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Warning

Before we begin, let us get one thing clear. Although the human eye is well adapted for many things, looking directly into the Sun is not one of them. And so, despite the alluring image on the front page of this book, I urge you never to look at the Sun’s surface directly with the naked eye. The pages that follow are full of tales old and new, of how our scientific predecessors observed the Sun, how scientists observe the Sun today, and how you can observe it safely for yourself. But make no mistake, looking directly at the Sun with incorrect equipment may result in permanently altered colour perception, blind spots, distorted vision, and so on. But do not fear: the Sun is a beautiful object and one worthy of appreciation, and there are many ways to do so safely – stay tuned.



Introduction

As it sits above our heads on a sunny day, it is easy for us to become desensitised to the Sun. It rises, sets, and appears to do nothing in between, beyond providing us with light and warmth. This, in itself, is worthy of recognition (as our ancestors did centuries ago), but unbeknownst to the unaided human eye, the Sun is far more complex than this. Despite its seemingly unchanging appearance, the Sun is incredibly dynamic, with an atmosphere continuously churning and changing, evolving over timescales from seconds to beyond centuries. Some of these processes on the Sun, such as solar flares and coronal mass ejections, can affect our lives here on Earth. These solar processes, although far away, can damage our satellites, block our communication networks, and even shut down our power grids. It is, therefore, worthwhile, for us as a species, to understand our local star and its connection with Earth.

We owe the Sun a lot. If it had formed a little bit hotter or slightly cooler, you would certainly not be reading this book today. The Sun is about 109 Earth widths in size from edge to edge, about 1.3 million Earths in volume (109 x 109 x 109), and the Earth orbits the Sun at a distance of about 107 Sun widths (150 million km). Despite these large numbers and its significance to us, the Sun is a surprisingly unremarkable star, with an average size, and one of around 250 billion stars within the Milky Way Galaxy alone. But unlike these other stars, the Sun has one major advantage – we can observe it. Observations of other stars in the galaxy are mostly limited to a one-dimensional point of light, but we observe the Sun in high resolution many times each minute, with telescopes sensitive to the entire spectrum of light from radio waves to gamma rays. Scientists researching the Sun are, therefore, opening a wider door to the universe, applying knowledge of our local star to all the stars beyond it.

The purpose of this book is to introduce you to the Sun as if it were your first time learning about it. We will explore the journey our scientific predecessors took in understanding the Sun and the role the Sun played in the lives of our distant ancestors long before them. By the end of this book, you will have a grasp of some of the physics behind physical processes on the Sun, from nuclear fusion in its core to eruptions on its surface, and learn how this information relates to distant stars, exoplanets, and beyond. Finally, we will get you involved, with resources on how you can access NASA and ESA observations of the Sun from the comfort of your own home, or observe the Sun safely from your garden. Whether you want to observe on an ordinary sunny day, or during a total solar eclipse, this book has you covered.

Welcome to the Sun.
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Relative sizes of the Sun and Earth.










1: HISTORY OF OBSERVING THE SUN



Ancient Civilisations

Since the dawn of the modern human, mankind has recognised the importance of the Sun. Its daily appearance, disappearance, and subsequent reappearance in the sky brought light, warmth, and relative safety. The variation in its position and daily longevity in the sky across the year brought seasons, which became especially apparent as humans migrated out of Africa towards higher latitudes. Even before the age of farming, the seasons, brought by the Sun, would determine the availability of food and shelter. Although our ancestors would not have known the cause behind these daily and annual patterns of the Sun, they would certainly have been aware of them. This reliance on the Sun would become more prominent as farming and agriculture became the dominant way of living, with the absence or overabundance of the Sun bringing floods, drought, or failed harvests. Although the seasons on Earth have nothing to do with changes on the Sun (they are created by a tilt in the Earth’s rotation axis), to our ancestors the Sun would have been the most obvious thing to assign responsibility to for these variations. Even today, the summer solstice (when the Sun reaches the highest point in the sky, providing the longest day of the year), winter solstice (the shortest day of the year), and equinoxes (where sunrise and sunset are evenly spaced, ocurring once each spring and autumn), are still important in many cultures around the world. However, we have no way of knowing for sure what our ancestors thought of the Sun, as written history begins only 5,000 years ago, which covers less than 2% of the history of modern humans. Sadly, the stories and beliefs of the Sun from countless prehistoric humans are now lost, although they must have existed. In a way, these were the first solar scientists, explaining the behaviour of the Sun with the information available to them at the time.

Evidently, the time before written history did not last forever. The last few millennia saw the rise and fall of complex civilisations in pockets arounds the globe, each with its own unique relationship to our local star in the sky above us. Like their ancestors, the civilisations recognised the critical role the Sun played as a beacon of warmth and light, often hailing it as a god or deity as a result. In Ancient Egyptian mythology, the chief god was Ra, the god of the Sun and creator of the universe. Ra has the head of a falcon and carries the Sun on his head within his headdress. It was believed that the motion of the Sun in the sky was Ra sailing across the sky in a boat.

[image: ]
Cave painting of the Sun in Sedona, Arizona.
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Ancient Egyptian god of the Sun, Ra.



In early ancient Greece, the story was similar. Instead of a boat, the Sun was believed to be pulled across the sky by a horse-drawn chariot, ridden by either the Titan Helios or the god Apollo (depending on the exact period and location within ancient Greece). Helios was an earlier figure in Greek mythology and not assigned a particularly great deal of importance. The word helio today derives from the Titan Helios and is used to define something relating to the Sun (e.g. heliocentric, heliosphere, words that you will see later in this book). Apollo was more of a significant figure in ancient Greece. As a son of Zeus, Apollo was the god of many things, including archery, dance, poetry, light, and, of course, the Sun. You may have heard the word Apollo in relation to space before, as Apollo was the name of the NASA spaceflight missions that landed 12 men on the Moon between 1969 and 1972. The name choice for the mission was bizarre, as Apollo was the god of the Sun, not the Moon. NASA’s next crewed mission to the Moon, Artemis, scheduled for later this decade, has a far more sensible name, as in Greek mythology Artemis was the twin sister of Apollo and the goddess of… you guessed it, the Moon. The ancient Greeks eventually came to learn a lot about the Sun. By 600 BC, they had determined it to be a hot ball of gas and even studied the orbits of the Sun and Moon well enough to predict solar eclipses (although they did still believe the Sun orbited the Earth).

There is a large overlap between ancient Greek mythology and that of ancient Rome. There are many equivalents of ancient Greek gods in Roman mythology, such as between Zeus and Jupiter, Poseidon and Neptune, and so on. Much like the Greek gods Apollo and Artemis, the Romans also believed in a sibling pair of a god and goddess of the Sun and Moon. For the Romans, these were Sol and Luna. Much like the Greek word helios, the latin words sol and luna still exist in the English language to describe the Sun and Moon (e.g. solar, lunar).

[image: ]
Helios and his chariot displayed on a vase.
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Huitzilopochtli, the Aztec god of the Sun and war.



The existence of a Sun deity was not just a European and northern African phenomenon either. Sun gods were worshipped all over the world, from ancient China to the Incas and pre-Islamic Arabia. In northern Mexico, the people of the ancient Aztec Empire also worshipped a Sun god – Huitzilopochtli. For the Aztecs, Huitzilopochtli was the deity of war, the Sun, and human sacrifice. He wielded a flaming serpent as a weapon; hence his association with the fiery Sun in the sky. They believed human sacrifice to Huitzilopochtli was necessary in order for him to rise the next day and protect them from the infinite night. Thankfully, there is no human sacrifice involved with studying the Sun today.

Humanity’s collective knowledge of the Sun has grown significantly over the past few hundred years, and solar physicists (scientists researching the Sun) today have access to a wide range of telescopes, spacecraft, and computing power, the likes of which our scientific ancestors could never have imagined. When Galileo pioneered the use of telescopes for astronomy in 1609, did he ever consider that one day telescopes would soar through the solar system, untethered from planet Earth?



A Monk’s Tale

Imagine, if you will, that you’re a monk in the English town of Worcester in 1128 AD (perhaps you are already a monk, in which case you are already halfway there). You wake up, doing whatever it is English monks typically did on such a morning, and head outside, as you would on any other day. But today, something is different. It is a misty morning, and the Sun has recently risen. The combination of the Sun sitting close to the horizon and the thick, misty air means that it is possible to look directly at the Sun for a few brief moments. (Please note: even under these conditions, you should never look directly at the Sun). In the fleeting moments that you, the 12th-century monk, catch a glimpse of the Sun, you notice something peculiar. Instead of the uniform circular disc you’ve become accustomed to seeing your entire life, you see two large circles on the Sun, sat either side of the Sun’s equator. The image on the next page shows the drawing made of the Sun on this day in 1128. If you imagine you are the monk who saw this, with almost no prior knowledge of the Sun, what would you think of this? How would you explain what you had witnessed? At this point in history, Europeans believed the Earth to be the centre of the universe, with the Sun, Moon, and stars orbiting around us – constant, perfect, and unchanging. If this were you, might you have thought you were witnessing a hole appearing in the Sun? Perhaps a tunnel? What lay within that tunnel? Perhaps a dragon, or a demon maybe? What would you have thought?

The drawing was made by John of Worcester within the Worcester Chronicles, an important text of English history documenting the period between 734 and 1140 AD. John was the last of many authors of the chronicles. We will never know what John truly thought of such a sight, as to over-speculate on imperfections in the sky above could have been considered heresy at the time. Whatever he thought, though, he certainly thought it important. Within the hundreds of pages of text written over 406 years, the Worcester Chronicles contain only five images – three depicting dreams of King Henry I, one of the crucifixion of Jesus Christ, and one of the Sun on that specific day. John also describes a solar eclipse viewed two years later in 1130, but apparently considered it relatively unnoteworthy, as he offered no illustration of the cosmic event.

[image: ]
Sunspot diagram from the Worcester Chronicles, 1128 AD.



John of Worcester’s drawing of these strange, dark features on the Sun turned out to be important after all, as he had just recorded the first ever observations of sunspots. It is possible that such sightings had been made before, but no known record of them exists. Observations of sunspots would not be recorded again for another five centuries, until Galileo Galilei and the invention of the telescope.



Squabbling Astronomers and the Era of the Telescope

In 1609–1610, the world of astronomy changed forever. With the use of a refracting lens, Italian astronomer Galileo Galilei created a telescope and pointed it to the sky for the first time. (Who exactly to give credit to for inventing the telescope is not an easy question, but Galileo was certainly the first to use it for astronomy). In the coming years, Galileo was the first person ever in human history to view the rings of Saturn, the four largest moons of Jupiter (which now bear his name), and mountains on the Moon. It also wasn’t long before he pointed his new invention at – you guessed it – the Sun. Originally limiting his telescope observations of the Sun to early sunrise and late sunset to restrict damage to his eyes, he eventually switched to the much safer projection method of observing the Sun (which we will explore later in this book).

Upon looking at the Sun, he immediately noticed clusters of small black spots – sunspots. Galileo made systematic observations of the Sun, sketching the configuration of sunspots as they evolved and moved across the Sun’s surface. He noticed that, like the Earth, the Sun appeared to be rotating, as sunspots and other features appeared over the left edge of the Sun, moved across the Sun’s face, and disappeared over the right edge, all within a couple of weeks or so. He was also able to identify sunspot structure, noticing darker inner regions of the sunspots surrounded by slightly less dark areas (which were still darker than the surrounding bright Sun). Galileo also recorded that sunspots would evolve from day to day, sometimes completely appearing or disappearing over a few days. An example of a sunspot map sketched by Galileo is shown in the image on the previous page.

[image: ]
Sunspot sketches by Galileo Galilei.
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Geocentric model of the solar system, drawn in 1660.



Galileo’s pursuit of knowledge of the Sun and night sky unfortunately landed him in a lot of trouble. The more he saw, the more he became convinced of the heliocentric model of the solar system – the idea that the Sun is at the centre of the solar system, not the Earth. Such a concept was fresh and unwelcome news within Europe (and particularly in Galileo’s home country of Italy) at the time. The concept was first suggested by the Polish mathematician and astronomer Nicolaus Copernicus a few decades earlier, in 1543. Galileo eventually stood trial for heresy in 1633 for his heliocentric suggestions, in which he entered a plea. He was spared his life in exchange for house arrest, where he spent the rest of his life continuing work from his home until his death on Christmas Day in 1642, at the age of 77.

Long before his trial and house arrest, the Sun was causing Galileo other troubles. Despite Galileo’s frequent and highly detailed drawings of sunspots, neither he, nor the rest of the astronomy community, had any clear idea of what they were looking at. Unlike moons orbiting Jupiter or mountains on the Moon, the concept of dark spots on the Sun was completely abstract and unknown. And so, in a textbook example of how the scientific method should work, astronomers began the process of attempting to explain the origins of these bizarre sunspot features.

[image: ]
Heliocentric model of the solar system, drawn in 1661.



One of the first scientists to take a punt at solving the mystery of sunspots was the German astronomer Christoph Scheiner. Scheiner postulated that sunspots were not related to the Sun at all but were instead ‘small planets closely orbiting the Sun’. This hypothesis was quickly debunked by Galileo, who showed that sunspots rotated with the Sun, not independently of it. The inner planets of the solar system, Mercury and Venus, do actually pass the Sun in this way, but look very different from sunspots. Although Scheiner was wrong in this instance, the concept itself was certainly ahead of its time. For today, centuries later, exoplanets (planets orbiting stars other than our own Sun) are discovered in this manner, by observing a periodic drop in a star’s brightness as planets pass in front of the star from our perspective. But alas, Scheiner lived far too early for exoplanet science. And so, as is the case with the scientific method, with the addition of new evidence contradicting the standing theory, the theory must either evolve to explain the contradiction or be scrapped. In this case, it was the latter.

With the discovery that sunspots rotate with the Sun, Galileo suggested that they were ‘perhaps cloud-like structures in the solar atmosphere’. Looking at sketches of sunspots at the time, you can see how this idea may have formed. The lighter boundaries of the sunspots do appear somewhat wispy in texture, so it was not a giant leap to equate them to equivalently wispy features in the sky here on Earth – clouds. Christoph Scheiner, likely still remembering Galileo’s rebuttal of his earlier theory, bounced back again with a different theory to counter Galileo’s. Scheiner argued that instead of cloud-like features in the Sun’s atmosphere, sunspots behaved more like ‘dense objects embedded in the Sun’s luminous atmosphere’. That is, they were more analogous to islands sitting in the sea than clouds in the sky. In the end, neither Galileo nor Scheiner were correct in their theories, but neither of them would live to know it – as no significant progress was made in the understanding of sunspots for another 200 years.



Enter William Herschel

William Herschel was born in Germany in 1738 and lived a long life full of achievement. One of Herschel’s biggest accomplishments came in 1785, when he was awarded £4,000 by the king of Great Britain to build an unimaginable scientific instrument, in which he succeeded. He built a 12-metre-long telescope, with a 1.26 metre primary mirror at

[image: ]




[image: ]







Discovery of the Solar Cycle
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A Part Time Astronomer and Brewery Owner






The Carrington Event
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Hidden Coronal Mass Ejection (CME)
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Butterflies on the Sun
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True Nature of the Sun
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