly revisited his previous analysis and, lo and behold, found a 10.44-year average period for the business cycle going back to the beginning of the eighteenth century. Elated, he fired off a paper to Nature. He remained puzzled about the causal mechanism, however. The correlation was not perfect. There was a problem with the price of corn: “But here we are embarrassed by the fact that no inquirer has been able to discover a clear periodic variation in the price of corn. This is what W. Herschel attempted to do at the beginning of this century, in his truly prophetic inquiry about the economic effects of the sunspots; but his facts are evidently too few to justify any real inference.” Jevons, like Herschel, then assumed that there were too many complex influences on the price of corn to allow the influence of the solar period to be easily discerned. One had to pick and choose the right data to make progress.
Not content with simply establishing a correlation, Jevons next presented a causal hypothesis: climatic changes in the tropics were the key. The solar cycle, in his view, induced an eleven-year climatic periodicity of monsoon and drought in the tropics. This, in turn, produced a cycle of Indian famines. Since trade with the tropics was an important element in the European economy, these famines could strongly affect European business. He cites the 1878 failure of the Glasgow Bank, intimately connected with famine in India and China, as a particular example.
Jevons also discovered that the value of merchandise exported to India between 1708 and 1734 had a decennial periodic variation. What was the reason for this periodic decline in trade? Suppose all of the tropics were affected by the same meteorological cycles as India. If this were true, then the nations that exchanged most heavily with the tropical regions would suffer the greatest repercussions from the solar cycle–induced crises. He does allow the possibility of panics occurring for other reasons, but “they have seldom, if ever, the intensity, profundity, and wide extension of the true decennial crises.” An immediate consequence of his theory was the importance of closely monitoring and better understanding the amount of solar energy absorbed by Earth. He writes: “But if there is any truth in all these Sun speculations, there must be a periodic variation in the Sun’s rays, of which the sunspots are a mere sign, and perhaps an unsatisfactory one . . . then the time will come when the most important news in the Times will be the usual cablegram of the solar power.” Concluding his Nature article, Jevons exhorted: “An empire on which the Sun never sets, and whose commerce pervades every port and creek of the sunny south cannot wisely neglect to keep a watch on the great fountain of energy. From that Sun . . . we derive our strength and our weakness, our success and our failure, our elation in commercial mania, and our despondency and ruin in commercial collapse.”4
Jevons submitted another article to Nature in which he claimed to have found the missing link between the climate cycle and the business cycle.5 “I beg leave to affirm that I never was more in earnest, and that after some further careful inquiry, I am perfectly convinced that these decennial crises do depend upon meteorological variations of like period, which again depend, in all probability, upon cosmical variations of which we have evidence in the frequency of sunspots, auroras, and magnetic perturbations. I believe that I have, in fact, found the missing link required to complete the first outline of the evidence.”
His argument is based on the assumption that cheap rice and other grain imports from India were of fundamental importance for English prosperity. The Reverend Robert Everest had written a paper purporting to establish a decennial variation in the price of wheat at Delhi from 1763 to 1836.6 Based on this result, Jevons claims the ten-year recurring Delhi wheat price variation is the root cause of the ten-year English business cycle. There is a slight hitch to the argument. Commercial crises in England tended to occur either simultaneously with the appearance of high prices for wheat in Delhi, or slightly before them, an obvious problem for a cause-and-effect relationship. But all is not lost, in his view: it turns out that famines associated with high prices for wheat in Madras always preceded the famines in Bengal (which were the ones studied by Rev. Everest). Hence higher wheat prices likely occurred earlier than indicated from Bengal data. There is then plenty of time (several years) for the cause (Indian famines) to produce the effect (commercial crisis in England). Jevons writes: “It must be allowed that the commencement of famine in India precedes by about two years the occurrence of commercial collapse in England.” Note the apparent forcing of the correlation. We will meet this tactic for questionably relating cause and effect over and over again in this chapter.
Jevons was aware his theories were controversial, but he was passionate in his belief that he had found the key. He writes: “The difficulty is to explain why this collapse so often comes at intervals of ten or eleven years, and I feel sure the explanation will be found in the cessation of demand from India and China occasioned by the failure of harvests there, ultimately due to changes of solar activity. Certainly the events of the last few years, as too well known to many sufferers, entirely coincide with this view, which is, nevertheless, made the subject of inconsiderate ridicule.”
Jevons, like many solar-cycle enthusiasts who followed, proceeds to find correlations in the most unlikely data. In his note “Sun-Spots and the Plague,” he uses data from John Graunt’s “Natural and Political Observations Upon the Bills of Mortality” (1662) to show that the times of greatest mortality from the London plagues occurred in the years 1592, 1603, 1625, and 1636.7 Adding the dates of the great plagues of Naples in 1656, London in 1665, and Marseilles in 1720 and assuming a 10.5-year solar cycle, he finds a strong correlation. As to the cause: “There may be several chains of causation leading to the increase of mortality, but one chain is doubtless though the Asiatic famines, which would naturally develop the worst forms of germ disease.”8
Jevons’s work on cycles, which we now recognize as based on statistically questionable assumptions and methodology, was instrumental in pointing out that a solar-terrestrial connection could manifest itself most directly through cyclical changes in climate. As the best English minds of the time struggled to make sense of the impact of the industrial revolution and the expanding trade and monetary systems of empire, the possibility of an external driver to the economy, particularly one that had some level of predictability, was an attractive idea. Many more writers followed in his footsteps, well into the twentieth century. The term sunspots has even entered modern economics, denoting any external random variable that has no real effect on economic fundamentals but might affect perceptions.
FOLLOWERS OF THE PROPHET
Let’s now look at four typical and variously influential late-nineteenth- and early-twentieth-century followers of Jevons: Frederick Chambers and Sir William H. Beveridge in England and Henry Ludwell Moore and Ellsworth Huntington in the United States.
Frederick Chambers (1846–1923) was a Bombay-based British meteorologist. In a contribution to the journal Nature, he writes: “Ever since the discovery by Schwabe of the periodicity of the sunspots, . . . there has been a growing belief in the minds of scientific men that the varying condition of the Sun exerts a far greater influence on terrestrial affairs than is usually thought at all probable, and various investigators have traced, with more or less definiteness, a periodicity of eleven years—coinciding with that of the sunspots—in the variations of the rainfall, in those of the temperature and pressure of the atmosphere, and in the frequency of storms etc. The late. Prof Stanley Jevons went so far as to express the opinion that even trade depressions are the remote effects of corresponding variations in the condition of the Sun.”9
Chambers looked for correlation of Indian prices with the solar cycle, even though he realized that it would be difficult to isolate a specific cause for a price variation. Changes in solar energy might influence rainfall and the weather, but price fluctuations could have many possible causes, most of which were unrelated to the weather. These multiple effects included wars, population growth, quantity of money available, etc. Nevertheless, he hoped to minimize these influences by subtracting them statistically from a long time series of prices. He believed prices may be the more sensitive correlate to the solar cycle because they in some sense reflect the total climate picture, combining rainfall with other factors. His method was to fold together price variations over an eleven-year period. Nonperiodic variations due to wars, etc., would then hopefully cancel out. Using the 1783–1882 prices of food grains at Bhavnagar listed in the Bombay gazetteer, he claimed to find a distinct eleven-year period of five good years with low prices followed by six bad years with higher prices. He had similar results for other locations in India.
Chambers’s analyses had weaknesses common to many similar attempts. He excluded certain data, supposedly because they were less reliable. Their retention would weaken the sought-after conclusion. After some manipulation, Chambers found the expected correlation: all ten districts in India examined showed a periodic rise and fall of prices every eleven years, corresponding with the sunspot count during this time. The correlation, not surprisingly, was not exact, the time lag between sunspot minimum and price maximum being less than between sunspot maximum and price minimum. At the conclusion of his work, Chambers strikes a note we will hear again and again: knowledge of the solar cycle can predict future prices and give investors an important advantage. He was careful to point out that there are too many irregular fluctuations to make predictions for any individual case, but he remained confident that the overall “wave of prices” can be estimated by referring to the sunspot cycle.
In a similar vein, Sir William H. Beveridge (1879–1963), the English Liberal politician, economist, and director of the London School of Economics, examined prices in western and central Europe from 1500 to 1869. He found a primary periodic variation of 30.6 years and a secondary one of 15.2–15.4 years. Beveridge believed that these cycles corresponded, if one allowed a one-year lag, to the periodicity in crop yield. He then attributed the crop yield periodicity to the influence of the solar cycle on the weather.10 This caused some consternation, as his periodicity seemed far from what sunspot data gave. Roundly criticized by members of the Royal Society, Beveridge had to agree that the sunspot cycle was nowhere near fifteen years long. The 15.3-year period had not even been found in the meteorological records. But this did not deter him from continuing to search. He later claimed to find weather periodicities of 4.38, 4.77, and 8.34 years, and a 4.37-year periodicity in rainfall.11 Note the remarkable mathematical precision (two significant numbers) with which these periods are claimed.
Henry Ludwell Moore (1869–1958), an American economist and professor of economics at Columbia University, also caught the solar cycle correlation fever. In “Generating Economic Cycles” (1923), he reports on a study of crop cycles and presents his discovery of an eight-year period in crop yields and prices. This eight-year cycle also appears in the annual United States rainfall reports from 1881 to 1921. Encouraged by this, he finds an identical match in a much longer record of rainfall from the Ohio Valley, as well as a similar periodicity in British wholesale prices.
His point of view about these cycles is summarized in the following quote: “The weather conditions represented by the rainfall in the central part of the United States, and probably in other continental areas, pass through cycles of approximately thirty-three years and eight years in duration, causing like cycles in the yield per acre of the crops; these cycles of crops constitute the natural, material current which drags upon the surface the lagging, rhythmically changing values and prices with which the economist is more immediately concerned.”12 As the yield of crops increases, trade and employment increase. This in turn increases demand for goods, leading to a general rise in prices. Searching for a physical cause for the cyclical behavior of the weather, he goes back to Schwabe: “Schwabe’s discovery of the sunspot cycle not only has a direct bearing upon the theory of the Sun’s activity, but falling as it does within the realm of the most exact of the sciences, its history cannot fail to give courage to economists engaged in the study of periodicities in notoriously inexact data.”13
The problem, of course is that his claimed periodicity is completely different from the solar cycle’s. But as has been the case with others, this did not stop Moore. Searching for some extraterrestrial eight-year cycle, he settled on the periodic motion of Venus with respect to Earth and the Sun. How could this be relevant? Venus’s orbit brings its closest approach to Earth every eight years. Moore’s ideas built on a paper by the British astronomer Arthur Schuster, “The Influence of Planets on the Formation of Sun-Spots.”14 There was a widely accepted view at the time that the proximity of planets to the Sun could affect the position and frequency of sunspots. Could Venus somehow modulate the effect of the eleven-year solar cycle so that its influence on the Earth became an eight-year cycle? Moore proposed an ingenious causal mechanism: the weather on Venus was responsible for altering Earth’s weather. Noting that Venus’s rotational period is nearly equal to its orbital period, the resulting differential heating of the two sides of the planet must generate enormous temperature gradients in its atmosphere. This must generate very strong winds, which at the planet’s closest approach to Earth might in some way affect Earth’s atmosphere.
Fortunately for the reputation of the purveyors of “the dismal science,” as Thomas Carlyle dubbed economics back in 1849, Moore was not quite saying the winds on the surface of Venus directly affected Earth. The influence was more subtle: “Is it not probable that the storm racked planet [i.e., Venus] creates a disturbance in the interplanetary medium which affects the Sun’s radiation on its way to the Earth?” Venus’s close approach modulates the amount of solar energy reaching Earth. The specific mechanism remains obscure to him, but has to do with magnetic and electric fields produced by the strong storms on Venus. These fields in turn affect the path of the (newly discovered) electrons emitted from the Sun. It was certainly an ingenious attempt to turn an eleven-year cycle into an eight-year one.
Ellsworth Huntington (1876–1947), a Yale University geographer and prophet of environmental determinism, gives us another example of the fascination with the influence of weather on economics.15 A strong proponent of the importance of the solar cycle as a driver of events on Earth, he had a different idea about the causal mechanism involved. The economic cycle was not due to the direct influence of weather on agricultural output. Rather, weather affected people’s health. This “health cycle” triggered the business cycle through such things as changes in productivity. “Business cycles appear to depend largely on the mental attitude of the community; and the mental attitude depends on health.”16 In his view, while the cyclical nature of weather may be influenced by the solar cycle, its direct effect on economic life through crop yields is less significant. In singling out human health as the key, Huntington, while he might not have liked the association, was continuing in a long line of Western European astrologers who believed that astronomical phenomena, and planetary conjunctions in particular, could affect certain diseases. A dramatic example of this can be found in Girolamo Fracastoro’s (1478–1553) long narrative poem “Syphilis, or the Gallic Disease,” in which he claims the triple conjunction of Saturn, Jupiter, and Mars on the November 25, 1484, produced an epidemic of this disease by “corrupting the air.”17
Huntington based his “health cycle” thesis on statistics purporting to show that the death rate varies with extremes of temperature and humidity. He found that the lower the winter and higher the summer temperatures were, the higher the death rate rose. Huntington associated the death rate with human efficiency. A period of high death rate was also a time when worker efficiency and economic activity declined. He was quite specific, claiming his statistical analysis showed that physical work is best done at 64 degrees F while the best performance range for mental work lies between 38 and 40 degrees F. He also found 80 percent relative humidity to be optimal for both physical and intellectual work.
Huntington worked out a detailed theory of the solar cycle and how it affected the weather.18 His conclusion, in common with Moore and many astronomers at the time, is that most of the questions about the solar cycle can be answered by assuming that sunspots are produced by planetary influences. The planets act on the Sun gravitationally and their alignments are periodic, leading to a eleven-year cycle. Their orbits lie in the ecliptic, which is why the sunspots occur near the solar equator. Huntington had an easier job fitting his theory to known facts than Moore. His “health cycles” were close to eleven years long, and he did not need the intersession of Venus to modulate the solar cycle.
While planetary alignments could produce an eleven-year cycle numerically, a quantitative calculation of the gravitational tidal forces exerted by the planets on the solar surface show that they are much smaller than the tidal forces of the Moon on Earth. How can such a small force produce such a large effect? Huntington acknowledged the problem but pulled a rabbit out a hat: “It is . . . entirely conceivable that a large mass may be subject to a great strain which brings about slow movements, and that comparatively small additional strains, like those due to the gradually increasing tidal action of a planet, as it approaches the Sun . . . may then determine the time of release of the internal strains and thus determine periodic oscillations.”19
Huntington was open to other kinds of interactions and explains some of the inconsistencies in the planetary alignment theories by appealing to an additional electrical force by which the planets affect the Sun. This electrical effect is a kind of reverse solar wind. Electrons from the outer atmospheres of the various planets are ejected into space and affect the Sun by releasing internal strains that then generate sunspots. This is also an explanation for the localization of sunspots around the solar equator since these electrons would be focused by the Sun’s recently discovered magnetic field into two zones on either side of the equator.20
SUNSPOT ECONOMICS: REEVALUATION
By the 1920s, mainstream economists had second thoughts, and vociferous criticism of the purported relation among the solar cycle, weather, and economic productivity begin to appear. Pitirim Sorokin (1889–1968), an eminent émigré Russian sociologist and founder of Harvard’s sociology department, provided a particularly thoughtful criticism in his book Contemporary Sociological Theories. Sorokin first questions the validity of the arguments for the existence of weather-related economic cycles. In addition, he points out that the periodicity of the solar cycle is sufficiently variable to make associations difficult: “This means that the cornerstone of the meteorological theories of business cycles, the existence of a definite periodicity in the sunspots or in the weather fluctuation, is not certain at all. Naturally still less valid is a theoretical scheme erected on such an uncertain foundation.” Sorokin points to a number of weaknesses in all these claims. Many of the proposed correlations between weather conditions and business cycles, while seemingly clear in a time series of data, disappear once the claim is published. They are in fact temporary fluctuations. There are then attempts to patch up the problem by selectively searching historical data. He notes that another common strategy is to introduce ad hoc time lags between weather and business data. This produces a short-term false correlation that fails after a few cycles. Another problem is the use of very specific local data to make broad generalizations about global correlations.21
Turning specifically to Ellsworth Huntington, he writes: “Huntington’s variety of the meteorological theories of business fluctuations . . . exaggerates enormously the influence of climate upon health and efficiency. Therefore, its corner stone is not valid, not to mention many possible objections to his method and data.” Sorokin shows that death rate statistics are not adequate as a measure of the health of a population. For example, because of infant mortality, countries with high birth rates also have high death rates. This is not necessarily related to adult health and economic vitality: “though the mortality rate of Russia is much higher than that of Germany or France, yet its population, on the basis of recent statistics (before the Revolution), was proved to be better and healthier than the population of practically all other European countries with much lower mortality.”22
Sorokin points out that assuming a single variable like temperature would affect everyone equally was too simplistic. He showed that some studies found the temperature effect to be age dependent, with older workers actually becoming more efficient as the temperature increases.23
He then provides an example of a false apparent correlation: the relation between suicide rates and the weather. Émile Durkheim (1858–1917), the great French sociologist, investigated this phenomenon thoroughly in his work Suicide. While some statistical studies seem to clearly show a seasonal fluctuation of suicides in certain areas, with the maximum occurring in the summer and the minimum in the winter, much more complete studies by Durkheim and others do not observe a significant correlation. Instead, Durkheim shows that the most important correlative to suicide is social isolation.24 Interestingly, fears of the effects of global warming have reignited research interest in the future potential for increased suicide rates.
The systematic analysis of correlation claims by Sorokin and other economists seemed to put to rest the notion of a solar influence on economics. But, as we will see in chapter 10, these ideas were given new life by the catastrophe of the Great Depression. As in Jevons’s time, the harsh realities of an economic crisis brought new life to theories of an external solar influence.
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SOLAR SPECTROSCOPY
Sunspots as Magnetometers
The best way to indicate the increase in our knowledge about our central star is to remember what conclusions had been reached by the most eminent astronomers only forty years ago . . . [Arago says], “If anyone asked me, ‘Is the Sun inhabited?’, I would say that I had no idea, But if anyone asked me if the Sun could be inhabited by a civilization like ours, I would not hesitate to say, yes.” Such a reply would be almost ridiculous today . . . It was precisely this concept of a dark nucleus, which was cold by virtue of its darkness, which led to the idea of the possibility of life on the Sun . . . In 1860, however, the technique of spectral analysis was established, and as a result solar physics was transformed.
—J. Janssen1
Sometime in 1650, people in Italy began dying in frightening numbers, all with the same symptoms. They developed fever, headache, weakness, and one or more “buboes,” or swollen lymph glands, all indications of the bubonic plague. The infection spread inexorably, first to Spain, then to Germany, Holland, until finally on Christmas day, December 25, 1664, the first plague death was recorded in London. Coincidentally, a comet appeared—certainly an evil omen, as was then believed. There was no treatment for the disease. Desperate measures were proposed: a ship full of peeled onions to be floated down the Thames in order to cancel the bad odors that were thought to carry the pestilence was just one example. Over the next year, one fifth of the population of London died, typically within a week of the first disease symptoms. The diarist Samuel Pepys wrote: “I having stayed in the city till above 7000 died in one week, and of them above 6000 of the plague, and little noise heard day or night but tolling of the bells, till I could walk Lombard Street, and not meet twenty persons from one end to another.”2
As we know all too well from our own recent experience, pandemics and plagues can affect the mind. Sometimes, instead of depression, this can lead to extraordinary episodes of creativity. The seventeenth-century bubonic plague epidemic forced closure of the University of Cambridge. Those with means or with family and relatives in the country fled the city. Among them was a student by the name of Isaac Newton (1643–1727), who had just completed his course of studies at Trinity College, Cambridge, where he had spent his time reading deeply in science and mathematics. He returned to Woodstrope Manor, his family home in Lincolnshire, full of a burning passion to understand nature. There, working alone and with uncommon concentration, he transformed our understanding of the world in two short years (sometimes referred to as his Annus Mirabilis). The psychiatrically oriented historian Frank Manuel writes: “Those who survive extraordinary disasters have experienced great surges of creative energy. Newton is, as we shall see, the prototype of the survivor.”3
While waiting out the plague, Newton invented calculus, developed the laws of mechanics and the force of gravity, and began a pivotal series of experiments to understand the nature of sunlight. Poking a hole in the window blind of his room, Newton let sunlight pass through a glass prism and projected the resulting light onto a screen (the term for this process is the refraction of light). There, he saw all the colors of the rainbow displayed. This phenomenon had been observed before, but it was assumed, in accordance with Aristotle’s ideas, that the pure white light from the Sun was primary and the colors were produced by impurities and distortions in the prism itself. What Newton did next however, was truly novel. He passed this supposedly impure rainbow of light back through a second prism. Incredibly, the colors turned back into white sunlight! Pursuing this further, he used a slit to pass individual colors of the rainbow through the second prism. They remained unchanged! The individual colors could not be broken down any further. Newton had demonstrated that the Sun’s white light was actually composed of all the colors of what we call the spectrum. It was these colors, not the white light, that were primary. Newton published his results some years later in Opticks, where he presented a detailed description of all of his experiments.


In the experiments . . . when I had separated the heterogeneous rays from one another, the spectrum . . . formed by the separated rays did in the progress from its end . . . on which the most refrangible rays fell, unto its other end . . . on which the least refrangible rays fell, appear tinged with this series of colours: violet, indigo, blue, green, yellow, orange, red, together with all their intermediate degrees in a continual succession perpetually varying . . . these colours could not be changed by refraction . . . if any part of the red light was refracted, it remained totally of the same red colour as before. No orange, no yellow, no green or blue, no other new colour was produced by that refraction. From all which it is manifest that if the Sun’s light consisted of but one sort of rays, there would be but one colour in the whole world, nor would it be possible to produce any new colour by reflections and refractions, and, by consequence, that the variety of colours depends upon the composition of light.4
We’ll see in this chapter that this spectrum, ranging from deep violet to dark red, carries crucial information about the nature of the Sun. With modern instruments we can detect both a continuous distribution of colors and the extensions of the spectrum into the ultraviolet and infrared regions invisible to the human eye.
Newton believed that light was composed of particles, which he called material corpuscles, and that the different colors corresponded to particles of different sizes. These would travel through a prism with different trajectories and emerge with different angles. Later in life, in the course of a particularly acrimonious dispute with his main scientific antagonist, the Dutch physicist Gottfried Leibnitz (1641–1716), he modified his views and conceived of light as being composed of rays.
Contemporary physicists explain Newton’s experiment in the following way. The individual components of light (corresponding to the colors seen by the eye) are electromagnetic waves (see appendix A for an elementary introduction). In the nineteenth century, space was believed to be filled with an invisible “ether.” These waves were considered vibrations of the ether. Like waves on a string, each had a well-defined wavelength and corresponding frequency. White light is the sum of all these waves, in the same way that a sound is built up from pressure waves of different frequencies. When white light passes through a prism, each constituent electromagnetic wave travels through the prism at a slightly different speed and emerges at a different angle. When this is projected onto a screen or a photographic plate, the whole spectrum can be seen and recorded. The same effect is produced if light is passed through a finely scribed piece of glass called a diffraction grating.
Sunlight is the product of radiation from hot gases on the Sun’s surface. Its white color reflects the temperature of the gas. If you heat a piece of iron, it will glow red at first, but as its temperature rises, the color will shift to orange and then to white. The common term for this phenomenon is “white hot.” As the iron heats up, certain wavelengths are emitted more strongly, and a spectroscopic analysis of the glow can tell us about the temperature of the object. Hotter objects appear white because of the increased emission of radiation in the blue region of the spectrum. But, as we will see, there is much more information in the spectrum of light from a hot body than its temperature.
A century after Newton, Joseph von Fraunhofer (1727–1826) in Germany and William Hyde Wollaston (1766–1828) in England independently improved on Newton’s simple prisms. These more refined instruments, called spectroscopes, allowed scientists to study the spectrum of sunlight with much better resolution (the instruments spread the spectrum over a larger angular range on a screen). Better resolution showed more details and brought a surprise: the continuous solar spectrum was hiding a multitude of narrow dark lines superimposed on the rainbow of colors. Similar lines appeared in the spectrum of light from other stars. Fraunhofer was the first to map out the wavelengths of these dark lines (he found 574), and they bear his name today. Some he found were very narrow and black, while others appeared hazy and indistinct (see figure 8.1). Fraunhofer did not appreciate their significance, but these lines have turned out to be invaluable fingerprints of the Sun’s chemical composition. They carry other information as well: the speed and direction of flow of solar gas and the strength and direction of the Sun’s magnetic field.

FIGURE 8.1  Original figure of dark Fraunhofer absorption lines.
Source: Josef Fraunhofer, Denkschriften der königlichen Akademie der Wissenschaften zu München für die Jahre 1814 und 1815 5 (1817): 193–226.
While Fraunhofer observed the spectrum of sunlight, other scientists were studying the light emitted by glowing or vaporized individual chemical elements. They found that light emitted by a pure element (hydrogen or neon, for example) is not continuous but is composed of a series of bright spectral lines, known as emission lines. Their pattern is unique to each element and acts as a kind of fingerprint. A chemical mixture of different elements produces a line spectrum that is the sum of the individual elemental spectra.
Are these lines related to the dark Fraunhofer lines in sunlight? The answer to this question was the result of one of the great partnerships in the history of science. Gustav Kirchhoff (1824–1887), a budding young professor at the University of Breslau in Germany, had just developed the theory of electrical circuits (Kirchhoff’s laws are known to any electrical engineer) when he met the chemist Robert Bunsen (1811–1899), who was considerably his senior. Bunsen had invented the eponymous gas burner familiar to every chemistry student. It had a precisely controllable flame that could be used to vaporize chemical elements very effectively. Kirchhoff had moved on from electric circuits and was vastly improving the spectrometer by increasing the precision of the light-collecting optics and using four different prisms. This gave the instrument a large dispersion—i.e., the spectral colors were spread out over much larger angles so that details such as closely spaced spectral lines could be resolved. Bunsen was quick to realize how powerful the combination of these tools could be and took Kirchhoff under his wing. In 1854 they both moved to the University of Heidelberg and set up their laboratory. Soon they began to produce remarkable results using their new tools.
Bunsen kept detailed diaries in which he wrote of many sleepless nights with Kirchhoff studying the spectra of substance after substance. They vaporized chemical compounds in the hot Bunsen flame and determined the emission line spectra, carefully noting the wavelengths of all the spectral lines. This was tedious, eye-straining work as photographic techniques were not yet available and everything had to be done by eye and by hand. Nevertheless, they persevered, and they compiled spectra for a large number of substances.
The profound nature of their discoveries was immediately appreciated, as noted in this commentary from the London Quarterly Review: “Scarcely a couple of years ago, some felicitous hint, turning the attention of two German professors to the nature of the coloured light which heated substances give out, has opened a field of inquiry somewhat comparable in its extent and interest with that which Galileo first explored . . . Those who look at a coloured flame through a prism of glass furnished with certain telescopes and other fittings, are able to tell at once what are the substances which give colour to the flame.”5
The underlying physics that could explain the line spectra of the elements was not understood until the early twentieth century with the development of quantum mechanics (the interested reader can look at appendix B for more details). But just as police use fingerprints effectively without having a knowledge of the underlying genetics, the line spectra could be used to identify the presence of elements in hot gases without an understanding of their origin. The empirical science of chemical spectroscopy was born.
But that was just the beginning. In 1859 Kirchhoff decided to investigate the solar spectrum using his new spectrograph, nearly ruining his eyesight in the process. He produced a detailed map of the solar spectrum showing hundreds of Fraunhofer lines. He then took a step that made astrophysical history. In an extremely delicate, classic experiment, he juxtaposed the spectrum of a Bunsen flame over the spectrum of the Sun. He proceeded to add different elements to the flame and to his amazement found that many of the dark solar lines were in exactly the same position as the bright emission lines characteristic of the elements in the flame.
Kirchhoff decided to go even further and let sunlight pass through the flame. Some of the Fraunhofer lines got even darker. The vaporized element in the flame absorbed light from the Sun at exactly the same wavelengths as its characteristic emission wavelengths. He had discovered the nature of the Fraunhofer lines. Beyond that, he had found a method of identifying the elements in the solar atmosphere.
The presence of absorption lines in sunlight meant that the gases of the solar atmosphere, just above the photosphere or solar surface, absorbed the continuous spectrum of light coming from the body of the Sun, but only at the characteristic frequencies corresponding to their own emission line spectra. Kirchhoff writes: “I have in this way assured myself that all the bright lines characteristic of iron correspond to dark lines in the solar spectrum. In that portion of the solar spectrum which I have examined . . . I have had occasion to remark about seventy particularly brilliant lines as caused by the presence of iron in the solar atmosphere . . . From the number of these lines which I have been able to observe with ease, and map with absolute certainty, some idea may be formed of the capabilities of the instrument which I am fortunate enough to possess.”6 This turned out to be an incredibly powerful technique. The chemical composition of the vastly distant Sun could be determined in the laboratory by comparing its absorption spectrum with known emission line spectra of laboratory elements. Kirchhoff had enormously expanded the scale of the chemical laboratory. As the editorial in the Quarterly Review put it, “this method is not restricted to terrestrial chemistry. We may apply the prism to light from the Sun, from a comet, or from a fixed star; as we recognize substances from this Earth, so may we recognize their presence in astronomical bodies countless millions of miles distant. Truly this is an extension of our field of accurate knowledge comparable with that which the telescope affected.”
Now working independently, Kirchhoff perfected his method, using electric sparks to vaporize elements whose spectra he wanted to compare to the Sun’s absorption lines.7 Juxtaposing these bright line spectra with the dark Fraunhofer lines, he was able to show coincidences with sodium, calcium, barium, strontium, magnesium, copper, iron, chromium, nickel, cobalt, zinc, and gold. It seemed that the composition of the Sun’s atmosphere was not that different from what was found on Earth.
Kirchhoff still believed that the main body of the Sun was an incandescent solid. Its surface produced a continuous spectrum while the gaseous material above it absorbed just those wavelengths that corresponded to its constituent elements. He writes:
If we could see the spectrum of the solar atmosphere, we should see in it the bright bands characteristic of the metals contained in the atmosphere, and from the presence of these lines should infer that of these various metals. The more intense luminosity of the Sun’s solid body, however, does not permit the spectrum of its atmosphere to appear; it reverses it . . . so that instead of the bright lines which the spectrum of the atmosphere by itself would show, dark lines are produced. Thus, we do not see the spectrum of the solar atmosphere, but we see a negative image of it.8
By the end of the nineteenth century, close to a hundred different elements in that atmosphere had been identified using this technique. Two hundred years after Newton’s discoveries during the Great Plague of London, the study of sunlight was about to produce a breakthrough, detailed understanding of the composition of the Sun.
The reality of the correspondence between emission and absorption lines is dramatically illustrated during a total eclipse of the Sun. Viewed head-on, light from the photosphere passes through the solar atmosphere (the chromosphere and the corona) and shows dark absorption lines. When the Moon fully obscures the Sun’s photosphere, this light is completely blocked. Only the sunlight scattered out at large angles from the thin atmospheric gases above the photosphere at the edge of the dark solar disc can be seen. When passed through a spectroscope, this light produces a spectrum full of bright emission lines, since only the unabsorbed light can be scattered. A precisely aligned telescope and spectrometer will show the spectrum flash from dark absorption lines to bright emission lines just as the eclipse reaches totality (total blockage of the main body of the Sun by the Moon). The dark lines reappear once the solar disk comes back into view. This dramatic effect was first recorded during the total eclipse of 1870.
THE DOPPLER EFFECT AND MEASUREMENTS OF THE MOTION OF SOLAR MATTER
We are all familiar with the change in pitch of a train whistle or ambulance siren as it moves towards or away from us. Christian Doppler (1803–1853), a professor at the Prague Polytechnic, first elucidated the reasons for this in 1842, and thus the effect is named after him. The phenomenon is due to the wave nature of sound but is applicable to any natural phenomenon that can be mathematically described as a wave (see figure 8.2). Recall that light is an electromagnetic wave, describable in terms of wavelength and frequency. A beam of light of a pure frequency (say an emission line) emitted by an object such as a star will have its apparent frequency shifted if the object is moving toward or away from the observer. Receding objects have their wavelengths or colors shifted toward the red while approaching objects have their wavelengths shifted toward the blue.

FIGURE 8.2  Illustration of Doppler shift. Source at center of figure (the fire engine) is producing circular outgoing sound waves at a particular frequency and wavelength. The figure could also represent water waves, or electromagnetic light waves. If the source was at rest, the wave crests would all be concentric and moving outward and observers at any point would hear the same frequency. However, in this case, the source is moving toward the observer on the right. Because of this motion, newly emitted sound waves catch up with previously emitted wave crests. As a result, the observer at rest standing to the right of the source will hear a higher frequency (because of shorter distances between wave crests). Similarly, an observer to the left of the source hears a lower frequency (longer distances between crests). The same effect would hold for electromagnetic waves.
Doppler first claimed that the motion of stars relative to Earth would change their perceived color. This idea was quite controversial, since the color of a star depends on its temperature, and he was severely censured by his colleagues. Still, Christophorus Buys Ballot (1817–1890) of the University of Utrecht was intrigued and, realizing the same effect should occur for sound waves, attempted to demonstrate it using musicians on a train. In a scene worthy of a Monty Python skit, a group of musicians rode an open train car back and forth between Utrecht and Maarssen while continuously blowing their trumpets in unison. Other musicians lined up along the railroad tracks. After a few false starts, the stationary musicians were able to hear that the trumpet notes were a half tone higher than what the musicians on the train were playing when the train was approaching. The notes sounded lower when the train moved away from them.9 Doppler’s claim was vindicated.
While the color of a star depends on its temperature, the emission or absorption lines in its spectrum should show a Doppler shift if the star is moving relative to Earth. If the spectral lines corresponding to a known element can be identified but are overall shifted in position, the degree of shift can give us the velocity of the star relative to the observer (note that it is only the component of velocity along the line between source and observer that matters here). The first clear observation of such a stellar Doppler shift was due to the work of the French physicist Hippolyte Fizeau (1819–1896) in 1848. In 1912 the American astronomer Vesto Slipher (1875–1969) found that light from spiral galaxies was always shifted toward the red. Doppler’s discovery culminated in the work of Edwin Hubble (1889–1953), who demonstrated a relationship between the red shift of galactic light and distance from Earth. A remarkable fact emerged from this work: the Doppler shifts of spectral lines of galaxies all show that they are moving away from us—they are all “red shifted.” This fact alone means that the universe is expanding. The careful laboratory work of Bunsen and Kirchhoff combined with Doppler’s insight laid the foundation for both modern chemistry and modern cosmology.
There was also an application much closer to home. The Sun is rotating counterclockwise around its rotation axis. If solar north is at the top of this axis, then the western limb moves toward Earth while the eastern is moving away. This should produce a Doppler shift in the solar absorption lines: a shift toward the blue (shorter wavelengths) for absorption lines coming from the western limb and a comparable shift toward the red (longer wavelengths) for light coming from the eastern side. This effect was first observed by Hermann Carl Vogel (1841–1907) in 1876 using a device constructed by J. K. F. Zollner (1834–1882) that projected the spectra of both sides of the Sun simultaneously on a screen. It was immediately apparent that the spectral line shifts from the two limbs were in opposite directions. This confirmed that Doppler’s theory was correct (as well as that the Sun was rotating). The rotational period was in good agreement with the one determined from the motion of sunspots. However, Vogel found a surprise when he scanned the spectrometer slits across the center of the solar disk. Looking head-on at the Sun’s center, there is no appreciable relative velocity to the observer due to rotation, yet the data showed distinct Doppler-shifted lines. They also varied greatly as the observation slit moved across the solar disk.
Vogel reported on a sunspot whose dark nucleus was split with two bright ridges of light. Scanning the spectrometer across the spot, “very strong displacements of the spectral lines were seen, in such a way that the parts along the edge of the larger (bright) spot rose from the solar surface, whilst those on the edge of the smaller (bright) spot came down into the same. In the center of the bridge the lines coincided with the lines of the spectrum of the surrounding parts of the solar surface . . . all the lines in the spectrum were involved in this displacement, in which case there must have been a movement of the light-emitting mass in an arc, i.e., an eruption, and at a velocity of 4 to 5 miles per second.”10
Vogel went on to use the Doppler effect to demonstrate that certain stars’ spectral lines oscillated between a shift to the red and a shift to the blue. They were in fact orbiting around a companion star that was too dim to be seen and are now known as spectroscopic binaries.
The Doppler shifting of spectral lines gave astronomers the ability to see motion in the third dimension of what was previously a flat solar disk image. These shifts in position of known absorption lines led to many important discoveries. The Sun’s surface was in constant, violent motion. Parts of it were moving with velocities of between thirty and more than three hundred miles per second toward and away from the observers. This, and the fact that the spectral lines were so bright (implying solar surface temperatures of thousands of degrees), made it impossible to believe that the body of the Sun was a solid or a liquid. The Sun really was an enormous spinning globe of gas, later immortalized in the lyrics of the song now known to millions of American middle-school children as “The Sun Is a Mass of Incandescent Gas”:
The sun is mass of incandescent gas, a gigantic nuclear furnace
Where hydrogen is built into helium at a temperature of millions of degrees
Yo ho it’s hot, the sun is not a place where we could live
But here on earth there’d be no life without the light it gives.11
This was also the death knell for ideas of life on the Sun. No organic structures could exist at these temperatures. In fact, there was a complete reversal of opinion about extraterrestrial life: Panspermia and universal life, so popular in the eighteenth century, gave way to skepticism based on spectroscopy. Earth was the sole abode of living beings—a truly special place with just the right combination of factors. The rest of our solar system seemed eminently unsuitable.
Ironically, this tide may well be shifting again with the recent discoveries of thousands of solar systems with an enormous variety of planets. With this great increase in diversity of environments, it is possible once again to imagine a universe populated with life.
Observing different features on the solar surface with a spectroscope made it possible to map out the flow of the solar gas. The distinguished British astronomer Sir Joseph Norman Lockyer (1836–1920) began his study of the spectrum of light coming from individual sunspots in 1866. When the slit of his high-resolution spectrometer was positioned so that it was centered on the umbra, the central dark area of a spot, the spectrum showed unexpected effects. Thousands of very closely spaced Fraunhofer lines appeared. Some of the lines coming from the center of the spot were very broadened (they were called “fish-bellies” because of their appearance). Some of the dark lines reversed and became bright near the center of the umbra. The only reasonable explanation was that the light was emitted by hot gas moving downward into the body of the sun itself. Sunspots seemed to be funneling the surface gas into the solar depths.12
The complex spectrum of light emanating from sunspots was very different from the spectrum of the rest of the photosphere. Though he did not understand the mechanisms behind this, Lockyer continued to study this problem for many years. He concluded that the mysterious broad “fish-bellied” lines changed appearance as the solar cycle progressed. Different spectral lines became broadened during different parts of the cycle. Something significant was happening, but there was no real understanding. As it turned out, an important piece of physics was missing—the impact of magnetic fields on atomic spectra. Spectacularly, spectroscopy would turn out to not only measure chemical composition and surface velocity but give information on the Sun’s magnetic field as well.
THE ZEEMAN EFFECT
In 1896, following up on a suggestion by one of the great figures in the development of electromagnetism, James Clerk Maxwell (1831–1879), the Dutch physicist Pieter Zeeman (1865–1943) discovered that emission lines of the spectra of elements were modified in the presence of strong magnetic fields. Zeeman burned the element sodium in an otherwise colorless flame surrounded by the coils of an electromagnet. Observing the resultant spectrum with a high-resolution spectrometer with the magnetic field off, he focused on one very bright sodium spectral line at 5895 angstroms wavelength. This is often referred to as the D line of sodium. At the instant that he switched on the current through the coil and a strong magnetic field was produced, he saw the D line split into a pair of closely spaced lines. Remarkably, the spacing between the lines increased as the magnetic field increased. Zeeman had shown, for the first time, that a magnetic field can affect the spectrum of light produced by a chemical element. He was awarded the Nobel Prize in 1902 for this discovery.
More precisely, as we know now, when a sample of a hot glowing element is placed in a strong magnetic field, the individual spectral lines will split into either two or three closely spaced lines depending on the orientation of the magnetic field in the sample. If the field is oriented along the line of sight between the sample and the spectrometer (the north-south pole axis lines up with the line of sight), two lines appear. If the field is perpendicular, the original line splits into three. The size of the splitting (how far apart in wavelength or frequency the individual split lines are shifted) depends, in both cases, on the strength of the magnetic field. The Zeeman effect can be used as a kind of magnetometer, giving information at a distance about both the strength and the orientation of the magnetic field.
But it provides even more information. Light from each of the split lines turns out to be polarized. When viewed through a polarizing filter (like the familiar Polaroid sunglasses), this light will seem brightest in a particular angular direction (the direction of polarization) and become quite dim at other angles of rotation of the filter. It turns out that this direction of polarization of light from a spectral line also depends on the magnetic field direction. The Zeeman effect can be used to give invaluable information about the magnetic field of the Sun.
Thus, by the beginning of the twentieth century, solar astronomers had important new tools for understanding the nature of the Sun, sunspots, and the solar cycle. Telescopic visual observations of the surface could be supplemented with Doppler-shift velocity measurements, and the fine structure (or splitting) of known spectral lines could be used to make measurements of both large-scale and small-scale solar magnetic fields. All of these newly available data were brought together to enhance the understanding of sunspots and the solar cycle by one of the modern giants of solar astronomy, George Ellery Hale.
GEORGE ELLERY HALE AND THE DISCOVERY OF THE SUN’S MAGNETIC FIELD
It would not be an exaggeration to say that George Ellery Hale (1868–1938) is second only to Galileo in importance as a pioneer in the study of the Sun. Born to a wealthy family in Chicago, he was fascinated by astronomy from childhood. Later, having obtained a thorough grounding in mathematics, physics, and chemistry from the Massachusetts Institute of Technology, he was driven to apply the results of these sciences to better understand astronomical phenomena. The solar spectrum particularly fascinated him: “Nothing could exceed my enthusiasm in observing the solar spectrum and in measuring the principal lines. I bought Lockyer’s Studies in Spectrum Analysis and began the observations of flame and spark spectra and their comparison with the Sun. At last, I had found my true course and I have held to it ever since.”13
Although Hale was a professional scientist in every sense of the word, his family’s wealth allowed him to operate independently, in the same way the great amateurs of astronomy had in the past. His father financed a private observatory for him in Kenwood, a suburb of Chicago. Here he developed one of the important instruments in the subsequent study of the Sun—the spectroheliograph. This is a special attachment to a telescope that allows the observer to photograph the disk of the Sun in the light of a single solar spectrum emission line—in effect, a very narrow-band filter. Hale used this instrument to study the light coming directly from sunspots.
His new instrument soon produced breakthroughs in solar physics and Hale had no difficulty becoming a professor of astrophysics at the University of Chicago. He could have remained there as a productive scientist and faculty member, but he was not content with purely academic pursuits. He realized that progress in astronomy required the construction of larger telescopes, and this depended on finding sources of funding. With his family’s connections, he was well placed to pursue this. His first success came when he persuaded C. T. Yerkes, a Chicago streetcar magnate, to donate money for what was to become the largest refracting telescope in the world. In a few years, the Yerkes Observatory in Wisconsin was dedicated, and in 1897 Hale became its director. This was an active research telescope run by the University of Chicago until 2018. Now the historic renovation is open to the public for touring.
Conditions for solar observations were not ideal in Wisconsin, however. Hale began to believe that even greater astronomical observatories could be built.
The formation of the Carnegie Institution in 1902 turned out to be a bellwether event for astronomy. Funded by a grant from Andrew Carnegie, whose proposed gift to the United States government for the furtherance of scientific research had been declined, this became a very significant private funder of large-scale scientific projects in the country. In 1904 Hale succeeded in persuading its directors to finance the construction of what would become the premier solar observatory in the world. The facility was to be located on Mount Wilson in southern California. Here Hale built the 60-foot tower telescope and the associated 30-foot spectrograph with which much of his solar research would be done. Hale also arranged for the construction of the 100-inch Hooker telescope at the same site to study other astronomical problems.
By the late 1920s, even the Hooker telescope seemed insufficient, and Hale was hard at work again, convincing the rich to give to the poor in the world of scientific research. For him this meant astronomers. He struck gold again when the Rockefeller Foundation was formed. Its directors agreed to provide funds for a 200-inch telescope to be built on Mount Palomar, to be operated in coordination with the Mount Wilson telescopes by the California Institute of Technology. Hale did not live to see the completion of the Palomar telescope (he died in 1938 and it was not finished until 1948), but the project was far enough along for him to know that he had succeeded in establishing the largest reflector and (until recently) the most famous telescope in the world.
One of the most puzzling early results coming from Hale’s analysis of the spectrum of light from sunspots was the discovery that well-known elemental spectral lines were split into pairs. This splitting was clearly correlated with light coming from the sunspot itself. The split lines reunited again when the spectroscope’s slit was adjusted to observe the adjacent photosphere. Hale, who was trained in physics and had kept himself up to date on new physics developments, associated this immediately with the Zeeman effect. He proposed that sunspots projected a magnetic field into the chromosphere and corona that caused the chromospheric absorption lines to split due to the Zeeman effect.14 The magnitude of the field could be inferred from the size of the splitting. It turned out to be about three to six thousand times stronger than Earth’s magnetic field.
Other surprises were in store. By observing the splitting of spectral lines and the polarization of the light in these spectral lines, Hale found that the polarity of the magnetic field in the sunspots varied: some spots looked like north magnetic poles while others looked like south poles. After many measurements, Hale concluded there was a pattern to this polarity. In any particular solar cycle, sunspots in the northern hemisphere of the Sun were typically produced in pairs. The first, called the “leader spot,” would have, for example, a northern magnetic polarity. The “follower spot” would have a south magnetic polarity and would track close to but slightly behind the leader as it traveled around the Sun. The regions of the penumbras (the lighter circumference around the dark central umbra) in leader and follower spots, when viewed in the monochromatic light of a single spectral line, had patterns very reminiscent of iron filings lining up between north and south poles of a horseshoe magnet.
Sunspot pairs in the southern hemisphere showed a similar behavior, but their polarity pattern was reversed. The leader spot would have a south magnetic polarity and the follower a north polarity. Hale and his coworkers continued to observe sunspot polarities through a whole solar cycle. As a new cycle approached, they knew, from the work of Carrington, that the first spots would appear at high northern and southern latitudes. They measured the first few spots of the new cycle and were surprised to see that everything had reversed itself. Now the northern hemisphere spots had south magnetic polarity leaders and north magnetic polarity followers. A similar reversal occurred for the new spots in the southern hemisphere. Whatever mechanism was producing the magnetic fields of the sunspots reversed its polarity every eleven years.
This eleven-year reversal meant that two successive solar cycles were not identical—the spots had reverse polarities with respect to each other. While this was going on, the large-scale magnetic field of the Sun aligned with its rotation axis (the global dipole field) also switched polarities, going to zero at solar maximum.
Hale discovered that the true solar cycle, the time it took for the Sun to revert to its original condition, was actually twenty-two years long.
At this point it is useful to summarize all the important facts discovered about the solar cycle:
1. The total number of sunspots increases to a maximum and decreases to a minimum approximately every eleven years.
2. With few exceptions, sunspots are formed within a +/− 30-degree zone around the solar equator.
3. Sunspots first appear at high latitudes in this zone and gradually drift down to the equator as the cycle approaches a minimum. This effect produces the butterfly as pictured in figure 6.2.
4. Sunspots have a strong magnetic field.
5. Sunspots come in pairs with opposite magnetic field polarity (leader and follower).
6. The pattern of the polarity of the pairs is reversed in the northern and southern hemispheres
7. After eleven years, the magnetic field polarity pattern reverses. The full solar cycle has a twenty-two-year period.
It took almost three hundred years for this remarkable information, now known as Hale’s laws, to be discovered and clarified.
The origin of the strong fields associated with sunspots and the much weaker overall magnetic dipole field was a mystery. Where does this field come from? For that matter, closer to home, you can ask the same question about Earth’s magnetic field. As George Ellery Hale put it, “In 1891 Prof. Arthur Schuster (1851–1934), speaking before the Royal Institution, asked a question which has been widely debated in recent years: ‘Is every large rotating body a magnet?’ ”15
This is an inversion of a very old idea. William Gilbert’s 1600 book De Magnete explained magnetism as a power emanating from a soul. Naturally occurring magnetized rocks or lodestones possessed a magnetic soul. Compass needles were deflected by lodestones in the same way as Earth deflected them, hence Earth too was magnetic. It must then have a soul, and this soul is also the agency that causes it to spin on its axis. This idea was taken up by Descartes, in the context of his mechanistic theory of vortices. Descartes believed sunspots were magnetic vortices that occurred on other stars as well as the Sun. The number of spots on a star could increase until the whole star would become encrusted with them. The star would then turn into a planet with a magnetic field built up from the contributions of all the vortices. Eventually it would fall into an orbit around a neighboring star and become part of its solar system. While the theory may seem wild to us, it does suggest that magnetic fields are a universal feature of both stars and planets.
It took until 1920 for a realistic proposal of a mechanism that would produce such fields to emerge. The Anglo-Irish physicist and mathematician Joseph Larmor (1857–1942) made a suggestion in a lecture to the Royal Society. This idea was to evolve into the modern “dynamo model” of magnetic field generation. While the details are too complicated for us to go into here, the basic idea is that a revolving conducting sphere can generate electric currents because of its rotational motion. These electric currents in turn produce a dipole magnetic field. The energy in the magnetic field thus comes from the rotational energy of the spinning body.16 This model will be discussed in more detail in chapter 13.
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THE SUN AND THE WEATHER
Sunspots as Meteorological Omens
THE SOLAR CYCLE AND THE WEATHER
W. Stanley Jevons’s controversial work suggesting a Sun-Earth weather connection, described in chapter 7, was the beginning of an avalanche. Late in the nineteenth century, sunspots were implicated in stimulating tropical storms, tornados, rainfall, atmospheric pressure changes, crop yields, famines, plagues, and even suicide rates. The idea of one sunspot cycle causing other cycles was hard to resist. In hindsight these explorations did not survive statistical scrutiny, but you can find a lively exchange on these subjects in such serious scientific journals as the Proceedings of the Royal Society of London, Nature, and Science from 1870 to the turn of the twentieth century and beyond.
By the 1890s the excitement about apparent correlations between the solar cycle and the weather was ebbing. The coincidence in time between a sunspot excess and any given terrestrial occurrence typically did not last for more than a few solar cycles. In any case, the search for a cause-and-effect mechanism that could be independently studied and verified proved elusive.
The American meteorologist Henry Allen Hazen (1849–1900) represented this newly critical attitude, writing:
In seeking any relation between the Sun’s light, heat, rotation, or appearances, and terrestrial phenomena, it is unsafe to trust to mere coincidence: but some connection of cause and effect should be established. For example: on Aug. 3, 1872, while Professor Charles A. Young was examining the solar prominence with a telescope, he saw a most violent outburst upon the sun, and noted the exact instant when it occurred. Afterwards he found his assistant had at that very moment observed a violent agitation of his magnetic needle: and an examination of the records at Kew, England, revealed exactly the same disturbance of the needle there. This may safely be regarded as more than a mere coincidence, and proves, in connection with other observations of like nature, the intimate relation between solar disturbance and terrestrial magnetism.
He went on to say: “The attempt to connect this eleven-year [sunspot] period with our weather has proved intensely fascinating, and volumes of researches have been published. Such comparisons have proved, in the main, very illusory.”1
Hazen summarized the reasons for the proliferation of false correlations. A primary culprit was the absence, as mentioned, of a reasonable cause-and-effect mechanism. If tropical storms or cyclones were known to be produced by an electrical effect and that sunspots indeed produced a sufficient electric stimulus, there could be hope of proving direct causation. Finding time coincidences for a few events alone does not suffice. The strong human inclination to coax a coincidence—some possible sunspot effect might be a few years early or late with respect to the solar cycle yet is still considered positive evidence—confounds the problem. Finally, the indiscriminate search for all kinds of possible “effects”—from floods to earthquakes—can generate many random coincidences. Hazen concludes: “It is very plain that no accurate research of this kind can ever be made by any one that cannot be repeated by any other person, and the fear of sun-spotists to have the verification of their theories taken out of their hands is well grounded.”2
Another example of the development of a more rigorous attitude to statistical correlation can be found in a paper by Sir Richard Strachey (1817–1908), “On the Alleged Correspondence of the Rainfall at Madras with the Sunspot Period, and on the True Criterion of Periodicity in a Series of Variable Quantities.”3 Strachey, who became president of the Royal Society, was replying to a paper by a certain Dr. Hunter, “having for its object to show that the records of the rainfall at Madras, for a period extending over sixty-four years, establish a cycle of rainfall . . . which has a marked coincidence with a corresponding cycle of sunspots.” Strachey proceeds to show there is in fact no mathematically significant correlation.
It is instructive to examine some of the data and methods that led so many scientists in the latter part of the nineteenth century to believe that there was a direct connection between the solar cycle and Earth’s weather. The original idea can be traced to Sir William Herschel. He hypothesized that the Sun’s energy output would vary with visible changes in sunspot number and other solar surface phenomena, and this in turn would be reflected in Earth’s weather. With the discovery of the solar cycle, a time signature for such correlations could be sought. For example, Charles Meldrum (1821–1901) and Norman Lockyer independently claimed correlations of sunspot numbers with the number of cyclones in the Indian Ocean and the quantity of rainfall in Ceylon, southern India, and Australia.
Meldrum, a Scottish astronomer and meteorologist, was the director of the Mauritius Observatory. He found the incidence of cyclones in the Indian Ocean to be greatest at solar maximum.4 Meldrum went on to compare the incidence of Indian storms as a whole to sunspots and found a similar result. On a roll, he compared the rainfall measured by stations in the Indian Ocean with sunspots and once again found a correlation. Finally, he looked at the rainfall measured by more than fifty different stations all over Earth as well as the flow levels of European rivers. Inevitably, he found the rainfall maximum occurred about a year after the sunspot maximum, though with a great deal of variation at different stations. Stations in some countries in fact gave contradictory evidence, but he found ways to discount this for a variety of reasons.
The British meteorologist Henry Blanford (1834–1893) put the consequence of that research this way:
The speculation thus started was followed up with avidity by a large number of inquirers in different parts of the world. The intensity of the solar radiation, the barometric pressure, the levels of rivers, lakes, and inland seas, and even such more remote effects of meteorological conditions as are manifested in the prices of grain, the recurrence of exceptional vintages, of famines, and in the activity of trade, were all brought under investigation; and. for some years, this and other scientific journals contained frequent articles, bringing to notice some new instance or supposed instance of a recurrent variation . . . It must be admitted that some of these supposed coincidences were based on evidence that was far from convincing and since the major part of the weather phenomena of the globe failed to show any distinct trace of the influence of the solar cycle, interest in the subject gradually declined.5
Blanford’s own enthusiasm for the subject was not dampened by this negative evaluation. The wrong set of variables had apparently been chosen: temperature was the key. Blanford believed there were many instances in which the correspondence with temperature records was so striking as to prove the effect “beyond a reasonable doubt.” At other times, when the correlation was hard to discern, it was because of the existence of “irregular vicissitudes of the weather, [so] that [the solar cycle] is for the most part obscured and unrecognizable, except fitfully.” He quotes the British meteorologist Arthur Schuster (1851–1934): “There can be no longer any doubt that during about four sunspot periods [1810 to 1860] a most remarkable similarity [existed] between the curves representing sunspot frequency and the curves of nearly every meteorological element which is related to temperature. This is not, in my opinion, a matter open to discussion; it is a fact. But it is equally certain that during the thirty or forty years previously to that time no such relationship existed, and that since 1860 the connection has again in some instances become less distinct.”
According to Blanford, the correlation should be more obvious in the tropics where the Sun’s energy has the most direct effect. In fact, a proper analysis of temperature deviations in India since 1860 would show a continuing correlation: “it appears that except in the two anomalous years 1879 and 1887, the temperature of India . . . as a whole, has followed with remarkable regularity the course of the sunspot variation.”
Often, the various links between the solar cycle and temperature, pressure, cyclone frequency, etc., disagree among themselves. In many cases they anti-correlate. The temperature records imply that the Sun’s heat is greatest when at solar minimum, yet Meldrum’s statistics on the frequency of tropical cyclones and rainfall shows they are most abundant at solar maximum. Blanford takes this as a puzzle to be solved by a better understanding of the causal mechanism producing these changes rather than evidence of accidental correlation.
 
One of the more obscure and eccentric efforts to squeeze out a solar-cycle correlation came from a pamphlet published in Sydney, Australia in 1889 by one Charles Egeson, titled Egeson’s Weather System of Sun-Spot Causality: Being Original Researches in Solar and Terrestrial Meteorology. Egeson, an assistant at the Sydney astronomical observatory, caused quite a commotion by publishing newspaper forecasts of catastrophic droughts based on a thirty-year cycle. He was arrested for inciting a panic and reportedly died in an insane asylum. Egeson begins by comparing the variations in Sydney’s rain reports with Wolf’s 11.1-year sunspot cycle. Breaking up the rain reports into periods set by the lunar cycle, he claims to see a clear relation with the solar cycle. However, the results from different observing stations around Australia are out of phase. Some stations see a correlation of excess rains with sunspot maximum while other see it with the minimum. But all is not lost. Egeson points out that rain reports in Europe show the same effect: “ten stations scattered over European and Asiatic Russia give similar results, and all show concomitant epochs of phases.”6 He considers the global nature of inconsistency of correlations as supporting evidence.
Even madmen can speak the truth. Although Egeson’s “scientific” work is very dubious, he looks to be a prophet in his insistence on the cyclical nature of rainfall in Australia and on the inevitability of the return of periods of prolonged drought. It is worth quoting him at length, keeping in mind the tremendous droughts and resultant fires that have swept Australia in recent years.


Every reason but the true one has been assigned for the present wonderful development of this new world [Australia], compared with the bare existence of its infancy. But what avails the energy of the choicest race of men when pitted against the energy of the Sun? Remember, we have trespassed upon ground consecrated to the undisturbed action of natural laws. Here, of all places in the world, are the causes that rule climate most marked, and will be most felt, or nature belie itself let not the lessons of our surroundings be cast away, nor the trials of the early settlers and the traditions of the blacks be forgotten. When the early settlers were brought to face the terrible reality of waterless rivers, with all the attendant consequences, there existed proof, in the growth of young forests over the place of their fallen progenitors, that about half a century before a similar long droughty period had prevailed. And the traditions of the blacks related how generations before their time, there prevailed a fearful drought in which all the lower part of the Hunter River dried up, and the only place they could obtain water was at the head of the river, amongst the mountain springs. That there all the tribes—even those who bore each other the greatest enmity—collected and for sake of dear life lived peaceably for a time. Still the drought dragged on, all the great gum-trees died, and vast numbers of the blacks, who were buried by their friends in a great field. In proof of these statements, the graves and dead trees still standing in 1822, were shown to the whites.7
MEASURING THE SOLAR CONSTANT
The missing link in all these weather studies is the actual variation of solar energy output. Does it vary, and if so, does it have anything to do with the solar cycle? W. Stanley Jevons proclaimed the need for a series of observing stations throughout the world to measure solar brightness. He famously predicted that the day would come when the solar luminosity, along with the sunspot number, would be quoted daily on the front page of the London Times. Yet a definitive measurement of solar energy variation was not completed until the 1980s, though not for lack of trying. Given the intense interest, why did it take so long?
How do you measure the brightness of an object? Christiaan Huygens (1629–1695) attempted to compare the Sun’s and the Moon’s brightness by eye, but he could only observe at different times of the day and had to depend on his memory of the perceived brightness—clearly an inaccurate and unreliable method. The first real measurements of the intensity of the Sun’s visible light are due to Pierre Bouguer (1698–1758). In 1725 Bouguer, realizing that the eye could not be used to measure absolute brightness, came up with an ingenious solution: use the eye’s response to judge whether two different light sources were equally bright. He devised an instrument called a luminetre that had two tubes, one of which was directed at a standard light source while the other pointed toward the object whose brightness was to be determined. The two images converged on a screen viewed by the observer’s eye. The aperture area of the tube pointing toward the object to be studied could be adjusted until the eye determined that the two intensities were equal. The required reduction of aperture gives the ratio of light intensity of the object to the standard source. The advantage of this method lay in its instantaneous comparison of two light sources—the natural variations in the human eye’s response as a function of time did not play a big role.
Bouguer’s standard of brightness was the light of a “standard candle” (the amount of light given off by a sperm whale oil candle weighing one sixth of a pound and burning a hundred and twenty grains an hour).8 Bouguer’s experiments determined that sunlight at zenith illuminates a white card about 60,000 times as brightly as this standard candle.
But the sunlight’s visible intensity is only part of the whole solar energy output. William Herschel in 1800 was the first to discover that solar radiation extended into the invisible infrared wavelength region. Passing sunlight through a prism and projecting the spectrum onto a screen, he noted that a thermometer placed just beyond the red edge of the visible spectrum showed a temperature rise. There was clearly energy being absorbed by the thermometer, but was this infrared radiation of the same nature as visible radiation? This heat radiation might be fundamentally different from visible light. Only when the electromagnetic nature of light was placed on a firm footing in the nineteenth century did it become clear that infrared radiation was just longer-wavelength light emitted by the Sun. Solar ultraviolet radiation (shorter-wavelength radiation beyond the violet edge of the spectrum and also invisible to humans) was discovered by Johann Ritter (1776–1810) and William Wollaston (1766–1828) independently shortly after Herschel’s first measurements.
While Bouguer’s methods gave some relative idea of brightness of the Sun and the Moon, it did not give the actual value of solar energy. With the development of the science of heat, or thermodynamics, a different approach became possible. Let sunshine illuminate the surface of a container of water whose mass and surface area are known, and measure the temperature rise of the water after it is exposed to the Sun for a known time interval. Given the specific heat of water (a constant that relates heat absorbed to temperature rise), the total solar energy per second impacting the container can be calculated. In 1837 the French physicist Claude Pouillet (1790–1868) developed the pyrheliometer, a small, hollow, water-filled copper disk. The disk was blackened and pointed toward the Sun. A thermometer attached to the back of the disk measured the rise in temperature due to solar heating. This was a convenient portable instrument, but its temperature reading could be affected by wind and other atmospheric effects, and accurate results turned out to be difficult to obtain.
William Herschel’s son John was another pioneer in making such measurements. During a voyage to the Cape of Good Hope in 1838, he measured the temperature rise of water after moving it in and out of the shade. His measurements, combined with those of others, led to the conclusion that, on average, the Sun’s flux of energy is about 14,400 calories of energy per minute per square meter of Earth’s surface (a calorie is the energy needed to raise the temperature of one gram of water one degree centigrade).9 This number became known as the solar constant. Most of the energy intercepted by the earth goes to maintaining the earth’s temperature, but about one thousandth goes to sustaining human, animal, and vegetable life, largely through photosynthesis in plants.
This was the first quantitative estimate of the energy that the Sun has been radiating out into space over millions of years, and it immediately produced a huge headache for physicists. After correcting for distance, the value of the solar constant gave an astounding result for the Sun’s energy output. What could possibly be the source of this energy? The British physicist Lord Kelvin (William Thomson) (1824–1907) calculated that if the Sun were entirely composed of coal, at this rate it would have burned itself out in less than five thousand years. Even the Bible cites Earth’s age as older than that. Clearly some energy source other than simple combustion was involved. The solution to this mystery would not come till well into the twentieth century (see chapters 12 and 13 for a more complete discussion).
As difficult as it was to accurately measure the absolute magnitude of the solar constant, establishing its variation was even harder. But it was obvious to many nineteenth-century scientists that this was crucial. The American astronomer A. J. Young wrote: “It is by no means certain that this ‘solar constant’ is really constant; indeed, it is quite certain that it is not strictly so—that the amount of heat radiated by the Sun must vary more or less with the changes which we know to occur upon its surface; at the same time there is no reason to suppose that the variations are very great. It is, however, one of the most important and difficult problems of solar physics now pending to determine the actual amount of these variations and to ascertain the laws that govern them.”10
A great part of the difficulty lay with the absorption of sunlight by Earth’s atmosphere. How much of the Sun’s energy was actually getting through, and how might this vary with atmospheric conditions? Without this knowledge, it is impossible to use measurements on Earth’s surface to accurately infer the rate at which the Sun emits energy. The perplexity of nineteenth-century physicists is understandable. We now know that 20 to 50 percent of the solar energy incident on Earth is lost to the atmosphere through absorption and the presence of clouds and that the transmission also depends on the wavelength of light under consideration.
The American astronomer, physicist, and airplane pioneer Samuel Pierpont Langley (1834–1906) is now chiefly remembered for his early airship experiments (including the construction of a steam-powered airplane) and his eighteen-year stewardship of the Smithsonian Institution. He was also the first to determine atmospheric absorption of sunlight as a function of wavelength. His interest in solar physics, while directing the Allegheny Observatory in Pennsylvania, shifted from sunspot observation to the determination of the solar constant. He wrote:


If the observation of the amount of heat the Sun sends the earth is among the most important and difficult in astronomical physics, it may also be termed the fundamental problem of meteorology, nearly all of whose phenomena would become predictable, if we knew both the original quantity and kind of this heat; how it affects the constituents of the atmosphere on its passage earthward; how much of it reaches the soil; how, through the aid of the atmosphere, it maintains the surface temperature of this planet; and how in diminished quantity and altered kind it is returned to outer space.11
He tackled this problem with his new invention, the bolometer, which uses the fact that the electrical resistance of certain metals depends on temperature. The instrument works by comparing the resistance of a platinum strip heated by the Sun to one kept in the shade. But then he went one step further and combined the bolometer with a spectrometer. A slit at the output of the spectrometer selected a specific wavelength range whose energy would be absorbed by the bolometer. Using this instrument, solar energy could be measured as a function of wavelength. His plan was to make observations at high elevations where the atmosphere was much thinner and absorption of sunlight less important.
Langley’s modus operandi is a good example of how much nineteenth-century science was conducted. He succeeded in interesting two industrialists, William Thaw and John A. Brashear, in this problem. With their financial support, he was able to travel to Mount Whitney with his bolometric spectrometer in a special car provided by the Pennsylvania Railroad. Once on the mountaintop, Langley found that the Sun’s spectrum continued well past the previously determined “end of the end” in the infrared. The excitement of this discovery is palpable in this retelling of it:


This was that one day in 1881 . . . when being near the summit of Mt. Whitney in the Sierra Nevada, at an altitude of 12,000 feet he, there with his newly invented instrument, was working in this invisible spectrum. His previous experience had been that of most scientific men, that very few discoveries come with a surprise; and that they are usually the summation of the work of years. In this case, almost the only one in his experience, he had the sensations of one who makes a discovery. He went down the spectrum, noting the evidence of invisible heat die out on the scale of the instrument, until he came to the apparent end even of the invisible, beyond which the most prolonged researches of investigators up to that time had shown nothing. There he watched the indications grow fainter and fainter until they too ceased at the point where the French investigators had found the very end of the end. By happy thought he pushed the indications of this delicate instrument into the region still beyond. In the still air of this lofty region, the sunbeams passed unimpeded by the mists of the lower earth, and the curve of heat, which had fallen to nothing, began to rise again. There was something there. For he found, suddenly and unexpectedly, a new spectrum of great extent, wholly unknown to science and whose presence was revealed by the new instrument, the bolometer.12
Comparing data at different elevations, he showed that there was much greater atmospheric absorption in the ultraviolet than in the visible or infrared regions. This was the first evidence that the atmosphere protected us from the full impact of these harmful rays.
Langley’s bolometer was sensitive enough to measure the energy of moonlight as a function of wavelength. These data were used by the 1903 Swedish Nobel laureate Svante Arrhenius (1859–1927) to test his ideas about the mechanism for the greenhouse effect now implicated in global warming.
Langley recognized that if Earth’s atmosphere can absorb solar energy, so can the Sun’s. Variations in absorption in the Sun’s chromosphere and corona could affect Earth’s temperature. The corona was known to change its shape as the solar cycle progressed. If the amount of absorption changed as well, this could produce an effect on Earth’s weather that varied with the solar cycle.
There was no way to accurately monitor changes in Earth’s atmosphere in Langley’s time, so unraveling what part of the solar variation was due to the Sun and/or changes in the solar atmosphere was out of the question. Nevertheless, Langley’s pioneering work laid the foundation for studies that continue to the present day. Langley Air Force Base in Virginia is named after him in honor of his other work on aerodynamics and heavier-than-air flight.
CHARLES GREELEY ABBOT AND SOLAR VARIABILITY
Charles Greeley Abbot (1872–1973), who succeeded Langley at the Smithsonian, led the continuation of the work to determine solar variability. This turned into a truly heroic effort over the first half of the twentieth century.
Abbot understood that atmospheric absorption created the principal problem for measurement of the variation of total solar radiation (ultraviolet to infrared). To account for this, he proposed to make measurements of solar radiation at many different altitudes and from many locations on Earth. Local variations in atmospheric conditions should then average out, and an effect seen on a global scale would likely be due to the Sun itself.
He assembled a small group of dedicated workers, including a member of another well-known astronomical family. Anders Knutsson (A. K.) Angstrom (1888–1981) was the grandson of Anders Jonas Angstrom (1814–1874), known for the study of the solar spectrum and for whom the unit of wavelength is named. Moreover, A. K.’s father, Knut Johan Angstrom (1857–1910), also an astronomer, made important measurements of solar radiation from a location on Tenerife in the Azores.
Abbot began his observations at the Smithsonian in Washington, DC, and at the new observatory being set up by G. E. Hale at Mt. Wilson in California. But results were unsatisfactory, and by 1910 Abbot became convinced of the necessity of simultaneous observations from distant parts of the globe. He established an observatory in Bassour, Algeria, some fifty miles south of Algiers. A series of measurements were done there in 1911 and 1912. Based on these measurements, Abbot claimed the Sun’s output was changing by as much as 10 percent (this is about two orders of magnitude larger than current measurements). Such a large variation was hard to believe even then. Critics were unconvinced that variations in atmospheric absorption were properly taken into account. A. K. Angstrom then proposed to fly measuring instruments in a balloon at fifteen miles above sea level, thereby largely removing the influence of the atmosphere. This pioneering balloon measurement resulted in a reasonable value for the solar constant. However, there was no way to study variations because of the short measurement period possible in a balloon flight.
Meanwhile, pollution from Los Angeles was becoming a problem at Mt. Wilson, and Abbot decided to find a better location. After extensive research, he chose a site in the Atacama Desert near Calama, Chile. He writes:


After correspondence with the South African, Indian, Argentine and Chilean meteorological services I became convinced that near the nitrate desert of Chile is to be found the most cloudless region of the Earth easily available. Dr. Walter Knoche of Santiago has most kindly furnished two years (1913 and 1914) of unpublished daily meteorological records for a number of Chilean stations. In his judgment and mine the best is Calama on the Loa River, Lat. S. 22° 28', Long. W. 68° 56', Altitude 2250 meters. For the two years the average number of wholly cloudless days is at 7 a.m., 228; 2 p.m., 206; 9 p.m., 299; and of wholly cloudy days, none. The precipitation is zero; wind seldom exceeds 3 on a scale of 12; temperature seldom falls below 0° or above 25°C.13
The first expedition to Calama set up quite a sophisticated laboratory for solar observation.14 A permanent observatory was eventually built on nearby Mount Montezuma at 9000 feet (2743.2 meters). Similar observatories were established on Mount Harqua Hala in Arizona; Table Mountain, California; and Mt. Brukkaros, South West Africa.
By 1925 Abbot was more than ever convinced of solar variability. His teams had seen variations in solar radiance of nearly 4 percent. In 1922, they reported a “remarkable depression” in solar energy lasting for several years. There were important meetings of solar experts in 1922 and 1929 at the Carnegie Institution’s Conference on Cycles. At the 1922 meeting, Abbot acted as a skeptic: “The speaker is by no means an enthusiast in cycles. For him the marvel is rather the constancy of temperature to a few percent of the normal. An immense literature of supposed correlations of sunspots with terrestrial affairs has grown up. But these correlations are always irritating. They run for a few months, then disappear or become reversed. Are they real?”15 But by 1929 he was presenting evidence for both an eleven-year and a two-year cyclical variation in solar radiance. Under attack for downward revisions of his estimates of solar radiance, he expressed regret for the initial overestimate but doubled down on the presence of cyclical variation.16 Abbot actively continued his work until 1955. Although his results were never convincing, more sophisticated later analysis of his data shows there was real evidence for solar variability in it, though at a lower level than he claimed.
Abbot’s selection of sites in the Atacama Desert turned out to be highly prescient: modern measurements show that this area has the highest level of solar irradiance (energy flow) of any place on Earth. The same clarity of atmosphere producing this effect during the day has now attracted astronomers from all over the world for the incredibly dark skies at night, leading to the establishment of many major telescopes—including the European Southern Observatory’s ELT (Extremely Large Telescope), now under construction; which when completed in the next decade, with a mirror diameter of 128 feet, will become the largest telescope in the world.
TREE RINGS AND CLIMATE
Even very accurate measurements of the solar constant can provide information only about what is happening on the Sun now. Is there some way to determine what the Sun’s energy output was in the past? The answer, somewhat improbably, came from the study of ancient trees.
The career of the American astronomer Andrew Ellicott Douglass (1867–1962) took a curious set of twists that led him to fields as disparate as climatology, archeology, and solar physics. The methodology that he developed was later used to confirm the reality of the Maunder Minimum in the solar cycle. It all began, however, with canals on Mars.
Douglass’s first professional astronomy job was at the Lowell Observatory located near Flagstaff, Arizona. The observatory had been established by Percival Lowell (1855–1916), a wealthy scion of the Boston Brahmin Lowell family. A well-regarded astronomer himself, Lowell had been impressed by the observations of Giovanni Schiaparelli (1835–1910), an Italian astronomer who claimed to have seen “canali” on the red planet. In Italian, the word canali means “lines,” but it was mistranslated into English as “canals.” This supposed evidence of a high civilization on Mars was exciting news during the latter part of the nineteenth century. Lowell used his family fortune to fund a special observatory, built on a mountaintop near Flagstaff, Arizona, in the western deserts of the United States. The unparalleled dark skies and clear atmosphere were ideal aids in the study of this and other astronomical problems. Douglass was to work with him on the study of the Martian canals.
It did not take Douglass long to convince himself that these “canals” were an illusion. This led to a falling out with Lowell and termination of his contract. After a checkered career, first as a judge and then as a Spanish teacher, Douglas finally returned to his first love and eventually became director of the Stewart Observatory near Tucson, Arizona.
While working for Lowell, Douglass had become interested in the question of solar variability and its possible effect on the weather. He began his research by correlating sunspot numbers with Arizona weather records but was frustrated with the short time span they covered. Then, while on a trip to Utah in 1901, Douglass had a moment of inspiration. He noticed how tree growth varied with altitude and became fascinated with the very old and gnarled bristlecone pine trees that appeared at the highest elevations of Utah’s west desert mountains. He realized that while the age of a tree can be determined by counting its growth rings, there is much more information potentially to be gleaned. This led him to a lifelong study of tree-ring patterns and their relation to climate.
He developed sophisticated techniques for measuring and comparing tree-ring data. Living trees did not have to be cut down to study their rings. A coring tool could drill into the tree trunk and extract a plug of wood. The plug could then be examined under a microscope and the number and width of the tree’s rings determined.
Douglass came to believe that in an arid climate, the width of a tree ring should be predominantly affected by the amount of rainfall. Thus, trees growing in the same arid region would have similar ring growth patterns. Years with abundant rainfall would produce wider rings while years of drought would produce narrower ones. A set of trees whose lifetimes overlapped could be used to extend a tree-ring pattern hundreds of years backward or forward in time. This opened the prospect that weather patterns could be studied over a vastly greater time scale than previously possible.
As his work became better known, archeologists realized that the pattern of tree rings in any piece of wood found in a southwestern archeological site could be matched to Douglass’s master tree-ring pattern and the date of the wood determined. This would be revolutionary for more precise dating of archeological sites in the Southwest and other arid areas. The Martian canals turned out to be a pipe dream, but they led to the foundation a new science—dendrochronology.
As useful as tree-ring growth patterns were for archeology, the idea that they were strongly determined by climate was controversial. Douglass was treading on even thinner ice when he thought he found evidence for the eleven-year solar cycle in the pattern of southwestern tree-ring widths. There were periods spaced roughly ten years apart when these trees grew rapidly and produced wide rings. However, this pattern seemed to disappear in pines dated from about 1650 to 1700. This prompted an exchange of letters with Edward Walter Maunder, who pointed out to Douglass that this coincided with the period of very few sunspot reports. Was this clear evidence of a sun–weather connection?
Unfortunately, the connection between tree growth and climate turned out to be more complex than Douglass believed. The rate at which a tree grows slows with age and depends on the details of the way the tree gets its nourishment from the soil, the competition from other trees and plants, cycles of forest fires, and many other factors. It is difficult to show conclusively that the cause is climate change. Douglass’s eleven-year cycle also proved evanescent. In the words of H. C. Fritts: “Modern critical studies have failed to demonstrate any convincing period at or near 11 years in tree-ring chronologies.”17 Nevertheless, Douglass made a very important contribution. He established a tree-ring time line that has now been extended, using ancient bristlecone pine data, back to nearly 5000 BCE.18 This is of great use to archaeologists as an independent way of checking dates determined using the carbon-14 method (described below).
While Douglass failed to establish the reality of a solar cycle imprint in tree-ring patterns, his work later led to an important insight. There was more information in tree rings if one measured their carbon-14 content. The full realization of this came in the 1970s when the American astronomer John Allen Eddy (1931–2009) combined tree-ring samples and carbon-14 measurements to finally establish the reality of the Maunder Minimum.
THE REDISCOVERY OF THE MAUNDER MINIMUM
John Eddy was trained as a solar astronomer but had a strong interest in teaching. While thinking about better ways to excite his students about science, he began to read widely in astronomical history, ranging from Native American prayer wheels as representations of heavenly events to the ancient Chinese sky observations. During his extensive research, he became aware of Maunder’s claim that sunspots had almost vanished between 1650 and 1720 (see bottom of figure 6.2). This led to his own careful historical research and analysis. Eddy could find no reason why late-seventeenth-century astronomers would disdain solar observations. Convinced that they were competent observers, since other reports on comets, etc., continued apace during this period, Eddy concluded that the solar cycle probably did disappear during this period, particularly since he had specific new information that was not available to Maunder: the carbon-14 concentrations in tree cores.
If you look up carbon-14, you will find it described as an unstable radioactive isotope (same number of protons and electrons but with two additional neutrons) of carbon-12 with a half-life of 5,730 years. What this means is that a sample of carbon-14 will slowly turn into carbon-12 in such a way that its concentration drops by half every 5,730 years.
What does this have to do with tree cores? The carbon-14 content of wood comes from the atmosphere—it is taken up in the plants’ conversion of carbon dioxide to oxygen during photosynthesis. Carbon-14 is naturally present in the atmosphere at a ratio of approximately one in a trillion carbon-12 atoms. When a tree dies, it no longer absorbs atmospheric gases (it stops breathing), and the amount of its internal carbon-14 begins to decrease. For example, dead wood exactly 5,730 years old would contain half the concentration of carbon-14 in the atmosphere as it existed at the date of the tree’s death. Since counting the tree rings gives an independent date for each ring, measuring the concentration of carbon-14 in a specific ring can then be used with a simple mathematical expression to precisely calculate the carbon-14 concentration in the atmosphere for the year when that ring grew.
The work of A. E. Douglass and many other dendrochronologists had produced a record of tree-ring growth patterns reaching back to about 5000 BCE. There were libraries of tree core samples available. This overlapping sequence of precisely dated wood could be examined for its carbon-14 content tree ring by tree ring, in effect, year by year. Eddy could thus reconstruct the atmospheric carbon-14 concentration as a function of year back to about 5000 BCE. What he found was quite remarkable: the period from 1650 to 1710 had a greater proportion of carbon-14 in the atmosphere than did the preceding or following periods. There were other, much more ancient periods with similar excesses (see figure 13.9 in chapter 13).
Why would this have anything to do with the sunspot cycle? How could the Sun affect carbon-14 production in Earth’s atmosphere? Carbon-14 can only be made by protons and atomic nuclei bombarding the atmosphere and colliding with ordinary carbon-12. The higher the number of such particles entering the atmosphere, the greater the concentration of carbon-14. These particles can come from the Sun (they partly compose the so-called solar wind, to be discussed in chapter 11) but also as cosmic radiation from beyond the solar system. These are energetic protons and nuclei, called galactic cosmic rays, produced by supernova explosions and other sources within our galaxy. During solar maximum, the Sun expels a particularly strong solar wind of its own particles. Galactic cosmic rays have to fight against this wind to enter our solar system and reach Earth’s atmosphere. The converse happens during solar minimum. The solar wind is weak then, and entering galactic radiation can more easily reach Earth, leading to an increase in carbon-14.
The second half of the seventeenth century was deficient in sunspots and auroral reports. Even the solar corona was not much in evidence during total eclipses. Eddy’s discovery of high carbon-14 concentrations in the atmosphere during this time adds strong evidence that the solar wind was also weak because of decreased solar activity. These were objective data supporting the subjective reports of the lack of sunspots.
He and his collaborators went on to reanalyze the rotational period of near equatorial sunspots from the drawings in Scheiner’s Rosa Ursina (1630) and from Hevelius’s work (1642–1645). The rotational period from Scheiner’s data is very close to the modern value. But Hevelius observed sunspots after Scheiner, just before the beginning of the Maunder Minimum. His data indicate that the solar equatorial period was almost three days shorter than the modern value. Eddy and others speculated this increase in the speed of solar rotation may be another symptom of a decrease in activity of the solar cycle for close to a hundred years. Eddy also realized that this period coincided with what climatologists called the Little European Ice Age—a period of unusually cold winters as indicated by newspaper reports and by a reversal of glacial retreat in the Alps. He named the period the Maunder Minimum.
By the second decade of the nineteenth century, glaciers in Switzerland were advancing at rates of hundreds of feet per year and threatening homes and agricultural valleys.19 The English poet Percy Bysshe Shelley (1792–1822), who was touring the Alps in 1818, was sufficiently impressed to include this description in his poem “Mont Blanc”:
A city of death, distinct with many a tower
And wall impregnable of beaming ice,
Yet not a city, but a flood of ruin
Is there, that from the boundaries of the sky
Rolls its perpetual stream; vast pines are strewing
Its destined path, or in the mangled soil
Branchless and shattered stand; the rocks, drawn down
From yon remotest waste, have overthrown
The limits of the dead and living world,
Never to be reclaimed.20
Although individual pieces of evidence for the existence of a period of solar inactivity can be criticized, the combined evidence now looks very strong. It does seem that the solar cycle can occasionally take a vacation. Eddy went on to show, using the carbon-14 concentration data, that there were several periods in the last few thousand years when similar pauses in solar activity have occurred. This leads to an interesting question: is the solar cycle an unstable phenomenon, or is it a historically recent event in the history of the Sun? Eddy’s work on establishing the reality of the Maunder Minimum and its possible relation to climate made it even more important to extend our understanding of solar variability, both in prehistoric eras and in the present historical period.
BEYOND THE TREE-RING RECORD: ICE CORES
Trees are very useful in establishing the historical atmospheric carbon-14 concentration and even for climatological studies, but their historical range is limited. The study of ice cores has a very similar methodology but can extend much further back in time. Ice in high mountain glaciers and in the Arctic and Antarctic is formed in layers, each representing a winter’s snow accumulation. Just as with tree rings, counting layers down from the surface is equivalent to moving back in time year by year. Because layers become more and more compressed as one goes deeper into the ice, counting becomes more difficult, and other techniques such as uranium-238 dating become helpful.21
The first systematic study of ice cores was done in Greenland in 1930 by Ernst Sorge (1899–1946), but the field really expanded in 1957–1958 during the inaugural International Geophysical Year when the first Antarctic ice cores were drilled.22 An ice-core record has now been extended back an astonishing 800,000 years.
The ice forming each layer also contains air bubbles and dust. They are actual samples of the atmospheric chemistry for that year. In 1960 the University of Chicago astrophysicist John Alexander Simpson (1916–2000) showed that galactic cosmic ray particles interacting with atmospheric molecules produce radioactive beryllium nuclei as well as carbon-14. The half-life of beryllium is more than a million years, so it barely shows evidence of decay over historical times. Just measuring its concentration in the air bubbles of ice-core layers provides a very valuable proxy for the intensity of the solar wind. Just as in the case of carbon-14, a strong solar wind would prevent formation of beryllium by blocking the flux of galactic cosmic rays from entering the solar system. The ice-core record overlaps the carbon-14 record and extends back into prehistory, indicating a number of periods of suppressed solar activity in the ancient distant past.
OTHER SURROGATES
The search for surrogate data can have pitfalls. The Australian exploration geologist George Wilson found a layer of 680-million-year-old sedimentary rock near the Flinders Ranges north of Adelaide in 1980. The layers differed in thickness and color. Every eleventh layer was darker, on average. Was this a signature of the solar cycle? There were also periodicities every twenty-two and ninety layers. These rocks were thought to be formed due to deposits on a lake floor produced by annual meltwater from an Ice Age glacier (they are called glacial wharves). If the weather was affected by the solar cycle, then the amount of meltwater should also vary. If accurate, this geological layer system either exhibited extreme sensitivity to the solar cycle or the solar cycle was much more pronounced in this ancient period.
There are all kinds of methodological problems with this result. How do we know the layers represent a yearly and not a monthly or daily phenomenon? Doubt was cast with more recent discoveries showing fourteen to fifteen laminations per layer, which may correspond to the fourteen-day lunar tide cycle. The laminations were likely laid down on a daily basis and have nothing to do with the solar cycle. Despite this failure, the search for other proxies of solar activity continues.
SOLAR MEASUREMENTS ABOVE THE ATMOSPHERE
By the end of the 1950s, the space race between the Soviet Union and the United States was in full swing and there was an opportunity and an interest to measure the solar intensity above the bulk of Earth’s atmosphere. The work of John Allen Eddy and others to establish the reality of the Maunder Minimum gave indirect evidence of variability in the solar constant and made direct space-based measurement a priority. Solar variations might be as small at as a tenth of a percent, however, so extremely sensitive radiometers had to be designed, and another decade was to go by before the first such detector was launched.
The Nimbus 6 satellite in 1975 carried a solar intensity radiometer, but its results were inconclusive. A more sensitive radiometer on the Nimbus 7 satellite, launched in 1978, showed some evidence for solar variability, but the first really conclusive evidence came from an instrument designed by Richard C. Willson at Caltech’s Jet Propulsion Laboratory. It was flown on the Solar Maximum Mission satellite in 1980. Data from this instrument showed that the total solar energy output dropped by nearly 0.1 percent when a large sunspot group appeared on the face of the Sun. One solar rotation later, the same sunspot group reappeared, and the solar output dipped again. This was the first direct and irrefutable evidence for solar variability.
The data from continuing space-based measurements also showed that the Sun’s energy output varies on many time scales, from minutes to years. It is lower in areas where there are many sunspots and higher where there were many faculae (“little torches” in Latin). This term identifies small, bright, active areas on the photosphere.23 The total solar output was found to depend on the balance between the numbers of faculae and sunspots.
The solar intensity radiometer also showed a variation of approximately 0.1 percent from solar minimum to solar maximum. The intensity is highest at solar maximum because there are more faculae than sunspots. These variations were too small for any previous experiments done on the surface of Earth to detect, though there are hints of it in more sophisticated analyses of Abbot’s Smithsonian data.
Solar radiometers measure the total solar energy summed over a range of wavelengths. Other instruments have shown that the solar output varies much more strongly in the extreme ultraviolet (UV). In this region of the spectrum, variations of as much as a factor of two have been found over the eleven-year solar cycle. Extreme UV light is almost completely absorbed in Earth’s atmosphere, so this variation cannot directly affect the heating of Earth’s surface. However, light of this wavelength interacts with and breaks up ozone and other molecules in the upper atmosphere. Increased ultraviolet radiation thus decreases ozone concentration. This in turn can produce secondary effects that can change how energy is transferred in the atmosphere. A depletion of Earth’s ozone belt in the upper atmosphere allows less extreme ultraviolet radiation to penetrate deeper. This can change the temperature profile of the lower atmosphere and affect pressure systems. Resulting changes in wind patterns can in turn affect the overall climate, but teasing out this contribution has been difficult.
What is clear is that the direct measurement of solar variability confirms the reality of the Maunder Minimum. Extrapolating the solar energy output versus sunspot numbers shows that the solar constant may have been 0.26 percent smaller during this period. While significant, this is still a small change. Could it be sufficient to produce the Little European Ice Age? This question is not simply academic, because it would mean that the more typical 0.1 percent variations during a single solar cycle would play a role in Earth’s weather.
While the Maunder Minimum in the solar cycle is firmly established, the cause of the temperature dip called the Little European Ice Age continues to be debated. Volcanic eruptions blocking solar energy transmission can certainly produce much stronger short-term cooling effects on the climate through the trapping of volcanic dust in the upper atmosphere. There is evidence that they did have an impact even before the Maunder Minimum began.
The most dramatic such event in recent history was the Mount Tambora eruption on April 10, 1815. This monstrous explosion on the obscure island of Sumbawa in Indonesia reduced the mountain by a kilometer and a half, left a crater six kilometers wide, and spewed enough ash and volcanic dust into the stratosphere to cool parts of the globe by 5° F for three years. Combined with another smaller major eruption in 1809, the Mount Tambora volcanic cataclysm made the decade of 1810–1820 the coldest in recorded history. This led to a whole chain of disasters across the world, including cholera epidemics in India, famine in China and Ireland, and the years of “eighteen hundred and froze-to-death” in New England.24 In fact, as we will see, evidence exists for depressed temperatures from the thirteenth century to the Maunder period. This extended Little European Ice Age is likely to have been produced by a series of extreme volcanic eruptions as well.
The clear global warming observed in recent years has once again raised the question of the impact of solar variability on the climate. The interplay among the greenhouse effect, ozone depletion, cooling due to volcanic eruptions, and uncertainties about how much the solar constant varies over many cycles (since we only have direct measurements for a few cycles) makes disentangling the impact of all these effects on the past climate complex. Our current understanding, however, is clear: the long-term effects of anthropogenic global warming due to increased concentrations of carbon dioxide and other greenhouse gases are the dominant drivers in the climate change we are now observing.
There were many skeptics and naysayers when climate scientists first sounded the alarm, but in the past decade we have seen unprecedented extremes of weather playing havoc all over the world. Experiencing broiling heat, violent storms, thawing ice sheets, and historic floods, few have not been touched by the destabilizing climate we now live in. The Sun’s flow of energy has not changed significantly over this time, but the exponentially increasing concentrations of greenhouse gases are trapping more and more of this energy. As a result, ocean and atmospheric temperatures are increasing, but at different rates over the globe. The increased flow of energy from hotter to cooler areas disturbs the established weather patterns we have grown up with, and we feel that we have entered a new, unfamiliar, and threatening era. Only concerted global cooperative efforts to reduce emissions can begin to mitigate this change. Other than praying to a Sun god, this is also the only aspect of the energy balance equation driving climate over which we as humans have some control.25
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TWENTIETH-CENTURY BUSINESS CYCLE ⇔ SOLAR CYCLE THEORIES
Some early-twentieth-century economists continued to look to the Sun and the solar cycle as drivers for economic and social upheavals. Jevons’s sunspot theories remained compelling for many during bad economic times, but came under different guises. Developments in science and medicine gave devotees new ideas for causal mechanisms.
The U.S. stock market dropped 23 percent in value between October 28 and 29, 1929. Most economists agree that it was a preface to the Great Depression whose effects were felt around the world for a decade or more. The crash, building on the period of postwar euphoria (“the roaring twenties”), made the cyclical nature of business particularly poignant. From 1929 to 1932, total agricultural earnings in the American South were down by 60 percent. Even by 1938, more than a quarter of U.S. workers were still unemployed. This terrible economic situation led to social disturbances and political upheavals throughout the world.
Economists, political scientists, and sociologists argued about the cause for the apparent collapse of capitalism. Some looked for external physical factors and once again put the blame squarely on the Sun. As Harlan True Stetson (1885–1964), an astronomical researcher at MIT, writes in his review of solar influences on terrestrial affairs: “It has appealed to the imagination of those desperate for an explanation of the ups and downs of the business cycle and at least has the merit of removing some of the blame for the dilapidated condition of the world’s financial affairs from the seats of government.”1 The crucial word here is “imagination.” The works of Jevons et alia were exhumed and reexamined. Some of this research was much more rigorous in attempting to establish a correlation but stumbled in trying to identify a causal mechanism.
Felix Ira Shaffner (1904–1980), an instructor of economics at Harvard with an interest in astronomy, and Carlos García-Mata (1905–1982), an Argentine with a fellowship to study in the United States, decided in 1934 to approach the solar correlation problem seriously. They began by reexamining Jevons’s theory. While most economists considered Jevons’s work to be highly speculative, its appeal to these authors was still strong. Aware that the originally proposed correlation between sunspots and agricultural yields could not be confirmed, Mata and Shaffner searched for correlations with other economic variables. They began with a degree of careful skepticism:2 “First, the fact of a correlation between the solar cycle series and a business cycle series has not been established through statistical methods. Second, the logical reason for a connection has not been found. There is still a ‘missing link’ as Jevons said. The explanations through weather and crops have not been proved sound, and the same can be said of the explanations through the effect of meteorological phenomena on human health.”3 They decided to look at the problem from a different perspective. Taking seriously Sorokin’s objection that the solar cycle “period” is not sufficiently well defined (it varies too much from cycle to cycle for the mean value to be useful), they searched instead for more of a real-time correlation between measured sunspot areas and some measure of business activity. They settled on photographic sunspot area data from the Greenwich and Kodaikanal Observatories available from 1874 on. For economic data, they used the index compiled by Warren M. Persons in Forecasting Business Cycles.4
Despite their doubts, they found that Persons’s index of the physical production of manufactures showed five clear cycles from 1876 to 1932, with an average period of 11.20 years. The average of the last five sunspot cycles was 11.16 years, using the same smoothing process used for the business data. It was an inverse correlation: an increase in sunspots was associated with a decrease in business activity. The solar curve was also three years ahead of the business cycle. This temporal mismatch should have been a red flag but did not deter them at all.
Conveniently enough, the Smithsonian’s Charles Greeley Abbot had just published his observation of variations in the solar constant, finding a period similar to the solar cycle but with a shift in phase: “as indicated by all our observations, the solar radiation rises to a maximum with medium sunspot numbers and declines thereafter as sunspots increase.”5 This is precisely in the direction of the lag exhibited by the business curve—highly encouraging for Mata and Shaffner.
Continuing with their plan, they examined sunspot areas directly, plotting their variations from the yearly mean. After smoothing, they found striking correlations with the business curve, this time with no lag. The compatibility of the solar data with manufacturing and the mineral production index was strong. The statistical coefficient of correlation with the manufacturing index was .690 +/− .049 (a value of 1.0 would be a perfect match). However, there was no correlation with crop yields or prices.
Mata and Shaffner were now convinced that agricultural output was the wrong place to look for correlations—that the solar cycle affected only nonagricultural business activity. Though the result was counterintuitive, they could not believe it was accidental. What could be the mechanism behind the concordance?6
The lack of association with agricultural yields made a direct weather connection doubtful. There was no significant correlation of the solar cycle with world temperatures—indeed world temperatures seemed mostly affected by volcanic eruptions. They were forced to conclude that the connection with the business cycle was through a psychological mechanism. The British economist A. C. Pigou had independently proposed that economic cycles were driven by changes in people’s psychology.7 He emphasized the importance of “optimism about the future” in the decision to increase capital investment in anticipation of higher demand. When this does not materialize, pessimism sets in and there is a decrease in investment, which can cause a recession.
How can psychology or a sense of optimism be connected with solar activity? Since weather appears not to be involved, Huntington’s explanation as given in chapter 7 cannot hold. Mata and Shaffner suggested that the solar influence is in the nature of a catalyst “when mass psychology [is] at high pitch. Then some great disturbance of the solar activity can affect mass psychology, which is in a receptive mood, and can produce a ‘brainstorm,’ the start of the wave of pessimism that, according to Pigou’s theory, will engender in itself all the characteristics of the depression phase of the business cycle.”8
This may remind the reader of the modulating role that Venus played in Moore’s nineteenth-century theory. A subtle effect can produce outsize results when receptivity to it is high. Such ideas were particularly popular in France. Some French physicians even claimed a direct influence of the solar cycle on birth and death rates.9 The appearance of a large number of sunspots apparently could have immediate direct effects on people’s health and well-being.
One proposed mechanism was the effect of ultraviolet radiation. These rays were thought to be good for health, and sunbathing was very much in fashion. Charles Abbot was reporting variations in the total solar ultraviolet output up to 100 percent as the solar cycle progressed. How could that affect human psychology? To quote Abbot: “Ultraviolet rays produce certain changes of chemical structure in fats and oils which are the source of those traces of hormones so extraordinarily important, all out of proportion to their infinitesimal occurrence in the growth and health of animals.” Ultraviolet light plays the role of a catalyst that can produce a disproportionately large social effect.
In addition to searching for cyclical behavior, Mata and Shaffner also investigated one-time, short-term effects of solar activity. Most controversially, they claimed that the great stock market crash of 1929 was correlated with a sharp change in the solar constant seen in Abbot’s data around this time: “The solar constant, after remaining on a level far above normal value during the first half of the year, reached a value farthest away from normal, and then came sharply back to normal in November and December.” Furthermore: “we find that in this zone [of the sun, which is just in front of Earth] there were very few spots during September, 1929, there being some days when no spot at all were recorded. In the following month, this zone was covered with spots. . . . These spots were big enough to be visible to the naked eye, and various contemporary publications gave an account of the phenomenon.”10 The ancient Chinese court astronomers would have approved.
Other proposals for a solar influence on the economy were even more dubious. According to Professor Alexander Chizhevsky (1897–1964) of Moscow University, the course of history itself would seem to be determined by the Sun. The fact that solar storms produce severe magnetic storms on Earth as well as spectacular displays of aurora borealis led him to speculate, in a lecture to the annual meeting of the American Meteorological Society in 1927, on the possibility of the electrical influence of sunspots’ upsetting men’s “electromagnetic equilibrium” and thus originating waves of mass psychological disturbance leading to wars and revolutions.11 The title of his talk was “The influence of cosmic factors upon the behavior of organized human masses as well as upon the universal historical process.” He writes: “The greatest revolutions, wars and other mass movements which have created nations . . . have given origin to the turning points of history; and have shaken the lives of humanity and entire continents, tend to coincide with the periods of the maxima of the sun’s activity.”12 This deterministic and decidedly non-Marxist view of history did not play well with Joseph Stalin. Chizhevsky spent years in the Gulag but was eventually rehabilitated. He is considered by some to be a major figure in the early development of the field of heliobiology.
Harlan True Stetson, in his 1937 book Sunspots and Their Effects, while careful not to endorse any of the more extreme theories of solar influence, was clearly mining the vein of popular fascination with the topic. Stetson, the director of MIT’s Cosmic Terrestrial Research Laboratory, was interested in the effects of the sunspot cycle on radio wave propagation. There was clear experimental evidence for a direct effect of solar radiation on the ionospheric layers. This was important because shortwave radio communication depends on these layers to bounce radio waves to receivers well beyond the line of sight. There were suggestions that variations in the concentration of ions in the ionosphere could filter down to the surface and affect people’s health and well-being. The solar cycle could manifest itself in changes in the chemistry of the air we breathe.13 Professors Friedrich Dessauer (1881–1963) in Frankfurt and Constantin Yaglou (1898–1960) of the Harvard School of Public Health had investigated the effects of positive and negative ions in the air on human health. They claimed that changing concentrations of positive and negative ions could affect both blood pressure and mood.
With the discovery that sunlight, and especially its ultraviolet (UV) component, was essential in forming vitamin D in the skin, the philosophy of “more is better” took hold: “The part of sunshine in health cannot be overestimated. When dressed in our abbreviated bathing suits we lie three-quarters naked beneath the summer sun shining brightly overhead, we are certainly building up reserves of vitamin D. During long winter months when the days are short and the sun is low, we miss these health-giving violet rays of summer.”14 Even the vitamin content of plants might be affected by variations in the sun’s UV output. Although each of these effects might be small, the combined impact of changes in atmospheric ion concentration, direct effects on the human body via vitamin D production, and indirect effects of vitamin concentrations in foods could be significant. Could physiological changes produce changes in human behavior, mood, and optimism? This might be the elusive missing link. But there remained another final question: does enhanced well-being translate into increased productivity?15
After Chizhevsky’s conceits, the writings of Edgar Lawrence Smith (1882–1971) and Charles J. Collins seem like modest proposals, but they mine the same vein. Smith, an economist and investment manager, was one of the main players in the subsequent development of “sunspot economics.” A believer in the power of mass psychology on the stock market, his books included Common Stocks as Long Term Investment (1924), Tides in the Affairs of Men (1939), and Common Stocks and Business Cycles (1959). For Smith, the “quantity, content and angle of solar radiation” affected the weather, which in turn influenced human behavior. Smith searched for some set of meteorological indices that could be used to predict this “mass psychology,” finally settling on a combination of temperature and rainfall records.
Charles J. Collins, a financial analyst who was influential in bringing Ralph Nelson Elliott (1871–1948) and his Elliott Wave theory to the attention of the investing public in the 1930s, made some quite specific predictions in his 1965 article “The Effect of Sunspot Activity on the Stock Market.”16 The largest percentage decline in the stock market will come after the sunspot number climbs above fifty.17 Collins was another acolyte in the “mass psychology” movement. As often occurs with such claims, exceptions to his rule are turned to advantage by the author. For instance: “By 1929, the stock market had run well beyond the 1926 sunspot red light. Was it this disregard, or excess exuberance, that caused the ensuing debacle? Certainly, for the years under review, nothing in stock market history compared with the cataclysmic liquidation that followed the 1929 stock market peak.”18
The determination to find a cause for human disasters in the stars is as old and fallible as astrology. From a scientific point of view, however, there are three separate questions equally relevant to any solar influence on economic issues. First, is the sun’s energy output variable within the period given by the sunspot cycle? Second, if so, does it have a significant enough effect on Earth? Third, does this effect, directly or indirectly, influence the business cycle?
We now know that variation of solar output from the maximum of the sunspot cycle to the minimum is on the of order of 0.1 percent, with somewhat greater changes in the ultraviolet region. Demonstrating any consistent effect on the weather of a variation of this order has been difficult.
Extremes of weather can directly affect business, though not necessarily in a clearly predictable way. It has been known for some time, particularly due to the work of the economist Warren M. Persons, that when weather conditions are favorable to crop production, the law of supply and demand actually lowers the crop price, whereas poor crop yields raise them. Hence crop yield and total value of the crops are not positively related. Less direct effects of weather on the business cycle, such as through mass psychology, remain forced and unconvincing. More subtle effects on human health have been proposed but never adequately substantiated. It remains unproven that solar activity is a consistent driving influence on the behavior of stock prices. But the most damning problem for solar enthusiasts is the disappearance of any clear correlations after a few cycles (though this is usually explained away by “special circumstances”).
We close this chapter with the curious story of Father Jerome Sixtus Ricard (1850–1930). Father Ricard studied philosophy at Santa Clara College but discovered a passion for sunspots after taking a summer course in astronomy. He became convinced that sunspots affected the weather and developed what he claimed was a very precise method for weather prediction: “For several years, I noticed coincidences between the appearance and position of sunspots and climatic conditions here on the Pacific coast. The undeniable connection was established by continued observation and in 1914, I felt justified in formulating this law: Sunspots affect the earth’s climatic condition only when they are directly opposite the earth, on the sun’s central meridian. Spots on the northern hemisphere of the sun cause storms or areas of low barometer, spots on the southern hemisphere cause areas of high barometer.”19
Here he introduced a novel idea. He found that he needed to take into account “invisible sunspots,” or sunspots that ought to have occurred based on his geometrical theories of planetary influence: “Whenever two planets are on a line that passes through the sun, spots are generated at the two points where that line cuts the sun. These spots may or may not be visible to the telescope.” In this way he combined sunspot correlations with planetary alignments to forecast low pressure systems. Ricard became known as the Padre of the Rains and his monthly magazine The Sunspot had a large following, with subscribers ranging from farmers to movie producers who needed weather predictions for their outdoor work. The Knights of Columbus raised a significant amount of money to build a modern observatory for him on the campus of Santa Clara University. However, when his predictive system failed in major ways, the telescope was never finished, and the observatory building currently houses the sociology department.
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SUNSPOTS, THE SOLAR WIND, AND THE SUN–EARTH CONNECTION
THE DISCOVERY OF THE SOLAR WIND: ANTECEDENTS
Everyone feels the presence of the Sun. Our eyes have been fine-tuned by evolution to be maximally sensitive to those wavelengths of sunlight that pass through the atmosphere with minimum absorption: the visible spectrum. We see the world in the Sun’s reflected light. Even the blind can feel the Sun’s presence by the sensation of warmth produced by its infrared rays. Insects and deer can see in the near ultraviolet. Are there other solar emanations, invisible to anyone’s senses, impacting Earth? In this chapter we begin with the first intuitions of a windlike connection between Sun and Earth in the seventeenth century. The coincidences of auroras and sunspots were noted early. Later studies of the orientation of comets’ tails led to the same suspicion. But the true nature of this wind was not clarified until the arrival of the Space Age, when satellites and space probes began to return definitive data.
The seventeenth-century French philosopher, mathematician, and scientist René Descartes (1596–1650) proposed a substance he called “solar air,” which was supposed to extend outward from the Sun’s surface, eventually reaching Earth and beyond. He claimed this substance was produced by the dissipation of sunspots. The flow of this “air” varied with the sunspot number, and when it was particularly strong it increased the incidence of auroras. The French scientist Jean-Jacques d’Ortous de Mairan (1678–1771), commissioned by the French government to study the problem of auroras, writes approvingly of Descartes theory: “What appears to favour this idea is that for the last 5 or 6 years when the aurorae, as often happens, have become very frequent, and according to our hypothesis should be associated with great extensions of this ‘air,’ Sunspots have likewise been numerous.”1
William Herschel had similar thoughts about the connection between events on the solar surface and the northern lights (aurora borealis). In 1849, Alexander von Humboldt wrote in Cosmos: “If in accordance with an early hypothesis of Sir William Herschel, the Sun itself is in the condition of a perpetual northern light (I should rather say of an electro-magnetic storm), we should seem warranted in concluding that solar light, transmitted in the regions of space by vibrations of ether, may be accompanied by electro-magnetic currents.”2 These currents do in fact exist. They are produced by an outflow of high-speed electrons and protons (technically called a plasma) making up the solar wind.3
By the end of the nineteenth century, evidence for the existence of this connection continued to mount. A twenty-seven-day period of magnetic storm activity was discovered in the 1890s. This is identical to the Sun’s rotational period. A correlation between magnetic storms on Earth and the appearance of certain regions on the solar surface was noted. It was natural to assume that something on the Sun was producing these disturbances. The regions in question often contained a sunspot group or a flare or prominence. But more often than not, telescopes could find nothing unusual on the surface of the Sun while compasses on Earth showed major deviations indicating a magnetic storm. In the 1930s these puzzling, nondescript areas were named “M regions” by the German astronomer Julius Bartels (1899–1964). M stood for mysterious. And so they remained, until the late-twentieth-century discovery of the so-called coronal holes by satellite-borne X-ray detectors (see below).
Another important piece of evidence that an unknown substance was streaming through interplanetary space was the orientation of comets’ tails. Comets have been documented (with fear and trepidation) since the dawn of human history. They were considered sinister omens in ancient China, and in the medieval Western European world they were a threat to Aristotle’s concept of a perfect and unchanging heaven. They were “bad stars,” literally “dis-aster” in Latin.
But by the nineteenth century, astronomers realized that they were telling us something else. Comets’ tails almost always point radially away from the Sun. Did sunlight exert a force on the gaseous material of a comet’s tail? This seemed plausible, but science had not advanced to the point of being able to calculate the strength of such an effect. Finally, in the 1930s, the German astrophysicist Ludwig Biermann (1907–1986) showed that, for a large class of comets, the force of the Sun’s light (called the radiation pressure) was insufficient to move the tail away from the Sun. There had to be something else, a kind of material wind coming from the Sun.4 Comet tails were the weathervanes showing its direction.
Where could such a wind originate? The Sun was not a simple sphere. During total solar eclipses, a highly variable solar corona could be seen surrounding the main body of the Sun. At times this took on the appearance of streaming glowing matter flowing outward from the solar surface. Was the solar wind the attenuated essence of this outflowing material?
The existence of the corona was itself a mystery. What was its composition and function? What could be gleaned from earthbound observations? The nineteenth-century expeditions to study solar eclipses provided fascinating but confusing information. The newly perfected spectroscopes were placed at the ready and used, in the few available minutes of eclipse totality, to observe the corona. The spectral lines seen could be identified with known elements, but the coronal spectra measured during the 1869 eclipse by Charles Young and William Harkness showed something new: an unknown, pronounced, green spectral line. It was only seen in the light from the corona, not from the body of the Sun itself. It was assumed to be evidence of a new element, dubbed coronium, but why would it only exist in the corona?5 This remained a mystery until the early 1930s, when the French astronomer Bernard Lyot (1897–1952) built the first coronograph, a special telescope that blocked the light coming from the photosphere so perfectly that the solar corona could be studied even when the Sun was not in eclipse. Instead of having a mere ten hours a century, astronomers could now study the corona at will. By 1939 Walter Grotrian (1890–1954) in Berlin showed that the famous “coronium” green lines were actually due to the presence of highly ionized iron atoms (atoms most of whose electrons had been stripped off). The existence of such excited iron states could only be understood if the gas temperature in the corona approached one million Kelvins. Little wonder such spectral lines had never been seen in laboratories on Earth and were thought to represent a new element! Since the temperature of the surface layer of the Sun (the photosphere) was known to be about 6,000 Kelvins, this extreme coronal temperature came as a surprise. Contrary to scientific intuition and expectation, the temperature of solar matter in the corona increased with distance from the body of the Sun. This would be as surprising as getting third-degree burns sitting far from a fire while people clustered close to it just felt warm.
Since such high coronal temperatures were controversial, a cross-check was essential. A highly ionized gas at a temperature of millions of degrees should produce radiation ranging from the far ultraviolet to the X-ray region. Unfortunately, this could not be confirmed for many decades because these wavelength regions are absorbed by air molecules and do not penetrate to Earth’s surface.
The Soviet Union’s launch of the Sputnik satellite on October 4, 1957, changed everything. In the first few days after launch, no one in the United States knew what the satellite looked like, what its purpose was, or even what orbit it was on. Ham radio operators were among the first to monitor its constant “beep” (this may have been one of the first examples of “community science”), but it was an improvised radio interferometry array quickly slapped together by four astronomers at the University of Illinois that was first to reconstruct what its actual orbit or ephemeris was.6 While it became clear that Sputnik itself posed no immediate threat, the demonstration of technological ability by the Soviet Union and the notion that airspace above the United States was no longer inviolate moved the U.S. government to make a major investment in the space program. As a consequence, a wide variety of space-based instruments for studying the Sun were planned and became a reality.
The first baby step had occurred right after World War II. On October 10, 1946, a captured German V-2 rocket was launched from White Sands, New Mexico. It carried instruments to a height of 90 km and gave us the first far ultraviolet photograph of the Sun. In 1958, Nike rockets flew X-ray detectors above the atmosphere to capture the Sun’s image. The solar corona did indeed shine brightly in X-rays, confirming the earlier estimates of its extreme temperature. But further understanding of the nature of the corona and how it related to structures on the solar surface had to wait for long-duration space flight.
EUGENE PARKER: PREDICTION AND DISCOVERY OF THE SOLAR WIND
Meanwhile, a quiet revolution in scientific thinking about the Sun was happening in an unlikely place, far from the major centers of scientific research. Walter M. Elsasser (1904–1991), a well-known émigré European physicist famous for his work on mathematical models of magnetic-field generation, took on a student by the name of Eugene Parker (1927–2022). Elsasser, whose first job after emigrating to the United States from Germany was with the U.S. Army Signal Corp during World War II, found an academic position in the physics department at the University of Utah in Salt Lake City. He established a research group there and did very significant work on the origin of Earth’s magnetic field.7
Viewed from space, the Earth’s magnetic field looks like the typical pattern produced by a permanent bar magnet, called a dipole field (see appendix A). In school demonstrations, iron filings sprinkled around such a bar magnet assume the familiar shape of these field lines. In a similar way, magnetic-field lines emerge from Earth’s north magnetic pole and return at the south magnetic pole. The range of the magnetic influence of Earth on particles in the space surrounding it is known as its magnetosphere.
What could produce a “natural” magnetic field like Earth’s? Perhaps it was due to buried magnetized ore (in effect making Earth a solid magnet)? But the field actually wandered slowly, with the locations of the poles shifting over the centuries. There was also geological evidence that the field reversed every half-million years or so. Elsasser proposed that the motion of the subterranean molten conducting metallic core gives rise to electric currents that, much like electromagnets in the lab, produce a magnetic field oriented along the axis of rotation. In effect, the rotational energy of Earth is converted into magnetic energy.
Eugene Parker arrived at the University of Utah in 1955 after completing his PhD at the California Institute of Technology. He worked as a postdoctoral researcher for Elsasser, from whom he learned the complex mathematics necessary to understand this seemingly spontaneous generation of magnetic fields.
Parker took these ideas and applied them to the problem of the Sun and the solar corona’s magnetic field. Where did the Sun’s magnetic field come from? Why did the corona exist? How far did its influence extend? These were difficult theoretical questions that took time to work out. In the midst of this, he was informed that there was no continuing position available for him at Utah. Luckily, the University of Chicago took him on. In a few years, he was able to show, from a theoretical perspective, that the Sun’s magnetic field must extend into interplanetary space and carry with it streams of charged particles (electrons and protons). The Sun was a rotating, magnetized, high-temperature ball of plasma, and the solar wind was a direct consequence of that. The visible corona was far from the whole story. There was an invisible flow of solar material streaming into the vacuum of space.
From his calculations, Parker came to the surprising conclusion that the hot coronal gases picked up speed with distance until, by 10 million miles from the Sun, they become supersonic (by this we mean that the particles move with speeds faster than the speed of sound in the surrounding medium). This supersonic wind of protons and electrons sweeps out from the solar corona into interplanetary space and, as plasmas do, drags parts of the Sun’s magnetic field with it, all the way to Earth and beyond. A fast-flowing stream or current of charged particles moving through a magnetic field will pull the field with it in the direction of flow (see chapter 13 for more details). This solar wind and its associated magnetic field collide with Earth’s magnetic field high above the atmosphere and distort it from a dipole shape into a tear-shaped structure. Earth plows through the solar wind like a boat fighting a current. Because of the shape of Earth’s dipole magnetic field, the energetic solar wind particles can enter the atmosphere more easily near the north and south magnetic poles, interact with air molecules, and produce the glow of the aurora.
Such a scenario was hard to accept in 1958. Parker’s calculations had to be experimentally confirmed. Luckily, the timing was right. In 1959 the Soviet Union launched the first of its forty Lunik probes. These were the first man-made objects to break free of Earth’s gravity and orbit the Sun. Several of the series were equipped with instruments to detect the presence of fast electrons and protons in interplanetary space. Their data showed encouraging hints supporting Parker’s theory, but this was not completely conclusive.
The Italian-American astrophysicist Bruno Rossi (1905–1993) designed a better solar wind detector to be flown on the American Explorer 10 satellite. Its results confirmed the Lunik data, but this satellite’s elliptical orbit was set for a region of space near the Moon’s orbit. It never got far enough into space and away from Earth’s magnetic field to explore the solar wind in detail. It remained for the American Mariner II mission in 1962, which flew past Venus and well beyond Earth’s influence, to finally and irrefutably confirm the solar wind’s existence. On board was a sensitive plasma detector designed by the prominent NASA geophysicist Marcia Neugebauer (b. 1932). It detected solar wind particles impacting the detector with supersonic speeds of order 400 km/sec and a density of 5 particles/cm3. The speed and density of the solar wind was also found to vary with conditions on the Sun, particularly the presence of coronal holes (see below) or solar flares. Parker’s predictions turned out to be correct: the Sun’s influence over the solar system was vast. It went well beyond being a source of light and a center of gravitational attraction. For her work on this mission and for her leadership at NASA on many other missions, Neugebauer was awarded the Arctowski Medal by the National Academy of Sciences “for definitively establishing the existence of the solar wind, critical to understanding the physics of the heliosphere, and for elucidating many of its key properties.” In 2010 she was awarded the George Ellery Hale Prize in the Solar Physics Division of the American Astronomical Society “for her seminal contributions to the discovery of the solar wind and her extensive and ongoing contributions to solar-heliospheric physics.”8
The nature of the corona and the origin of the solar wind were further elucidated by the Skylab mission in 1973. This was the first U.S. manned orbiting space station, and it was capable of extended solar observations. The mission began with a near disaster: the solar panels and heat shield were damaged during the launch. Working under very difficult conditions, the astronauts on board improvised a fix. Thanks to their ingenuity, good data were collected, and the next nine months revolutionized our view of the solar corona. X-ray images showed great dark areas, much larger than sunspots, in the corona. These were called coronal holes and were associated with regions just above the surface (the chromosphere) where the magnetic fields all had the same polarity (N or S); they were also called unipolar regions. As the Sun rotated and these coronal holes turned to face Earth, magnetic disturbances began on Earth’s surface. The coronal holes were in fact identical to the mysterious M regions. Because their magnetic field lines point in the same direction, there is an easy outflow of charged particles from the solar surface in these regions to interplanetary space. If the outflow is directed toward Earth, then this component of the solar wind will interact with Earth’s atmosphere and produce auroras and magnetic storms.
The Skylab mission occurred during solar minimum. Even so, much new interesting information about the Sun was obtained. Following up, a special unmanned satellite designed to monitor the Sun during the next solar maximum in 1979 was approved for launch. The Solar Maximum Mission (SMM) carried seven instruments into orbit in 1980.
Once again, there were major technical difficulties. The SMM satellite lost orientation control after the first nine months in space, making it unable to point its instruments toward the Sun. In 1984 Congress approved a rescue mission using the Challenger space shuttle crew. The satellite first had to be brought into the space shuttle bay for repairs. This turned out to be exceedingly difficult. The astronauts tried to capture it by hand during a spacewalk but were unsuccessful. Eventually the shuttle’s robotic arm was brought into play, and the errant satellite was safely pulled inside the shuttle bay. Repairs were initiated, and the astronauts were successful in fixing the satellite’s orientation problems. The SMM satellite continued collecting data until it burned up in the atmosphere in 1989. Valuable data on solar flares, which are particularly numerous near solar maximum, and their effect on Earth’s magnetosphere were collected. This was also the mission, previously discussed, that indicated that the Sun is actually brighter at solar maximum due to the large number of bright features, or faculae, that appear on the surface together with the sunspots.
What Parker predicted, and Neugebauer and collaborators showed, was that there was no clearly defined edge to the Sun—its particles flow all the way to the end of the solar system. All the planets orbit through its wispy, tenuous, and constantly changing outer atmosphere. The wind carries with it a magnetic field whose spiraling lines slowly change with the solar cycle and that interacts and modifies the magnetic fields of the planets (see chapter 13 for a more detailed description of our current understanding).
How far this wind extends, however, is still not well known. It may reach as far as 150 astronomical units (one astronomical unit being the mean Sun-Earth distance, or 150 million km) from the Sun. At that point, this supersonic wind should form a “termination shock”—a pileup of particles (a bit like cars piling into each other on an interstate behind a stalled vehicle on the road)—as it enters interstellar space. This is the extreme edge of the Sun’s domain. Beyond lies the galactic environment, composed of galactic magnetic fields and elementary particles and nuclei (galactic cosmic rays) arriving from supernovae and other yet unknown sources associated with the billions of stars in the Milky Way.
In 1964 Gary Flandro, an aerospace engineer with a degree from the University of Utah, was working at NASA’s Jet Propulsion Laboratory when he made an interesting calculation. It seemed there was a planetary alignment of Jupiter, Saturn, Uranus, and Neptune every 176 years that would allow a spacecraft launched at the appropriate time to fly by all of them. Flandro also calculated that a probe launched in a particular orbit would get a “gravity assist” from this configuration and speed up the mission significantly.9 Flandro went on to complete his PhD at Caltech and later received NASA’s Exceptional Achievement Medal for this work. The possibility of a “Grand Tour” of the planets caught NASA’s attention, and it authorized a mission. In 1977 two identical probes, Voyager 1 and Voyager 2, were launched to study Jupiter and Saturn. The project was under the leadership of Edward Stone (b. 1936), a professor at Caltech, who got his PhD at the University of Chicago (his thesis adviser there had an office across the hall from Eugene Parker, with whom Stone had interesting conversations).
The Voyagers performed so well that their journey was extended and they continued to Uranus and Neptune. After this flyby, the probes continued to function and transmit data perfectly, so NASA decided to track and monitor them for as long as they could. The probes have instruments that measure the speed and direction of solar wind particles as well as the presence of cosmic rays entering our solar system from galactic sources. Sometime between 2010 and 2011 both probes observed the outward-going velocity of the solar wind drop to zero. After more than thirty years of flying through space, they had reached the predicted termination shock and now ventured beyond it. The two probes were moving in different directions from the Sun and found the location of the termination shock at different times. This meant that the shock did not occur at the same distance from the Sun in all directions but formed on a more complicated nonspherical surface. The solar magnetic field and the solar wind flows get warped as they move outward from the rotating Sun, somewhat like the twirling skirt of a dancer.
Forty-seven years after launch, the probes are now in interstellar space, under the influence of galactic cosmic rays and galactic magnetic fields, each more than 20 billion kilometers from Earth. One of them is carrying a message of humanity’s existence, in the form of music and other information—a gold record put together by a committee headed by the astronomer Carl Sagan (1934–1996) of Cornell University—to whatever may be out there to receive it.
In 2023, in an improbable continuation of the Utah-Chicago-Caltech connection, NASA appointed Jamie Sue Rankin, a young astrophysicist at Princeton University, who graduated from the University of Utah and went on to a PhD from Caltech (under Ed Stone), as a project manager for this (presumably) last phase of the Voyager missions.
Eugene Parker’s story does not end there. In 2018 NASA launched a solar probe named in his honor; it carries his photograph and a copy of the 1958 solar wind paper. The Parker Solar Probe will execute a series of close approaches to the Sun to study the corona in much more detail than has previously been possible. In November 2021, it came within 5.3 million miles of the surface of the Sun—the closest a man-made object ever achieved. The probe is equipped with instruments that measure magnetic fields, electron, proton and helium ion fluxes in the solar wind, and can photograph the details of the solar corona and the heliosphere near the Sun. The probe will approach the Sun twenty-four times, slinging past Venus and coming closer with each orbit. Swinging around the Sun and achieving speeds of 120 miles per second will make it the fastest man-made object in history. But perhaps its greatest contribution would be to discover how the solar wind originates in the corona and solve the mystery of the extraordinary coronal temperatures.
Nowadays, the solar wind is routinely monitored as part of the general “solar watch.” You can look up the daily conditions on the National Oceanic and Atmospheric Administration’s Space Weather Prediction Center web page and read the magnetic storm and auroral forecast (figure 11.1). Why all this interest? The impact of the solar wind on satellites and communications systems can be significant (see chapter 13), making this a practical everyday concern.

FIGURE 11.1  NOAA Space Weather Prediction Center web page, https://www.swpc.noaa.gov/communities/space-weather-enthusiasts-dashboard.
The Voyager and Parker probes have made measurements of the solar wind from its origin to its termination—an incredible achievement that took over forty years. But there are still many mysteries about this flow of energy coursing through the solar system. In the final two chapters, we consider what we currently know about the Sun—its energy source, structure, and magnetic field, the origin of sunspots and their cyclical nature, and the Earth-Sun connection.



12
THE SUN’S ENERGY SOURCE
Solar Oscillations and Neutrinos
DARWIN, KELVIN, THE SOURCE OF SOLAR ENERGY, AND THE AGE OF THE EARTH
Charles Darwin published his magnum opus On the Origin of Species in 1859. He had been in no hurry to do so until George Russel Wallace (1823–1913), a young British naturalist, wrote him a shocking letter from the Malay Islands where he was collecting specimens. Wallace indicated that he was on the same track as Darwin: to overturn the prevailing views on the evolution of species. Darwin, ever cautious, would have preferred to continue refining and polishing his work, as he had been doing for almost two decades since his early years as a naturalist on the HMS Beagle. But the fear of being bested by Wallace (whose views on evolution seemed remarkably similar) forced his hand. He was cautious in part because he knew his book would be controversial, particularly with the religious authorities of the day, since it denied humans their special place in nature and moved God, if he existed at all, to the role of observer of his evolving creation. And harsh criticism did come fast. But some of it came from a totally unexpected direction—physicists.
William Thomson, Lord Kelvin, one of the founding fathers of the science of thermodynamics and a scientist whose stature in the nineteenth century was arguably similar to Newton’s in the seventeenth or Einstein’s in the twentieth, came out with a direct attack on Darwin. He published a short paper in 1866, titled “The ‘Doctrine of Uniformity’ in Geology Briefly Refuted.”1 The problem he specified was the age of Earth.
Though Aristotle believed that Earth was eternal, the Roman philosopher Lucretius opted for a much shorter history because he could find no records predating the Trojan War. Religious figures from Martin Luther to Talmudic rabbis based their estimates on the Bible. A very influential biblical calculation was due to Archbishop James Ussher of Ireland, who in 1850 settled on 4004 BCE as the date of creation.
By the mid-nineteenth century, geology had dramatically changed how scientists viewed Earth’s age. Almost returning to Aristotle, the distinguished geologist Charles Lyell (and others) held, based on studies of stratigraphy, that Earth was very ancient, perhaps immeasurably so. Darwin was intellectually close to Lyell and much influenced by him. The great antiquity of Earth was a crucial premise for Darwin’s evolutionary theory. As he admitted in On the Origin of Species, “He who can read Sir Charles Lyell’s grand work on the ‘Principles of Geology,’ which the future historian will recognize as having produced a revolution in natural science, yet does not admit how incomprehensibly vast have been the past periods of time, may at once close this volume.”2 But now the great Lord Kelvin claimed that this was deeply mistaken. Earth had to be much younger. This bombshell was bad news for Darwin. As he wrote to Alfred Wallace in 1869, “Thomson’s (Lord Kelvin’s) views of the recent age of the world have been for some time one of my sorest troubles.”3
What was behind this controversy, and what did it have to do with the Sun? By the middle of the nineteenth century, the fundamental laws of thermodynamics—the conservation of energy and the law of entropy—were firmly established. Energy could not be spontaneously created or destroyed, it could only change its form. And energy inevitably dissipated from the kind that generated useful work to useless waste heat. Isolated objects and even the cosmos as a whole would cool indefinitely. This “heat death of the universe” was much debated.
Kelvin made use of these newly formulated laws to perform a straightforward calculation. He assumed that Earth was initially a sphere of molten matter and calculated how long it would take for it to cool down to its present surface temperature. Though there was some uncertainty about how well rocks conduct heat, the answer seemed unequivocal—something on the order of less than twenty million years, much less than the billions assumed by Lyell and Darwin.
And there was more bad news. The Sun was also a relative youngster. Applying the law of conservation of energy to Samuel P. Langley’s measurements in the 1880s of the solar constant, scientists found that maintaining that much radiation on Earth’s surface required a remarkable continual release of solar energy. Chemical reactions (such as combining hydrogen and oxygen or burning hypothetical solar coal) could only power the Sun for a few thousand years at this rate.4 Perhaps this energy came from outside the Sun? Meteors, burning up as they crashed into the Sun, were brought into play. Kelvin was at first supportive of this idea. “According to this form of the gravitation theory,” he wrote, “a meteor would approach the Sun by a very gradual spiral . . . until it begins to be more resisted, and to be consequently rapidly deflected toward the Sun; then the phenomenon of ignition commences; after a few seconds of time all the dynamical energy the body had at the commencement of the sudden change is converted into heat and radiated off; and the mass itself settles incorporated in the Sun.”5 The problem was that the number of meteors or comets crashing in to keep the Sun shining was far too great and in conflict with astronomical data.
The German physicist Hermann von Helmholtz (1821–1894) had a different idea, also taken up by Lord Kelvin.6 This was based on a proposal by the great German philosopher Emmanuel Kant in the previous century that came to be known as the cosmic nebular hypothesis. Given a chaotic distribution of particles floating in space, gravity will slowly cause them to compact and form a cloud, or nebula. This nebular mass would continue shrinking until it became a ball of hot gas. Kant was aware of the work of the Irish physician Adair Crawford, who had demonstrated that when a gas is compressed, it became hot. Helmholtz and Kelvin turned this qualitative hypothesis into a real calculation. They came to believe that the only viable energy source for the Sun (and for the stars) was gravitational contraction of its mass under its own weight. As the radius of the Sun shrank, its gas density increased, and heat was generated at the expense of gravitational energy. They estimated that a twenty-meter-per-year contraction of the Sun’s radius could produce enough energy to account for Langley’s measurements of the solar constant.
Even so, given the Sun’s great mass and size, the calculation indicated that the Sun could not have produced energy at this rate for longer than tens of millions of years. This set a limit on the age of Earth that was similar to Kelvin’s calculations and seemed even more reliable. Kelvin also predicted the Sun could only continue to shine for another five million years or so.
As these ideas began to circulate, this doomsday scenario was frightening people accustomed to think that the Sun was somehow eternal. Even poets began to worry about a dying Sun. The eminent British poet Alfred Lord Tennyson, who was fascinated by science and kept himself very up to date, wrote:
Dead the new astronomy calls her, . . .
Dead, but how her living glory lights the fall, the
dune, the grass!
Yet the moonlight is the sunlight, and the Sun
himself will pass.7
Across the ocean, the small artistic colony of Carmel in California boasted what some called “the greatest American poet,” George Sterling (1869–1926). Sterling wrote what he believed to be his best poem, “The Testimony of the Suns,” partly in response to the prevailing gloom about the future of the Sun. But he went further than Tennyson and included the demise of other stars, whose fate was unlikely to be very different from ours.
The Night inevitable waits
Till fails the insufficient Sun,
And darkness ends the toil begun
By Chaos and the morning Fates,
And starward drifts the stricken world,
Lone in unalterable gloom,
Dead, with a universe for tomb,
Dark, and to vaster darkness whirled.
How dread thy reign, O Silence, there!
A little, and the deeps are dumb—
Lo! thine eternal feet are come
Where trod the thunders of Altair.
O ashen bulks that haunt the Vast,
Beyond the ministry of Light!
O strong intrenchment of the Night
On charred Antares cold at last!
Eternity! thine awful hands
Shall blot the Lion from our skies,
And build thy dark for future eyes
Where now illumed Orion stands.8
Geologists had a much different idea. Studying the structure of rock and the fossil history, they claimed a much longer age of Earth, in the range of hundreds of millions to billions of years. If Helmholtz’s and Kelvin’s estimate was correct, their understanding of Earth and Darwin’s recently published theory of evolution were in trouble. In the words of the Scottish geologist James Croll: “If 20,000,000 or 30,000,000 years do not suffice for the evolutionary theory, then either that or the gravitational theory of the origin of the Sun’s heat will have to be abandoned.”9
The discovery of the radioactive element radium in 1898 by Pierre (1859–1906) and Marie (1867–1934) Curie brought a possible solution to the conundrum. The Curies showed that radium decay produces 200,000 times more energy than the 100 calories/gm/hour of burning coal does. The British physicist Ernest Rutherford (1871–1937) pointed out that if the Sun had a radium concentration of even 2.5 parts per million, it would be sufficient to sustain its energy release. Radium decays into the element helium in the laboratory, and helium had recently been discovered in the Sun. Was this the missing link that would extend the Sun’s lifetime to match the geologists’ estimates? If there were significant amounts of radium or other radioactive elements in Earth’s crust, they could generate enough heat to allow Earth to be much older as well. In any case, by the end of the nineteenth century, geological evidence for a much older Earth had become overwhelming, though Kelvin refused to budge in his views.
Rutherford addressed the Royal Institution in 1904 about this issue. He writes in his memoirs:
I came into the room, which was half dark, and presently spotted Lord Kelvin in the audience and realized that I was in for trouble at the last part of the speech dealing with the age of the Earth, where my views conflicted with his. To my relief he fell fast asleep, but as I came to the important point, I saw the old bird sit up, open an eye and cock a baleful glance at me! Then a sudden inspiration came, and I said Lord Kelvin had limited the age of the Earth, provided no new source of heat was discovered. That prophetic utterance refers to what we are considering tonight, Radium! Behold! The old boy beamed at me.10
The radium theory was much in vogue, but search as they might using solar spectroscopy, astronomers could not confirm its presence in the Sun. As to the age of Earth, the solution to the problem was not the presence of radioactive elements (this turned out to make a minor change in the calculations) but the assumption that Kelvin made about the composition of the Earth—that it was a homogeneous solid throughout. As his assistant, John Perry, was able to show later, a fluid inner core would conduct heat much more effectively by convection instead of the diffusion that Kelvin had assumed. In fact, a conducting solid lid of crust 50 km thick surrounding a molten core would allow Earth’s age to be two to three billion years.
And it turned out that nuclei could do more than decay. Though the British astronomer Arthur Stanley Eddington (1882–1944) was the first to suggest in the 1920s that a process like the fusion of two hydrogen nuclei to form helium (nuclear fusion) could release enough energy to power the Sun and the stars, there were earlier premonitions from the British astronomer George Darwin (who happened to be one of Darwin’s sons).11 Hydrogen fusion was not actually observed in the laboratory until 1934, by Rutherford and his assistant Mark Oliphant, but once the reality of this process of converting mass to energy was confirmed, Hans Bethe (1906–2005) and Carl Friedrich von Weizsäcker (1912–2007) were able to work out the details of its application to the Sun and other stars. While the particular fusion reaction they focused on turned out to be of minor importance for the Sun’s energy, it became clear that hydrogen fusion was a nearly inexhaustible source of energy that could power the Sun for billions of years. The discrepancy between the age of the Sun and the age of Earth vanished. But where exactly did the fusion occur? The temperature of the photosphere at 6,000 K was much too low, and there seemed to be no way to probe the inner depths. Two very different fields of physics, acoustics and elementary particle physics, eventually provided the answers.
PROBING THE SOLAR DEPTHS
Our story so far has concentrated on surface features of the Sun—sunspots, flares, and the like. But as we will see in chapter 13, the solar cycle has its roots in the deep Sun, in the interplay of plasma flows and magnetic fields. How can we probe below the photosphere? Two very different phenomena allow us to do just that: solar oscillations and solar neutrinos. These two apparently separate manifestations of solar activity actually have important points of convergence. Measuring solar oscillations allows us to establish boundaries for the internal temperature profile of the Sun and for its interior composition. These in turn are important parameters in predicting the flux of solar neutrinos produced by nuclear fusion. Information on both solar oscillations and solar neutrinos together are crucial to our understanding of solar processes.
SOLAR OSCILLATIONS
If you walk into a large enclosed space, such as Grand Central Station in New York City, you notice that the ambient sound quality is very different from what you hear in the adjacent streets. Why? Because the random noise of sound waves generated by people walking through the great space or talking to each other bounces off the walls, floors, and ceilings, reflecting back again and again. The great space acts as an echo chamber, but one in which certain frequencies are enhanced while others are suppressed. The size of the enclosure and how the surrounding walls reflect and absorb the sound largely dictate the resulting frequency mix—what we perceive as “din.” The same number of people walking down a hall at LaGuardia Airport would produce a different acoustic aura. The physics behind this is similar to what happens with sounds produced by a guitar string—each plucked note can be thought of as the superposition of a large number of pure tones all mathematically related to each other and determined overall by the length and tension of the string. These harmonics of the fundamental tone give the sound what musicians call its color or timbre. Studying the frequency spectrum of sounds can give information about the volume in which they are produced. Bass frequencies are more readily produced in large volumes, and high frequencies in small ones—hence the traditional woofers and tweeters in audio systems. The speed of sound depends on temperature, so the frequency mix in a volume will change as the temperature changes. One might be even able to reconstruct the temperature profile in the volume by a careful analysis of the sound spectrum.
This is exactly what astronomers have been able to do with the Sun. The granules on the solar surface are composed of continuously rising and falling flows of gas whose velocity can be measured using the Doppler shifting of known elemental spectral lines. Scanning a spectroscope over the surface of the Sun, you would expect that this Doppler shifting would be a random process, just like the surface of a pot of boiling water. Yet observations have revealed a subtle pattern called the five-minute oscillation.
The systematic study of the Doppler shifts on the solar surface began in 1960 on Mount Wilson, using the original 60-foot solar tower built by George Ellery Hale. This was the instrument he used to first observe the Zeeman splitting of absorption lines due to the Sun’s magnetic field. The American physicist and astronomer Robert B. Leighton (1919–1997) (later to become famous as a sidekick to Richard Feynman, helping him to author some of his popular books) began photographing the Sun in 1956 using a technique originally suggested by Hale combining two monochromatic filters designed to pass light from a spectral line that is shifted either to the red or to the blue by the Doppler effect. Subtracting the two images produces a picture of the up-and-down velocity flow on the solar surface. What at first sight looked like a random distribution turned out to have a pattern. Figure 12.1 illustrates the effect. There is a clear five-minute repetition of an oscillation whose onset varies over the surface but whose period does not. In 1974 Franz-Ludwig Deubner (1934–2017) of the Fraunhofer Institute in Freiburg, Germany, began a systematic study of Doppler shifts over a large area of the Sun. He realized this pattern could be used to infer properties of the Sun deep below the surface by applying the principles of acoustics also used by geologists. He thus became the father of helioseismology. Subsequent studies at observatories all over the world confirmed Deubner’s findings.

FIGURE 12.1  Velocity of solar surface (photospheric) gas as a function of position on surface and time. The figure shows velocities at various distances along a 60,000 km long strip on the solar surface over a 100-minute period. Note patterns of bursts of five-minute oscillations at different surface locations and times.
Source: Andrew S. Tanenbaum, John M. Wilcox, Edward N. Franzier, and Robert Howard, “Solar Velocity Fields: 5-Min Oscillations and Supergranulation,” Solar Physics 9 (1969): 328–42. Figure derived from U.S. government–funded research data.
In addition, an even more straightforward method of measuring velocity distribution was developed. This used the intensity of the distinctive calcium emission lines, which depends on temperature. This temperature variation is due to the rise and fall of material on the solar surface and is equivalent to measuring the Doppler shift.
As Deubner realized, the harmonic analysis of notes sounded on a string can be applied to the Sun. What is the spectrum of frequencies or harmonics that make the Sun ring? To study this required long, continuous periods of observation, and thus a program of synchronized solar observations around the globe was implemented. Observations from the South Pole during periods when the Sun never sets can last as long as 120 hours and are thus ideal. More recently, the launch of the SOHO solar satellite mission, which has three different instruments continuously observing the Sun, made helioseismology a precise science.
Mathematical analysis of the pattern and frequency spectrum of solar surface oscillations can be used to infer both the rotational velocity of matter deep inside the Sun and its temperature distribution. Recall that the Sun’s surface exhibits differential rotation—the speed depends on latitude. Helioseismology has shown that the Sun’s differential rotation is also depth dependent, becoming less pronounced the deeper one gets. Surprisingly, the Sun’s deep core seems to rotate like a solid, with no evidence of differential rotation. The temperature as a function of depth is in good agreement with theoretical predictions assuming an extremely hot core of hydrogen and helium that is undergoing nuclear fusion. This enormous energy is transported to the surface by processes of radiation and convection (see chapter 13 for more details). The solar material cools dramatically as it moves up to the surface. These are the ingredients in the so-called standard solar model, largely developed by the American astrophysicist John Bahcall (1934–2005): a detailed calculation of the effect of hydrogen fusion in the Sun’s core and the transport of energy out to the surface.
SOLAR NEUTRINOS
While solar oscillations give us a way of probing the deep interior of the Sun, they do not directly address the fundamental question of what the Sun’s energy source actually is. Ever since the early solar energy flux measurements done at the surface of Earth, it has been clear that the Sun’s energy source could not be a conventional process such as carbon burning. Meteor impacts and heating due to gravitational shrinkage were also failed theories. In the second half of the twentieth century, these were replaced by the above-mentioned standard solar model.
A primordial cloud of hydrogen and helium gas collapses on itself under the force of gravity. As the Kant-Laplace hypothesis predicts, gas temperatures rise. Eventually they become hot enough at the core of the Sun to ignite fusion (see chapter 13). Energy in the form of heat, radiation, and elementary particles diffuses from the solar center to the surface. The standard solar model predicts the temperature profile of the Sun as well as its luminosity and chemical composition. These predictions have been verified by spectroscopic observations and by studying solar oscillations. Yet until recently, there was no direct proof that nuclear fusion actually occurs at the Sun’s center. Conclusive evidence finally came from the observation on Earth of the flow from the Sun of a ghostly particle, the neutrino, which is produced in the fusion reaction. But this led to another problem, whose surprising resolution had profound repercussions on our understanding of particle physics.
THE SOLAR NEUTRINO PROBLEM
Hydrogen fusion in the Sun produces heat and a plentiful flux of neutrinos—those elementary particles that have almost no mass and no charge and hardly ever interact with matter. Their properties are well summarized (with a few minor inaccuracies) in the following poem by the American writer John Updike:
Neutrinos, they are very small.
They have no charge and have no mass
And do not interact at all.
The earth is just a silly ball
To them, through which they simply pass,
Like dustmaids down a drafty hall
Or photons through a sheet of glass.
They snub the most exquisite gas,
Ignore the most substantial wall,
Cold-shoulder steel and sounding brass,
Insult the stallion in his stall,
And, scorning barriers of class,
Infiltrate you and me! Like tall
And painless guillotines, they fall
Down through our heads into the grass.
At night, they enter at Nepal
And pierce the lover and his lass
From underneath the bed—you call
It wonderful; I call it crass.12
The existence of these neutrinos was proposed out of desperation by the notable German-Swiss physicist Wolfgang Pauli (1900–1958). The problem was that Lise Meitner and Otto Hahn in Germany in 1911 and later James Chadwick in England found that radioactive nuclei such as radium or carbon-14 decayed with apparent disregard of energy conservation. The nucleus decayed into a proton and an electron, but their energies did not add up to the original energy of the nucleus. Faced with the catastrophe of having to abandon one of the fundamental tenets of physics, Pauli proposed in 1930 the existence of what seemed to be an essentially undetectable “ghost” particle to balance the energy books. It seemed like a cheat at the time, but the properties of this proposed initially thought to be massless, electrically neutral particle were worked out by Enrico Fermi (1901–1954) in 1933. Still, it was not until 1956 that Frederick Reines (1918–1998) and Clyde Cowan (1919–1974) experimentally demonstrated its existence in a Nobel Prize–winning nuclear reactor experiment.
Curiously, Hans Bethe’s fundamental work on solar fusion avoided dealing with the expected neutrino flux, and very few physicists worried about its presence, which would be the only direct evidence observable on Earth for fusion as the source of the Sun’s energy. Neutrinos interacted so rarely that there just did not seem to be any practical way of detecting them. The breakthrough involved an unlikely scheme using cleaning fluid deep underground in a gold mine. Ray Davis (1914–2006), a physical chemist at Brookhaven National Laboratory, was a close friend and collaborator of the theorist John Bahcall, who had worked out the details of the standard solar model. In conversations with Bahcall, Davis realized that neutrinos would interact with chlorine-37, an ingredient in the perchloroethylene fluid used in dry cleaning. A neutrino impacting a chlorine-37 atom would turn it into unstable argon-37, whose presence in the liquid could be detected by its radioactive decay signature. Davis believed that he had the skill to isolate a handful of argon-37 atoms from a large volume of cleaning fluid, giving him a fighting chance to detect solar neutrinos. He convinced a reluctant Brookhaven Laboratory administration, known for its distrust of astrophysical predictions as being too prone to error, to support the project (they were more interested in the nuclear physics of the neutrino–argon-37 interaction than in the solar physics).13
In the early 1960s, Davis, working with mining engineers, installed a 100,000-gallon tank of cleaning fluid in the Homestake gold mine in Lead, South Dakota. The detector had to be deep underground to shield it from the common cosmic rays bombarding the atmosphere. Davis patiently accumulated data for more than twenty years. At that point, he was able to demonstrate that solar neutrinos were indeed being detected—a monumental experimental feat that finally confirmed the presence of solar fusion. But there was again a problem: the rate at which neutrinos were interacting with argon-37 was only a third of what was predicted by Bahcall’s solar model. Something was wrong either with the experimental data or the solar model. Since the temperature profiles predicted by the model were in good agreement with solar oscillation measurements, most physicists believed there was a problem with Davis’s results. After all, isolating such a tiny sample of radioactive nuclei from the cleaning fluid was unprecedented.
Or could the solar cycle save the day? One possibility was that the neutrinos were being affected by the Sun’s magnetic field. Although they have no electric charge, they carry a tiny magnetic field—which could, when passing through a strong external magnetic field, flip its polarity (N-S to S-N for instance). The resultant flipped neutrino would not interact with chlorine-37. A telltale sign would be a correlation of the chlorine-37 signal with the solar cycle, since the solar magnetic field changes polarity every eleven years. Figure 12.2 shows what appears to be a possible correlation (though it does not look much more convincing than the nineteenth-century claims that the solar cycle determines the weather). Another paper pointed out an even stronger relationship with the solar wind strength, which also changes during the solar cycle. These effects proved evanescent as more data accumulated and the solar neutrino problem remained unsolved. What was wrong with Davis’s experiment?



FIGURE 12.2  Solar neutrino rate in Homestake mine detector (argon-37 production rate per day) and sunspot number as a function of time.
Source: J. W. Bieber, D. Seckel, Todor Stanev, and G. Steigman, “Variation of the Solar Neutrino Flux with the Sun's Activity,” Nature 348 (1990): 407–11. Figure derived from U.S. government–funded research data.
A completely different experimental approach was needed to resolve this question. The Kamiokande cadmium mine in western Japan became the host of a huge underground neutrino detector. The particles were detected through their interaction with protons in a gigantic tank of water. Very rarely, a neutrino will impact a proton and produce an electron and a neutron. These secondary electrons will produce a flash of light called Cherenkov radiation, which can be detected by thousands of highly sensitive photoelectric converters lining the tank. As was the case for cleaning fluid, this interaction is so rare that a huge volume of water is required to find just a few events. Eventually, an upgraded version of the detector, called Super Kamiokande, containing 50,000 tons of purified water, was built. The Super Kamiokande team, led by Masatoshi Koshiba (1926–2020), reported detection of solar neutrinos (in this case they had directional information as well, since the electron produced in the interaction “remembered” where the neutrino came from). Their rate was in approximate agreement with Davis’s result. The solar neutrino flux was indeed too low. What was going on?
NEUTRINO OSCILLATIONS
An obscure proposal by the Italian-Soviet physicist Bruno Pontecorvo (1913–1993) in 1958 turned out to be the solution to the problem. Pontecorvo’s life reads like a Cold War spy thriller. Educated in Italy (he was a student of Enrico Fermi, one of the fathers of nuclear energy), he emigrated to the United States and then, during World War II, joined a Canadian team working on nuclear reactor research. He then moved to England, working on nuclear reactors there, and became a British citizen. In 1950, while on vacation in Italy with his family, he vanished and was not heard from until 1955, when he resurfaced at a press conference on the peaceful uses of atomic energy in Moscow. Rumors of abduction by the Soviets or his complicity in spying for them circulated for some time. In any case, he did important work in fundamental physics in the Soviet Union for many years. In 1969 he, together with Soviet physicist Vladimir Gribov, made the breakthrough suggestion that led to the resolution of the solar neutrino puzzle.
Neutrinos generated in nuclear reactors produced an electron when they interacted in matter. However, a second kind of neutrino was discovered, which instead produced a particle called a muon (a kind of heavy electron that could penetrate matter more deeply and then decay into an electron and associated neutrino). So it seemed that there were two distinct kinds of neutrinos; they were designated as electron neutrinos and muon neutrinos, after their interactions. More recently, a third kind of neutrino has been discovered. It interacts in matter by producing a tau particle (an even heavier kind of electron which then further decays). Now there was a happy family of neutrino particles: nu-e, nu-mu, and nu-tau neutrinos with their associated electron, muon, and tau interaction partners. But it turned out to be not so simple.
Nuclear reactions in the Sun overwhelmingly produce electron neutrinos. Pontecorvo proposed that neutrinos were even stranger than they seemed to Pauli—they could change identities. In fact, they suffered the elementary particle analogue of multiple personality disorder. An electron neutrino could change into a muon neutrino, then a tau neutrino, and return to being an electron neutrino as it traveled through space. A pure beam of electron neutrinos could gradually transform into a mixture of electron, muon, and tau neutrinos (see figure 12.3). As you moved a detector along the beam, you would first see electrons being produced, but then more and more muon and tau particles would appear. The only other requirement for this effect to occur was that the neutrinos had to have masses (though they could be very small). This phenomenon is called neutrino oscillations. The characteristic length over which this schizoid transformation occurs depends on the neutrino energy and the neutrino masses. The proposition in Pontecorvo’s paper, if correct, could be a solution to the solar neutrino problem.



FIGURE 12.3  Neutrino oscillation plot: development of an initially 100 percent electron neutrino beam as a function of distance divided by beam energy. The black line is the fraction of electron neutrinos, the light gray line is the fraction of muon neutrinos, and the dark gray line represents the fraction of tau neutrinos in the beam. For example, for a 1 GeV electron neutrino (1 GeV = 1 × 109 eV of energy), the beam, which is initially 100 percent electron neutrino, will be 70 percent muon neutrino at 16,000 km from the origin. The beam then oscillates back to near 100 percent electron neutrinos near 32,000 km. The pattern scales with the inverse of the beam energy.
Source: Wikimedia Commons.
Since neutrinos produced by solar fusion reactions are almost 100 percent electron neutrinos, if 60 percent of these had turned into muon and tau neutrinos by the time they arrived at Ray Davis’s detector, this would account for the signal anomaly (since only electron neutrinos interact with the chlorine-37). The Super Kamiokande detector was also sensitive only to electron neutrinos because muon and tau neutrinos would not produce a Cherenkov flash (only electrons would do that). For this oscillation to happen, all three neutrinos must have a nonzero mass. This mass had to be very, very small since other laboratory experiments on neutrinos were consistent with a zero-mass particle.
The final chapter to this story was provided by the Sudbury Neutrino Observatory (SNO) detector in Ontario, Canada. This was another underground detector, using 1,000 tons of heavy water, or D2O—a molecule in which hydrogen is replaced by deuterium. It turns out that this experiment was sensitive to all three kinds of neutrinos, so it could measure the total neutrino flux coming from the Sun. Remarkably, they found that the total number of neutrino interactions agreed with the standard solar model prediction! This was finally proof that nuclear fusion was the solar energy source and that neutrinos change identity as they traverse space—they oscillate into each other. Ray Davis (of Homestake mine experiment fame) and Masatoshi Koshiba (the leader of the Kamiokande experiment) received the Nobel Prize for their work in 2002.
Neutrino oscillations were later also confirmed in laboratory experiments (such as KamLAND in Japan) that traced the development of a beam of electron neutrinos produced in a reactor as it changed to a mixture including mu and tau neutrinos.
In the history of science, the solution to one problem often turns into a new puzzle. The solar power problem that bedeviled Lord Kelvin and Darwin was no exception. It was solved by the discovery of nuclear fusion but generated the solar neutrino problem. This led to the discovery of neutrino oscillations—neutrinos were very unusual particles. But neutrino oscillations only work if neutrinos have at least a tiny mass. This leads to a new dilemma: the highly successful standard model of elementary particles, confirmed by every experiment exploring the high-energy interactions of these subatomic entities, requires neutrinos to be massless. This is the theory that correctly predicted the existence of the Higgs particle, which gives a mass to every particle in nature (but not the neutrino). Something is missing in our understanding. There is currently no solution to this newest conundrum, which may even require a modification to our understanding of the basic laws of the physics of the universe.
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SUNSPOTS TODAY
Current Theories of the Solar Cycle and the Sun-Earth Connection
This chapter begins with a survey of what we currently know about our Sun: how it was formed, its energy source, the origin and nature of its magnetic field, and the sunspot cycle. It concludes with a discussion of Sun-Earth interactions, including the solar wind, the impact of solar storms and evidence for and prognostications about catastrophic solar superstorms, solar variability, and the Sun’s eventual fate. There is a lot of material to cover, and our discussion will inevitably be simplified and incomplete. The interested reader is invited to consult the excellent works listed in the bibliography for discussions that will delve further into the complexity of the material.
Fifty years have elapsed since we began studying the Sun from space. Solar observatories orbiting the Sun are now commonplace. Current space missions collecting data include:
• ACE (Advanced Composition Explorer), at .01 astronomical unit (AU) from the Sun
• Hinode-XRT, in Sun-synchronous orbit around Earth
• IRIS, also in Sun-synchronous orbit
• SDO (Solar Dynamics Observatory), orbiting Earth with near-continuous observation of the Sun
• SOHO (Solar Heliospheric Observatory), at L1 (the point between the Sun and Earth where the two forces of gravitational attraction cancel)
• Solar Orbiter, in orbit around the Sun within the orbit of Mercury
• STEREO, two satellites orbiting the Sun providing stereo views.
• Most recently, the Parker Solar Probe achieved the closest proximity yet to the Sun.
Each of these projects has its own web pages with detailed descriptions and more educational materials for the general reader.
Ground-based observation also continues apace, with dozens of specialized solar telescopes scattered over the world. Of special note is the new Daniel Inouye Solar Telescope on Maui in Hawaii. At four meters in diameter, it is currently the largest solar telescope in the world.
The Sun has now been observed in every conceivable wavelength. Observation of the solar wind, magnetic storms, and energetic events on the Sun are routine. Space weather forecasting has improved dramatically. Scientists are even attempting to predict the details of the solar cycle, although a great deal of mystery remains.
THE ORIGIN OF THE SUN AND THE NATURE OF ITS ENERGY SOURCE
Our Sun was formed about five billion years ago in a process known as accretion. This occurs when a cloud of primordial hydrogen and helium gas begins to collapse on itself under the tug of gravity. This idea, the Kant-Laplace hypothesis, is thought to be responsible for star formation throughout the universe. As gas in the nebula collapses on itself, its density and temperature increase. Hydrogen nuclei are just single protons and, being positively charged, they repel each other. But as temperatures rise, their random motion occasionally brings them close enough together to ignite nuclear fusion. While the details are complicated, the net effect of fusion in the Sun is to transform four protons into a helium nucleus (two protons and two neutrons) with the additional emission of two positrons (positively charged electrons) and two electron neutrinos. In the process, a fraction of the initial mass of the protons is turned into energy.
Once this hydrogen burning ignites in the center of the collapsing cloud, heat, light in the form of photons, and a huge flux of the exotic, nearly undetectable electron neutrinos appear. The fusion reaction produces enough energy to increase the gas pressure to counter gravity’s pull and stabilize the Sun from further shrinkage. An equilibrium between expansion and contraction of the cloud is reached. Fusion works for heavier elements as well as for hydrogen. Many of the known elements of the periodic table are formed in the Sun when lighter nuclei fuse to produce heavier nuclei.
The composition of the Sun is now known to be 92 percent hydrogen, 7.8 percent helium, and the remainder heavier elements. The temperature inside the core of the Sun is approximately 20 million Kelvins, high enough to ionize matter. That means that all or most of the electrons are stripped from atoms, producing a gas of positively charged nuclei or positive ions and negatively charged electrons. This fourth state of matter (after solids, liquids, and gases) is called a plasma and occurs when temperatures rise above 10,000 Kelvins. Examples of plasma are rare on Earth but include lightning strikes and arc-welding discharges. Temperatures inside the Sun typically range from 6,000 K at the surface, or photosphere, to as high as 27 million K at the center. These are extraordinary conditions: at a million K, protons are moving at 130 km/sec (3,500 times faster than a supersonic fighter plane) and electrons, being much lighter, move at 5,500 km/sec.

FIGURE 13.1  Schematic of solar structure showing interior and surface features.
Source: U.S. National Aeronautics and Space Administration.
The temperature of this extraordinary plasma grows cooler from the solar center to the surface (figure 13.1). This cooling occurs through several different processes. Energy loss by radiation occurs when electrons collide with protons or other electrons and emit photons of light in the process, or due to the emission of light from excited atoms. We normally think of radiation as traveling at the speed of light. However, near the center of the Sun the matter density is so great (160 gm/cm3) that the photons of light almost immediately scatter in random directions or are absorbed by atoms. Absorption leaves the atom in an unstable state, and it emits another photon in another random direction. Instead of moving in a straight line, light keeps scattering and leaks out of the core very slowly. It takes about one to two million years for energy in the form of photons produced at the center of the Sun to actually get to the surface.
The transfer of heat by convection is familiar to anyone who has used a fireplace or observed thundercloud formation. In these cases, a gas flows from hotter regions to cooler ones so that a physical movement of mass from one place to another occurs. In a fireplace, room air heated by the fire expands and rises like a balloon up the chimney and then releases its heat to the cold outside air. This updraft decreases a room’s air pressure, which causes cold air to flow in from outside, closing the cycle and limiting the fireplace’s usefulness as a heater. A similar shift occurs during thundercloud formation: hot surface air is drawn up in strong updraft currents high into the atmosphere, where it cools and drops down again to the surface, forming a circulating cell. Water vapor condensing from moisture in the air forms the characteristic towering thundercloud shape. The net effect in both cases is to transport heat from a hot region to a cooler one.
The troposphere, which is the convection zone in Earth’s atmosphere, is about 8 to 16 km high with a density change of a factor of 10. In the Sun, the convection mechanism transfers heat from 200,000 km below the photosphere to the surface. In the process, the gas density changes by a factor of 100,000. Solar conditions are much more extreme than those on Earth, but the basic mechanisms are the same.
Convection produces the characteristic mottled or granular appearance of the Sun’s photosphere reminiscent of pictures of clouds from above. Doppler spectroscopy confirms that the plasma is moving up at the granule center and down at the edges, as expected for a convection cell. This hot plasma arriving at the photosphere from the solar depths cools by radiation, losing its energy to the extreme cold of outer space, and drops back down below the photosphere. A typical granule has a lifetime of about ten minutes, much shorter than a thundercloud on Earth. Doppler spectroscopy also shows the existence of super granules, which are about 30,000 km across and last about a day. They have a horizontal velocity flow of gas pointing toward their edges, where the gas moves back down into the interior.
Because the Sun’s energy source is nuclear fusion, it will not burn out anytime soon—the fuel will last for billions of years. The transport of energy through radiation and convection reveals both why the Sun shines and the general appearance of its surface. But how do sunspots, faculae, prominences, solar flares, and other features of the solar surface fit into this picture? What about the solar corona? The missing element for understanding these structures is the Sun’s magnetic field. It plays a defining role both in the formation of sunspots and in the whole development of the solar cycle. Hale’s laws as well as structural changes in the corona over each cycle also give important clues.
THE SUN’S MAGNETIC FIELD
Why does the Sun have a magnetic field at all? To answer this question, we need at least an elementary understanding of magnetic forces and fields. A compass needle (which is a permanent dipole magnet) will line up with the magnetic field lines of Earth. Its north pole will align toward the field line from Earth’s south pole, and vice versa. Moving beyond this simple magnetic process, the influences of a magnetic field on electric currents may be less familiar but are vital to understanding how the Sun works.
A wire with an electric current flowing through it will feel a magnetic force perpendicular to both the direction of the current in the wire and the magnetic field line impacting the wire. For example, a current-carrying wire pinned at both ends and placed perpendicular to a magnetic field will get pushed into either a concave or a convex curve, depending on the current direction (see figure 13.2a/b/c). Moving electrically charged plasma flowing in the same direction acts like a current and will feel the same magnetic force even though it is not confined to a wire. To further complicate matters, currents flowing in wires produce their own magnetic fields, whose field lines form concentric circles around the wire (see figure 13.2d). A plasma current moving through space will produce a similar magnetic field. Furthermore, a magnetic field that varies with time can induce a current to flow in a stationary wire loop. Indeed, such a time-varying magnetic field acts like a battery connected to the circuit.



FIGURE 13.2  (a/b/c) Effect of B field on current in a wire or plasma. The Magnetic field direction is pointing perpendicularly out the paper while the wires lie in the plane of the paper. Arrows indicate the direction of current flow. (d) Magnetic field produced by a current flowing in a wire or in a plasma.
All these effects were encapsulated in the nineteenth century by the eminent British physicist James Clerk Maxwell (1831–1879) in the classic description of electric and magnetic effects known as Maxwell’s equations. These are the equivalent of Newton’s laws for electrical and magnetic forces. What we have inside the Sun is the ultimate complication of Maxwell’s equations—a magnetic field produced by rotating plasma, which in turn exerts a force on the plasma. The complete description of this kind of process falls into the realm of magnetohydrodynamics, one of the mathematically most complex subfields of physics. Appendix A gives a more complete discussion. We do not have to understand the mathematics though. A simple qualitative description of effects important in the Sun is sufficient to our purposes.
MAGNETIC FIELDS IN PLASMA
There are simple rules that describe what happens to magnetic fields in a plasma. No matter if the magnetic field is produced by electric currents or by a permanent magnet, once it enters a region of space containing a plasma, the field is frozen into the gas (as was pointed out by the Swedish Nobel laureate Hannes Alfven (1908–1995)). This means that the magnetic field lines representing the field behave like rubber bands embedded in a jelly. If the plasma (as represented by the jelly) moves due to some external force, the field lines (as represented by the rubber bands) move with it. The field lines are pulled by the motion of the plasma (call this Rule 1). Conversely, if the field lines change their shape due to a change in the external magnetic field (the rubber bands are stretched by an external force), they will drag the plasma (jelly) with them into a new shape (Rule 2) (figure 13.3). If the plasma was originally free of magnetic field lines, it will resist being infiltrated by the new field lines (Rule 3). Plasma is intrinsically conservative as far as magnetic fields are concerned, repelling external influences and holding onto what field lines it already has. For the same reasons, a region of plasma containing a strong magnetic field will repel a region of plasma containing a weak field.

FIGURE 13.3  Magnetic field lines frozen in a plasma are stretched by the motion of the plasma (dark blob represents moving plasma). As the stretching continues, the field lines disconnect and reconnect in a new configuration.
Source: Rudolph Kippenhahn, Discovering the Secrets of the Sun (Hoboken, NJ: Wiley, 1994), by permission.
MAGNETIC FIELDS IN A ROTATING SUN
With these rules in mind, imagine a ball of plasma traversed by a magnetic field (figure 13.5a). Before any motion starts, the magnetic field lines are all parallel and oriented north-south along the axis of rotation of the ball. This is called the poloidal field. As the plasma ball begins to rotate, the magnetic field lines embedded in it will feel a drag and begin to rotate with it (Rule 1). If, as is the case in the Sun, the upper and lower parts of the ball are rotating more slowly than the equator, the net effect is to wind the magnetic field lines into a looping shape (figure 13.5b).
The ball of plasma represents the Sun. We have seen in the work of Carrington and Maunder that the rotational velocity of the plasma changes as we move from the solar equator to the north and south poles. The plasma exhibits differential rotation, with the equatorial gas rotating more rapidly than the gas at high latitudes (the period changes from twenty-five to twenty-seven days). The magnetic field lines will not only rotate with the Sun but will wind in on themselves, forming a complicated helical structure. The natural turbulent motion of hot plasma present in the Sun will further twist these lines into ropelike forms called flux bundles. This rotating structure of flux bundles is the driving mechanism both for the formation of sunspots and for the whole solar cycle.
To make further progress in our understanding, we need to appreciate a few more important details. While the Sun as a whole rotates about its axis, the solar plasma exhibits two opposing large-scale flows: a surface flow from the equator to the poles, moving at a relatively constant rate of about 20 m/sec. It is opposed by a much slower flow deep within the Sun which returns from the poles to the equator. These north-south flows are large-scale movements on top of the more random boiling convective motion of solar material forming the constantly changing granules on the surface. It is the combined effect of these flows, plus the differential rotation of the Sun and the properties of magnetic fields in plasma, that produces the observed solar cycle. While the details are complex and a complete theory is still lacking, astronomers believe that the overall picture of the process is correct.
Let’s start at solar minimum with almost no sunspots on the Sun and follow through a solar cycle. Assume there is a dipole solar magnetic field embedded in the solar plasma, with a south magnetic pole at the north geographic latitude (rotation axis) and a north magnetic pole at the south. The field lines that emerge from the photosphere at the north magnetic pole form long loops in space and return at the south magnetic pole (see figure 13.5a). As the Sun rotates, the field lines that lie beneath the solar surface are wound up because of differential rotation (figure 13.5b). Field lines that lie near each other get tangled up by the convective motion of the plasma to form flux bundles. The appearance begins to look like strands of spaghetti in a rotating spherical bowl. Many of the bundles lie in the convection zone (200,000 km below the surface), where plasma moves up to the photosphere in constant turbulent movement. These flux tubes are stretched by this movement (Rule 1). As they stretch, they become buoyant, and some will begin to float up to the solar surface. This buoyancy occurs because the flux tubes have a stronger magnetic field than the surrounding plasma and are therefore pushed away by it (Rule 3). Some of these flux tubes float high enough to break through the solar surface and they emerge out of the photosphere, forming loops in the chromosphere and corona, like snakes looping out of the surface of water and back (see figure 13.4 and figure 13.5c). The spot where the tube breaks through the surface “skin” has a high magnetic field relative to the rest of the photosphere. This field suppresses the turbulent upward motion of hot plasma and makes that spot on the surface cooler than its surroundings. Because there is less energy emitted into space, the spot will appear darker than the surrounding “skin.” A similar process occurs at the loop’s reentry point into the photosphere. The emerging and returning flux tube thus forms a visible dark sunspot pair. These pairs always have opposite magnetic polarity since they are two slices through a single magnetic flux bundle looping back on itself, first rising up from the surface and then falling back down into it as shown in figure 13.4.

FIGURE 13.4  Magnetic field loops around sunspots. Note magnetic field lines going out into space with the solar wind.
Source: Rudolph Kippenhahn, Discovering the Secrets of the Sun (Hoboken, NJ: Wiley, 1994), by permission.



FIGURE 13.5  The solar cycle mechanism. (a) Start of cycle. Thick arrow indicates sense of solar rotation. (b) Magnetic flux bundles wrap around the Sun due to differential rotation. (c) Buoyant bundles produce sunspot pairs and emergent magnetic field loops.
Source: Figure based on Arvind Bhatnagar and William Livingston, Fundamentals of Solar Astronomy (Singapore: World Scientific Press, 2005), by permission.
It turns out that magnetic flux bundles first become sufficiently buoyant to break through the surface near 30 degrees N and 30 degrees S solar latitude. As the Sun rotates, the magnetic spiral winds tighten and buoyancy can occur at progressively lower latitudes, slowly moving toward the equator. The visible sunspots produced by these flux loops follow the same pattern, forming closer and closer to the equator as the solar cycle progresses. This description can explain the observed leader-follower polarity in sunspot pairs, Spoerer’s law describing the variation of sunspot latitudes as the solar cycle progresses, and the butterfly diagram.
Why does the general poloidal (N-S) magnetic field of the Sun reverse itself every eleven years? Flipping the Sun upside down is out of the question. Reversing the Sun’s rotation is also impossible. So how can we destroy a magnetic field and build it back up with opposite sign?
When the Sun reverses its magnetic field, its magnitude at some point goes to zero. A magnetic field produced by electric current flow will eventually go to zero once the current vanishes, but this does not happen instantaneously. Information that the current has decreased to zero takes time to propagate through space or plasma. A much faster way to destroy a field is to bring in another field and superimpose two equal and opposite magnetic field lines at the same point in space (figure 13.6). A small magnet or compass needle placed there will feel no net force. In effect, magnetic field lines with opposite polarities cancel out or “annihilate” each other. Since magnetic fields carry energy, the process of annihilation must release it into some other form, such as electromagnetic radiation. Because the photosphere and convection zone is a constantly churning mass of plasma, magnetic field lines are constantly buffeted and broken up into smaller loops, which can come into contact with the opposing lines of other loops and annihilate each other. New loops can also form in a process called magnetic reconnection (see figure 13.3). This effect is visually evident in the prominences and plasma loops that produce solar flares.



FIGURE 13.6  Magnetic field annihilation. Two oppositely directed magnetic fields moving toward each other cancel out. Time progresses from top to bottom.
Source: Rudolph Kippenhahn, Discovering the Secrets of the Sun (Hoboken, NJ: Wiley, 1994), by permission.
On average, sunspots last for about ten days. The magnetic field loop that forms a sunspot must therefore break up into smaller elements on approximately the same time scale. The surface flow in the super granules carries these smaller parts to the super-granule boundaries, and the magnetic flux strands diffuse in different directions.
The follower spots form a little higher in latitude than the corresponding leader spots. As the cycle progresses and spots move close to the equator, the northern hemisphere leader spots approach and interact with the southern hemisphere leader spots. Since they have opposite polarity, their magnetic fields annihilate, leaving the northern and southern follower spots behind. The Sun has a large-scale surface flow from the equator to the poles. This flow moves the remaining flux of broken-up magnetic strands up to the north and down to the south poles. Since these now have the opposite polarity to the Sun’s original poloidal field at the beginning of a cycle, the upward- and downward-traveling magnetic flux tends to oppose the existing polar field. Eventually, at sunspot maximum, the accumulation of excess strands with an opposite polarity becomes large enough to cancel the original overall solar poloidal field.
As the cycle progresses past maximum, more and more flux from the broken-up flux tubes moves north and south and the solar poloidal field rebuilds, but this time with the opposite polarity. New spots break out near +/−30 degrees latitude some eight years after the reversal of the polar field. The process repeats and the field reverses again to complete the full twenty-two-year cycle. The timing of this clock is set by the return flow of plasma from north and south poles to the equator. The return flow is deep within the convection zone and moves much more slowly than the surface flow. It takes about ten years for matter to move from the poles to about 30 degrees latitude.
To recapitulate: we begin with the classic picture of a dipole magnetic field (the poloidal field) extending north-south parallel to the Sun’s rotation axis. The differential rotation of the Sun turns this into a toroidal field—a doughnut-shaped field running perpendicular to the rotation axis. The toroidal field gets twisted up, and parts of it drift to the poles and cancel the original field. Eventually the net effect is to form a new poloidal field with the opposite polarity to the initial one. During this process, sunspots appear where twisted field lines poke through the solar surface. The sunspot cycle is a visual manifestation of the Sun’s deep magnetic cycle. The real clock in the Sun is magnetic, driven by the internal return plasma flows.
This much simplified picture of the mechanism behind the actual sunspot cycle is based on the work of Horace W. Babcock (1912–2003) in 1951. Eugene Parker developed this theory further in 1955. Some of their assumptions are still being hotly debated. Nevertheless, something like this interplay of boiling, rotating plasma and imbedded magnetic fields represents what we observe.
THE PHOTOSPHERE
Observing the surface of the Sun through telescopes, both on Earth and in space, shows a granular appearance with small bright patches about 1,000 km wide known as granules, which appear and disappear within minutes. These are reminiscent of bubbles of gas rising up and sinking down on the surface of a boiling liquid. Doppler spectroscopy shows that their velocity is about 1 km per second (3,600 km/hr). Light from the solar surface exhibits about 24,000 absorption lines, which represent all the known stable elements, with the exception of gold, mercury, bismuth, antimony, and arsenic. Back in the nineteenth century, a line of particular interest in the yellow region of the spectrum could not be linked to any known element. The unknown solar element responsible for the line was named helium. Only much later was it found as a gas in certain mineral deposits on Earth.
An image of the Sun in a particular wavelength interval can be formed by using a spectrohelioscope or a special filter. The bright H-alpha line of hydrogen is often used to show the surface structure flow of hydrogen gas on the photosphere. The Sun can be similarly studied by focusing on the Ca II K line of calcium. Calcium light at this wavelength is sensitive to temperature—the brighter the line the hotter the gas. Solar studies of the 1970s and ’80s using this wavelength brought a surprise discovery of an otherwise invisible network that was covering the entire solar surface. This “calcium network” of hotter areas even appears in regions with no sunspots.
The Doppler shift of known spectral lines can also be used to search for structures on the solar surface that are otherwise invisible. If you take two simultaneous photographs of the surface, one at a wavelength set at the red-shifted side of a spectral line and the other at the blue-shifted side of the same line, and superimpose the two photos, the resulting picture shows the distribution of upward and downward flows on the solar surface. Such pictures clearly show the existence of huge super granules—otherwise invisible regions with diameters between 20,000 and 50,000 km exhibiting a flow of gas along the surface of about 200 m/sec. These structures last for about a day, after which they are replaced by new formations. Surprisingly, the calcium-network measurement shows a pattern that is identical to the super granules. They are clearly different representations of the same solar phenomenon.
Using the physics of the Zeeman effect, analyzing the spectral lines from all granulations shows them to be consistent with a magnetic field of about half a gauss, similar to that of the Earth. Light from sunspots, however, shows fields of nearly 3,000 gauss. These are regions of intense magnetism.
THE CHROMOSPHERE AND THE CORONA
The region called the chromosphere (because of its reddish coloration) lies immediately above the photosphere and extends out to about 2,500 km above it. It has a plasma density about 10,000 times smaller than the photosphere and a very strange temperature profile. The temperature first decreases with height above the solar surface, but the trend then reverses around 200 km and the temperature increases, first slowly and then, by 2,000 km, dramatically. By the time the corona is reached, the temperature has gone from thousands to millions of Kelvins. During total eclipses of the Sun, the chromosphere can be seen as a thin layer often containing prominences, or great arches of plasma, extending out into the corona. This plasma follows magnetic field lines emerging from the body of the Sun (Rule 2) and is significantly cooler than its surroundings. When viewed head-on against the solar disk, prominences appear as dark linear structures called filaments.
The corona spreads out from 2,000 km to beyond 50,000 km from the Sun’s surface. Its temperature is much higher than the photosphere’s. Experience tells us to expect cooling as one moves away from a source of heat, so this fact creates a great mystery. The corona produces radio waves and X-rays indicative of a temperature of near a million Kelvins at 50,000 km. It also has a high conductivity, about twenty times better than copper.
Connecting north or south magnetic polarity on the photosphere with the corona are long fibrils or thin elongated plasma structures called spicules. These are dynamic jets of plasma that extend up to the million-degree temperature region. The corona has other structures linked to the photosphere. In addition to the leader-follower magnetic pole pattern in sunspots, the photosphere often has large unipolar regions, the mysterious “M regions” where the dominant magnetic field polarity is totally either north or south. While invisible to the eye, these regions show suppressed X-ray emission and are relatively cool. X-ray satellite pictures of the Sun show them as extended dark areas. Lying above them are the “coronal holes.” At the edges of these coronal holes lie arcades of magnetic field lines extending into space to 200,000 km and then curving back down. During eclipses, or viewed through a coronagraph, these appear as helmetlike structures or as streamers extending out into interplanetary space as was shown in chapter 6 in figures 6.5 and 6.6. There are also bright spots, visible in X-ray images, that come and go, lasting for about eight hours. These correspond to kinks in magnetic field lines where magnetic annihilation is occurring and releasing energy into X-rays.
The ultraviolet and X-ray radiation produced by these coronal processes travels to Earth and is absorbed by our atmosphere. This radiation ionizes atoms 80 to 100 km above the surface and, in fact, generates Earth’s ionosphere. This is the region that reflects radio waves and enables long distance shortwave communication. Disturbances in this atmospheric layer due to solar influences can seriously affect radio transmission.
The corona changes shape during the solar cycle. At solar minimum, coronal streamers typically extend from a region around the solar equator and avoid the polar regions. By contrast, at solar maximum, steamers appear everywhere along the solar circumference as in chapter 6, figure 6.6.
The extreme temperatures and strange temperature profile of the corona remain an unsolved problem. The German astrophysicist Ludwig Biermann proposed that sound waves originating from the convection turbulence at the photosphere could propagate out to the corona and heat it. The propagation of special plasma waves (called Alfven waves) along magnetic field lines has also been proposed. Very recently magnetic field line annihilation and reconnection has also been implicated. Whatever the mechanism, solar energy moves along the magnetic field lines into space, heating the corona in the process.
THE SOLAR WIND
Magnetic field lines form loops and always close back onto themselves, so lines emerging from the Sun’s surface and extending into space must also loop back into the Sun. Charged particles in the solar corona’s plasma move in spirals along these magnetic field lines because of the nature of the magnetic force. The field lines are like highways along which the solar plasma can be pulled out of the corona and travel through space. The flow of these particles becomes the solar wind extending to the edge of the solar system. These field lines eventually loop back to the Sun. The field lines emerging above the Sun’s equatorial plane point in one direction while lines below are reversed.
Though the magnetic field of the solar wind becomes quite weak by the time it gets to Earth (typically 1/10,000 of Earth’s surface magnetic field), the strength of Earth’s geomagnetic field also drops quickly with distance. At ten to twenty Earth radii, the solar magnetic field equals Earth’s in strength, so at that point the solar wind particles can be captured by Earth’s field and enter Earth’s magnetosphere. They circulate around Earth’s atmosphere, forming radiation belts such as the Van Allen belt. These belts can be problematic for electronic equipment on satellites that traverse them. Furthermore, some particles are swept into the north and south polar regions because Earth’s dipole field shape allows them to penetrate deeper into the atmosphere there. They can then excite atmospheric molecules and produce the airglow known as the aurora (aurora borealis in the north and aurora australis in the south).
Out in space, the solar wind is composed of protons, electrons, and a small amount of helium nuclei or alpha particles traveling at about 400 km/sec. Near Earth, this wind, interacting with the magnetosphere, forms a shock wave. The resulting shape, called a bow shock, is similar to the flow of water around the bow of a moving ship. This makes the magnetic field around Earth asymmetric, with the field lines on the side of Earth away from the Sun pulled out into space into a teardrop-like structure (see figure 13.7). As the solar wind ebbs and flows, this shape changes dynamically. If the magnetic field could be visualized, Earth would be like a boat cutting through a turbulent sea. The immediate space environment around Earth is organically linked to events on the solar surface.

FIGURE 13.7  (top) Solar wind, Earth’s magnetosphere, and incoming galactic cosmic rays. (bottom) Detail of magnetosphere showing solar wind interaction with Earth’s magnetic field and resulting bow shock.
Source: U.S. National Aeronautics and Space Administration.
As the Sun rotates, those magnetic field lines flung far out into space lag slightly behind the rotation, twisting into a spiral pattern, something like a twirling dancer’s skirt, called the Parker helix. The “surface of reversal” that is the region of space between outward- and inward-going magnetic field lines near the plane of the solar equator gets warped in this process (see figure 13.8). This particular region of space, pictured as a warped plane, carries a small current of charge flowing from the Sun and is called the heliospheric current sheet. Because of the warping, Earth, which is located near the surface of reversal, is sometimes above and sometimes below the current sheet, experiencing four solar wind magnetic polarity reversals for each solar rotation of about twenty-seven days.

FIGURE 13.8  A representation of the heliospheric current sheet—the region of space where the magnetic field direction of the solar wind changes from outgoing (from the Sun) to incoming. The shape is called the Parker spiral.
Source: U.S. National Aeronautics and Space Administration.
Because the solar wind is an extension of the Sun’s magnetic field, its magnitude and shape change with the solar cycle. At solar maximum, wind speeds reach a peak near the solar equator while the reverse occurs at solar minimum. The shape of the Parker spiral also changes as the solar cycle progresses. It is most symmetrical at solar minimum and grows disorganized at solar maximum. These changes produce the eleven-year cycle of auroras and magnetic disturbances as well as the variation in the flux of galactic cosmic rays penetrating Earth’s atmosphere.
Supernovas and other astrophysical objects in our galaxy produce cosmic radiation in the form of protons and other, heavier nuclei. This flux of particles, or galactic cosmic rays, must enter our solar system in order to reach Earth. As they come in, these cosmic rays encounter the solar wind, whose magnetic field repels the invaders. Since the solar wind dies down to a minimum at the solar cycle minimum, the galactic cosmic ray flux can reach Earth more easily. During a major solar storm, the flux of particles from the Sun can increase dramatically. This brings an increase in the interplanetary magnetic field and can sweep out galactic cosmic rays during the storm’s duration. The American scientist Scott Ellsworth Forebush (1904–1984) discovered this effect, which is named after him, in 1937 by noticing that the flux of cosmic rays in Earth’s atmosphere fell abruptly during a solar magnetic storm.
SOLAR STORMS AND THE SUN-EARTH CONNECTION
Magnetic activity above the photosphere produces a variety of impressive effects. Most dramatic are the solar flares and coronal mass ejections, or CME, whose copious flows of protons, electrons, and alpha particles are emitted into interplanetary space. These events occur mainly in active regions of the Sun where a great deal of magnetic field annihilation and reconnection is going on. Particles produced in these regions have the generic name of solar energetic particles, or SEP. Truly significant effects on Earth are produced when an active region and our planet are aligned for maximal transmission. In these cases, the solar magnetic field connects with Earth’s magnetic field to provide a kind of highway for the particles to easily reach our atmosphere.
Large SEP events can in fact be quite dangerous. The Apollo 17 mission returned to Earth in April 1972 just before a large SEP event occurred. Had they remained in space, the crew would have received a fatal dose of radiation. During a SEP, protons from the Sun can reach Earth with energies large enough to produce cascades of secondary particles in the atmosphere. Neutrons produced in these cascades will reach the ground and can be detected by specialized neutron monitors. A network of these detectors around Earth now continuously monitors this flux. Solar events that are powerful enough to be detected are called ground level enhancements, or GLEs, and are of particular significance. The first recorded GLE was in February 1942, during World War II. British air-defense radars were suddenly blinded, and ground-based particle detectors recorded a strong signal. Since then, nearly a hundred such GLEs have occurred. A GLE event on January 20, 2006, monitored by a variety of detectors in space and on the ground, began with a solar flare, followed in twenty minutes by the onset of a flux of energetic protons. These produced radiation hazards to avionics and to air crews and passengers on high-latitude and polar route flights. Events like these are classified as extreme solar events, or ESEs. Understanding their frequency is an important concern.
The most significant such storm in recorded history is the previously discussed Carrington Event (1859). It falls into the super extreme solar event (SESE) category. If it happened today, the disruption to our highly connected infrastructure would be enormous. A more recent example is the solar storm of April 1981. It is instructive to follow the chronology of events during this storm. On April 2, a single sunspot was visible on the Sun. On April 7, a medium-intensity flare appeared. On April 8, there were sixteen new spots together with five additional flares. By April 9, there were twenty-nine spots and eight more flares. On April 10, approximately two million square kilometers of the solar surface became very bright for three and a half hours. This corresponds to an energy release equal to a hundred thousand million Hiroshima atomic bombs—enough energy to power the United States for 200,000 years. Fifty-eight hours later, a magnetic storm hit Earth. The temperature in the ionosphere increased to 2,000 degrees, and Earth’s atmosphere expanded so much that the Columbia space shuttle had to fire its engines to correct its orbit. The entire Canadian power grid went down, and general confusion reigned on Earth. This effect was due mostly to a flow of protons from the Sun, moving with a velocity of 40,000 km/sec.
A similarly remarkable solar storm, dubbed the Bastille Day event (it happened on July 14, 2000) began with a solar flare. An hour later, energetic electrons and protons reached the Earth and produced atmospheric cascades. The resultant neutrons reached the surface and produced a GLE. A day later, an intense geomagnetic storm was felt all over the world. Auroras were reported as far south as Mexico. This was a particularly memorable event for scientists because it was the first major storm since the launch of SOHO in 1995. That new instrumentation in space gave astronomers a uniquely detailed view of how a solar storm progresses.
The official classification system for solar flares gives a concise indication of the havoc they can produce on Earth:
S1: Weak: No significant effects.
S2: Moderate: Possible radiation hazard; small satellite problems; possible errors in navigation systems.
S3: Strong: Possible radiation hazard for astronauts; small satellite problems; degraded high-frequency radio wave propagation; possible errors in navigation systems.
S4: Severe: Radiation hazard for astronauts and crew/passengers of transpolar jets; satellite problems; high-frequency blackout; possible errors in navigation systems.
S5: Extreme: Unavoidable severe/lethal biological effects for astronauts and crew/passengers of transpolar jets; severe satellite problems; high-frequency blackout; failure of navigation systems.
How often could the strongest categories of storms occur? How much should we be worried? For obvious reasons, there are no reliable reports before the Carrington Event. But there are indirect proxies that allow us to study this question. We can look to cosmogenic isotopes in ancient tree-ring samples and Arctic and Antarctic ice cores going back thousands of years, and we can observe other Sunlike stars and look for signs of extreme solar storms on them.
In addition to the impact of galactic cosmic rays, particularly energetic solar particles bombarding the atmosphere during a solar storm can produce an increase of carbon-14 in the atmosphere. While the eleven-year solar cycle seen in tree-ring samples is due to the slow modulation of galactic cosmic rays by the solar wind, extreme solar storms will produce a spike in carbon-14 concentration for a single tree ring (corresponding to the particular year that the storm occurred). These were first discovered by the Japanese scientist Fusa Miyake in 2012. Such carbon-14 enhancements, or Miyake events, have been found in ancient Japanese cedars and German oaks. Enhancement of beryllium isotopes in Arctic and Antarctic ice cores corroborate the occurrence of extreme solar storms in 660 BCE, 775 CE, 994 CE, 1052 CE, and 1279 CE.
The Kepler planet-finding mission analyzed 148 solar-type stars and found super flares on them capable of producing S5 super-extreme solar events (SESE) occurring every 800 to 5,000 years. Such an event would be problematic for life in other solar systems. For example, simulations show that if such a super flare had occurred at the TRAPPIST-1 system, located forty light-years from the Sun and thought to have as many as four potentially habitable planets, it would have produced a proton flux a million times larger than what we normally experience on Earth.
Of more immediate concern to us is the impact of solar particles on space-based instruments, since they are not well protected by Earth’s atmosphere. X-rays, electrons, and protons from the Sun travel to Earth in ten minutes to an hour. X-rays can interfere with high-frequency radio communications and jam GPS systems. Protons can damage satellite instrumentation and affect the crew on the space station. The geomagnetic storms produced by this flux can also increase “drag” on satellites and shorten their life span, sometimes catastrophically. On February 3, 2022, the company Space X launched forty-nine Starlink satellites into low Earth orbit. The next day, February 4, saw a relatively small CME solar storm hit Earth. While minor by solar standards, it still deposited 1,200 gigawatts of energy into Earth’s atmosphere and increased the air density at orbital height by 20 percent. This enhanced the aerodynamic drag on the satellites, and thirty-eight out of the forty-nine fell back to Earth.
A cosmic ray, either from the galaxy or from the solar wind itself, can deposit enough energy in a computer memory chip to cause errors in program execution. Even medical equipment can be affected. There has recently been anecdotal evidence of heart pacemaker malfunctions during high-altitude long-duration flights. These risks would increase during a strong solar storm. As technology moves toward quantum computing, disruptions by cosmic rays become even more serious because of the extremely fragile entanglement of quantum qubits.
The radiation dosages to crew on airliners are not negligible. The February 1956 solar storm produced enough radiation to equal the recommended yearly maximum dose to flight crews in a single flight. The 775 CE superstorm would have generated radiation equal to the lifetime recommended maximal dose in a single flight. Luckily, no planes were flying in 775 CE.
THE SUN AND CLIMATE
The mean solar constant is measured to be 1,368 watts/m2. This represents the energy (in joules per second) hitting the top of Earth’s atmosphere in a square meter area. A 100 percent efficient solar panel of this size could continuously power ten hundred-watt bulbs. However, solar energy is absorbed by the atmosphere as well as being absorbed and reflected by Earth’s surface. The measured change in this constant over each solar cycle at the top of the atmosphere is 1.3 watts/m2. Atmospheric models show that this variation would produce at most a 0.2 degree K change in Earth’s temperature. Could such a small change actually affect climate or weather? To gain a better understanding of this, we can compare it to other known climate drivers. The ice ages are an extreme example of change. The periodic recurrence of global glaciation is due to the Milankovitch cycle, which describes the change in the ellipticity of Earth’s orbit and the inclination of its axis of rotation over tens to hundreds of thousands of years. These orbital variations affect the location of maximal heating on Earth’s surface and thus the seasons. Roughly speaking, this cycle produces 20 to 30 percent variations and generates truly dramatic changes in climate. Similarly, major volcanic eruptions, such as Mount Tambora in Indonesia in 1814 and Krakatoa in Java in 1884, send huge volumes of ash and other gases into the upper atmosphere, which interfere with the transmission of solar energy. These have great and nearly instantaneous impact on the weather. For instance, 1815 was known as “the year without a summer.” Similarly, the temperature in the northern hemisphere fell by 0.4 K the year after Krakatoa exploded.
The surface temperature of Earth results from a balance between incoming solar radiation and outgoing terrestrial radiation. The atmosphere is quite transparent in the visible wavelengths and near infrared (which is why our eyes evolved to respond to light in this range). Some of this solar energy reaches the ground and warms it. The ground reradiates part of this energy in the far infrared wavelength range back into the atmosphere. Water vapor, carbon dioxide, methane, and other molecules in the atmosphere (the “greenhouse gases”) are efficient at absorbing this radiation. Some of it is reemitted in all directions, and part of it returns to the surface. Radiation is partially trapped by this process. There is an important positive effect: Earth’s surface would be at –18 degrees C if there were no greenhouse gases in the atmosphere. However, when there is an excess of these gases, Earth’s temperature will get too hot, exactly our current predicament. Projections by the Intergovernmental Panel on Climate Change show that global temperatures could rise by as much as 4 degrees over the next thirty years, with known unpleasant consequences and further unknown dangers.
Given this dire prediction, what is the likelihood that the Sun’s energy emission will decrease in the near future? Are we in a particularly high state of solar energy output? Detailed information on the solar cycle has been available only since Schwabe’s groundbreaking observations, circa 1830. We know that there are significant variations in the timing of both the cycle minima and maxima and the sunspot minimum and maximum numbers. The Chinese and Korean historical records and lack of reports during the Maunder Minimum suggest that the production of sunspots, and therefore the magnetic processes behind their appearance, can be suppressed over many cycles.
Even stronger evidence comes from surrogate data. As we have seen, the carbon-14 content of tree rings gives evidence for solar wind variability. Examining this detailed record shows two longer solar activity cycles—one with a period of 208 years (the Suess cycle) and one of 88 years (the Gleisberg cycle) (see figure 13.9). Extrapolating into the future, these suggest that increased solar activity since the Maunder Minimum may continue in the first half of the twenty-first century and then decline in the second half, but this is highly speculative.

FIGURE 13.9  (top) Reconstructed carbon-14 concentration in the atmosphere: deviation in carbon-14 from current value as a function of time. Bands show the Maunder and earlier Spoerer solar minima. These data also indicate a period of enhanced solar activity around 900 CE (the Early Medieval Maximum). (bottom) Result of using carbon concentration data from tree rings to reconstruct the sunspot number to 1000 CE. This reconstruction is possible because carbon-14 in the atmosphere is inversely related to the strength of the solar wind, which is itself proportional to solar activity and thus sunspot number. Note enhanced solar activity during the Early Medieval Maximum.
Sources: (top) H. Miyahara, Y. Yokoyama, and Y. Yamaguchi, “Influence of the Schwabe/Hale Solar Cycles on Climate Change During the Maunder Minimum,” Proceedings of the International Astronomical Union 5, S264 (2010): 429. By permission, Cambridge University Press. (Bottom) Ilya G. Usoskin, “A History of Solar Activity Over Millennia,” Living Reviews of Solar Physics 20, no. 2 (2023): 51. Creative Commons License.
Beryllium-10 concentration in ice cores can be used to go back further in time, but the cores give additional independent information. The thickness of each layer depends on the yearly rate of precipitation, while the thickness of the melt layer (the surface snow that melts during the summer and then refreezes) depends on the year’s summer temperature. The concentration of deuterium and oxygen-18 isotopes in the core layers also depends on surface temperatures. These can be used to reconstruct Earth’s surface temperature over millennia and look for correlations with solar activity as measured by beryllium-10 concentrations.
Since ice cores are extracted in different areas of Earth, some way of cross-calibrating the layer sequences is required. Fortunately for the scientists studying this problem, on rare occasions a major volcanic eruption covers a great area of Earth with ash. This leaves a signature in the ice layer—bits of a sulfur-rich material called tephra. Because of its widespread distribution over Earth’s surface, this can be used to cross-calibrate the time scale of widely distributed ice-core samples. The tree-ring chronology and the ice-core chronology can also be cross-calibrated using these volcanic signals. Eruptions of this magnitude decrease the transmission of solar energy in the atmosphere so strongly that they are followed by a sudden and prolonged drop in global temperatures. This results in a decrease in tree growth rates and thus the sudden onset of much thinner tree rings. Spikes in tephra concentrations can be made to line up with sudden decreases in tree growth rates. An even more direct cross-calibration is available thanks to the rare but powerful solar superstorms (Miyake events). For example, the storm of 775 CE was powerful enough to produce a spike in both the ice-core beryllium-10 and tree-ring carbon-14 concentrations (figure 13.10).

FIGURE 13.10  Variation in atmospheric carbon-14 corresponding to an extreme solar event in 774 CE.
Source: Ilya G. Usoskin, “A History of Solar Activity Over Millennia,” Living Reviews of Solar Physics 20, no. 2 (2023): 74. Isosik, CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=36783153.
In 2001 Nancy Bertler of the University of Wellington Antarctic Research Center led a team studying a well-calibrated 180-meter-long ice core from the Ross Sea in Antarctica. They established that there were three distinct climatic periods in recent millennia: the Medieval Warm Period (114–1287), the Little Ice Age (1288–1807) and the Modern Age (1808 to the present). The temperature decrease during the Little Ice Age was 0.2 Kelvins, consistent with other estimates of the climate during the Maunder Minimum.
Could a new solar minimum save us from a projected climate catastrophe? Current estimates show that the Sun would have to decrease its output by at least 2 percent to offset a 4 deg warming on Earth. Even assuming that the Maunder and other earlier minima were due entirely to a decreased solar output, this required magnitude is very large, has not occurred in the known past, and is statistically not likely to occur. In any case, we have no control over these mechanisms. Such ideas are unfortunately pipe dreams to avoid facing the difficult reality of human-caused climate change.
The situation regarding solar cycle association with weather (short term), as opposed to climate (long term), remains unclear. Atmospheric physicists have noted a number of possible correlations with the solar cycle: quasi-biennial oscillations (a variation in stratospheric wind direction in the tropics), the number of low-pressure weather systems, the length of the Atlantic tropical cyclone season, and others. Quite apart from doubts about the statistical validity of these correlations, there needs to be some identifiable and confirmable mechanism that would produce these effects. This has been impossible to pinpoint so far.
One proposal is an indirect effect of changes in the ultraviolet (UV) component of solar radiation. Normally, on Earth, most solar UV is absorbed by ozone in the middle atmosphere (stratosphere and mesosphere). This protects us from damaging biological effects such as skin cancer. However, ozone can be destroyed by chlorofluorocarbons, carbon dioxide, methane, volcanic ash, and even solar radiation itself. A decrease in ozone by 1 percent causes a 2 percent increase in damaging surface UV radiation. We know that stratospheric ozone has steadily decreased, especially over the North and South Poles, where “ozone holes” have formed, though the situation has improved with the worldwide banning of chlorofluorocarbons in 1987. The ozone hole area reached a maximum in 2001, stabilized, and began to decrease slowly until 2019. In recent years there has been evidence of growth again, though yearly fluctuations make the trend difficult to discern.
The solar UV component varies by +/− 1.8 percent over the solar cycle. The more intense it gets, the more stratospheric ozone is depleted and the deeper ultraviolet can penetrate into the atmosphere. This in turn can impact the temperature distribution, that could change patterns of winds and low-pressure zones, affecting Earth’s weather. While not implausible, this has never been convincingly demonstrated. If there is a solar influence on the weather that varies with the sunspot cycle, it must be much more subtle than what Jevons and his cohort envisaged in the nineteenth century.
THE FATE OF THE SUN
The Sun’s age is estimated to be 4.6 billion years. How much longer can it shine? The nineteenth-century eschatological expectations of thousands to millions of years were certainly alarming, but wrong. We know how much hydrogen and helium the Sun has at its core, and we know how to calculate the rate of fusion reactions at core temperature. The hydrogen should last for another 4.5 billion years, but there is more to the story than that. Stars evolve, and their life history is clear to astronomers because looking further out in space is looking back in time. We now know that the mass of a star determines its fate. Some die a violent death in a supernova explosion, leaving behind one of the most remarkable stellar artifacts—a black hole. Others, like our Sun, have a quieter path ahead. After burning up its hydrogen, the Sun will become a red giant, continuing to grow in size until it reaches the orbit of Venus and perhaps Earth. The core will then begin to contract under the force of gravity until the Sun becomes a dim white dwarf. As the Sun’s envelope expands further, it will become a cloud of gas—a planetary nebula—one of many in our galaxy. From afar, these are often very beautiful flowerlike structures. One could not ask for a better memorial.
Astronomers have studied nearby red giants that have similar progenitors to our Sun. One interesting emerging fact concerns the few and very large granulations on the surface of these behemoths. This implies that the magnetic fields in these stars are very different, their “solar cycle” probably long gone. It is interesting to speculate how the solar wind will evolve as our star moves inexorably along its evolutionary path.
The end of life on Earth as we experience it will come much sooner, though, because the Sun will grow brighter by about 10 percent every billion years. It will not take long, in cosmological time, for temperatures on Earth to become unmanageable for any organism. In a few hundred million years, all the water on our planet will vaporize. The ultimate global warming will occur on a hugely longer timescale than what we are presently experiencing. No matter what we do, nothing even similar to what exists now will be on Earth then. But the remarkable fact about the universe is that this “then” can be studied now, by looking at the light from far-off stars that have already experienced what we will suffer. The discovery of thousands of planets orbiting around distant stars has much to teach us about planetary fates. Our future can be seen written large in the sky.



Appendix A
ELECTRIC AND MAGNETIC FIELDS
THE CONCEPT OF FIELD
The concept of field in mathematics and physics may seem abstruse, but the basic ideas are straightforward. The two different fields commonly encountered in physics are called scalar and vector. An example of a scalar field is the familiar atmospheric pressure map used by meteorologists. Each spatial or geographical coordinate point on the map is associated with a single number: the pressure at that point. Curves are drawn connecting points that have the same or very similar pressures. These curves are called pressure contours, or isobars. A traveler moving along such a curve would encounter the same atmospheric pressure everywhere. Another familiar scalar field is the elevation map. The contour lines represent points that have the same elevation. In both cases, each coordinate point is associated with a single number.
A familiar map representing a vector field is the meteorologist’s map of wind speed and wind direction. Here each position point is associated with an arrow whose length represents the wind speed and whose direction indicates which way the wind is blowing. Of course, only a few of these arrows or vectors can actually be drawn, but we know in principle that the whole area of the map can be covered by them. Curves can be drawn through points having equal windspeed. Similarly, curves can connect arrows pointing in similar directions to give a sense of air flow.
THE ELECTRIC FIELD
The smallest electric point charge on the atomic scale is the charge of an electron (negative) or a proton (positive). All other electric charges in nature are built up from these. There is a force between particles that have electric charge that is either attractive (between a negative and a positive charge) or repulsive (between two negative or two positive charges). The force between two charges is directed along the line connecting them and decreases in strength as the square of the distance between them increases. This may be familiar as Coulomb’s law. The electric force is a vector in the same sense that windspeed and wind direction constitute a vector: it has both a magnitude and a direction.
Imagine an electron fixed in space at a certain position. Call this the source charge. Bring in a second electron (called the test charge) that can be moved in space around the first (source) electron. As we move this (test) particle, we measure the strength and direction of the electric repulsive force between them with some handy instrument. At each point in space, we then draw an arrow whose length is proportional to the force and whose direction is along the line of force. All of space around the source proton can be mapped out in this way. It can be visualized as a kind of spherical hedgehog of arrows, all pointing away from the source. In this case, however, the arrow lengths get shorter as the distance from the source increases.
This is a visualization of the electric force field around an electron. But we would like to make a map that is independent of the value of the test charge. To do this, we just divide the force by the value of the test charge. This gives us the force per unit test charge, which we call the electric field. Knowing the electric field at any point in space, it is simple to calculate the force on any test charge there: you just multiply the value of the electric field by the value of the test charge. You can also turn the hedgehog picture into a picture of field lines by connecting all the arrows pointing in the same direction with straight lines.
More complicated source charge distributions produce electric field patterns that look quite different from the simple hedgehog shape. But no matter what the source charge distribution, once you know the shape of the electric field, you can calculate the force on a particle at any point in space.
MAGNETIC FIELDS
Magnetic fields are similar representations of magnetic force, but the details are different. We can begin with the familiar interaction of two permanent bar magnets. Each magnet has two poles conventionally called north and south, or N and S. As with electric charges, opposite poles attract each other while like poles repel.
We map out the magnetic force map of a bar magnet (also called a magnetic dipole) using a test magnet that we move around in space. A familiar example uses a compass needle to determine the directions of the field lines around a source magnet. The compass needle lines up parallel to the magnetic field line at each point in space. The magnetic field lines of a bar magnet make a familiar pattern called a dipole field. This can be visualized by sprinkling iron filings around a bar magnet. The magnitude of the magnetic field at any point in space is just the force divided by the strength of the test magnet, in analogy to the electric field case.
A peculiarity of the magnetic force is that the N and S poles cannot be separated. There are no independent magnetic poles (they would be called monopoles if they existed)—they always come in pairs of opposites. If you try to cut a bar magnet, you will get two smaller bar magnets, each with its own N and S poles, and so on ad infinitum.
The magnetic field of permanent magnets is due to the special properties of the component elements (mostly iron compounds). But magnetic fields are also produced by electric currents, either in wires or just as electric charges moving through space. For example, a loop of wire with a battery in the circuit will have a current flowing in it. This current will produce a magnetic field that looks just like the dipole field of a permanent magnet. Sprinkling iron filings around the coil will show that the N and S pole directions are perpendicular to the plane of the loop. Compass needles or other magnets will be affected by this magnetic field.
A straight wire (or a beam of charged particles all moving in a straight line) will also produce a magnetic field, but in this case the field lines form concentric circles around the wire or particle beam, perpendicular to the direction of the current flow (see figure 13.2d).
Two current-carrying wires lying parallel to each other will exert attractive or repulsive magnetic forces on each other, depending on the whether their respective currents are in the same or opposite direction (see figure 13.2 a/b/c). Current-carrying loops will also affect each other through their magnetic fields in the same manner as two permanent magnets would.
 
The picture gets more challenging if the currents are changing with time, or if the loops or wires are moving. A loop of wire with no battery attached, at rest in the magnetic field produced by a bar magnet, feels no force. However, if the bar magnet starts to move, the magnetic field passing though the loop will change with time. The moment that happens, a current will begin to flow in the loop. It is as if a battery were suddenly plugged into the circuit. If the external magnet moves in a regular up-and-down oscillatory fashion, the induced current will respond by oscillating in time as well. This principle lies behind the invention of the AC current electric generator, in which a loop of wire is rotated through a fixed external magnetic field. It does not matter if the magnetic field is changing due to the external magnet’s motion or the loop’s motion. All that matters is that the field at the loop is changing with time.
If current is flowing in the loop, there must be an electric field in the loop that is driving it. This electric field is due to the time variation of the magnetic field. What is harder to believe (but true) is that this electric field would exist in space even if the material loop magically vanished. In effect, once there is any time-dependent change, be it a motion of wires, permanent magnets, or individual electric charges through space, electric and magnetic fields will be produced in an intertwined way. Changing magnetic fields will produce changing electric fields, and vice versa. The resulting fields are thus called electromagnetic, since they combine both kinds of forces.
ELECTROMAGNETIC WAVES
An oscillating electric charge will generate an electromagnetic wave, propagating at the speed of light and carrying energy with it. This energy can be absorbed by the matter that the wave strikes. Atoms in the matter can be excited, and heat can be generated.
Electric and magnetic fields were first introduced into physics in the nineteenth century, and the laws governing their behavior were fully formulated in what are known as Maxwell’s equations, after the eminent English physicist James Clerk Maxwell. These equations relate how electric and magnetic fields are generated by electric charges and how they travel through space and affect other electric charges. Traveling electromagnetic waves are familiar as radio waves, but visible light is also an electromagnetic wave—the difference has to do only with the range of wavelengths or frequencies of the waves. Visible light corresponds to minuscule wavelengths between about 4,000 and 6,500 angstroms, whereas radio extends into much longer wavelengths, from millimeters to kilometers.
In the early twentieth century, Albert Einstein, Max Planck, and others discovered that in certain circumstances light could be thought of as consisting of discrete packets of energy, or photons. Light travels through space as a wave, but when it interacts with the atoms of matter, it exchanges energy with them as if it were composed of particles or photons. The brighter the light, the more photons it contains. The energy carried by each photon is simply proportional to the original frequency of the light’s electromagnetic wave. This wave-particle duality permeates all of modern physics—particles such as electrons also turn out to have wavelike properties.



Appendix B
ATOMS AND THEIR SPECTRA
Atoms are electrically neutral objects composed of a densely packed, positively charged nucleus surrounded by a cloud of far-flung electrons that, in a very simplified model, can be thought of as orbiting the nucleus. The electrons are attracted to the nucleus by electrical forces in a manner analogous to the gravitational attraction of planets to the sun. The planetary analogy goes only so far, however. Electrons in an atom can exist only in certain energy states as they “circulate” around the nucleus, and they can gain or lose energy only by jumping from one energy state to another. Energy must be conserved, an electron jumping from a higher to a lower energy state must be balanced by the emission of an amount of energy equal to the energy difference between the initial and final electron states. This energy is carried away by a quantum of light, or a photon.
Each photon, in the quantum mechanical picture, corresponds to an electromagnetic wave, with a wavelength and frequency uniquely determined by its energy, which is the difference in the energies between the initial and final electron state. The photon’s energy determines the frequency of the corresponding wave—the energy is simply proportional to the frequency. The wavelength is also determined by the frequency. Each transition therefore produces a particular frequency and wavelength of light. When this light is observed in a spectrometer, a narrow spectral line is observed at a position set by its wavelength.
When a gas such as hydrogen is heated, all possible transitions or jumps between energy states will occur—the emitted light will consist of all the possible narrow spectral lines associated with these transitions. Since each chemical element has a different set of possible energy states for its electrons to occupy, the line spectrum of each is also different and serves as a unique fingerprint of the presence of that element. Furthermore, since some transitions or jumps between energy states are more likely than others, the brightness of the various narrow spectral lines is not the same. In some cases, such as the 5,895-angstrom wavelength of sodium, the line is so bright that its presence alone can indicate that this chemical element is present in the sample.
The inverse process can also occur. For example, light with a continuous spectrum (such as sunlight) can be focused on a sample of hydrogen gas. The incident light includes all the wavelengths from infrared to ultraviolet, including the visible, but only those wavelengths or frequencies that correspond to differences in the hydrogen energy levels can be absorbed by the atoms. Only light of a frequency such that the corresponding photon energy is exactly equal to a possible electron energy level difference can be absorbed. The sunlight that passes through the sample, when analyzed with a prism or diffraction grating, will then exhibit the Fraunhofer dark lines, which correspond exactly to the positions of the bright emission spectrum lines seen when the hydrogen gas itself is heated (see figure 8.1). The photons in the incident sunlight with energies characteristic of the hydrogen energy level differences will have been absorbed. There is again a unique fingerprint of the chemical composition of the gas through which the sunlight passed.
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