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			Introduction

			No one is certain who built the first telescope, but we do know who first used it to systematically study the heavens. Sometime around the beginning of the 1600s, reports of a magical tube that had the power to bring distant objects closer began to circulate throughout Europe. Galileo Galilei, a professor of mathematics at the University of Padua, caught word of this curious device during the summer of 1609 and immediately knew he had to have one. Details of its construction were not clear, but Galileo was able to figure out a way to make an instrument that did just what the reports claimed. “First I prepared a tube of lead, at the ends of which I fitted two glass lenses, both plane on one side while on the other side one was spherically convex and the other concave.” Looking through the tube, Galileo satisfied himself that distant objects really did seem larger and more distinct. “Finally, sparing neither labor nor expense, I succeeded in constructing for myself so excellent an instrument that objects seen by means of it appeared nearly one thousand times larger and over thirty times closer than when regarded with our natural vision.”1

			In the fall of 1609, Galileo turned his new perspicillum skyward—the word telescope was not yet in common use, and Galileo’s name for it simply denoted a spyglass or seeing device—and what we knew about the Universe changed overnight. For instance, the Moon, which scholars at the time believed was smooth, uniform, and perfectly spherical, surprisingly revealed a surface that was “uneven, rough, and full of cavities and prominences, being not unlike the face of the earth, relieved by chains of mountains and deep valleys.”2 The Milky Way, thought to be an unbroken cloud of light, resolved itself into a myriad of stars in the farseeing glass. Galileo’s consciousness was jolted by the realization that the Moon and the Earth were two of many worlds in a vast cosmos.

			Four hundred years after Galileo, telescopes hundreds of times the diameter of Galileo’s crude perspicillum probe the depths of an expanding Universe each night, while spacecraft send back digital images of the heavens seen in infrared and X-rays, types of radiation Galileo never dreamed of. The surface of the Moon now bears the footprints of American astronauts, and lunar geology is a well-developed science. The revolution in understanding the cosmos that started with Galileo has resulted in an ever-accelerating series of discoveries.

			To commemorate the 400th anniversary of Galileo’s momentous observations, the International Astronomical Union, a global association of research astronomers, declared 2009 the International Year of Astronomy, to mark the monumental leap forward that followed Galileo’s first use of the telescope for astronomical observations, and portray astronomy as a peaceful global scientific endeavour that unites astronomers in an international, multicultural family of scientists working together to find answers to some of the

			mark the monumental leap forward that followed Galileo’s first use of the telescope for astronomical observations, and portray astronomy as a peaceful global scientific endeavour that unites astronomers in an international, multicultural family of scientists working together to find answers to some of the most fundamental questions that humankind has ever asked.3

			As members of this community of astronomers, we welcome this opportunity to open our “family” album and examine how Galileo’s first indistinct glimpses into space compare with the unbounded cosmos that we study today. Rather than compiling an exhaustive history of the past four centuries—which could easily run into multiple volumes—we have chosen to jump back and forth between the perspective of Galileo’s seventeenth-century natural philosophy and the perspective of our twenty-first-century astrophysics so that readers can appreciate better both the profound novelty of the first steps Galileo took and the great distance we have traveled since then. We want to demonstrate the genius of Galileo and, at the same time, highlight the dazzling changes that have resulted from 400 years of progress in astronomy.

			Accordingly, each chapter in this book has two parts: first a description of what Galileo and his contemporaries knew (or thought they knew) about a particular celestial object—like Jupiter or the Moon—followed by a review of current astronomical knowledge on the same subject.

			It has been said that the more things change, the more they stay the same. That may be true in some realms of human endeavor, but itis seldom true for science. Healthy science is always finding answers to old problems while continuously moving forward along new lines of inquiry. Though some of the questions Galileo faced still puzzle us today, the overall path of scientific development in the past four centuries has been to fill in gaps in knowledge and push our vision outward to the edges of the Universe.

			Admittedly, if he were around today, Galileo might find that many human foibles have not altered much in 400 years. Public acceptance for scientific discoveries, in some quarters at least, is still granted only grudgingly, especially when the implications of those discoveries run counter to some political or religious orthodoxy. In Galileo’s time, such troublesome findings were suppressed by bans on speech and writing, and sometimes through corporal or capital punishment. Though we have no Inquisition in the twenty-first century, political appointees and agency “public affairs officers” still threaten government-funded scientists, discouraging speech, testimony, and publication about perceived “sensitive” subjects like global warming. Interest groups sometimes interfere with effective communication of discoveries on topics ranging from stem cell research to the Big Bang theory. Conservative schoolboards require that disclaimers of evolution be placed in biology texts, echoing the Catholic Church’s mandate of 1616 that Galileo refer to the Copernican system only as “mere theory.” Just as the Inquisition relied on obsolete writings of Greek philosophers to criticize the unconventional findings of Renaissance scientists, contemporary antiscience polemicists cite outdated research and misapplied statistics to oppose scientific positions that they find displeasing.

			Nonetheless, we are sure that Galileo would applaud the high degree of public and private support for scientific research in the modern world, just as he would delight at the expanding vistas that we of the twenty-first century enjoy. We share this delight, but even though we know much more than Galileo could have imagined about the Universe, we also marvel at the pioneering work he did four centuries ago. To celebrate the findings of the giant telescopes that scan the heavens today is to honor the seventeenth-century genius who pointed the way.

			

			
				
					1	 Galilei, Galileo. Discoveries and Opinions of Galileo. Stillman Drake, trans, New York: Anchor, 1957. 29.
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			Chapter 1

			The Long View: Galileo’s Life and Legacy

			A Brief Biography of Galileo

			Galileo Galilei, the eldest son of Vincenzo Galilei, was born in Pisa in 1564. He might have been a musician had he followed in the footsteps of his father, an accomplished lute player and composer whose songs and instrumental works are still performed today. Or, had he the inclination, he might have been a doctor, the course of study he (or more likely his father) chose when he enrolled at the University of Pisa at the age of 17. In the end, however, it was the beauty of numbers and geometry that caught his fancy, especially insofar as they applied to the real world. While watching a chandelier in the Cathedral of Pisa, the story goes, young Galileo realized that the time it takes a pendulum of a certain length to swing back and for this unaffected by the amplitude or extent of the swing. It is said that he used his pulse to time the oscillations. Many years later, near the end of his life, Galileo was to design a clock based on the regularity of a swinging pendulum. (He was, in effect, the father of the grandfather clock.)

			Galileo found his vocation at the University of Pisa, but he never managed to complete his degree. It was not because of lack of motivation. The high cost of higher education is one of those things that hasn’t changed over the centuries, and since his father earned little money as a musician and had other children to support, the Galileis were unable to come up with the tuition. Failing to win a scholarship that might have kept him in school, Galileo moved back home, but he continued to observe the workings of nature, to tinker, and to write. He displayed such a sharp mind and such skill in devising and building mechanical instruments (his design for a precision balance was particularly elegant) that his work began to attract local attention. In 1589, Ferdinand de’ Medici, the Duke of Tuscany, was informed by an advisor that one of his subjects was not sufficiently rewarded for his talents. Ferdinand, who understood that inventive genius was as valuable as gold to a mercantile state, promptly arranged for Galileo’s appointment to the faculty of the University of Pisa as a lecturer in mathematics.

			Recognition of his abilities was all Galileo needed to make a mark in the world. Quick-witted and ambitious, he stayed in Pisa for only three years before he was offered the chair of mathematics at the University of Padua. It was a prestigious position, and Galileo, over the better part of the next two decades, did some of his most important scientific work there.

			The boundaries between professional disciplines in the late1500s were not as finely drawn as they are today. Though nominally professor of mathematics, Galileo’s research and teaching in Padua involved much of what we would today call engineering and physics. He invented a device for measuring temperature, the forerunner of the thermometer, and made extensive observations of the mathematical behavior of moving bodies, a field we now call kinematics. He also gave lectures in military engineering and, as an offshoot of these classes, devised a tool called the “geometric and military compass,” which was a sort of multipurpose slide rule and measuring device that saved time and effort in operating and targeting artillery. In the late 1590s, he wrote a manual describing the usefulness of his invention—his first published book—and established a profitable side-business manufacturing and selling the instruments.

			We regard Galileo as one of the founding fathers of modern astronomy, but he had done nothing but terrestrial physics and practical engineering up to this time. Still, it is clear that his interests were wide-ranging. He was aware of the controversial Sun-centered system of Copernicus, and he carried on correspondence with many other active scientists of his time, including Johannes Kepler. But it was not until 1609, when he constructed his first telescope, that he made any systematic observations of the heavens.

			Galileo’s first thoughts about the telescope, even then, were primarily of a practical nature. It would be a very useful tool for military men, he knew, since it would allow them to assess the activities of approaching ships and armies from a distance. As a skilled craftsman, he even entertained the thought of manufacturing and selling his telescopes, which were the best in Europe. After 18 years at Padua, he was tiring of teaching and frustrated at the limited remuneration it provided. On the other hand, he realized that the life of an instrument maker would tie him down more than the life of a professor.

			So Galileo, always creative, eagerly seized on another way to profit from the telescope. He presented one of his first instruments to the Venetian Senate, and in return was granted a request for an increased salary and what amounted to tenure—an assurance of a lifetime professorship at Padua. Had Galileo been satisfied with only financial security at this point, and had he not been curious about what his new instrument might reveal about the world around him, astronomers might not be celebrating his genius today.

			Late in 1609, however, Galileo began to look skyward with his telescope and to make discoveries that were to change both his life and the course of science. He saw mountains on the Moon, satellites of Jupiter, phases of Venus, and countless faint stars in the Milky Way—discoveries that form the organizing themes for the later chapters of this book. By early 1610, Galileo was ready to announce his discoveries to the world, in the form of a short book—little more than a pamphlet—titled Sidereus Nuncius, or the “The Starry Messenger.”

			Galileo’s book was slim, but its effect was profound. It quickly passed from reader to reader—the seventeenth-century version of mass-media coverage—and within a short time, the obscure professor of mathematics was a celebrity, not just in Tuscany, but throughout all of Europe. Less than five years after its publication, scholars in Peking were discussing its findings with interest: Jesuit missionaries had translated it into Chinese.

			More important to Galileo, the little book soon elicited an offer of patronage from a wealthy admirer. Galileo had dedicated the book to Cosimo de’ Medici, recent successor to Galileo’s old patron, Ferdinand, as ruler of Tuscany. With a nod to continued patronage, Galileo proposed to name the new satellites of Jupiter that he had discovered after the Medici family. Duke Cosimo, flattered and impressed, made Galileo the chief mathematician and philosopher to the Medicis in Florence, relieving Galileo of the teaching and administrative duties of the university and freeing him to write, correspond, and carry out observations and experiments.

			While Galileo’s fame was virtually immediate, acceptance of his discoveries was not. The telescope was the first optical instrument to reveal sights invisible to the naked eye, and its principles were only beginning to be understood in the early 1600s. (Galileo actually devised an early form of the microscope, too, but microscopes did not come into wide use for another 50 years.) Scientists are by nature skeptical of new claims, and some astronomers suggested that the things Galileo saw were illusions produced in the tube itself—a sort of magician’s trick. Others, using inferior instruments, were unable to see for themselves what Galileo had seen.

			Those who hesitated to accept Galileo, however, were not just exercising healthy skepticism. The implications of the new discoveries, as we describe in the chapters of this book, contrasted so sharply with accepted principles of physics and cherished theological beliefs, that it seemed almost heresy to embrace them without further investigation.

			Immediately following the publication of Sidereus Nuncius, Galileo sent telescopes around Europe so that others, using instruments of suitable quality, could view the sights he described with their own eyes. In 1611, he went to Rome and demonstrated the instrument to Jesuit mathematicians there. The visit was a great success, and Galileo was feted with feasts and honorific dinner speeches. He was made member of one of the first scientific organizations, the Accademia dei Lincei (“Academy of the Lynx-eyed”), a society of learned men who corresponded regularly about new discoveries and new ideas of the time. (Galileo was the sixth member of that select group.) It was during Galileo’s initiation into the Lincei that Greek poet and theologian John Demisiani lyrically referred to the new invention as a “telescope”—a far-seeing device—the name it has borne ever since.

			Galileo’s fame was assured, but ironically, his period of astronomical discovery was relatively short. Between 1610 and 1613, he carried on systematic observations of the heavens, making important discoveries about Venus, the Sun, and Saturn. But after that, he used the telescope only sporadically. In part, this was because he ran out of things to study. There were myriads of lights in the sky, but the ones he wrote about first were the easiest targets. The other planets—Mercury and Mars—and all of the stars, were featureless blobs of light, not much different through the telescope than to the unaided eye.

			By 1615, Galileo was past 50 years old, and he suffered increasingly from physical ailments. Yet his mind was as sharp as ever, and until his death in 1642, he was an active correspondent, polemicist, and writer. His observations with the telescope had convinced him of the absolute truth of Copernicus’s system, a Universe in which all the planets orbited the Sun. He presented the evidence for a Sun centered Universe with such clarity and forcefulness that he soon raised the hackles of more conservative clergy and academics, who held to the ancient belief that the Earth was the center of all creation. Galileo was beginning to be regarded as a threat to the established order, a dangerous state of affairs in the days of the Roman Inquisition.

			Aware of growing controversy, Galileo went to Rome in 1616 to try to rally support for his point of view. Though there was considerable respect for his intelligence and integrity among the Church fathers, Galileo was unable to prevail. Naturally argumentative, he did not suffer fools gladly, a trait he shared with his father, who had written (in a book on music theory): “It appears to me that those who try to prove an assertion by relying simply on the weight of authority act very absurdly.” Cardinal Robert Bellarmine, acting for the Inquisition, admonished Galileo that henceforth he was not to teach or to advocate the doctrine of a moving Earth or a Sun-centered Universe. Galileo left Rome overtly chastened and obedient, though in his heart he knew he was right.

			The injunction not to teach Copernicanism ultimately led Galileo into great difficulty with the Church, but despite his precarious position, Galileo managed to write three of the most important scientific works of the seventeenth century during the last 25 years of his life. Spirited, lucid, and entertaining, these books are important milestones on the road to modern science.

			The first, The Assayer, published in 1623, was a response to criticism he faced, not on Copernicanism, but on comets. The book did not advance our knowledge of the subject—Galileo was dead wrong in maintaining that comets are meteorological rather than astronomical phenomena. But it is a powerful statement of the role of observation, experiment, and mathematics in the understanding of the physical world. Science, wrote Galileo, “is written in this grand book, the Universe…. It is written in the language of mathematics, and its characters are triangles, circles, and other geometric figures….” This view, which we take for granted today, was revolutionary at the time. It set the agenda for the next four centuries of science and inspired thinkers like Newton, Einstein, and Heisenberg to look for the mathematical laws which govern the cosmos. When scientists today speak of discovering a Theory of Everything, they are following in the footsteps of Galileo.

			The second great book of Galileo, which brought him into direct conflict with the Church, was the Dialogue on the Great World Systems, written in the decade following The Assayer and published in 1632. Itis Galileo’s ultimate defense of Copernicanism, thinly disguised as a conversation on the pros and cons of both the Sun-centered and the Earth-centered Universe. Though Galileo believed he had the support of the Pope to publish it, his obvious bias immediately brought matters to a head, and Galileo was summoned before the Inquisition. Tried for heresy in 1633, he was forced to renounce all claims that the Earth moved, and his book was withdrawn from circulation. For the remainder of his life, Galileo remained under house arrest at his home near Florence.

			Unable to teach Copernicanism, Galileo spent his latter years consolidating his work on the motion of bodies and the nature of matter. He published a final book on this subject, Two New Sciences, in 1638, four years before his death. The laws of motion he set down there pointed the way to an explanation of the most vexing question his telescopic observations had raised: what was it that made the planets go around the Sun? Isaac Newton, directly built on Galileo’s work in his 1687 Mathematical Principles of Natural Philosophy, in which he set down the mathematical laws that governed the motion of everything in the Universe, from apples to planets. Newton once wrote that if he saw further than others, it was because he was standing on the shoulders of giants. Foremost among them, without a doubt, was Galileo.

			Anyone can go out today and buy a telescope that will show the satellites of Jupiter, the craters on the Moon, and the phases of Venus at least as clearly as Galileo’s first telescope, so it is tempting to think that anyone with a well-designed instrument in the seventeenth century could have discovered what Galileo did. Perhaps that is true, but Galileo did much more than build good telescopes; he used them to their best advantage. His systematic observations, which we describe in the later chapters of this book, elegantly established the fundamental nature of the new bodies that a cursory look might have revealed as mere curiosities. He not only saw mountains on the Moon, he recorded how their shadows changed as the Sun rose and set over the lunar landscape, and he measured their altitude as compared to terrestrial mountains. He not only discovered four moons of Jupiter, he patiently traced their orbits and determined their periods of revolution.

			Galileo was driven by a faith in the ability of systematic observation to penetrate the innermost workings of nature. His eloquent, popular writings, written in Italian rather than the recondite Latin of medieval scholars, brought these findings to a wide audience, stimulating new ways of thinking about matter and motion, as well as about the order and structure of the Universe.

			Looking through a telescope, indeed, was something anyone could do. Seeing through a telescope, however—and communicating that vision to others—was the mark of Galileo’s true genius.

			The Legacy of Galileo

			After Galileo, as the telescope took its place as the quintessential tool of astronomy, clever optical designers began to look for ways to improve on Galileo’s original design. The Galilean telescope, for instance, had a very small field of view, making it difficult to point accurately. Simply replacing the concave eyepiece with a convex lens, Johannes Kepler found, produced a telescope with a wider field. Its images were upside down, unlike those of Galileo’s telescope, but that was not a critical drawback when looking into the sky, where no particular direction is more natural than any other. By the time Galileo died, the optical principles needed to design better instruments were well understood, and optical masters all over Europe were vying for excellence in the field. Telescopes became bigger in diameter, thus capturing more light, and longer, yielding higher magnification. Lens-grinding improved, resulting in sharper images.

			One of the most important improvements in telescope design was made in 1704 by Isaac Newton. In place of lenses to collect and focus light, Newton recommended using curved mirrors. Mirrors had the advantage of being easier to make, since only one surface needed to be shaped, unlike a lens, which required two shaped sides. Mirrors could be made larger than lenses, since it was easier to cast metal than to produce disks of clear glass larger than a few inches in diameter. Most important, mirrors focused all colors of light at the same point, regardless of color. Lenses acted like prisms, bending light rays of different colors in different directions, thus making it impossible to avoid out-of-focus rainbows of light around brilliant objects like stars and planets.

			Despite the clear advantages of Newton’s reflecting telescope, lens-based telescopes, called refractors, continued to be used in astronomy in the 1700s and 1800s, because mirrors of those days were made of solid metal, an alloy called speculum. When speculum tarnished—which was very frequently—the entire mirror had to be taken out of the telescope and laboriously repolished. Nevertheless some patient astronomers were willing to put up with the trouble, building reflecting telescopes that collected more light than the smaller contemporary refractors. In 1781, William Herschel, using a reflecting telescope with a six-inch-diameter mirror of his own construction, discovered a new planet, Uranus, the first addition to the roster of the solar system since prehistoric times. Taking advantage of the great light-collecting power of his instrument, he went on to map the shape of the Milky Way by night-after-night counts of all the stars that passed through his eyepiece.

			In the 1840s, William Parsons, the Earl of Rosse, constructed a telescope with a mirror more than 10 times larger than Herschel’s:6 feet in diameter. The monster telescope, erected at Lord Rosse’s Birr Castle estate in Ireland, required a crew of two stout men and an elaborate system of pulleys and chains to point at objects, but it provided the first detailed views of the spiral structure of distant galaxies and the wispy clouds of gas in the Milky Way. It was so unwieldy, and the mirror so hard to maintain, that it soon fell into disuse, and, up to the first decade of the twentieth century, most astronomers continued to rely on smaller refractors for their research. The largest astronomical refractor ever built, commissioned in 1897, is the 40-inch-diameter telescope at Yerkes Observatory in Williams Bay, Wisconsin.

			Until the middle of the 1800s, astronomers made observations simply by looking through the telescope and sketching or writing down what they saw. The invention of photography in the 1830sand 1840s made it possible to produce an instant and indelible record of observations, and by the end of the nineteenth century, observatories were beginning to compile libraries of images on the glass photographic plates that had become the staple tool of telescopic research. Photographic astronomy made it possible to discover moving objects with ease, leading to the discovery of great numbers of asteroids, small planetary objects that orbit the Sun, primarily between Mars and Jupiter.

			Despite all these advances in instrumentation, astronomy remained in a relatively primitive state through most of the nineteenth century, largely because of the great distances that separate us from other objects in the solar system. Even through the telescope, most things look like small featureless points of light or faint, milky glows. The best astronomers could do was measure the positions of objects they saw and make a few sketches. They had observed a wide variety of objects, from asteroids to nebulae; they could predict eclipses and describe how planets moved. But they knew little more about what the stars or the moons of Jupiter were made of than Galileo did. In 1835, the French philosopher Auguste Comte lamented the impasse in astronomy: “In a word, our positive knowledge with respect to the stars is necessarily limited solely to geometric and mechanical phenomena.”4

			The doorway to a broader knowledge of the heavens opened at just about that time. Gustav Kirchhoff and Robert Bunsen, two German chemists who were investigating the colors produced when different chemical salts were ignited by a flame, invented the science we know today as spectroscopy. By breaking up light from a distant object with a prism and analyzing its distribution of brightness versus color (or wavelength), astronomers were able to deduce a wide variety of physical information about the source: temperature, chemical composition, velocity, rotation, and more. The old science of astronomy became the modern science of astrophysics, and astronomers began busily collecting information about the constitution of the planets, the composition of stars, and the motions of the galaxies.

			The twentieth century saw the application of these techniques, coupled with remarkable leaps forward in telescope and other space exploration technology. Early in the century, astronomers solved the problem of building big reflectors. Instead of all-metal mirrors, they shaped their mirrors of glass, covering the glass with a thin, reflective film of silver or aluminum. When the metal became too corroded to use, perhaps once every few years or so, the old coating could be removed and a new one deposited, a process that could take as little as a few hours. Telescopes of 60, 100, and 200 inches in diameter were constructed, feeding light to the photographic cameras and spectroscopes of the new generation of astrophysicists.

			During the first half of the twentieth century, using information from these new telescopes, along with physical insights gained from advances in atomic physics, nuclear physics, and optics, astronomers began to probe the structure and evolution of the stars, to measure the distances to galaxies, and to discover the age of the solar system and the Universe at large. Modern astronomy was about to enter a golden age.

			The golden age of astronomy, when most of the advances reported in this book came about, was the last half of the twentieth century, especially the years after the launch of the first Earth satellite, Sputnik, in 1957. The pace of astronomical technology grew at an astounding rate during this period—so fast that we can only list a few of the major developments here.

			One of the first developments was the expansion of the astronomical observing window to encompass the entire spectrum of electromagnetic radiation. Galileo’s telescope collected visible light, but astronomers had learned over the intervening years that light was just the visible manifestation of electromagnetic radiation, a type of energy that includes radio waves, microwaves, infrared, ultraviolet, X-rays, and gamma rays as well. Objects in the heavens give off all types of this radiation, and by collecting these invisible glows from the heavens, we learn a great deal more about celestial objects than by just looking at visible light. Using radio telescopes after World War II, astronomers were able to map giant clouds of gas in the Milky Way and detect powerful sources, later shown to be black holes, in the centers of distant galaxies. Infrared telescopes penetrated through dark clouds of gas that were opaque to visible light, giving us our first glimpse of stars being formed.

			Equally important was the ability to go into space. Space missions rapidly advanced our knowledge of the planets. By December1972, we had a geologist on the Moon, and in the 1970s and the decades that followed, spacecraft were sent out to get close-up views of all the planets. As we write, there are second or later generation probes in orbit around Venus, Mars, and Saturn, another spacecraft visiting Mercury and still another on the way to Pluto. Self-contained robot explorers crawl across the deserts of Mars. Geologists now study not just terrestrial rocks, but pieces of rock from the Moon, and pore over pictures from the surfaces of Venus and of Saturn’s moon Titan.

			Space-borne telescopes, unaffected by the Earth’s atmosphere, which blocks most forms of radiation from reaching the ground, have also afforded views of more distant objects. Ultraviolet, infrared, and X-ray telescopes report on conditions of bodies as nearby as the Sun and as distant as the quasars. Equally important, space telescopes produce images that are razor-sharp, unblurred by the Earth’s atmosphere. The Hubble Space Telescope, launched by NASA in 1990, has given astronomers some of the most detailed and revealing images of the heavens ever achieved. Some have likened its effect to that of Galileo’s first telescope, since both marked comparable factors of improvement in the detail astronomers could perceive.

			Earthbound telescopes continue to develop, too, with new designs for mirror shapes that make them wider in their field of view, as well as more efficient in their use of light. New techniques of construction allow us to build mirrors that are made of dozens of sub-mirrors with which we can produce telescopes that collect tens of thousands of times more light than Galileo’s did. We will discuss some of these new telescopes, and the prospects for future instruments, in later chapters of this book.

			As a result of all these new tools, astronomers are now flooded with data and are able to collect more information in an eyeblink than Galileo could in three years of systematic observation at the eyepiece. None of these modern telescopes or spacecraft, needless to say, would function without electronic computers, the most important new tool of the astronomer. Computers run the telescopes, align the mirrors, collect the images, and analyze the data. They do what Galileo only dreamed of doing—they read the book of nature, written in the language of numbers.

			It is a great new Universe we live in today. We began to discern its fuzzy outlines four centuries ago when Galileo’s telescope first looked skyward, inaugurating a golden age of discovery and a revolution in science. Today, in another golden age of astronomy, the contours of the Universe have become far clearer, and many of its remarkable details are now known. We take this opportunity to look back at how it all began, where we stand today, and what the future holds in store.

			

			
				
					4	 Cited in Laurence A. Marschall. The Supernova Story. Princeton: Princeton University Press, 1994. 17.

				

			

		

	
		
			Chapter 2

			Telescopes

			Two disks of glass and a piece of lead pipe: the first telescope was a simple device, but one that revealed things no one had dreamed of before. Telescopes were first used to amuse and amaze, but they changed the world, expanding the horizons of human consciousness far beyond the distances a rider could travel in a few days, to comprehend a universe measured in distances light traveled in billions of years.

			Over 400 years, Galileo’s simple design has gained immensely in both size and complexity. Astronomical telescopes today do the same things that the first telescopes did—make distant things look brighter and clearer—but the ones used by research astronomers today are giant machines moved by electric motors and controlled by computers. They concentrate the faint light from the heavens—just like Galileo’s—but instead of focusing it through an eyepiece so that someone can look at it, modern telescopes turn the light into digital data.

			Along with an increase in size and complexity has come an increase in the social enterprise involved in astronomy. Galileo built his first telescopes by himself in a week’s time. A modern telescope is built by a large team of engineers, technicians, and scientists. Building it may take more than a decade from design to completion, and involves the casting and grinding of ultra-precise mirrors, the coding of software, and the assembly of giant supporting structures. Space-based telescopes are not complete until they are placed into orbit around the Earth or the Sun. Henry Ford’s Model T doesn’t look that much different from a modern automobile and was built on assembly lines that aren’t much different in principle than those in operation today. But Galileo’s 1609 telescope bears only a distant family resemblance to its counterpart of four centuries later.

			Galileo’s Telescope

			As we discussed in Chapter 1, Galileo Galilei did not set out to start a revolution in astronomy. In fact, prior to the autumn of 1609, when he first turned his newly constructed telescope skyward, the ambitious young Galileo was mostly occupied with down-to-earth pursuits. As professor of mathematics at the University of Padua, he wrote and lectured on a wide variety of technical subjects, many with a distinctly practical bent, such as the construction of military fortifications and the design of machines to pump water.
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