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PREFACE



Astronomy is a fascinating subject. Life on Mars, planets around other stars, black holes, the big bang—they all speak to the imagination. Lectures, books, and websites on astronomy always attract large audiences, sensational discoveries make front pages, and the stunning images of the James Webb Space Telescope would look fantastic in a museum.


If you look at the night sky on a clear, moonless night, however, you will see none of these spectacular marvels. Mars is no more than a bright, orange dot in the sky, exoplanets are too far away to view with the naked eye, black holes are invisible, and the big bang fizzled out nearly fourteen billion years ago. And yet, the night sky, filled with thousands of stars, is at least as beautiful as a James Webb photo, and surely every one of us has looked up in amazement at one time or another.


These two worlds, the universe of science and the universe of one’s own observation, are interrelated. Viewing the constellation Orion through a pair of binoculars may lead to further curiosity about the formation of stars. Watching the planets from a great distance as they move in the sky may naturally lead to wanting to know more about the circumstances on those distant planets.


Many astronomy books focus on only one of these aspects. Some discuss recent developments in cosmology; others take their readers on an imaginary trip through space and time. Many offer a comprehensive, practical description of viewing the night sky without paying much attention to our current knowledge of celestial bodies.


The Astronomy Handbook covers all subfields of astronomy, and clearly explains the latest scientific findings. It also introduces readers to the objects visible in the night sky and offers many practical viewing tips.


Obviously, we cannot capture the whole universe in 256 pages. Yet The Astronomy Handbook is remarkably comprehensive, and its structure and composition make it an excellent reference book.


It will not come as a surprise that a comprehensive project like the The Astronomy Handbook involves many people. This book would not have been written without the enthusiasm and commitment of Jeannette Bos, Marije Braat, Milou Breunesse, Henk Bril, Bert Dekker, Rick Fienberg, Martin Fontijn, Ellen Hooijen, Hans Jansens, Becky Koh, Liesbeth Kuitenbrouwer, Hans Lodewijkx, Arie Nagel, Gilbert Peeters, Martin Ratcliffe, Wil Tirion, Marlijn van der Lans, Annemarie van Gijn, JanKees van Nek, Elske Verharen, Jaap Vreeling, and Francis Wehkamp. I am also indebted to the many amateur astronomers who contributed their own observations.


—Govert Schilling


July 2023
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INTRODUCTION



This is more than just a book on astronomy. Six parts, nineteen chapters, more than one hundred and fifty topics, hundreds of images, maps, and illustrations, dozens of tables, interesting facts, and useful observing tips—how will you ever find your way? Fortunately, The Astronomy Handbook is clearly mapped out. Each part is identified by its own unique color, and a comprehensive index is included at the back of the book.


Part 1—“Astronomy as a Science” describes the history of astronomy and the development of the telescope, and it offers a glimpse behind the scenes of twenty-first-century professional astronomy. If you don’t know much about astronomy, Part 1 is a great place to start. All the basics are covered here.


Part 2—“The Night Sky” focuses on what we can see above our heads at nighttime. Clear star charts guide the reader through the stars and constellations, and some special attention is given to the twelve constellations of the zodiac. There is also ample discussion of astronomy as a hobby.


Part 3—“Earth, Moon, and Sun” describes the respective motions of the three celestial bodies, covering lunar phases, seasons, and solar and lunar eclipses. It includes a detailed map of the Moon. This part also addresses what we know about the Sun and Moon today.


Part 4—“The Solar System” discusses the findings of space research, the known planets, and provides ample coverage of asteroids, comets, meteorites, and ice dwarfs. This part also touches upon the visibility of celestial bodies and provides details of imminent apparitions in the firmament.


Part 5—“The Milky Way Galaxy” describes binary stars, variable stars, nebulae, star clusters, supernova explosions, and more. In many cases, you will need a telescope to observe nebulae and star clusters, but some can be seen through binoculars or even with the naked eye. It also includes information about the latest findings about our galaxy.


Part 6—“The Universe” takes the reader into the world of galaxies and quasars, the big bang, and cosmic expansion. The question of extraterrestrial life is discussed at length. This final part also contains theoretical information about the most fascinating aspects of astronomy.


Each chapter consists of eight or nine subsections, each covering one or two pages. Although The Astronomy Handbook can be read straight through, from beginning to end, it is also well suited for browsing. The numerous cross-references and the comprehensive index provide ample guidance.


Many practical viewing tips and informative facts are included. You may even find some amazing details just by flipping through the book. This also applies to the hundreds of wonderful images and illustrations, selected and created especially for this book.
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PART 1


Astronomy as a Science
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CHAPTER 1



THE HISTORY OF ASTRONOMY
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SACRED STONES Stonehenge, in the south of England, was used as a calendar and an observatory.








THE OLDEST SCIENCE


Astronomy is the world’s oldest science and was practiced long before anything was known about chemistry, biology, or particle physics. In earlier times, daily life was ruled by the course of celestial bodies, and without clocks and calendars our ancestors relied entirely on the movements of the Sun, Moon, and stars. Today, we can manage quite well without knowledge of the universe. After all, you don’t need to know about astronomy to become a top athlete, nurse, or a vice president. Astronomy no longer has any obvious practical applications: it has become a basic science, practiced by inquisitive people who simply want to know about the world they live in.


Astronomy still has a special place in the world of sciences, however, with a difference: Physicists are used to conducting tests and experiments, but when it comes to astronomy, we rely on what the universe has to offer, and most of it is investigated remotely. And of course, astronomers can’t repeat the big bang a dozen times; they can’t go and have a look in a black hole, or make a supernova explode when it suits them. On the contrary, someone who wants to study a total solar eclipse will have to wait patiently until nature is ready to present one. Maybe this is why astronomy is such a fascinating science. Astronomers are like a bunch of sharp-nosed detectives: They pounce on any scrap of evidence and go to great lengths trying to unlock the secrets of the universe. The history of astronomy therefore makes for an exciting account of rather naive misconceptions and revolutionary breakthroughs, and there is no sign that this development will end soon. Astronomy may well be our oldest science, and yet the universe is largely unexplored terrain.
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COSMIC ORDER Our calendar is determined by the night sky, as we can see on this fifteenth-century calendar.









ASTRONOMY IN PREHISTORY



Hundreds of thousands of years ago, distant ancestors of Homo sapiens on the African savannah would look up at the night sky in awe. The continuous alternation of day and night, the phases of the Moon’s appearance, and the change of seasons were the basis of existence for the earliest civilizations. No wonder the celestial bodies were closely associated with the world of gods in almost all primitive cultures. The discovery of regularity in the motions of Sun, Moon, and stars could be regarded as the birth of astronomy. The celestial bodies were a way to deal with time. Carvings on a thirty-two-thousand-year-old animal bone found in France probably depict the oldest lunar calendar. Unannounced celestial phenomena, such as amazing solar and lunar eclipses, and the sudden appearance of comets or “new” stars in the sky, upset this regularity and were considered harbingers of doom.


The most famous prehistoric astronomy monument is Stonehenge, a large circle of colossal blocks of worked sandstone in the south of England. Although the original function of Stonehenge is still questioned, the thousands-year-old structure undoubtedly served as a calendar. Some astronomers even believe that Neolithic builders were able to predict solar and lunar eclipses by means of Stonehenge.


Because of the close relationship between the night sky and religion, astronomy used to be practiced mainly by druids, seers, and priests. This is how astrology emerged; the course of the celestial bodies was believed to represent the will of the gods and influence events on Earth. Both in ancient China and Egypt, and in the Babylonian empire, astronomy and calendrical calculation were the two main pillars of astronomy. There was no real science in those days.
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GERMAN STAR MAP Nebra’s 3,700-year-old celestial disk shows the Sun, Crescent Moon, and the Pleiades (the Seven Sisters).










ALONGSIDE THEOLOGY, ASTRONOMY IS THE OLDEST ACADEMIC DEGREE.


THE CHINESE ZHUANXU CALENDAR BEGAN ON MARCH 5 IN THE YEAR 1953 BC, WHEN THE SUN, MOON, AND PLANETS WERE CLOSE TOGETHER IN THE SKY.
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CENTRAL EARTH Moon, Sun, and planets revolve around the Earth in the geocentric worldview.
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VIEWING TIP If you mark Mars’s location among the stars for a few months on a weekly basis, you will notice that the planet does not always move at the same speed.





CRYSTAL SPHERES AND AUXILIARY CIRCLES


A few centuries before the beginning of our era, Greek sages were the first to think about distances and dimensions in the universe. Early measurements were not very accurate: Aristarchus of Samos (c. 310–230 BC), for example, thought the Sun was five million kilometers away, which is only 3 percent of its true value. The Greeks, however, had known since the time of Pythagoras (c. 570–490 BC) that the Earth is a sphere, and Eratosthenes of Cyrene (276–194 BC) set the circumference of the sphere at 250,000 stadiums, which virtually matched the real value of 40,000 kilometers.


The Greek worldview was largely based on philosophical considerations rather than observations. It was believed that all celestial bodies would move at a constant, uniform speed in perfectly spherical crystal shells, whose dimensions would exhibit special mathematical relationships. This geocentric worldview, with the Earth at its center, had already been introduced by the great sage Aristotle (384–322 BC), one of the philosopher Plato’s students. The Greeks recognized seven moving celestial bodies: the Moon, Venus, Mercury, the Sun, Mars, Jupiter, and Saturn. They were called “wandering stars” (planetes in Greek), which became the basis of our seven-day week. The sphere of the “fixed stars” was beyond the spheres of these seven “planets,” first measured and cataloged by Hipparchus of Rhodes (c. 190–120 BC), who also discovered the extremely slow directional change of the Earth’s axis of rotation.
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HUGE IMPACT Claudius Ptolemy left his mark on astronomy for 1,400 years.








EPICYCLES


Hipparchus founded the epicycle theory which was perfected by the Alexandrian astronomer Claudius Ptolemy (c. 100–170), because Aristotle’s spherical model had not explained why the planets sometimes move more quickly or slowly, or even backward between the stars. Although Aristarchus had already suggested that the Sun, not the Earth, would be at the center of the universe, Ptolemy insisted on the central position of the Earth and its uniform circular motion. In his worldview, the planets move on auxiliary circles (epicycles), whose empty center describes a circular orbit (deferent) around the Earth. To make the model consistent with observations, Ptolemy eventually had to use many hundreds of epicycles, and the Earth would not be exactly at the center of the circular deferents either, thus making the system extremely complicated. Ptolemy described the model in his thirteen-volume manuscript Hé mathématiké syntaxis (The Mathematical Treatise), which would leave his mark on the development of astronomy for over a thousand years.


Ptolemy’s work gives a complete overview of astronomical knowledge in his time, including Hipparchus’s star catalog, and was used in the early Middle Ages by Arab astronomers, who called it al-Kitab al-Madjisti (“the greatest book”). Later this name was corrupted into Almagest, by which the book is known to this day.
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LOOPING ORBITS His epicycle model allowed Ptolemy to explain the looping motions of the planets.










HIPPARCHUS CLASSIFIED THE STARS INTO DIFFERENT ORDERS OF MAGNITUDE ACCORDING TO THEIR BRIGHTNESS. THIS MAGNITUDE SYSTEM IS STILL BEING USED (SEE HERE).
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ASTRONOMY IN THE ARAB WORLD Persian manuscript of Al-Sufi depicting the constellation Sagittarius.








ARABIAN NIGHTS


Greek ideas about the universe spread to India, thanks to the campaigns of Alexander the Great in the fourth century BC, and reached the Arab world in this roundabout way in the eighth century. Court astronomers were appointed by Turkish sultans and Arab caliphs in their palaces, where they made accurate observations of the night sky to provide better astrological predictions. From the eighth to the twelfth century, the Arab empire was the scientific center of the world.
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ISLAMIC OBSERVATORY Russian commemorative postage stamp depicting Ulugh Beigh and his observatory.








The Persians and Arabs developed instruments to record star positions, such as the astrolabe. Muhammad ibn Jabir ibn Sinan Abu Abdallah al-Battani (also known as al-Battani or Albategnius, 858–929) used a more accurate and comprehensive method to ensure precision measurements of the length of the year and of the astronomical seasons. A younger contemporary of al-Battani, Abd al-Rahman ibn Umar (903–986), was the first to discover nebulous spots and variable stars in the sky. He was known in history as al-Sufi (“the sage”). One of the greatest Islamic astronomers was Ulugh Beigh (1394–1449), who built an observatory in Samarkand, present-day Uzbekistan, which was where, for the first time after Ptolemy, he determined the positions and brightness of hundreds of stars. Parts of Ulugh Beigh’s observatory still exist today.


Thanks to the mathematical interest of astronomers in the Middle East, astronomy gradually turned from a geometric activity into a mathematical science. They compiled comprehensive tables for deriving planetary positions. The most famous are the Alfonsine Tables, named after King Alfonso X of Castile (1221–1284), who reigned in the former Arab Toledo. These tables remained in use by European astronomers until the sixteenth century.
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VENUS CALENDAR Ancient manuscripts show that the Mayan calendar was based on the motions of Venus.
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FLYING SERPENT The pyramid of Chichén Itzá was dedicated to the flying serpent god Quetzalcoatl, the personification of Venus.








MAYAN ASTRONOMY


While Arab astronomers in the Ancient World laid the foundations for today’s astronomy, the ancient Maya closely watched their night sky on the other side of the Atlantic Ocean. Sadly, the Mayan civilization was destroyed by the invasion of the Spanish Conquistadores in the early sixteenth century. Some writings survived, however, and when the colorful hieroglyphs were deciphered in 1960, we learned that the Mayan culture was steeped in astronomy.


In the Mayan worldview, four jaguars held up the sky. They called the Milky Way the “World Tree,” with its brilliant glow so clearly visible in Central America, and the Pleiades star cluster was known as the tail of the rattlesnake. The Mayan calendar even marks the times when the Sun moves exactly through the zenith (the point directly overhead). An ancient Mayan ball game, sometimes known as Pok-A-Tok or Pitz, was inspired by night sky phenomena.


It is not surprising that the bright planet Venus was considered the main celestial body, seen by the Maya as the personification of Quetzalcoatl, the flying serpent god. The visibility cycle of Venus, with a short period of 584 days and a long period of 2,920 days, determined the Mayan calendar. The famous pyramid of Chichén Itzá was dedicated to Quetzalcoatl. It was where human sacrifices to the gods were made regularly.


Other Central American peoples, such as the Aztec in Mexico and the Inca in Peru, also took a keen interest in the night sky, but their knowledge of celestial bodies in the New World did not surpass that of the Maya, the inhabitants of today’s Yucatán, Guatemala, and Belize. They did not influence the development of astronomy in later times.




MANY NAMES OF STARS, SUCH AS BETELGEUSE, ALDEBARAN, AND FOMALHAUT, HAVE ARABIC ORIGINS.


MANY NATIVE SOUTH AMERICAN TRIBES RECOGNIZED “DARK CONSTELLATIONS,” THE QUIRKY COSMIC CLOUDS OF DUST WITHIN THE BRIGHT BAND OF THE MILKY WAY.
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COSMIC COMPROMISE According to Tycho Brahe, the planets did revolve around the Sun, yet meanwhile the Sun revolved around the Earth.
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MOVING EARTH According to Copernicus, the Earth orbits the Sun like the other planets.
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VIEWING TIP Anyone who wants to outperform Copernicus should observe the small planet Mercury (see here). Copernicus never saw this planet.





THE COPERNICAN REVOLUTION


Polish canon Mikołaj Kopernigk (1473–1543) fully rejected the geocentric worldview of the Greeks. Nicolaus Copernicus, as he called himself, studied theology and astronomy at the universities of Cracow, Bologna, and Padua, and was probably aware of Aristarchus’s ancient suggestion that not the Earth but the Sun was the center of the universe.


Copernicus is widely regarded as the founder of the heliocentric worldview (helios is Greek for “sun”). He still believed in circular orbits and uniform motions, however, and even the Copernican model had many dozen epicycles. Copernicus was also convinced that all stars would be at equal distance from the Sun, well outside the orbit of the planet Saturn.
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SUNNY CENTER Page from Copernicus’s book De Revolutionibus Orbium Coelestium.








REVOLUTIONS


Around 1530, Copernicus recorded his ideas in a voluminous tome entitled De Revolutionibus Orbium Coelestium (On the Revolutions of the Heavenly Bodies). However, he delayed its publication for a long time, fearing criticism from the Church. After all, wasn’t Copernicus placing sinful man’s dwelling place on an equal level with the divinely perfect heavenly bodies by promoting sublunary Earth to a planet in orbit around the Sun? Moreover, according to religious leaders in Rome, the Sun—symbol of Christ—had no place in the deep core of the cosmos, where the underworld was traditionally located.


The “Revolutions” finally saw the light of day in 1543—the year in which Copernicus died. It is said that the astronomer was presented with the first copy on his deathbed. He was shocked to see that his publisher had written a foreword of his own accord, suggesting that the heliocentric worldview should be seen primarily as a mathematical model rather than a physical reality. In 1616, the Church added Copernicus’s book to the index of forbidden books.


FOLLOWERS


The sixteenth century was the century of scientific revolutions. Explorers set out in droves across the oceans; Andreas Vesalius (1514–1564) published the first atlas of human anatomy, and Copernicus broke with Aristotle’s spherical model, which was over eighteen centuries old. Most European astronomers embraced the heliocentric worldview, and in England, Thomas Digges (1546–1595) was among the first to suggest that the “fixed stars” might be scattered across an infinitely vast space.


Yet there were also astronomers who found the Copernican worldview a bit too revolutionary. The great Danish observer Tycho Brahe (1546–1601), who built a large observatory on the island of Ven in the Sound of Denmark, was prepared to believe that Mercury, Venus, Mars, Jupiter, and Saturn orbited the Sun, but he insisted on the central position of the Earth and claimed that the Sun—and all the planets—orbited the Earth. Tycho’s curious worldview, however, did not attract many followers, if any.
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REVOLUTIONARY INSIGHT Nicolaus Copernicus is the founder of the heliocentric worldview.










COPERNICUS MOST LIKELY HAD A RELATIONSHIP WITH HIS HOUSEKEEPER ANNA SCHILLING. IT IS NOT KNOWN IF ANNA WAS ONE OF THE AUTHOR’S ANCESTORS.
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CELESTIAL LAW BOOK Johannes Kepler drafted the laws of planetary motion.
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MYSTICAL COSMOS Kepler believed that the structure of the solar system is based on the five regular polyhedra.








KEPLER’S LAWS


One of Copernicus’s greatest supporters was the German astronomer and mathematician Johannes Kepler (1571–1630). Kepler was Tycho Brahe’s assistant and was appointed court mathematician to Emperor Rudolf II in Prague after Brahe’s death in 1601. Kepler laid the foundation of modern astronomy with his laws of planetary motion.


Based on Tycho’s accurate observations of Mars, Kepler discovered that the planets do not trace circular orbits but elliptical orbits. The Sun is not at the center of the elliptical orbit but at one of its foci (first law). Kepler also discovered that a planet’s orbital velocity is variable: When the distance from the Sun is greater than average, the planet moves more slowly. However, the connecting line between Sun and planet (called the feed radius) covers equal areas in equal times (second law).


Kepler published his first two laws in 1609, in Astronomia Nova. Ten years later his book Harmonice Mundi appeared, in which he formulated his third law: The third powers of the semimajor axes of the planetary orbits relate as the squares of their orbital periods. This law made it possible to draw an accurate map of the solar system for the first time.


Not only was Kepler a great mathematician, but he was also a mystic. In 1596 he published his theory that the structure of the solar system is based on the geometry of the five regular polyhedra. While working for Emperor Rudolf II he regularly drew horoscopes. Later in life, Kepler wrote a fantasy book about a trip to the Moon and improved the design of the Dutch telescope—the primitive telescope invented in Middelburg in the late sixteenth century.
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STRETCHED CIRCLE The planets orbit the Sun in elliptical paths. The Sun is in one of the foci.
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UNIVERSAL GRAVITY Pages from Newton’s Principia, explaining the Laws of Motion.








GALILEO AND NEWTON


Copernicus and Kepler still based their astronomical ideas partly on philosophical arguments. Galileo and Newton’s work put a stop to these ideas. Galileo can be considered the founder of modern natural science based on observations; Newton laid the mathematical foundation of astronomy.


Galileo Galilei (1564–1642) is most famous for being the first to use a telescope to study the universe (see here). His observations, including those of the phases of Venus and the moons of Jupiter, helped him prove Copernicus right. He also conducted pioneering experimental research on the motion of pendulums and falling objects; because of his belief in the heliocentric worldview, however, he was sentenced to house arrest by the Church.


Kepler’s laws and Galileo’s experiments formed the basis of the revolutionary work of the English genius Isaac Newton (1642–1727). In his masterpiece Philosophiae Naturalis Principia Mathematica (Mathematical Principles of Natural Philosophy) in 1687 Newton published his universal theory of gravity, one of the main pillars of modern astronomy.


Newton also ended the artificial division between the sublunary and the superlunary: the same laws of nature that apply on Earth apply in the universe. He also discovered that white sunlight consists of different colors, laying the foundation for spectroscopy (see here). Furthermore, he designed the first reflecting telescope and developed ideas about the infinity of the universe.
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ENGLISH GENIUS Isaac Newton (left) laid the mathematical foundations behind the discoveries of Galileo Galilei (right).










KEPLER THOUGHT THE STAR OF BETHLEHEM WAS A SUPERNOVA LIKE THE ONE HE HAD SEEN IN 1604.


IN HIS OLD AGE NEWTON SUFFERED PARANOIA, BECAUSE OF MERCURY POISONING DUE TO HIS ALCHEMICAL EXPERIMENTS.
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CONTEMPORARY LOOK The James Webb Space Telescope provides unprecedentedly detailed images of the most distant galaxies in the universe.








THE DEVELOPMENT OF MODERN ASTRONOMY


Thanks to the development of ever larger and improved observational instruments, astronomers’ understanding of the universe grew in the eighteenth and nineteenth centuries. New planets, moons, asteroids, and comets were discovered in the solar system, and great observers such as William Herschel (1738–1822) compiled catalogs of thousands of binary stars, variable stars, and nebulae.


Astrometry (the accurate recording of the positions and motions of celestial bodies) made it possible to measure the proper motions of stars in the sky and determine the distances to nearby stars. Those measurements eventually formed the basis for the study of the Milky Way Galaxy, which includes our Sun.


Another development of great importance to astronomy was photography and spectroscopy. Long-exposure images show extremely faint objects, and the spectroscopic examination of a celestial body’s light provides information about its motion and chemical composition.


BROADENING THE VIEW


Major breakthroughs in the first half of the twentieth century were the discovery of the true nature of the countless spiral nebulae in the night sky, of the expansion of the universe, and of the energy source of stars. Not until the mid-twentieth century did astrophysics (the physics of stars) and cosmology (the study of the universe as a whole) reach maturity.


The second half of the twentieth century saw two more profound developments that greatly expanded astronomers’ horizons, both literally and figuratively. The first revolution was opening up the electromagnetic spectrum: New instruments and detectors made it possible to study invisible radiation from the cosmos, such as radio waves, infrared light, ultraviolet radiation, and X-rays.


Equally significant was the rise of space travel, which made it possible to take instruments beyond the Earth’s atmosphere and even visit celestial bodies in our own solar system. Although large telescopes on Earth are still indispensable, space research has become an integral part of astronomy.
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FUTURISTIC VISION American astronomers plan to build a 98.5 ft. (30-m) telescope.
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PLUTO-BOUND Space travel enables visits to other celestial bodies. The New Horizons space probe is heading for Pluto.








ASTRONOMY IN THE TWENTY-FIRST CENTURY


As in many other fields of science, the advent of computers has had an unimaginable impact on astronomy. The impact has been threefold. First, advanced computer techniques have made it possible to build much larger and more sensitive instruments. Work is currently underway to build telescopes with mirror diameters of dozens of meters, using super-fast computer control to compensate for annoying vibrations in the Earth’s atmosphere.


Second, the vast computing power and storage capacity of today’s computers also allow us to catalog and analyze massive amounts of observational data. Astronomers have thus built “virtual observatories” in which many millions of gigabytes of information are stored for further research. Finally, the computer is an indispensable tool for theorists. Astronomers may perform computer simulations of the formation of superclusters, or the collision of two galaxies, or the supernova explosions of massive stars to improve our understanding of the structure and evolution of stars, galaxies, and the entire universe. By comparing the results of such simulations to observed reality they will be able to uncover the true nature of the cosmos.




MODERN ASTRONOMERS SPEND MORE TIME AT THEIR COMPUTER SCREENS THAN OBSERVING STARS IN THE NIGHT SKY. THEY MAY JUST KNOW WHERE TO LOCATE THE GREAT BEAR.


















CHAPTER 2



TELESCOPES
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CELESTIAL VIEW The European Very Large Telescope in Chile is the most powerful observatory in the world.
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VIEWING TIP Any ordinary pair of binoculars with a magnification of about ten times will show as much as Galileo’s first telescopes. But don’t use them to look at the Sun!





THE INVENTION OF THE TELESCOPE


The telescope (Greek tēle = “far” and skopein = “looking at”) is undoubtedly the most important instrument in astronomy. A telescope makes it possible to study faint objects and discern small details. And yet the first telescope was not built until over 400 years ago. Until then, the “naked eye” was the only tool to make any observation. Consequently, after the invention of the telescope, astronomy saw incredible developments, and the end is not yet in sight.


Already in the thirteenth century, the Franciscan monk Roger Bacon (1210–1294) was doing research in England on refraction and deflection of light through ground lenses and mirrors. Not much later, the first lenses were cut in Italy. Yet it wasn’t until the sixteenth century that it was discovered that a combination of lenses or curved mirrors could bring distant objects “closer.” One of the first to publish these findings was the Englishman Leonard Digges (c. 1520–1559); he may also have built the first real telescopes.


The invention of the telescope, around the year 1600, has been attributed to Hans Lipperhey (c. 1570–1619), from Middelburg in the Netherlands, who ground glass lenses and was the first to apply to the States General for a patent on his invention in 1608. His colleague and fellow townsman Zacharias Jansen (1580–1638) had probably built a working telescope a few years earlier, and Jacob Metius (c. 1572–1628) from Alkmaar (the Netherlands) also applied for a patent on the invention. Because of this confusion, the applications were not granted.
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INVENTOR WANTED Who invented the telescope: Hans Lipperhey (left) or Zacharias Jansen?








The Dutch were particularly interested in the military application of their “scope to see far.” A telescope meant they could see hostile ships or troops approaching from a great distance.


GALILEO’S DISCOVERIES


Italian naturalist and astronomer Galileo Galilei was one of the first to point a telescope at the night sky. Galileo read about the Dutch invention in a letter from a French colleague. Based on the little information he had, he was able to build himself a much-improved telescope compared to the first scopes designed by Jansen, Lipperhey, and Metius. Some of Galileo’s original telescopes are on display at the History of Science Museum in Florence.


On November 30, 1609, Galileo made his first telescopic observations of the Moon, four months after Englishman Thomas Harriot. Galileo’s lunar drawings show light and dark spots, craters, and mountains. In January 1610, he observed the planet Jupiter and discovered four small moons moving around it, which was the first piece of evidence that not everything in the universe revolves around the Earth. Even today the four major Jupiter moons are still called the Galilean moons (see here).


Galileo also discovered numerous faint stars in the Milky Way through his telescope; he observed that the Seven Sisters consists of more than seven stars; and he saw curious “protrusions” on the planet Saturn—the true nature of Saturn’s ring was not discovered until 1656 by Christiaan Huygens. Galileo’s observations of the lunar-like phases of the planet Venus were a firm confirmation of Copernicus’s heliocentric worldview.
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OPTICAL REVOLUTION Two of Galileo Galilei’s small telescopes through which he viewed the night sky for the first time.








In 1611, Galileo also used his telescope for observation of the Sun. On the bright solar surface, he discovered dark spots—which also undermined the supposed divine perfection of the heavenly bodies. However, church leaders were not convinced by the images seen through the evil instrument. Partly due to his solar observations, Galileo went blind toward the end of his life.




IT IS SAID THAT THE PRINCIPLE OF THE TELESCOPE WAS DISCOVERED BY CHANCE BY ZACHARIAS JANSEN’S SON, WHILE HE WAS PLAYING WITH LENSES.
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COSMIC REFLECTIONS The reflecting telescope was invented by Isaac Newton in 1668.








IMPROVEMENTS TO THE TELESCOPE


The original “Dutch scope” has a convex objective (the main lens of the scope) and a concave eyepiece (the eye lens). This type of scope has many annoying imaging errors. Johannes Kepler designed the so-called astronomical telescope, equipped with a convex objective as well as a convex eyepiece. Although this scope unfortunately shows the image upside down, the image quality is much better.


In the mid-seventeenth century, Dutch physicist Christiaan Huygens (1629–1695) and his brother Constantijn built large telescopes with incredibly long focal lengths, which gave them high magnifications. These “aerial telescopes” had no tube: the objective had moving parts and was placed on a high pole, with the eyepiece connected by a stick or a rope. Huygens discovered spots on Mars, the Orion Nebula, and the true nature of Saturn’s ring.


The Polish brewer Johannes Hevelius (1611–1687) from Gdansk also built large telescopes, which he used mainly to study the Moon, Sun, and comets. He published his detailed lunar maps in 1647 in Selenographia (“Moon Description”). Hevelius was an amateur astronomer who was held in high regard by the astronomers of his day. He was even invited to be the director of the Paris Observatory, a position he declined.
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TUBELESS TELESCOPE Christiaan Huygens built “aerial telescopes,” whose objectives were mounted on a high pole.








All single-lens telescopes exhibit annoying color shifting (chromatic aberration) because the refractive angle of a light beam depends on its wavelength. As a result, stars look like tiny rainbows. The reflecting (mirror-based) telescope, invented by Isaac Newton in 1668, does not have this problem. Moreover, reflecting telescopes have a shorter build and usually produce brighter images than refracting (lens-based) telescopes. All large professional telescopes are reflectors because large mirrors are easier to build than large lenses.






[image: image]

MUSICAL ASTRONOMER William Herschel, the discoverer of the planet Uranus, was a musician by profession.
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VIEWING TIP Binoculars and an astronomical yearbook will help you locate the planet Uranus in the night sky (see here).
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WOODEN SCAFFOLDING Herschel’s large telescopes were suspended from ropes and pulleys.








HERSCHEL’S GIANT TELESCOPES


One of the greatest observers of the eighteenth century was William Herschel (1738–1822). Herschel was born in Hanover, Germany, but moved to England in 1757, where he worked as a musician and organist. In his spare time, he built telescopes, and he made meticulous observations of binary stars and nebulae with his sister Caroline (1750–1848).


On March 13, 1781, Herschel, used a relatively small self-built telescope and discovered a new planet in the constellation Gemini, eventually called Uranus. King George III, who had a keen interest in astronomy, subsequently appointed him court astronomer. Later, Herschel also discovered the Uranian moons Titania and Oberon (1787) and the Saturnian moons Mimas and Enceladus (1789).


Herschel built the best reflecting telescopes of his time. They were large, long tubes, suspended from ropes and pulleys in wooden scaffolding. His first large telescope had a mirror diameter of 2 ft. (60 cm) and a focal length of over 19.5 ft. (6 m). He also built a telescope twice as large, with a mirror diameter of 4 ft. (120 cm) and a focal length of almost 40 ft. (12 m). It was not very practical in use, as it required two assistants to keep the scope aimed at a particular celestial body.


Despite poor weather conditions in England, Herschel discovered and cataloged thousands of stars, binary stars, star clusters, and nebulae. He deduced from his star counts that the Sun must be in a flattened system of numerous stars—the Milky Way Galaxy. His son John (1792–1871) moved to South Africa in 1834, where he continued his father’s work on stars in the southern night sky.




THE FIRST REFLECTOR TELESCOPES DID NOT HAVE MIRRORS MADE OF GLASS, BUT OF POLISHED BRONZE OR COPPER.


GEORGIUM SIDUS (“GEORGE’S STAR”) WAS THE NAME HERSCHEL GAVE TO THE NEW PLANET HE DISCOVERED—A TRIBUTE TO KING GEORGE III.





BIGGER AND BIGGER


A big telescope is better than a small one. Not because its magnification levels would be higher (even a small telescope allows you to use very high magnifications), but because it shows fainter objects and smaller details. A large lens or mirror collects more starlight in the focal point, and thus brings fainter stars into focus. But at least as important is the resolving power of a telescope—a measure of the smallest details visible, which is directly proportional to the diameter of the objective.


William Parsons (Lord Rosse, 1800–1867), an Irish earl, built a reflecting telescope with an objective diameter of 6 ft. (183 cm) at his Birr Castle estate in the mid-nineteenth century. The telescope, nicknamed the Leviathan (“colossus”), continued to be the largest in the world for over 70 years, from 1845 to 1917. Parsons used it to discover the spiral structure of some nebulae. These “spiral nebulae” are now known to be galaxies like our own Milky Way Galaxy, at distances of tens of millions of light-years.


Large lens-based telescopes (refractors) continued to be built during the nineteenth century. A carefully ground lens usually yields better image quality than a polished metal mirror, allowing stronger magnifications to be applied even though the objective diameter is often relatively small. The largest refractor ever built was installed at the Yerkes Observatory in Williams Bay, Wisconsin, near Chicago in 1897. The lens diameter was 40 in. (102 cm). It is almost impossible to grind larger lenses (in a lens, the entire glass body must be free of impurities), let alone to mount one: Because starlight must pass unimpeded, the lens can only be supported at its edge.
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MAXIMUM DIAMETER The Yerkes Observatory’s 40-in. (102-cm) lens telescope was the largest ever built.
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IRISH MONSTER William Parsons’s 6 ft. (183-cm) telescope was the largest in the world for more than 70 years.
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GRACEFUL COLOSSUS The Hale telescope on Palomar Mountain, California, has a mirror diameter of 200 in. (5 m).
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HEAVENLY ARTILLERY The Hooker telescope enabled the discovery of the expansion of the universe.








MONEYLENDERS


The Yerkes Observatory is named after American businessman Charles Yerkes, who facilitated the construction of the observatory. Later, the first director of the Yerkes Observatory, George Ellery Hale (1868–1938), managed to enthuse other wealthy industrialists about astronomy. In 1904, he founded the Mount Wilson Observatory in the San Gabriel Mountains north of Los Angeles, where a reflector with a diameter of 60 in. (1.5 m) had become operational in 1908. A donation from businessman John Hooker made it possible for Hale to have a 100-in. (2.5-m) telescope built on Mount Wilson, which began its operation in 1917. This Hooker Telescope—the first to successfully compete with Lord Rosse’s Leviathan—helped Edwin Hubble discover the true nature of galaxies and the expansion of the universe.


Immediately after completion of the Hooker Telescope, Hale had new plans to build an even larger instrument, with a mirror diameter of 200 in. (5 m). It could not be set up on Mount Wilson due to increasing and heavy light pollution in Los Angeles, so it was placed on Palomar Mountain, northeast of San Diego. The Rockefeller Foundation helped Hale raise the necessary money. After years of work on the giant mirror, the colossal telescope dome, and its impressive mount, the monster telescope was officially inaugurated in the summer of 1948. The instrument was named the Hale Telescope, after its originator, who had died 10 years earlier.


In the second half of the twentieth century, several reflectors were built with an objective diameter of 120 to 160 in. (3 to 4 m). The Hale Telescope’s record was not broken until 1976, when Russian astronomers commissioned a telescope with a mirror diameter of 236 in. (6 m) on Semirodriki Mountain in the Caucasus, near the town of Zelenchukskaya. The latter, however, continually suffered from technical problems. For the construction of true giant telescopes, new technological developments were indispensable.




NOT UNTIL THE LATE NINETEENTH CENTURY DID ASTRONOMERS DISCOVER THAT LARGE TELESCOPES WERE BEST PLACED ON HIGH MOUNTAINTOPS, WHERE THE AIR DOES NOT VIBRATE AS MUCH.
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STAR WARS Adaptive optics use laser beams to create artificial stars to obtain measurements of atmospheric vibrations.
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THIN MIRROR The 26-ft. (8-m) mirrors of the European Very Large Telescope are only 8 in. (20 cm) thick.








NEW TECHNOLOGIES


Due to the Earth’s rotation, a telescope needs to be adjustable to keep a star in view, which is best achieved by using an equatorial mount, with one axis of rotation parallel to the Earth’s axis. The telescope can then be rotated around a single axis at a constant speed. Obviously, such a mount is large, heavy, and expensive. The Russian 236-in. (6-m) telescope was therefore given an alt-azimuth mount with a vertical and a horizontal axis of rotation, which is cheaper and more compact. Even the telescopic housing is smaller and therefore less expensive. Although the telescope now rotates around two axes simultaneously (and at varying speeds), this is not a problem, thanks to computer control. All large telescopes today have this kind of alt-azimuth mount.


An additional development that has enabled the construction of large telescopes is the use of the “meniscus mirror.” Telescope mirrors must be curved like a shaving mirror to focus starlight into a focal point. In the past, the curved surface consisted of a disk of thick glass that had been ground and polished and made the resulting mirror extremely heavy. Today, large rotary kilns are used to make a thin, curved mirror shell, similar in shape to a contact lens or a meniscus. Because the mirror is much lighter, the telescope mount need not be as heavy, which makes it cheaper.


Some modern telescope mirrors have a diameter of 26 ft. (8 m), but no part is thicker than 8 in. (20 cm). One problem with these lightweight, thin mirrors is that they do not keep their shape. They bend easily if affected by wind, fluctuating temperatures, or gravity. Active optics, however, nullify this distortion, and many dozen computer-controlled, movable support points under the mirror provide sufficient counter-pressure in the right places to ensure the required accuracy of shape.
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NEW GENERATION In the European New Technology Telescope, a variety of new telescope techniques were being tested for the first time.
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IO’S VOLCANOES Thanks to adaptive optics (AO), the Keck Telescope can see volcanoes on the Jovian moon Io. [L to R: Without AO; with AO]; and a photo of Io by the space probe Galileo.








CONTROLLING THE ATMOSPHERE


Today, all large telescopes are equipped with adaptive optics (AO). They nullify the influence of atmospheric vibrations, which blur the image and make the very smallest details no longer visible. The image distortions are measured hundreds of times per second, and a small, deformable mirror located near the focal point in the telescope’s light path is constantly adjusted appropriately to restore image sharpness. Adaptive optics are complicated and expensive, but they allow us to see as clearly through a ground-based telescope as a space-based telescope.


Telescope mirrors larger than about 28 ft. (8.5 m) can no longer be made in one piece. Instead, astronomers use segmented mirrors consisting of dozens of hexagonal elements. Completed in 1992, the Keck Telescope on Mauna Kea, Hawaii, was the first large telescope with a segmented mirror. Its mirror diameter is 33 ft. (10 m). The planned European Extremely Large Telescope (ELT) will also have a segmented mirror.


Interferometry is another revolutionary technique.


Two or more telescopes are interconnected at dozens of meters, and the captured light waves are joined together with extreme precision, producing an unimaginably high image sharpness that would normally only be achieved with a mirror as large as the distance between the cooperating telescopes. Interferometry has been used for many years in radio astronomy (see here), but in optical astronomy, this promising technique has only just grown out of its infancy.




ADAPTIVE OPTICS ARE ALSO USED BY OPHTHALMOLOGISTS TO PRODUCE SHARP PICTURES OF THE RETINA DESPITE IMAGE DISTORTIONS BY THE VITREOUS BODY.
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SEGMENTED MIRROR The 33-ft. (10-m) mirror of the Gran Telescopio Canarias consists of thirty-six hexagonal segments.








LARGE GROUND-BASED TELESCOPES


As of 2023, there are fourteen telescopes in operation with a mirror diameter of more than 26 ft. (8 m). The largest is the Gran Telescopio Canarias (GTC) on La Palma, with a mirror diameter of 34 ft. (10.4 m). Then there are the two identical Californian Keck telescopes (33 ft./10 m) on Mauna Kea, a 2.5-mile-high (4,200-meter) volcanic summit in Hawaii. They are named after oil magnate William Keck, who financed their construction, and have segmented mirrors like the GTC. For several years, they have also been used occasionally as an interferometer with a diameter of 330 ft. (100 m).


The Large Binocular Telescope in Arizona is an interferometer with two single mirrors, each with a diameter of 27.5 ft. (8.4 m). The four 27-ft. (8.2-m) telescopes that make up the European Very Large Telescope (VLT) in Chile were also designed to serve as interferometers. The names of the four telescopes (see table) are taken from a Chilean Indigenous language; they mean “sun,” “moon,” “Southern Cross,” and “Sirius.”


Apart from the Keck telescopes and a host of smaller instruments, Mauna Kea is also home to the Japanese Subaru Telescope 27 ft. (8.2 m) and the international Gemini North Telescope 26.5 ft. (8.1 m), which in turn is identical to the Gemini South Telescope on Cerro Pachón in Chile.


Two special telescopes are the Hobby-Eberly Telescope in Texas, and the nearly identical Southern African Large Telescope in South Africa. Both have large segmented mirrors (36 ft./11 m wide), but due to the odd construction of the relatively inexpensive instruments, the effective diameter is slightly smaller. Moreover, they cannot be aimed at just any point in the sky, and they are not optimized for taking highly detailed images.


THE LARGEST MIRRORS IN THE WORLD






	Telescope

	Diameter

	Location






	Gran Telescopio Canarias (GTC)

	34 ft. (10.4 m)

	La Palma, Canary Islands






	Keck I

	33 ft. (10 m)

	Mauna Kea, Hawaii






	Keck II

	33 ft. (10 m)

	Mauna Kea, Hawaii






	Hobby-Eberly Telescope

	33 ft. (10 m, effective)

	Mt. Fowlkes, Texas






	Southern African Large Telescope

	30 ft. (9 m, effective)

	Sutherland, South Africa






	Large Binocular Telescope (2×)

	27.5 ft. (8.4 m)

	Mt. Graham, Arizona






	Subaru Telescope

	27 ft. (8.2 m)

	Mauna Kea, Hawaii






	Antu (VLT Unit Telescope 1)

	27 ft. (8.2 m)

	Cerro Paranal, Chile






	Kueyen (VLT UT 2)

	27 ft. (8.2 m)

	Cerro Paranal, Chile






	Melipal (VLT UT 3)

	27 ft. (8.2 m)

	Cerro Paranal, Chili






	Yepun (VLT UT 4)

	27 ft. (8.2 m)

	Cerro Paranal, Chile






	Gillett Telescope (Gemini North)

	26.5 ft. (8.1 m)

	Mauna Kea, Hawaii






	Gemini South

	26.5 ft. (8.1 m)

	Cerro Pachón, Chile
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HUBBLE’S SUCCESSOR The James Webb Space Telescope, with a 256 in. (6.5-m) mirror, was launched in December 2021.
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