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The Total Eclipse of the Sun of August 30th, 1905.

The Total Eclipse of the Sun on August 30th, 1905. The Corona; based on a watercolor sketch made at Burgos, Spain, during the total phase, by the French artist, Mademoiselle Andrée Moch.
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PREFACE

The purpose of this book is to provide an account of the science of Astronomy, as it is understood today, in a way that is accessible to the general reader.

It is often believed that it is impossible to gain any useful knowledge of Astronomy without a great deal of hard study and without venturing into an entirely new realm of thought. However, the reasoning applied to the study of the celestial bodies is really no different from that used in everyday life. The science of mathematics likely contributes to the idea that some sort of difference exists; but mathematical processes are, in fact, simply ordinary logic in a concentrated form—the shorthand of reasoning, so to speak. In the following pages, I have tried to present the main facts and theories of Astronomy apart from those mathematical forms which deter the general reader, and instead present them in the ordinary language of our everyday world.

The few diagrams included are purely supplementary, and are not linked to the text with tedious cross-references. Each diagram stands on its own, meant to provide a visual aid if the text does not fully convey the intended meaning. The full-page illustrations are also described as clearly as possible at the bottom of each.

The colored frontispiece belongs in a category of its own. It is the work of an artist as distinct from a scientist.

The book incidentally contains a good amount of material about the Astronomy of the past, included as needed to clarify the Astronomy of our own time.

It would be impossible for me to list here all the many sources from which information has been drawn. However, I would like to especially acknowledge Professor F.R. Moulton’s Introduction to Astronomy (Macmillan, 1906), the works on Eclipses by the late Rev. S.J. Johnson and by Mr. W.T. Lynn, and the excellent Journals of the British Astronomical Association. For the major questions related to the wider Stellar Universe, I owe a considerable debt to the writings of the renowned American astronomer, Professor Simon Newcomb, and to our own countryman, Mr. John Ellard Gore; to the latter I am also indebted for much valuable information provided personally.

In seeking suitable illustrations, I received much assistance from the helpful advice of Mr. W. H. Wesley, Assistant Secretary of the Royal Astronomical Society. I wish to record my sincere thanks to those who kindly allowed me to reproduce pictures and photographs:—To the French artist, Mademoiselle Andrée Moch; to the Astronomer Royal; to Sir David Gill, K.C.B., LL.D., F.R.S.; to the Council of the Royal Astronomical Society; to Professor E.B. Frost, Director of the Yerkes Observatory; to M.P. Puiseux, of the Paris Observatory; to Dr. Max Wolf, of Heidelberg; to Professor Percival Lowell; to the Rev. Theodore E.R. Phillips, M.A., F.R.A.S.; to Mr. W.H. Wesley; to the Warner and Swasey Co., of Cleveland, Ohio, U.S.A.; to the publishers of Knowledge, and to Messrs. Sampson, Low & Co. For permission to reproduce the beautiful photograph of the Spiral Nebula in Canes Venatici (Plate XXII.), I am obliged to the distinguished astronomer, the late Dr. W.E. Wilson, D.Sc., F.R.S., whose untimely death, I am sorry to say, occurred earlier this year.

Lastly, my sincere thanks are due to Mr. John Ellard Gore, F.R.A.S., M.R.I.A., to Mr. W.H. Wesley, and to Mr. John Butler Burke, M.A., of Cambridge, for their kindness in reading the proof sheets.

CECIL G. DOLMAGE.

London, S.W., August 4, 1908.

PREFATORY NOTE TO THE SECOND EDITION

The author of this book lived just long enough to learn of the favorable reception it received, and to make a few corrections for the second edition, which it has very quickly reached.

December 1908.




ASTRONOMY OF TO-DAY




CHAPTER I: THE ANCIENT VIEW

As we know, it’s never safe to judge by appearances—this is perhaps more true in astronomy than anywhere else.

For example, the idea people would most naturally form about the earth and sky is that the solid ground we live and move upon stretches far in every direction, while the sky is a vast dome with stars fixed to its inner surface. This was almost certainly the earliest concept of the universe held by humans. In their view, the earth was of the greatest importance. The sun and moon were mere lamps for day and night; and these, if not gods themselves, were at least under the care of special deities, whose job it was to guide their motions across the arched sky.

Little by little, however, this simple interpretation of nature began to change. Difficult questions troubled the human mind. For instance: What supports the solid earth? What stops the vaulted sky from falling on people and crushing them out of existence? Out of the effort to solve these mysteries, imaginative myths were created. The Hindus, for instance, imagined the earth as supported by four elephants standing on the back of a giant tortoise, which in turn floated on the surface of a primeval ocean. Early Western civilizations came up with the legend of the Titan Atlas, who, as punishment for rebelling against the Olympian gods, was condemned to hold up the sky forever.

Later on, hints of the actual truth began to reach people. The Greek philosophers, who devoted much attention to such questions, gradually became convinced that the earth was spherical in shape—that is, round like a ball. Today we know they were correct on that point; but in another key belief—that the earth was at the center of all things—they were actually very far from the truth.

By the second century of the Christian era, the ideas of the early philosophers had solidified into a definite theory, which—though it seems quite incorrect to us now—still deserves special attention because it was universally accepted as the true explanation until only about four centuries ago. This theory of the universe is called the Ptolemaic System, named after one of antiquity’s most famous astronomers, Claudius Ptolemæus Pelusinensis (100–170 A.D.), better known as Ptolemy of Alexandria, who first clearly set it out.

In his system, Earth occupied the center. Circling around it in order were the Moon, the planets Mercury and Venus, the Sun, and then the planets Mars, Jupiter, and Saturn. Beyond these was the backdrop of the heavens, in which it was believed the stars were fixed—

“Stellis ardentibus aptum,”

as Virgil puts it (see Fig. 1).


[image: Fig. 1.]

Fig. 1.—The Ptolemaic idea of the Universe.


The Ptolemaic system remained widely accepted and unchallenged for about fourteen hundred years after its creator’s death. Clearly, people were encouraged by the notion that their earth was the most important object in nature; that it stood motionless at the universe’s center and was the axis around which all things revolved.




CHAPTER II: THE MODERN VIEW

It is still less than four hundred years since the modern, or Copernican, theory of the universe replaced the Ptolemaic theory, which had dominated for so many centuries. In this new theory, introduced around the middle of the sixteenth century by Nicholas Copernicus (1473–1543), a Prussian astronomer, the earth was removed from its central position and regarded simply as one of several planetary bodies orbiting the sun. Since it is not our purpose to follow the detailed history of the science, it seems best to start by broadly outlining the conception of the universe as it is accepted and believed today.

The Sun, the most important of the celestial bodies as far as we are concerned, occupies the central position—not, however, of the whole universe, but only of that limited region known as the Solar System. Around it, moving outward in the following order, circle the planets: Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus, and Neptune (see Fig. 2). At an immense distance beyond the solar system, and scattered irregularly throughout the depths of space, lie the stars. The two closest planets to the Sun, Mercury and Venus, are called the Inferior Planets; in their orbits around the sun, they always remain well within the path along which Earth moves. The remaining planets (excluding Earth) are called Superior Planets, and their orbits all lie outside that of Earth.


[image: Fig. 2.]

Fig. 2.—The Copernican theory of the Solar System.


The five planets Mercury, Venus, Mars, Jupiter, and Saturn have been known since ancient times. Nothing can illustrate more clearly the tremendous advances in astronomy in modern times than the fact that it is only 127 years since astronomers first added a new planet to that long-established group. On March 13, 1781, while observing in the constellation Gemini, the renowned Sir William Herschel noticed an object he did not recognize. Initially, he thought it was a comet, but after tracking its movements for a few days, he realized it was a planet. This object, which could only be detected through the telescope, has since become known as Uranus. Its discovery immediately expanded the known boundaries of the solar system to twice their previous extent, and naturally inspired hope that other planets would soon be found in the vastness beyond.

For several years before Herschel’s discovery, it had been noticed that the distances at which the known planets circulated seemed to follow a certain pattern moving outward from the sun. This apparent order, called Bode’s Law by astronomers, was confirmed by the distance of the new planet Uranus. However, there remained a wide gap between Mars and Jupiter. If another planet orbited there, the solar system would have displayed almost perfect order. But the space between Mars and Jupiter was unfilled; the area where one might expect another planet to circle appeared inexplicably empty.

On the very first day of the nineteenth century, the mystery was solved when a body was discovered1 orbiting in the space that had previously been considered planetless. But it was a tiny globe, hardly deserving of the name planet. The following year, a second body was discovered in the same region; it was even smaller than the first. Over the next five years, two more of these small planets were found. Then came a pause, with no more such bodies added until halfway through the century, when suddenly discoveries of these so-called “minor planets” began again. Since then, additions have come rapidly. These small objects have been named Asteroids or Planetoids; and up to the present, about six hundred of them are known to exist, all revolving in the previously unoccupied space between Mars and Jupiter.

In 1846, the outer boundary of the solar system was again extended by the discovery of another large planet beyond Uranus. This new planet, named Neptune, was found as a result of calculations made at the same time, though independently, by the Cambridge mathematician Adams and the French astronomer Le Verrier. The discovery of Neptune differed from that of Uranus in an important way. Uranus was found during a routine telescopic survey of the sky. Neptune’s position, however, was predicted through rigorous mathematical calculations aimed at identifying the place of an unseen, more distant body whose gravitational pull was disturbing the orbit of Uranus. Adams actually finished his research first, but a delay at Cambridge in inspecting the part of the sky where he said the planet should be gave France the opportunity to claim the discovery. The new planet was found by the observer Galle at Berlin, very near the spot in the heavens that Le Verrier had mathematically predicted.

Nearly fifty years later, that is, in our own era, another important planetary discovery occurred. One of the recent additions to the ever-growing family of asteroids, a tiny object discovered in 1898, turned out not to be orbiting in the usual space between Mars and Jupiter, but instead between Earth and Mars. This body is very small, no more than about twenty miles across. It was named Eros (the Greek word for Cupid), in reference to its insignificant size compared with the other major planets.

This completes the list of planets that have so far revealed themselves to us. Whether others exist, only time will tell. Two or three have been suspected to orbit beyond Neptune’s path, and on more than one occasion it has been claimed that a planet orbits closer to the Sun than Mercury. This hypothetical planet, which was provisionally named “Vulcan,” was supposedly “discovered” in 1859 by a French doctor named Lescarbault, of Orgères near Orleans; but so far there is no sufficient evidence to support its existence. The reason why uncertainty persists is easy to understand when we consider the intense glare that fills our atmosphere near the sun’s position in the sky. Mercury, the nearest known planet to the sun, is always difficult to observe for this very reason; and even when it’s far enough from the sun in its orbit to remain above the horizon for a short time after sunset, it’s still hard to see because of the mists that often hang low near the earth. However, one opportunity occasionally arises to settle the question of an “intra-Mercurial” planet, meaning a planet with an orbit inside Mercury’s. This opportunity comes during a total solar eclipse, for when the moon completely covers the sun, blocking the blinding glare, astronomers can hurriedly, but with a clear view, examine the area close to the sun. Despite several total eclipses since Lescarbault’s claim, no planet has revealed itself in that intra-Mercurial space. It therefore seems safe to say that no object large enough to be seen with modern telescopes orbits closer to the sun than Mercury.

Next in importance to the planets, as permanent bodies in the solar system, are the relatively small and secondary bodies known as Satellites. The word satellite comes from the Latin for an attendant; these objects always accompany their “primary” planet closely.

Satellites are not distributed regularly among the planets; several planets have many satellites, some have only one or two, and some have none at all. Going outward from the Sun: neither Mercury nor Venus has any satellites; the Earth has just one—our Moon; Mars has only two tiny satellites, so small that they might be mistaken for asteroids that strayed from their region and became attached to that planet. As for the others, as presently known, Jupiter has seven,2 Saturn ten, Uranus four, and Neptune one. It is possible, even probable, that Uranus and Neptune actually have more satellites, but unfortunately their immense distances make it extremely difficult for even today’s best telescopes to gather much information about them.

From the way satellites are distributed, the reader will note that planets near the Sun have few or no satellites, while the more distant planets have many. It appears, then, that proximity to the sun is in some way unfavorable either to the formation or to the continued existence of satellites.

A planet and its satellites are essentially a miniature version of the solar system. Just as the planets revolve around the sun, so do satellites circle their primaries. When Galileo, in 1610, pointed his newly invented telescope at Jupiter, he immediately recognized in the four circling moons a small-scale model of the solar system.

Besides the planets and their satellites, there are two other groups of bodies that are members of the solar system: Comets and Meteors. Comets differ from the previous bodies described in that they appear filmy and transparent, whereas planets and satellites are solid and opaque. Also, while the orbits of planets around the sun and satellites around their primaries are not true circles, but slightly oval, the orbits of comets are usually very elongated; many pass out as far as the known limits of the solar system, and even far beyond. It should be noted that today comets are generally considered permanent members of the system, though this was not always the case among astronomers.

Meteors are typically very small—usually no bigger than pebbles—and move undetected through space until they come very close to Earth. They then become visible for a moment when heated to white-hot temperatures by the friction of the atmosphere, usually burning up into ash and vapor before reaching the ground. Although occasionally a meteor survives the fiery entry and lands on Earth more or less intact, most pose no danger to us. Anyone who takes the time to look at the sky on a clear night is likely to see a meteor. It appears as if a star has suddenly left its place and dashed across the sky, leaving a trail of light. This is why meteors are commonly called “shooting stars.”






1. By the Italian astronomer, Piazzi, at Palermo.



2. Probably eight. (See note.)





CHAPTER III: THE SOLAR SYSTEM

In the last chapter, we saw that the solar system is made up as follows: there is a central body, the sun, around which a number of important bodies called planets revolve along definite paths. Some of these planets have smaller bodies called satellites that accompany them, revolving around the planets themselves. As for the other members of the system—namely, comets and meteors—it is best not to add more about them right now than what was already discussed in the previous chapter. For the time being, we will focus our attention on the sun, the planets, and the satellites.

What is the shape of these bodies? Every one of them shares the same basic shape, one that characterizes all solid objects in space: they are spherical, which means round like a ball.

Each of these spherical bodies rotates—that is, it spins around, just like a top does when it is spinning. This rotation is said to occur “upon an axis,” which can be explained as follows: Imagine a ball with a knitting needle running straight through its center. Then imagine this needle held pointing in one fixed direction, while the ball turns around and around. The earth does something very similar. As it travels around the sun, it keeps spinning as if pivoted on a giant knitting needle stretching from the North Pole to the South Pole. In reality, though, there is no such physical axis controlling the constant direction of the rotation, just as there are no visible supports holding the earth up in space. The forces that keep the celestial spheres poised and control their motions are far more remarkable than any mechanical device.

At this point, it is important to emphasize the clear distinction between the terms rotation and revolution. Astronomers always use the word “rotation” to mean the motion a celestial body makes around its axis; “revolution,” on the other hand, refers to the movement of one body around another. For example, when talking about the earth, we say that it rotates on its axis and revolves around the sun.

So far, nothing has been mentioned about the sizes of the members of our system. Is there some standard size or pattern by which they can be judged? Not at all—they vary immensely. By far the largest of all is the Sun, which is several hundred times larger than all the planets and satellites combined. Next comes Jupiter, followed by the other planets in the following order of size: Saturn, Uranus, Neptune, the Earth, Venus, Mars, and Mercury. The asteroids are much smaller than any of these; for example, Ceres, the largest asteroid, is less than 500 miles in diameter. Interestingly, the asteroid belt separates the smaller planets from the giant ones. The table below, giving approximate diameters of the sun and main planets in miles, clearly shows the large differences in size in the system.



	
Sun

	
866,540

	
miles




	
Mercury

	
2,765

	
“




	
Venus

	
7,826

	
“




	
Earth

	
7,918

	
“




	
Mars

	
4,332

	
“




	
ZONE OF ASTEROIDS




	
Jupiter

	
87,380

	
“




	
Saturn

	
73,125

	
“




	
Uranus1

	
34,900

	
“




	
Neptune2

	
32,900

	
“





It does not seem possible to find any rule in the above data, except to say that there is a gradual increase in size from Mercury to earth, and a similar decrease from Jupiter outward. If Mars were bigger than the earth, then it could be said that the planets increase in size up to Jupiter and then decrease. But because of the asteroid belt and the relatively small size of Mars, it’s clear the sizes of the planets don’t follow a straightforward sequence.

Next, looking at distance from the sun: Venus circles nearly twice as far from it as Mercury, the earth nearly three times as far, and Mars nearly four times. After that, just as there was a sudden jump in size, there is a sudden jump in distance. Jupiter, for example, is about thirteen times as far from the sun as Mercury; Saturn about twenty-five times, Uranus about forty-nine times, and Neptune about seventy-seven times as far. (See Fig. 2.)

This shows how greatly the size of the solar system increased with the discovery of the outermost planets. The finding of Uranus doubled its apparent width, and the discovery of Neptune made it more than half as wide again. Nothing better illustrates the significance of these discoveries than taking a pair of compasses and roughly setting out the above relative paths as concentric circles on a large sheet of paper, then remembering that until 1781, Saturn’s path was thought to mark the solar system’s boundary.

We’ve seen that the standard shape of celestial bodies is spherical. But what about the paths or orbits they follow? One might guess they are circular, but this is not the case. The orbits of the planets are not true circles—they are ovals, or more technically, “ellipses.” The degree to which they differ from circles, or their “ellipticity,” is not the same in each case. Some orbits—such as the earth’s—are only slightly different from circles, while others—like Mars or Mercury—are much more oval. The orbit of the small planet Eros is the most oval of all, as we will see when we discuss that planet in detail.

It has been said that the sun and planets are always rotating. The rates at which they do so are best understood by comparing them with the earth’s own rate of rotation.

But first, do we have any solid reason for saying that the earth rotates at all?

If one watches the sky carefully, it is clear that the background of stars and the bright objects within it appear to turn completely around us in about twenty-four hours, pivoting near what we know as the Pole Star. This was one of the earliest observations about the sky. To ancient people, it seemed as if the sky and everything in it were always revolving around the earth. This view was natural for them; they had no idea how great the distances in space really are, and so they assumed the stars were relatively close by. It was only after many centuries, when people began to understand the enormous distances to even the nearest objects in the sky, that a more reasonable explanation became widely accepted. It was then recognized that this apparent revolution of the heavens could be far more easily and sensibly explained by assuming the solid earth itself rotates on a fixed axis pointed toward the polar star. The likelihood of such earth-rotation was further supported through telescope observations. When the surfaces of the sun and planets were closely studied, these bodies were seen to be rotating. Given that, it seemed logical to conclude that the earth does as well—especially since this simply explains the daily movement of the sky, and avoids the nearly unthinkable idea that the whole immense starry sky turns around us every twenty-four hours.

If the sun is carefully observed through a telescope, it is seen, from the slow movement of sunspots across its face, their disappearance at one edge and reappearance at the other, that it is rotating on its axis in a period of about twenty-six days. The movement of various well-known markings on the surfaces of planets like Mars, Jupiter, and Saturn also proves they are rotating: about twenty-four hours for Mars, and about ten hours for each of the other two. With Uranus and Neptune, there is more uncertainty, since they are so distant that even our best telescopes provide only a faint view of their markings; still, rotation periods of ten to twelve hours are generally accepted for them. Conversely, the constant, intense sunlight near Mercury and Venus presents difficulties for astronomers studying their rotation. Earlier telescopic observers thought Mercury and Venus had rotation periods like that of the earth, but in recent years, the opinion has gained ground that they rotate at exactly the same rate as they revolve around the sun. However, this is still a very open question that we will revisit later; but setting that aside, it can be seen from the above that the rotation periods of the other planets in our system are generally about twenty-four hours or less. The fact that the sun’s rotation takes days should not be surprising, given its enormous size.

Next, we consider how long it takes for the various planets to revolve around the sun. Again, it is helpful to use the earth’s period of revolution as the standard for comparison.

The earth takes about 365¼ days to go around the sun. This period is what we know as a “year.” The table below shows, in days and years, how long each of the other planets takes to complete a revolution around the sun:




	Mercury
	about
	
	days.



	Venus
	”
	
	”



	Mars
	”
	
	year and 321 days.



	Jupiter
	”
	
	years and 313 days.



	Saturn
	”
	
	years and 167 days.



	Uranus
	”
	
	years and 7 days.



	Neptune
	”
	
	years and 284 days.





From these periods, we find an important fact: the closer a planet is to the sun, the faster it travels in its orbit.

Compared with our year, how long does a year last on Uranus or Neptune? For example, if a “year” began on Neptune during the middle of King George II’s reign, that “year” would only just now be ending, since the planet is only now returning to its original position relative to the sun. Uranus, likewise, has completed just over one and a half of its “years” since Herschel discovered it.

Having established that the planets revolve around the sun, the next question is: What are the positions of their orbits relative to one another?

Suppose you picture the planetary orbits as a set of hoops of different sizes, each inside the next, with the sun as a small ball in the center; how would you arrange these hoops to replicate the real situation?

First, suppose the whole setup—ball and hoops—lies on a single level. This can be pictured by imagining the hoops floating, each one surrounding the next, with the ball in the center, all on the surface of calm water. Such objects would be described by astronomers as all being in the same plane. Now, imagine some of the hoops are tilted compared to the others, so one side rises from the water and the other side dips below. This is actually how things are with the planetary orbits. They are not exactly in the same plane. Each one is tilted, or inclined, a bit relative to the plane of earth’s orbit, which astronomers for convenience consider the basic “level” of the solar system. The amount of tilt, or “inclination,” is greatest for Mercury’s orbit among the larger planets—about 7°—and least for Uranus. Venus’s orbit is inclined at just over 3°, Saturn’s at about 2½°, and for Mars, Neptune, and Jupiter, the inclination is less than 2°. The orbit of the small planet Eros is tilted nearly 11°—greater than any of the others.

The systems of satellites revolving around their planets, as already noted, are essentially miniature versions of the solar system. The factors described above that shape the relations of the planets to the sun also apply closely to the satellites. However, in one respect, a satellite system is quite different from a planetary system. The central body that planets revolve around is self-luminous, while the planetary body a satellite orbits is not. True, planets shine—and some, like Venus and Jupiter, do so very brightly—but they do not generate any light of their own as the sun does; instead, they reflect sunlight received from the sun. Aside from this, the similarities between the planetary system and a satellite system are remarkable. The satellites are spherical in shape and range greatly in size; as far as we know, they rotate on their axes in a variety of times; they orbit their planets in elliptical (not circular) paths; and those orbits, too, do not always share the same plane. Lastly, the satellites revolve around their planets at rates directly comparable with how fast planets revolve around the sun: the closer a satellite is to its primary, the faster it orbits.






1. As there is considerable disagreement regarding the diameters of Uranus and Neptune, it should be noted that the figures above are taken from Professor F. R. Moulton’s Introduction to Astronomy (1906), where they are attributed to “Barnard’s many measures at the Lick Observatory.”



2. As there is considerable disagreement regarding the diameters of Uranus and Neptune, it should be noted that the figures above are taken from Professor F. R. Moulton’s Introduction to Astronomy (1906), where they are attributed to “Barnard’s many measures at the Lick Observatory.”





CHAPTER IV: CELESTIAL MECHANISM

As soon as we begin to look closely into the actual state of the various members of the solar system, we notice a certain distinction. We find that there are two quite different perspectives from which these bodies can be considered. For example, we may evaluate them either in terms of volume—which is simply the amount of space they occupy—or in terms of mass—that is, the amount of matter they contain.

Let us imagine two globes of equal volume; in other words, both taking up the same amount of space. However, one of these globes may be made of much more compact material than the other; or, as we say, it may have greater density. That globe is considered to be the greater of the two in mass. If we were to weigh such a pair of globes on a scale, placing one globe in each pan, we would immediately see, by the one that lowers its side, which globe is made of more tightly packed material. In astronomical terms, we would say this one has the greater mass.

Since volume is simply another word for size, the order of the members of the solar system, in terms of their volumes, is as follows, starting with the largest: the Sun, Jupiter, Saturn, Uranus, Neptune, the Earth, Venus, Mars, and Mercury.

When it comes to mass, the same order, interestingly enough, still applies. However, the actual densities of these bodies are quite different. The densest, or most tightly packed body, is Earth, which is about five and a half times as dense as if it were entirely made of water. Venus comes next, followed by Mars, and then Mercury. The remaining bodies, on the other hand, have relatively loose structures. Saturn is the least dense of all, being less dense than water. The density of the Sun is a little greater than that of water.

However, this way of estimating is subject to a qualification. We must remember that, in speaking of the Sun as being only a little denser than water, we are merely referring to an average. Some parts of it, particularly the center, are much denser than water. Other portions, such as the outer layers, are much less dense. It’s easy to see that, in all such bodies, the densest or most compressed parts are found near the center, while the outer parts, being under less pressure, are less dense.

Now we come to a very important topic: gravitation. Gravitation, or gravity as it is often called, is the attractive force that, for instance, causes objects to fall to the Earth. It may seem strange to say that it is because of a certain force that things fall to Earth. Everything seems to fall on its own, as if it were completely natural—or, rather, most unnatural if things did not fall. So why do we need a “force” to make them fall?

The story goes that the great Sir Isaac Newton was inspired to think about this subject when he saw an apple fall from a tree to the ground. He extended this line of thinking and, by studying the motion of the Moon, came to the conclusion that a body even as far away as our satellite would be pulled toward the Earth in the same way. This being the case, one naturally asks why the Moon does not fall onto the Earth. The answer is that the Moon is traveling around the Earth at a certain fast speed, and it is exactly this speed that keeps her from falling onto us. Anyone can test this idea for themselves. If you tie a stone to the end of a string and whirl it around quickly, there will be a strong pull outward from the stone, and the string will remain tight the whole time you are spinning the stone. If, however, you gradually slow down your spinning, eventually the string will go limp, and the stone will fall back toward your hand.

It turns out, then, that there are two causes that keep the stone at a regular distance while it is being steadily whirled. One is the continuous pull inward toward your hand by the string. The other is the pull outward, caused by the speed at which the stone is moving. When the speed is adjusted so that these pulls exactly balance each other, the stone swings comfortably around and around, showing no tendency to fall back toward your hand or to break the string and fly off. The same is true with the Moon. The constant pull of Earth’s gravity takes the place of the string. If the Moon moved around the Earth slower than it does, it would tend to fall in toward Earth; if it moved faster, it would tend to fly away into space.

The same kind of pull that Earth exerts on objects at its surface or on its satellite, the Moon, exists throughout space, as far as we know. Every particle of matter in the universe is found to attract every other particle. The Moon, for example, also attracts the Earth, but the dominant force is from the much larger mass of the Earth. This force of gravity, or gravitational attraction, as it’s also called, is perfectly regular in its action. Its power depends first of all exactly on the mass of the body exerting it. For example, the gravitational pull of the Sun reaches out an enormous distance, possibly controlling unseen planets orbiting far beyond Neptune. Additionally, the strength with which gravity acts depends on distance, and weakens in a very regular way. Thus, the closer an object is to Earth, for example, the stronger the gravitational pull it gets; the farther away it is, the weaker this pull. If the Moon were brought closer to Earth, Earth’s gravitational pull would become much stronger, and the Moon’s speed would have to increase in proportion to prevent it from being pulled into the Earth. Finally, the point in a body from which the gravitational attraction acts is not necessarily its center, but rather what is called its center of gravity—the balancing point of all the matter within the body.

It should be noted that the Moon does not actually revolve around the exact center of Earth. What happens is that both objects revolve around their common center of gravity, which is a point within Earth’s body, located about three thousand miles from its center. In the same way, the planets and the Sun revolve around the center of gravity of the solar system, which is a point within the Sun.

The well-balanced movements of the planets around the Sun, and of satellites around their respective planets, can therefore be understood as resulting from a careful balance between gravity and speed of motion.

The mass of Earth is about eighty times that of the Moon. We learn the mass of a planet by comparing the revolutions of its satellite or satellites around it, with those of the Moon around the Earth. In this way, we can determine how the mass of a given planet compares to Earth’s mass. For instance, studies of Jupiter’s satellite system show that Jupiter must have a mass nearly three hundred and eighteen times greater than Earth’s. In a similar way, we can deduce the mass of the Sun from the movements of the planets and other bodies circulating around it. However, with Venus and Mercury, the problem is not so straightforward, since they have no satellites. In these cases, we have to rely on uncertain evidence, such as the slight disruptions in Earth’s orbit caused by the gravitational attraction of these planets when they pass nearby, or the observed effects they have on the movement of comets that pass close to them.

Though mass and weight are often spoken of as if they are the same, they are not. Mass, as we have seen, refers to the amount of matter a body contains. The weight of a body, however, depends entirely on the gravitational pull it experiences. The force of gravity at Earth’s surface is about six times greater than it is at the surface of the Moon. Therefore, all bodies weigh about six times as much on Earth as they would on the Moon; or, to put it another way, a body taken to the Moon would weigh only about one-sixth of what it does on Earth’s surface. So, it can be seen that if a body of given mass were placed on the surface of one planet after another, its weight would change regularly according to the strength of gravity at each planet’s surface.

Gravitation is truly one of the greatest mysteries of nature. What it is, how it works, or why such a force should exist at all are questions for which we so far have not even the slightest answer. Its action across space appears to be instantaneous.

The intensity of gravitation is described in mathematical terms as “varying inversely with the square of the distance.” This means that at twice the distance, the pull will be only one-quarter as strong, not one-half as might otherwise be expected. At four times the distance, it becomes one-sixteenth as strong. At Earth’s surface, a body is pulled by Earth’s gravity, or “falls,” as we usually say, through 16 feet in one second of time; whereas at the distance of the Moon, Earth’s attraction is so much weaker that a body would take as long as one minute to fall through the same distance.

Newton’s investigations showed that if a body were placed at rest in space, completely away from the attraction of any other body, it would always stay motionless, because there would be no reason for it to move in any particular direction. Similarly, if a body is projected in a certain direction at a certain speed, it would continue moving in that direction and at that speed as long as it didn’t come within the gravitational pull of any other body.

The possibility of an interaction between the celestial bodies had occurred to astronomers before Newton’s time; for example, to the Arabian astronomer Musa-ben-Shakir in the ninth century, to Camillus Agrippa in 1553, and to Kepler, who suspected its existence from observing the tides. Horrox, in 1635, also wrote of the Moon as being moved by an emanation from the Earth. But no one before Newton tried to examine the question from a mathematical perspective.

Despite the acknowledged validity and far-reaching effects of the law of gravitation—for we see its effects everywhere in the universe—there remain some minor motions it does not explain. For example, there are small irregularities in the movement of Mercury that cannot be explained by the influence of possible planets inside Mercury’s orbit, and similarly there are slight unexplained variations in the motion of our neighbor, the Moon.




CHAPTER V: CELESTIAL DISTANCES

Up to this point, we have only taken a general look at the solar system—essentially a bird’s-eye view from space.

During our exploration, we noted roughly the relative distances at which the various planets orbit the sun. However, we have not yet discussed what these distances actually are, so it is important now to focus on this significant issue.

Everyone has a reasonable idea of what a mile is. For example, it’s about a fifteen-minute brisk walk; or we know that a particular village or building is a certain number of miles away.

The measurements already given for the diameters of the solar system’s various bodies seem enormous to us, since even a walk of a few miles can tire us out; yet these are nothing compared to the distances at which the planets orbit the sun.

The following table lists these distances in approximate figures. These are “mean” distances because the orbits are oval, so the planets vary in their distance from the sun and we have to take an average for each:




	Mercury
	about
	36,000,000
	miles.



	Venus
	”
	67,200,000
	”



	Earth
	”
	92,900,000
	”



	Mars
	”
	141,500,000
	”



	Jupiter
	”
	483,300,000
	”



	Saturn
	”
	886,000,000
	”



	Uranus
	”
	1,781,900,000
	”



	Neptune
	”
	2,791,600,000
	”





From this table, it’s immediately clear that we are now on an even greater scale than when we talked about the diameters of the solar system’s bodies. Then, distances were measured in thousands of miles; here, we deal with millions. Since a million is ten hundred thousand, notice that even the diameter of the enormous sun is still under a million miles.

How can we even begin to grasp such distances, when the ones we are used to—a few miles’ walk, the small patch of sea or land we see around us—are so tiny by comparison? In reality, although we may think we can imagine such vast distances, we actually cannot. In such matters, we subconsciously use a sort of convention, estimating something as being two or three times larger than another thing. Beyond that, we cannot go. For example, our regular sense of a mile lets us judge a few miles, such as what we can see at a glance; but if asked to judge a hundred miles, or a thousand, we have to fall back on a mental trick.

When trying to understand the vast distances of the solar system, we must rely on analogies—comparisons with other, simpler facts—though even these are really just ways of fooling ourselves. The analogy that seems most appropriate here, and which has often been used by writers, comes from the speed of an express train.

Let’s suppose, for example, that we have an express train that can travel anywhere, never stops, never needs fuel, and always runs at sixty miles an hour. Imagine using it first to measure our own planet, the earth, by sending it around the equator—a distance of about 24,000 miles. At sixty miles an hour, this trip would take nearly 17 days. Now let’s send it from the earth to the moon. This distance, 240,000 miles, is ten times farther, so it would take ten times as long: 170 days, or nearly half a year. Next, let’s send it even farther, to the sun. At this point, though, it sets out on a journey not measured in thousands of miles, but in millions. The distance from earth to sun, as we saw in the table above, is about 93 million miles. Our express train would take about 178 years to make this trip.

After arriving at the sun, suppose our train makes a trip all the way around it. This journey would take more than five years.

Finally, suppose we started our train at the sun and sent it straight out to the edge of the solar system, as far as Neptune’s orbit. That trip would take over 5,000 years.

Anyone who has stood on a station platform while a fast mail train speeds past will admit that sixty miles an hour is a great speed. Yet, just think how vast the reaches of space are, when one considers that nonstop, at that great speed, it would still take 10,000 years to cross only the span of our solar system! Ten thousand years! Try to imagine that. It is only a little more than half that time since the Pyramids were constructed, marking the Dawn of History. Since then, half-a-dozen mighty empires have risen and fallen!

Having now completed our general overview of the appearance and dimensions of the solar system, let’s move on and consider its position and size in relation to what we call the Universe.

Just a quick look at the night sky, when clear of clouds, shows us stars in every direction—and that’s true no matter where we are on the Earth. The same actually applies to the sky during the day, except we cannot see the stars because their light is far outshone by the sun’s brilliance.

We can thus conclude that our earth, in fact our entire solar system, is embedded deep within a vast sea of stars. But what is our position in that enormous maze? Are we at its center, near the center, or somewhere else entirely?

Astronomical research has clearly shown that the stars generate their own light, just as our sun does. They are, in fact, suns themselves, and our sun is just one—perhaps even a rather insignificant one—among this great universe of stars. Each of those stars may also be the center of a system, like our solar system, containing planets and satellites, comets and meteors, or possibly other kinds of attendant bodies we have not encountered in our small corner of space. But as to whether this is actually true, we have no real proof. No telescope has yet revealed a planet orbiting one of these distant suns; if such planets do exist, they are far beyond the reach of our most powerful instruments. So what justifies even guessing this? Only analogy—the reasoning that since the stars share characteristics with our sun, it seems unlikely that ours is the only one in the whole universe attended by a planetary system.

“The Stars,” broadly speaking, are not all set at the same distance from us, like decorations pinned to some background. In fact, there is no background. The bright orbs surround us in space at various distances from us and from each other; and we can see between them out into the darkness of the void, which may go on far, far beyond the furthest reaches of the starry universe. Should we now set our imaginary express train off again, this time towards the closest star? This, however, would not work. Our express-train way of measuring space completely fails to convey the scale of the new, enormous gap in front of us.

Let’s pause and look back at the kinds of distances we’ve considered. We started with thousands of miles. Then, we saw how tiny those seem compared to millions, and found that even a nonstop train at sixty miles an hour would take almost the full span of human history just to go from the sun to Neptune.

But beyond the solar system, we face a new scale altogether. From sun to planet is measured in millions of miles; from sun to sun, in billions. Yet merely stating this doesn’t really communicate anything. “Billion” rolls off the tongue as easily as “million,” and both are so abstract that the difference between them could easily be ignored.

Let’s clarify with a careful comparison. A million is a thousand thousands. But a billion is a million millions. Think about that! A million millions. That means a million, each one of which is itself a million. Here’s a way to try to grasp this huge number: a million seconds equal only eleven and a half days and nights. But a billion seconds would be more than thirty thousand years!

Once we see this, let’s try to send our express train a bit further into the new gulf before us. At our earlier rate, it took almost two years to cover a million miles. To cover a billion miles—a million times as far—would take nearly two million years. Alpha Centauri, the closest star to earth, is about twenty-five billion miles away. So our express train would need about fifty million years to reach it!

This makes clear how useless our previous analogy, which worked well for interplanetary space, is for interstellar space. It gives us only millions as an answer when we really need to think in billions, and so our minds just spin, like a squirrel in a spinning wheel. Still, there’s one more helpful comparison, which astronomers usually use when discussing star distances: the speed of light.

Light travels at the incredible speed of about 186,000 miles per second. That means it takes only about a second and a quarter to reach us from the moon. It crosses the 93,000,000 miles between us and the sun in about eight minutes. From the sun out to Neptune takes about four hours for light, so crossing the solar system from end to end takes about eight hours. But to cross the space that separates us from Alpha Centauri, light needs about four and a quarter years.

So, astronomers prefer to estimate star distances by how long it takes light to travel from them to us. They use the “light year,” the distance light covers in a year. In these terms, Alpha Centauri is about four and a quarter light years away.

Since light rays from Alpha Centauri are always streaming toward us across this space, and since each ray left there about four years before we see it, our view of the star is always about four years old. If the star were suddenly to disappear, we would still see it in its place in the sky for about four more years, after which it would vanish. The rays already on their way would reach us one after another until the very last arrived—then, no more would come.

We have pointed out Alpha Centauri as the nearest star. Most of the others are much farther away. We can only guess how long it takes light from many of them to reach our world. For example, if we see a sudden change in the brightness of any of those distant stars, we might wonder when that change actually happened. Was it during Queen Elizabeth’s time, or at the Norman Conquest; when Rome was at her height, or even before, when the Pyramids of Egypt were being built? Even the last of these possibilities cannot be ruled out. In fact, we have no real knowledge of how far away those stars are which our giant telescopes reveal to us in the depths of space.




CHAPTER VI: CELESTIAL MEASUREMENT

If the telescope had never been invented, our knowledge of astronomy would indeed be extremely limited.

Before 1610, when Galileo first turned this new instrument toward the sky, all knowledge of the stars was gathered through unaided human observation. In these efforts, people were greatly disadvantaged. The sun and moon were considered the largest bodies in the heavens mainly because they appeared so. The immense solar disturbances that are now so familiar to us were completely unknown at that time. The moon’s surface appeared patchy—her craters and ring-mountains were surprises waiting to be discovered. Nothing, of course, was known about the surfaces of the planets. These objects had no distinct features to set them apart from the vast number of stars—except that they changed positions in the sky while the rest did not. The stars themselves were believed to be fixed unalterably upon the dome of heaven. The sun, moon, and planets seemed to move about in the space between, supported in their courses by strange and fanciful mechanisms. The concept of satellites was not yet known. Comets were thought to be celestial omens, and meteors were regarded as small fires occurring in the upper air.

With no knowledge of the actual sizes and distances of the various celestial bodies, people naturally assumed they were small and, believing them to be close by, assigned them a permanent connection with earthly affairs. This gave rise to the strange and erroneous beliefs of astrology, according to which events on earth were thought to depend on the positions of the planets and other celestial bodies.

It must be recognized, however, that the study of astrology—though its conclusions were false—indirectly provided a great benefit to astronomy because of the accurate observations and diligent study of the stars that it required.

Let us now explore how the distances and sizes of celestial bodies have been determined, and see why the ancients were so completely in the dark on this topic.

There are two main ways to determine how far away an object is from us.

One method is by direct measurement.

The other is by moving oneself slightly to the right or left and observing whether the distant object appears to shift position as a result of our own movement.

One of the best examples of how objects seem to change position relative to us as we move is observing the landscape from the window of a moving train. As we are carried swiftly along, the telegraph posts near the tracks seem to rush past in the opposite direction; trees, houses, and other objects farther away also move by, but more slowly; distant objects shift only gradually; while some spire or tall landmark on the far horizon appears almost unmoved for quite some time.

Actual movement on our part is always accompanied by an apparent shift in the positions of objects around us—this effect is known as “parallax.” The relationship between our movement and the displacement of objects is mathematically precise: if we know exactly how much we have changed position and measure how much an object appears to move as a result, we can calculate its precise distance from us. Thus, distances can be measured without traveling over them directly. The width of a river or the distance of a ship at sea, for example, can be determined by this method.

By applying this principle to the sky, we can determine the distances to celestial bodies. We have seen that a significant movement on our part is necessary to detect any shift in the position of a very distant object. If two people a few hundred yards apart observe a ship on the horizon, it appears in nearly the same direction to both of them. They would need to be much farther apart to notice enough shift to estimate its distance. The same applies to the moon. Two observers on Earth must be thousands of miles apart before they can see the position of our satellite shift enough against the background of stars to provide the necessary data for calculation.

The change in position provided by standing at opposite points on the Earth’s surface at any one time is only sufficient to measure the distance of the closest celestial bodies. For anything farther, we need a greater change of position. This is obtained thanks to the Earth’s movement around the sun. Observations taken several days apart will show the effect of Earth’s changed location on the positions of other bodies in our solar system. But when we want to probe farther into space—to measure the distance to the nearest star—we must use the largest change in position available to us: the long journey of many millions of miles that Earth makes around the sun each year. Even this immense shift, large as it seems by terrestrial standards, results in only the tiniest displacements for just forty-three of the entire multitude of stars.

This shows just how disadvantaged the ancients were. Their measuring instruments simply could not detect such small shifts. It was the telescope that finally made it possible to observe them—and even then, only the large telescopes of recent times have revealed the slight changes in position of the nearer stars caused by Earth being at one end of its orbit at one time, and six months later at the other end—a distance of about one hundred and eighty-six million miles between those two points.

Once the actual distances of some celestial bodies could be determined, finding their real sizes became straightforward. Everyone knows that how large an object appears depends exactly on how far away it is—the farther away, the smaller it looks; the closer, the larger it seems. If an object at a known distance appears a certain size, we can calculate its real dimensions. Take the moon, for example. As explained earlier, we can determine its distance. If it also appears a certain size in the sky, simple calculation tells us what its actual size must be to appear that large from that distance. The same method applies to the sun. The planets, which look like points of light to the naked eye, might seem problematic. However, with the telescope, we can “bring them closer,” so their discs appear broad enough to measure. With the stars, we are unsuccessful; they are so distant—and appear as such tiny points of light—that even the most powerful telescopes cannot magnify them enough to show any surface.

Instead of expressing an object’s apparent width in units like yards or feet—which would be meaningless—astronomers measure the angle it appears to span. Such angles are measured in “degrees of arc,” with each degree divided into sixty minutes and each minute into sixty seconds. To the unaided eye, the sun and moon seem to be about the same size—or, as astronomers would say, they subtend about the same angle. This angle is roughly thirty-two minutes of arc, or slightly more than half a degree. The visible surface area of a celestial body as it appears to us—whether to the naked eye, as with the sun and moon, or through the telescope with other bodies in our solar system—is technically called its “disc.”




CHAPTER VII: ECLIPSES AND KINDRED PHENOMENA

Since some members of the solar system are closer to us than others, and all are much closer than any of the stars, it often happens that one celestial body passes between us and another, temporarily blocking its light. The moon, being the nearest object in the universe, will, during its movement across the sky, temporarily obscure any other object that happens to be in its path. When the moon passes in this manner across the face of the sun, it is said to eclipse it. When it hides a planet or star, it is said to occult it. The reason for using a separate term for what is, in essence, obscuring light in the same way, becomes clear when we consider that the sun’s disc appears almost the same size as the moon’s disc, so a total eclipse of the sun can last only a few minutes at most. In contrast, a planet or star appears so much smaller than the moon that it is always entirely covered for some time when it passes behind our satellite.

The sun, of course, occults planets and stars just as the moon does, but we cannot see these occultations because of the brightness of sunlight.

Due to the small apparent size of the planets when viewed with the naked eye, we cannot see them as they pass over stars and block them out. However, such events can be observed with a telescope, where the planets appear as broad discs.

Another phenomenon in this category is known as a transit. This occurs when a small-appearing body crosses the face of a larger one, essentially the reverse of an occultation. Since nothing closer to us than the moon is large enough to appear in transit across her disc, we never see any transits against the moon. However, the planets Venus and Mercury are both closer to us than the sun, and so occasionally pass across its face—these events are known as Transits of Venus and Transits of Mercury.

The satellites of Jupiter, which continually orbit around him, often pass behind or across his disc. Such occultations and transits of satellites can be observed well through a telescope.

There is, however, another way in which the light of a celestial body may be obscured, without needing to be hidden by one that is closer. Any opaque object casts a shadow when a strong light shines directly upon it. Thus, the earth, under the powerful light of the sun, casts a long shadow, though we are not aware of this shadow until it falls upon something. The shadow the earth casts is not noticeable to us until another celestial body passes into it. Since the sun is very large compared with the relatively small earth, the shadow cast by the earth is comparatively short, reaching into space for only about a million miles. No visible object except the moon orbits within that distance, so only the moon can pass into the earth’s shadow. Whenever this happens, the moon’s surface becomes dark immediately, because she does not emit any light of her own but merely reflects sunlight. As the moon continually orbits the earth, one might expect that once every month—at the time of full moon, when she is on the opposite side of the earth from the sun—she would pass through this shadow. However, this does not happen every time, because the moon’s orbit is not exactly in the same plane as the earth’s. Thus, many times the moon passes above or below the earth’s shadow. Only at intervals of about six months can the moon be so obscured. This darkening of her light is known as an eclipse of the moon. It is unfortunate that we use the single term “eclipse” for both this and the quite different event of a solar eclipse, in which the sun’s face is hidden by the moon coming directly between it and our eyes.

People have always found it more difficult to understand the causes of a lunar eclipse than a solar eclipse. As Mr. J.E. Gore1 puts it: “The darkening of the sun’s light by the interposition of the moon’s body seems more obvious than the passing of the moon through the earth’s shadow.”

Eclipses of the moon make for striking spectacles but add little to our scientific knowledge. They do, however, provide a remarkable proof of the earth’s roundness: the outline of its shadow seen moving over the moon’s surface is always circular.


[image: Fig. 3.]

Fig. 3.—Total and Partial Eclipses of the Moon. The Moon is here shown in two positions; i.e. entirely plunged in the earth’s shadow and therefore totally eclipsed, and only partly plunged in it or partially eclipsed.


Eclipses of the Moon, or lunar eclipses, are of two kinds—Total and Partial. In a total lunar eclipse the moon passes entirely into the earth’s shadow, so its entire surface is darkened. This darkening lasts about two hours. In a partial lunar eclipse, only part of the moon passes through the shadow, so only part of her surface is darkened (see Fig. 3). A very striking feature of a total lunar eclipse is that the darkening of the lunar surface is usually not as intense as one would expect, considering that the sunlight should be completely cut off from it. On rare occasions, the moon has completely disappeared from view during a total lunar eclipse, but usually she appears coppery-red, and sometimes ashen. The explanation for these color variations lies in the state of the earth’s atmosphere at that time. When the parts of our atmosphere through which the sun’s rays must filter on their way to the moon are free of moisture, the lunar surface will be tinged with a reddish light, similar to the colors seen at sunset when the air is dry. The ashen color occurs when the atmosphere is laden with moisture, producing the effect seen at sunset when rain is coming. Finally, when the air around the earth is thickly clouded, no light passes, and in such cases the moon disappears entirely from the night sky for a time.

Eclipses of the Sun, or solar eclipses, are divided into Total, Partial, and Annular types. A total solar eclipse occurs when the moon moves between the sun and the earth so that it blocks sunlight completely from a portion of the earth’s surface for a short time. Anyone in this region will see the sun temporarily blotted out by the moon. Since the moon is much smaller than the sun but also much closer to us, the area of the earth where the sun is totally eclipsed is small. In locations not far from this region, the moon will appear slightly shifted, so the sun will be only partially eclipsed. Because the moon is always moving around the earth, the area from which a total eclipse is visible is always a relatively narrow band running roughly west to east. This band, known as the track of totality, can never be more than about 165 miles wide, and is usually much narrower. For about 2,000 miles on either side, the sun is only partially eclipsed. Outside these regions, no eclipse of any kind is visible, since from such locations the moon does not appear to cross the sun (see Fig. 4 (i.)).

It may occur to the reader that eclipses can also happen in such a way that the region where the eclipse would be seen as total lies outside the earth’s surface. Such an eclipse is not called a total eclipse but a partial eclipse, because from anywhere on earth the sun is seen as only partially eclipsed at most (see Fig. 4 (ii.)).
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(ii.) Partial Eclipse of the Sun.

(ii.) Partial Eclipse of the Sun.

Fig. 4.—Total and Partial Eclipses of the Sun. From position A, the Sun cannot be seen as it is completely blocked by the Moon. From B, it is partially blocked because the Moon is only somewhat in the way. From C, no eclipse is visible because the Moon does not interfere.

Note that in a Partial Eclipse of the Sun, position A lies outside the earth’s surface.

An Annular eclipse is an eclipse that just fails to be total for a different reason. The orbits of the solar system’s members are not perfect circles, but ovals—shapes known technically as ellipses. In an elliptical orbit, the controlling body is located not at the center, but toward one end, a point called the focus. With the sun at the focus of the earth’s orbit, the earth is at times a bit nearer to the sun than at other times. Therefore, the sun sometimes appears slightly larger to us. The same holds true for the moon, with the earth at the focus of her orbit—she appears to vary in size as well. As a result, when the sun is eclipsed by the moon and the moon appears larger, she blots out the sun completely, producing a total eclipse. However, if the sun appears larger, the eclipse will not be quite total, and a ring of sunlight will be visible around the moon. This is called an annular eclipse, from the Latin annulus meaning ring. Although the term is long established, its similarity to “annual” causes confusion. The Germans call this a “ring-formed” eclipse, which is more precise.

There is never a year without a solar eclipse. In fact, there must always be at least two such eclipses each year, though there could be no lunar eclipse at all. On the other hand, the greatest number of eclipses possible in a year is seven—that is, either five solar and two lunar, or four solar and three lunar. This general statement refers only to eclipses in the broadest sense, not specifying whether they are total or partial.

Among all phenomena involving the obscuring of a celestial body by another, a total solar eclipse is by far the most important. It is interesting to consider how much poorer astronomy would be without the remarkable coincidence that makes a total solar eclipse possible at all. The sun is about 400 times farther from us than the moon and vastly larger, yet the two are so relatively placed that they appear almost the same size. This allows the moon to occasionally blot out the sun entirely for a short time, letting us observe what is happening near the sun itself, normally lost in the glare.

During a total solar eclipse, the time from the first contact (when the moon’s disc begins to overlap the sun’s western edge) to the onset of totality is about an hour. The black lunar disc can be seen moving steadily across the solar face throughout this time. Despite the gradual dimming, there is little decrease in daylight until about three-quarters of the sun is covered. Then a pale, eerie appearance develops, the temperature drops, and nature seems to pause, expectant. The sun’s remaining exposed edge shrinks to a fine crescent. Strange, wavering shadows (“Shadow Bands”) may appear, moving over white surfaces such as walls, buildings, or sheets laid on the ground. The western sky becomes dark and ominous, resembling the approach of a violent rainstorm. This effect is caused by the immense shadow of the moon racing across the landscape at around half a mile per second.

If the final crescent of the sun is viewed through a telescope, it does not vanish all at once. Instead, it breaks up along its edge into a series of bright points known as “Baily’s Beads.” The exact cause is debated, but most astronomers believe they are the last bits of sunlight shining between peaks on the moon’s limb. The beads disappear rapidly, and then the solar surface is completely hidden, marking the beginning of totality (see Fig. 5).



	

[image: In a total Eclipse]
In a total Eclipse

In a total Eclipse


	

[image: In an annular Eclipse]
In an annular Eclipse

In an annular Eclipse





	
Fig. 5.—“Baily’s Beads.”





But with the disappearance of the sun, a new and extraordinary sight becomes visible, hidden at other times by the sunlight: a pearly white halo around the moon’s black disc. This is the phenomenon known as the Solar Corona. It was once believed to belong to the moon and to be a lunar atmosphere lit by sunlight shining through from behind. However, the fact that the moon abruptly blocks out stars during occultations has proved that it has little to no atmosphere. It is now well established that the corona belongs to the sun; during a total eclipse, the black moon can be seen moving across it.

During the total phase (as this period is called), the corona shines with its pale, otherworldly light, lighting the surface of the earth to about the brightness of a full moon. Usually, the planet Venus and a few stars become visible in the darkened sky. Meanwhile, animal and plant life respond as they do at sunset: birds roost, bats come out, worms emerge, and flowers close. During the Norwegian eclipse of 1896, fish were seen rising to the surface. When totality ends and the sun reappears, the corona disappears as quickly as it came.

Another famous solar feature, revealed partly during total eclipses, is a layer of red flame enveloping the sun and lying between it and the corona. This is called the Chromosphere. Normally it is invisible because the bright white sunlight overpowers it, but during an eclipse, as the sun’s face is blocked, a narrow strip of chromosphere can be seen as a red fringe around the moon. Just before and after totality, this red strip is visible again as the sun’s surface becomes unobscured.

The chromosphere’s outer surface is rough and irregular, like stormy waves on the sea. Parts of it rise so high they stand out as blood-red points around the moon during an eclipse, and remain visible throughout much of the total phase. These projections are the Solar Prominences. Like the corona, the chromosphere and the prominences were once thought to belong to the moon, but this was soon disproved as the lunar disc can be observed moving across them.

The total phase, or “totality,” lasts different amounts of time in different eclipses. It usually lasts about two or three minutes, and at most can never exceed about eight minutes.

After totality, as the corona fades, the moon moves gradually away from the sun’s disc, daylight and warmth return, and nature recovers from its unnatural gloom. In about an hour after totality begins, the last bit of moon withdraws from the sun, and the eclipse is over.

The corona, the chromosphere, and the prominences are the most important of the sun’s features revealed by a total solar eclipse. We will discuss them further in a later chapter devoted to the sun.

Everyone who has been fortunate enough to see a total solar eclipse will, the writer is confident, agree with Sir Norman Lockyer that it is one of the “grandest and most awe-inspiring sights” a person can witness. Such events used to terrify people in less civilized times, and even in the modern era, they can be disturbing—during the 1869 eclipse in Iowa, a woman reportedly died from fright.

For the serious observer, every moment of a total solar eclipse is extremely precious. Many separate observations must be made in a very short time, so eclipse teams rehearse repeatedly to ensure not a second is wasted when totality comes. Such preparation is vital; the rarity and extraordinary nature of a total eclipse, combined with its short duration, tends to distract and overwhelm the mind. Weather, too, can always interfere, so success is never guaranteed.

Personal experience is therefore absolutely necessary for making the most of a total solar eclipse. In early times, that was impossible, since imperfect astronomical knowledge and limited geography made it all but impossible to predict exactly where a total eclipse would be visible. In those days, only chance would have enabled a person to see totality, and a second such experience in a lifetime was highly unlikely. Even later, as the motions of the heavens were better understood, the challenges of travel often remained; in fact, for years after the invention of the telescope, most total eclipses occurred in remote regions, and Europe saw very few. As a result, building up organized knowledge of total solar eclipses took a long time.

Perhaps nothing proves the accuracy of modern astronomical theory better than the almost perfect match between predicted and actual times of eclipses. By calculating backwards, astronomers can also determine when and where many ancient eclipses occurred, providing opportunities to check disputed historical dates.

It should also be mentioned that the ancients could, in a rough way, predict eclipses. The Chaldean astronomers noticed early on that eclipses tend to repeat after a period of slightly more than eighteen years.

However, the eclipses in any given year are not linked to those of the previous year. In other words, an eclipse occurring on a particular date this year does not mean a repeat of it at the same time next year. But the solar system’s well-balanced motions mean that, after definite periods, similar events recur. Thus, as a result of these stable movements, the sun, moon, and earth, after a period of 18 years and 10⅓ days,2 occupy nearly the same relative positions. During each such cycle, the eclipses within it will recur in sequence.

For example:

The total solar eclipse of August 30, 1905, repeated that of August 19, 1887.

The partial solar eclipse of February 23, 1906, corresponded to that of February 11, 1888.

The annular eclipse of July 10, 1907, was a recurrence of that on June 28, 1889.

We can continue in this way until the eighteen-year cycle concludes, and we find a total solar eclipse predicted for September 10, 1923, which repeats those of 1905 and 1887; and so on for the others.

Through long observation across many ages, those devoted early skywatchers, the Chaldeans, arrived at this impressive generalization; they used it for rough eclipse prediction. They called this recurrent period the “Saros.”

Here we are led into one of the most fascinating byways of astronomy, which most writers give far too little attention.

To avoid unnecessary complexity, let us first consider only the recurrence of solar eclipses. This, however, does not affect the argument; it will actually help in applying the same logic to lunar eclipses.

Perhaps you have noticed that, regarding eclipse repetition, the conditions that bring it about are reproduced almost exactly. This is the crucial point. If the circumstances recurred exactly, each eclipse would repeat indefinitely. For instance, if, after one Saros, the sun, moon, and earth were in the same precise positions, the recurrence of a solar eclipse would produce the same shadow over the same parts of the earth each time. But because the conditions are only almost reproduced, the shadow track does not fall on exactly the same area but is shifted slightly; each new eclipse is found a bit farther along. Thus, every solar eclipse has its own “life” on the earth, lasting about 1,150 years, or 64 saros cycles, gradually moving across our globe from north to south, or south to north, as the case may be. Let’s imagine an example: A partial eclipse occurs near the North Pole, the edge of the “partial” shadow just grazing the earth, and the “track of totality” still missing the planet entirely. Here a series begins. Each saros, the partial shadow covers more earth. Eventually, the track of totality begins to touch the planet, streaking across slightly lower latitudes each time. It moves steadily south, passing the Tropics and Equator, until it reaches the South Pole and disappears into space. The shadow’s partial area decreases, and it too eventually vanishes. This eclipse series has now run its course—its “life” is over.

We could likewise have imagined a series moving from south to north, as eclipses can progress in either direction.

From this, one might think that, if the tracks of totality for an eclipse series were plotted on a world map, they would stack up in a series of steps. In fact, this is not the case, and the reason is easy to find. It depends on the fact that the saros cycle does not contain an exact number of days—it includes one-third of a day in addition.

It’s clear that if the number of days was exact, the same parts of the earth would always face the sun at each recurrence of an eclipse. But with the extra third of a day, the earth needs to complete another third of a rotation before the eclipse occurs. Therefore, every new eclipse’s track of totality is located one-third of the earth’s circumference to the west. After three cycles (54 years, 1 month), the track circles the globe, duplicating the pattern but in a new latitude, either more to the north or south, depending on the direction of the eclipse series.

Finally, each eclipse series, after making its way across the earth, will return after some 12,000 years to repeat the process. So, after that immense period, the entire “life” of every eclipse should repeat itself, assuming the solar system’s conditions don’t change significantly.

Now we can apply this gradual northward or southward motion of eclipse recurrences to lunar eclipses. Just as the track of the lunar shadow shifts its position at each solar eclipse, so, in lunar eclipses, the shadow falls on different parts of the moon’s disc each time. Every lunar eclipse, therefore, starts as a partial eclipse at either the northern or southern extremity. For example, imagine a series progressing from north to south. Each recurrence, the shadow encroaches further south, until the moon is entirely covered and the eclipse becomes total. It remains total for a number of cycles, until the shadow passes by, exposing the northern edge of the moon. With each return, more of the moon becomes illuminated, until finally the shadow passes off at the south. Similarly, if the shadow starts at the south, it creeps northward, with each recurrence making more of the southern side visible, until totality passes, and eventually the moon is free of shadow at the north.

The “life” of a lunar eclipse series is much shorter than that of a solar eclipse series, lasting only about 860 years, or 48 saros cycles.

Fig. 6 shows a world map (using the familiar Mercator’s Projection) that traces part of the path of the total solar eclipse of August 30, 1905, across the earth’s surface. Due to the projection’s distortion of the polar regions, the earlier tracks of this series—beginning as a partial eclipse near the North Pole during Queen Elizabeth’s reign, and becoming total for the first time on June 24, 1797—cannot be shown. The map instead begins with the track from July 17, 1833. Due to changes in the apparent sizes of the sun and moon as their distances from earth vary, this eclipse will become annular by the late 21st century, as the track passes south of the equator. The series will finally leave the earth near the South Pole around the early 26th century, with the partial shadow’s last contact around 2700 A.D., ending the series.
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Fig. 6.—Map of the World on Mercator’s Projection, showing a portion of the progress of the Total Solar Eclipse of August 30, 1905, across the surface of the earth.







1. Astronomical Essays, London, 1907.



2. In some cases, the periods between corresponding eclipses appear to be longer than ten days; this is easily explained when taking into account leap years (each adding an extra day) and local time variations.





CHAPTER VIII: FAMOUS ECLIPSES OF THE SUN

What is believed to be the earliest reference to an eclipse comes to us from ancient Chinese records, over four thousand years old. The eclipse in question was a solar one, occurring, as far as can be determined, during the twenty-second century B.C. The story goes that the two state astronomers, named Ho and Hi, were exceedingly intoxicated and unable to fulfill their duties, which involved supervising traditional rituals—such as beating drums and shooting arrows—to frighten away the mighty dragon believed to be about to swallow the Lord of Day. This eclipse appears to have been only partial; nevertheless, a great uproar followed, and the two astronomers were executed—no doubt with the usual celestial severity.

The next eclipse mentioned in the Chinese annals is also a solar one, which seems to have taken place over a thousand years later, in 776 B.C. Similar records follow from the same source; but since they are mere notes of the events and contain little detail, they are of limited interest. Curiously, the Chinese paid practically no attention to lunar eclipses but kept comparatively careful comet records, which have proved valuable to modern astronomy.

The earliest mention of a total eclipse of the sun (the previously mentioned Chinese eclipse was only partial) was deciphered in 1905, on an ancient Babylonian tablet, by Mr. L.W. King of the British Museum. This eclipse occurred in the year 1063 B.C.

Assyrian tablets record three solar eclipses that occurred between three and four hundred years later than this. The first of these was in 763 B.C., with the total phase visible near Nineveh.

The next record of a solar eclipse comes from a Greek source. This eclipse took place in 585 B.C. and has been the subject of much investigation. Herodotus, to whom we owe the account, tells us that it happened during a battle in a war between the Lydians and the Medes, which had been ongoing for years. The sudden onset of darkness caused the contest to end, after which peace was made between the sides. The historian adds that the eclipse had been predicted by Thales, considered the founder of Greek astronomy. This eclipse is therefore known as the “Eclipse of Thales.” It would seem that Thales was familiar with the Chaldean saros.

The next noteworthy solar eclipse was an annular one, occurring in 431 B.C., the first year of the Peloponnesian War. Plutarch relates that the pilot of the ship about to carry Pericles to the Peloponnesus was greatly alarmed by it; but Pericles calmed him by holding up a cloak before his eyes, explaining that the only difference between this and the eclipse was that something larger than the cloak prevented him from seeing the sun for a while.

A solar eclipse of great historical interest is known as the “Eclipse of Agathocles,” which took place on the morning of August 15, 310 B.C. Agathocles, Tyrant of Syracuse, had been blockaded in the harbor by the Carthaginian fleet but managed to escape under cover of night, setting sail for Africa to invade enemy territory. The next day, he and his vessels experienced a total eclipse, during which “day wholly put on the appearance of night, and the stars were seen in all parts of the sky.”

A few solar eclipses are believed to be referenced in early Roman history, but their identification is very doubtful compared to those the Greeks recorded. Their credibility is further weakened by the fact that they are often associated with famous events—the birth and death of Romulus, and Julius Caesar’s crossing of the Rubicon are claimed to have been marked by these supposed signs of divine approval or disapproval!

References to eclipses in the Bible are few. Amos viii. 9 is thought to refer to the Nineveh eclipse of 763 B.C., already mentioned; while the well-known episode of Hezekiah and the shadow on the dial of Ahaz has been linked to a partial eclipse at Jerusalem in 689 B.C.

The first solar eclipse on record during the Christian Era is called the “Eclipse of Phlegon,” so named because a pagan writer by that name provides the account. This eclipse took place in A.D. 29, with the total phase visible just north of Palestine. It is sometimes confused with the “darkness of the Crucifixion,” which occurred around this date; but it is enough to note that the Crucifixion is known to have happened during the Jewish Passover (which is always at full moon), while a solar eclipse can only occur at new moon.

Dion Cassius, commenting on the Emperor Claudius around A.D. 45, wrote:

“As there was going to be an eclipse on his birthday, fearing unrest (as there had been other prodigies), he made a public announcement not only that the eclipse would occur, and about its time and size, but also about the causes producing such an event.”

This is a remarkable account, showing that the Romans—an essentially military nation—had, until then, taken little interest in astronomy, and tended to view phenomena like eclipses as mere celestial omens.

The first definite mention of the solar corona is believed to occur in a passage by Plutarch. The eclipse he refers to was probably that of A.D. 71. He says the obscuration caused by the moon “has no time to last and no extensiveness, but some light shows itself round the sun’s circumference, which does not allow the darkness to become deep and complete.” No further mention of this phenomenon occurs until near the end of the sixteenth century. However, Mr. E.W. Maunder has pointed out the likelihood1 that we have a very ancient symbolic representation of the corona in the “winged circle,” “winged disc,” or “ring with wings,” as it is variously called, which often appears on Assyrian and Egyptian monuments as a symbol of the Deity (Fig. 7).
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Fig. 7.—The “Ring with Wings.” The upper is the Assyrian form of the symbol, the lower the Egyptian. (From Knowledge.) Compare the form of the corona on Plate VII. (B).


The first solar eclipse recorded as seen in England was that of A.D. 538, noted in the Anglo-Saxon Chronicle. However, the path of totality did not come close to our islands; only two-thirds of the sun’s disc were eclipsed in London.

In 840, a great eclipse took place in Europe, which was total for more than five minutes across what is now Bavaria. It is said that the terror caused by this eclipse hastened the death of Louis le Debonnaire, Emperor of the West, who lay ill at Worms.

In 878—during King Alfred’s time—a solar eclipse occurred which was total at London. From then until 1715, London did not see another total eclipse, though this was not the case for other parts of England.

An eclipse commonly called the “Eclipse of Stiklastad” is said to have happened in 1030, during the naval battle in which Olaf of Norway is believed to have been killed. Longfellow, in his Saga of King Olaf, writes:

“The Sun hung red

As a drop of blood,”

but, as with most poets, the dramatic value of the eclipse seems to have escaped his notice.

In 1140, a total eclipse occurred—the last to be visible in England for more than five centuries. Only two such have occurred since: those of 1715 and 1724, to be discussed later. The eclipse of 1140 took place on March 20 and is referred to in the Anglo-Saxon Chronicle as follows:

“In the Lent, the sun and the day darkened, about the noon-tide of the day, when men were eating, and they lighted candles to eat by. That was the 13th day before the calends of April. Men were very much struck with wonder.”

Several older historians speak of a “fearful eclipse” occurring on the morning of the Battle of Crecy (1346). Lingard, in his History of England, writes:

“Never, perhaps, were preparations for battle made under circumstances so truly awful. On that very day the sun suffered a partial eclipse: birds, in clouds, the precursors of a storm, flew screaming over the two armies, and the rain fell in torrents, accompanied by incessant thunder and lightning. About five in the afternoon the weather cleared up; the sun in full splendour darted his rays in the eyes of the enemy.”

However, calculations show that no solar eclipse occurred in Europe that year. This mistake can be traced to a mistranslation of the obsolete French word esclistre (lightning), used by Froissart in his account of the battle.

In 1598, an eclipse was total over Scotland and part of North Germany. It was observed at Torgau by Jessenius, a Hungarian physician, who noticed a bright light around the moon during totality. This is said to be the first reference to the corona since that of Plutarch.

Speaking of Scotland, it is worth noting that an unusual number of eclipses have been visible there, and the mystical inclinations common in Scottish culture have led to a few being immortalized as the “Black Hour” (1433 eclipse), “Black Saturday” (the 1598 eclipse mentioned above), and “Mirk Monday” (1652). The path of this last eclipse also crossed Carrickfergus in Ireland, where it was observed by Dr. Wybord, whose account first uses the term “corona.” This is the last eclipse to have been total in Scotland, and it is estimated that there will not be another such eclipse there until the twenty-second century.

A solar eclipse on May 30, 1612, was reportedly seen “through a tube,” likely referring to the then-recent invention—the telescope.

The eclipses described above are primarily of historical interest. The old sense of mystery and confusion among observers persisted even into relatively recent times, as we see that the corona did not draw definite attention for its own sake until quite late.

From observing the corona, it is a short step to noticing other features of a solar eclipse. The 1706 eclipse, with totality visible in Switzerland, is notable because it was likely the first time the famous red prominences were seen. Captain Stannyan observed the eclipse in Berne, Switzerland, and wrote to Flamsteed, then Astronomer Royal, describing how the sun’s “getting out of his eclipse was preceded by a blood-red streak of light from its left limb, which continued not longer than six or seven seconds of time; then part of the Sun’s disc appeared all of a sudden, as bright as Venus was ever seen in the night, nay brighter; and in that very instant gave a Light and Shadow to things as strong as Moonlight uses to do.” How little was then expected of the sun is shown by Flamsteed’s response to the Royal Society:

“The Captain is the first man I ever heard of that took notice of a Red Streak of Light preceding the Emersion of the Sun’s body from a total Eclipse. And I take notice of it to you because it infers that the Moon has an atmosphere; and its short continuance of only six or seven seconds of time, tells us that its height is not more than the five or six hundredth part of her diameter.”

How much thinking has changed since then! The sun has become a source of great discovery, while the moon has produced nothing new.

The eclipse of 1715, the first total at London since 878, was observed by Edmund Halley from the Royal Society’s rooms in Crane Court, Fleet Street. On this occasion, both the corona and a red projection were noted. Halley also referred to the phenomenon later known as “Baily’s beads.” This eclipse also saw the earliest recorded drawings of the corona. Cambridge was within the path of totality; Professor Cotes of Cambridge University made one of the drawings and sent them, with a letter, to Sir Isaac Newton describing his observations.

In 1724, an eclipse occurred with totality visible in the southwest of England but not in London. The weather was unfavorable, and only one observer, Dr. Stukeley, saw the eclipse from Haraden Hill, near Salisbury Plain. This is the last eclipse whose total phase was seen in England. The next will not be until June 29, 1927, visible along a line across North Wales and Lancashire. The apparent sizes of the sun and moon will be nearly the same, so totality will be extremely brief—just a few seconds. London itself will not see totality until 2151—a fact unlikely to personally trouble any of us!

It is only from the early nineteenth century that serious scientific attention was paid to solar eclipses. An annular eclipse observed in southern Scotland in 1836 drew the careful notice of Francis Baily of Jedburgh, Roxburghshire, to the interesting effect that has ever since been called “Baily’s beads.” Motivated by this observation, leading astronomers decided to pay particular attention to a total eclipse predicted for 1842, visible in southern France and northern Italy. Public interest was also great, as the path of totality would cross populous and highly cultured regions.

This eclipse occurred on the morning of July 8, and marks the start of the enthusiasm with which total solar eclipses have been received ever since. Airy, the Astronomer Royal, observed it from Turin; Arago, the famous Paris Observatory director, observed from Perpignan, southern France; Francis Baily observed from Pavia; and Sir John Herschel from Milan. The corona and three large red prominences were not only well observed by astronomers but also drew immense applause from the crowds.

The success of these observations led astronomers to give the same attention to the eclipse of July 28, 1851, with totality visible in southern Norway and Sweden, and eastern Prussia. This eclipse was also a success, and it was now determined that the red prominences belonged to the sun, not the moon; as the moon’s disc moved, it was seen to cover and uncover them in turn. It was also noted that these prominences rose from a layer of glowing gas closely surrounding the sun.

The total eclipse of July 18, 1860, was observed in Spain, and photography was, for the first time, systematically employed in the observations.2 The resulting photographs showed the stationary appearance of both the corona and prominences relative to the moving moon, definitively confirming they were solar features.

The eclipse of August 18, 1868, with totality lasting nearly six minutes, was visible in India and drew many astronomers. For this eclipse, the spectroscope was crucial, showing that both the prominences and the surrounding chromosphere are made of glowing gases—especially hydrogen. As a direct result, the spectroscopic method for observing solar prominences at any time in full daylight, without total eclipses, was developed. This method, which greatly advanced solar studies, was the result of independent, concurrent research by the French astronomer M. Janssen and the English astronomer Professor (now Sir Norman) Lockyer—a remarkable parallel to the discovery of Neptune. The principles behind the method had occurred somewhat earlier to Dr. (now Sir William) Huggins.

The eclipse of December 22, 1870, was total for just over two minutes, its path crossing the Mediterranean. M. Janssen, previously mentioned, escaped besieged Paris in a balloon with his instruments, reaching Oran in Algeria to observe, but cloudy weather thwarted his hopes. The British expedition was shipwrecked off Sicily. However, the occasion was redeemed by the American astronomer Professor Young’s notable observation, which revealed the existence of the “Reversing Layer”—a shallow gas layer lying just below the chromosphere. An illustration of the corona as seen in this eclipse is on Plate VII. (A).

For the eclipse of December 12, 1871, total across southern India, photographs of the corona taken by Mr. Davis, assistant to Lord Lindsay (now Earl of Crawford), displayed previously unmatched detail.

The eclipse of July 29, 1878, total across the western states of North America, was a great success, with the well-known American astronomer and physicist Professor Langley observing a glorious corona from the summit of Pike’s Peak, Colorado, over 14,000 feet above sea level. The coronal streamers were seen to extend much farther from this altitude than from lower elevations, and the corona remained visible for more than four minutes after totality ended. However, it was not solely due to altitude; the coronal streamers were actually much longer in this eclipse than in most previous ones.

The eclipse of May 17, 1882, observed in Upper Egypt, is notable because Dr. Schuster’s photographs at Sohag captured a bright comet near the corona’s outer edge (see Plate I.). The comet had not been seen before and was never seen afterward. This was the third instance where a comet was detected only because of a total eclipse—the first noted by Seneca, the second by Philostorgius regarding an eclipse at Constantinople in A.D. 418. A fourth case happened in 1893, when faint evidence of one of these faint objects was found in Professor Schaeberle’s photos of the corona during the total eclipse of April 16 that year.

The eclipse of May 6, 1883, lasted over five minutes, but totality occurred across the Pacific Ocean, with Caroline Island (of the Marquesas Group), a coral atoll 7.5 miles long and 1.5 miles wide, as the only accessible land. Still, astronomers went there and were rewarded with good weather.

The next notable eclipse was on April 16, 1893, its path running from Chile across South America and the Atlantic to Africa’s West Coast. The fine weather led to excellent results. Photographs taken at both ends of the path showed the corona’s appearance did not change during the time the shadow crossed the globe. Professor Schaeberle’s photographs during this eclipse revealed those traces of a comet previously mentioned.

Extensive preparations were made for the eclipse of August 9, 1896. Totality lasted two to three minutes along a path from Norway to Japan. Poor weather disappointed many, except those with Sir George Baden Powell aboard his yacht Otaria in Nova Zembla.

The eclipse of January 22, 1898, from India (via Bombay and Benares), enjoyed good weather and is notable for a photograph by Mrs. E.W. Maunder, showing a coronal ray extending an unusually great distance.
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Plate I. The Total Eclipse of the Sun of May 17th, 1882 A comet is here shown in the immediate neighbourhood of the corona. Drawn by Mr. W.H. Wesley from the photographs.


A major factor in advancing solar scientific knowledge has been the good fortune that the Mediterranean countries, which are easy to access, have had many total eclipses in the past sixty years. For instance, the Spanish peninsula has seen no fewer than five tracks of totality during that period. Two are among the most notable eclipses of recent years: May 28, 1900, and August 30, 1905. The 1900 eclipse’s path ran from the western coast of Mexico, through the southern United States, across the Atlantic, then over Portugal and Spain into North Africa. The total phase lasted about a minute and a half and was extensively observed from many locations. A depiction of the corona as seen then is on Plate VII. (B).

The path of the other eclipse just mentioned—August 30, 1905—crossed Spain about 200 miles north of that of 1900. Starting in Winnipeg, Canada, it passed through Labrador, across the Atlantic, through Spain, the Balearic Islands, North Africa, Egypt, and ended in Arabia (see Fig. 6). There was much interest in comparing photographs taken in Labrador and Egypt to see whether the corona would show any change in shape while the shadow crossed some 6,000 miles. During this eclipse, totality lasted nearly four minutes. Unfortunately, bad weather greatly hampered observations. For example, no observations were possible in Labrador. Conditions in Spain were far from ideal, though at Burgos—where a huge crowd had gathered—the total phase was fortunately clearly seen. Overall, the best results were obtained at Guelma in Algeria. The corona during this eclipse was especially impressive, and some magnificent groups of prominences were plainly visible to the naked eye (see the Frontispiece).

The next total eclipse after 1905 was on January 14, 1907. It passed across central Asia and Siberia, with totality lasting up to two and a half minutes; but it went unobserved due to extremely poor weather—a circumstance not surprising for those areas in that season.

The eclipse of January 3, 1908, crossed the Pacific Ocean. Only two small coral islands—Hull Island in the Phoenix Group and Flint Island about 400 miles north of Tahiti—were in the track. Two groups went to observe it: a joint American team from Lick Observatory and the Smithsonian Institution, and a private British party led by Mr. F.K. McClean. Since Hull Island was unsuitable, both groups set up on Flint Island, which was only marginally better. The total phase was fairly long—about four minutes, and the sun was almost directly overhead. Heavy rain and clouds interfered with the first minute of totality, but the remaining three minutes were successfully used, and good photographs of the corona were obtained.

Unfortunately, the next few years will be unfavorable for eclipse observers. An eclipse will occur on June 17, 1909, with the path stretching from Greenland over the North Polar regions into Siberia. The geography is extremely challenging, and totality will be very brief—only six seconds in Greenland and twenty-three seconds in Siberia.

The eclipse of May 9, 1910, will be visible in Tasmania. Totality will last up to four minutes, but the sun will be too low in the sky for effective observation.

The next year’s eclipse, April 28, 1911, will also be confined to roughly the same part of the world, with the path passing across Norfolk Island (the old convict settlement) and then out into the Pacific.

The eclipse of April 17, 1912, will run from Portugal through France and Belgium into northern Germany. However, it will be of virtually no value to astronomy. For example, totality will last only three seconds in Portugal; and although Paris will be on the central line, the eclipse changes from just barely total to an annular one over the city.

The first genuinely favorable eclipse in the near future will occur on August 21, 1914. Its path will cross Greenland, Norway, Sweden, and Russia. This eclipse will be a return, after one saros, of the eclipse of August 9, 1896.

The last solar eclipse we will mention is that predicted for June 29, 1927. It was already noted as the first forthcoming eclipse to be total in England. The central line will stretch from Wales northeastward. Stonyhurst Observatory in Lancashire will be along the path; but totality there will be very short, about twenty seconds.






1. Knowledge, vol. xx., January 1897.



2. The first photographic representation of the corona had, however, been made during the eclipse of 1851. This was a daguerreotype taken by Dr. Busch at Königsberg in Prussia.





CHAPTER IX: FAMOUS ECLIPSES OF THE MOON

The earliest lunar eclipse for which we have any reliable information was a total eclipse that took place on March 19, 721 B.C., and was observed from Babylon. Our knowledge of this eclipse comes from Ptolemy, the astronomer, who copied it, along with two others, from the records kept during the reign of the Chaldean king Merodach-Baladan.

The next noteworthy lunar eclipse was also a total eclipse, which occurred about three hundred years later, in 425 B.C. This eclipse was observed at Athens and is mentioned by Aristophanes in his play, The Clouds.

Plutarch relates that a total eclipse of the moon, which took place in 413 B.C., so greatly frightened Nicias, the general of the Athenians, then at war in Sicily, that it caused him to delay his retreat from Syracuse. This delay led to the destruction of his entire army.

Seven years later—in 406 B.C., the twenty-sixth year of the Peloponnesian War—another total lunar eclipse occurred, which is mentioned by Xenophon.

Skipping over several other eclipses referenced by ancient writers, we come to one recorded by Josephus as having taken place shortly before the death of Herod the Great. It is probable that the eclipse in question was the total lunar eclipse which calculations show occurred on September 15, 5 B.C., and was visible in Western Asia. This is very important because it allows us to establish that year as the date of the birth of Christ, since Herod is known to have died early in the year following the Nativity.

In the accounts of total lunar eclipses from the Dark and Middle Ages, the color of the moon is almost always compared to “blood.” However, in an account of the eclipse of January 23, A.D. 753, our satellite is described as being “covered with a horrid black shield.” Here we have examples of the two distinct appearances mentioned in Chapter VII—that is, when the moon appears coppery-red, and when it is completely darkened.

It appears that, in the majority of lunar eclipses on record, the moon has appeared red, or more precisely, copper-colored, making the details on its surface visible. One of the best examples of a bright eclipse was that of March 19, 1848, when the brightness of our satellite was so great that many people found it hard to believe an eclipse was actually happening. A certain Mr. Foster, who observed this eclipse from Bruges, reported that the markings on the lunar disk were almost as visible as they are on an “ordinary dull moonlight night.” He went on to say that the British Consul at Ghent, unaware that there had been an eclipse, wrote to ask him for an explanation of the red color of the moon that evening.

Among the dark eclipses on record, perhaps the best example is that of May 18, 1761, observed by Wargentin at Stockholm. On this occasion, the lunar disk is said to have disappeared so completely that it could not be seen even with a telescope. Another example is the eclipse of June 10, 1816, observed from London. The summer of that year was especially wet—a detail worth noting when considering the theory that these different appearances are due to the varying condition of Earth’s atmosphere.

Sometimes, an eclipse of the moon can display both appearances, with part of the disk visible and part invisible. One such instance was the eclipse of July 12, 1870, when the late Rev. S.J. Johnson, a leading authority on eclipses who observed it, stated that one-half of the moon’s surface was completely invisible, both to the naked eye and through a telescope.

In addition to the examples given above, there are three total lunar eclipses that deserve special mention.


	A.D. 755, November 23. During this eclipse, the moon occulted the star Aldebaran in the constellation Taurus.


	A.D. 1493, April 2. This is the famous eclipse said to have greatly aided Christopher Columbus. Certain natives had refused to supply him with provisions while he was in great need. Columbus announced that the moon would be darkened as a sign of Heaven’s anger. When the event actually took place, the local people were so frightened that they brought him as many provisions as he needed.


	A.D. 1610, July 6. This eclipse is notable for being observed through the telescope, which was then a recent invention. It was almost certainly the first eclipse seen this way, but unfortunately, the name of the observer has not been preserved.







CHAPTER X: THE GROWTH OF OBSERVATION

The earliest astronomical observations were likely made at the dawn of recorded history by those who tended their flocks on the great plains. As they watched the clear night sky, they soon noticed that, with the exception of the moon and those bright wandering objects we now know as planets, the individual stars seemed to remain fixed relative to each other. These apparently unchanging points of light eventually came to be seen as signposts, guiding travelers across trackless deserts or voyagers across the sea.

Just as we today might see shapes in the glowing coals of a fire or in passing clouds, so people in antiquity saw the outlines of strange and curious figures in the groupings of the stars. Influenced by mythology, they imagined these star patterns as representations of ancient heroes and legendary beasts, believed to have been placed in the heavens as a reward for great deeds on earth. We know these groupings today as the Constellations. Looking at them now, we often find it difficult to see the figures the ancients believed they represented. Nevertheless, astronomy has retained this arrangement, lacking a better way to memorize the leading stars.

Our early ancestors spent most of their lives outdoors, so they paid much more attention to the heavens than we do now. Their clock and calendar were, so to speak, in the sky. They regulated their hours, days, and nights by the changing positions of the sun, moon, and stars, and noted the times for sowing and harvest, and for calm or stormy weather, by the rising or setting of certain well-known constellations. Students of the classics will recall many references to this, especially in the Odes of Horace.

As time went on and civilization advanced, people developed measuring instruments to record the positions of celestial bodies relative to each other. Using these observations, they created star charts. The earliest full survey of this kind that we have a record of is the great star Catalogue compiled in the second century B.C. by the renowned Greek astronomer Hipparchus, in which he is said to have recorded about 1080 stars.

It’s unnecessary to go into detail about the slow progress of astronomical discovery before the advent of the telescope. It is certain that, over time, the measuring instruments improved greatly; but even if they had been perfect, they would have been unable to reveal the tiny displacements from which we have learned the actual distance to the nearest celestial objects. So, from early times through the medieval period, astronomy developed on a faulty basis—because the earth seemed to be the largest body in the universe, it continued to be regarded as the very center of everything for centuries.

The Arabians deserve credit for keeping the study of the stars alive during the dark ages of European history. They built fine observatories, especially in Spain and near Baghdad. After them, some Eastern peoples embraced the science in earnest; for instance, Ulugh Beigh, grandson of the famous Tamerlane, founded a great observatory at Samarkand in Central Asia. The Mongol emperors of India also installed large astronomical instruments in their main cities. When the West experienced a revival of learning, Europeans took the lead in science again and soon surpassed those who had diligently kept the lamp of knowledge burning through the long centuries.

The replacement of the old theories by the Copernican system, which assigned the earth its true place, was fortunately soon followed by a hugely significant invention: the Telescope. We owe our knowledge of the actual scale of celestial distances to this instrument. It penetrated the depths of space and brought distant worlds so near that people could see details on the planets or measure the slight changes in their positions caused by the movement of our own globe.

The telescope was first built in 1609. A year or so earlier, a spectacle maker in Middleburgh, Holland, named Hans Lippershey had, it seems, discovered that distant objects, when viewed through certain glass lenses arranged in a particular way, appeared closer.[8] News of this discovery reached Galileo Galilei of Florence, the leading philosopher of the time, and he quickly applied his scientific skills to build an instrument based on this principle. The result was what was called an “optick tube,” which magnified distant objects a few times. It wasn’t much larger than what we might now call a “spy-glass,” yet its use on celestial objects instantly propelled astronomical science forward. In quick succession, Galileo made groundbreaking discoveries: large spots on the sun, crater-like mountains on the moon, four smaller bodies or satellites orbiting Jupiter, and a strange appearance with Saturn—later identified by others as a broad flat ring encircling the planet. Perhaps most importantly, the magnified image of Venus sometimes appeared in crescent and other phases in the telescope—a result Copernicus had predicted would appear if his system were correct.

The discoveries made with the telescope eventually brought major changes in people’s understanding of the universe. It must have been a revelation to find that those points of light called planets were actually globes comparable in size to the earth, perhaps even inhabited by sentient beings. Even for us, accustomed since youth to this idea, it still takes an effort to imagine, for example, the bright evening star as a body similar in size to our world. The reader may recall Tennyson’s reference to this in Locksley Hall, Sixty Years After:

“Hesper—Venus—were we native to that splendour or in Mars,

We should see the Globe we groan in, fairest of their evening stars.

“Could we dream of wars and carnage, craft and madness, lust and

spite,

Roaring London, raving Paris, in that point of peaceful light?”

The instrument developed by Galileo is known as the Refracting Telescope, or “Refractor.” In principle it is the same as his “optick tube,” though its construction has changed. The early object-glass—the large glass at one end—was a single convex lens (see Fig. 8, “Galilean”); the modern version uses two lenses fitted together. Attempts to build large telescopes using Galileo’s design eventually ran into a major problem: the enlarged image was not pure, with its edges fringed by rainbow-like colors. This problem, called chromatic aberration, became worse as object-glasses were made larger. To reduce this color blurring, telescopes were made very long but only a few inches wide. Yet this solution was, in some ways, worse than the original issue, because these telescopes grew too unwieldy to use. To address this, skeleton tubes were built (see Plate II.), or, in some cases, no tube at all; in such “aerial” telescopes, the object-glass was fixed atop a high post, and the eye-piece—the small lens or group of lenses you look into—was kept lined up near the ground using a string (Plate III.). The idea of a telescope without a tube may seem contradictory, but it really is not, since the tube does not add magnifying power but simply serves to keep the object-glass and eye-piece aligned and prevents stray light from interfering. Obviously, the image of a celestial object is clearer and better defined when viewed in the darkness of a tube.

Although the ancients knew nothing of telescopes, they did understand the value of a tube for this reason; they used simple tubes, blackened inside, to get a clearer view of distant objects. It’s said that Julius Caesar, before crossing the Channel, surveyed Britain’s coast through a tube of this sort.
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Plate II. Great Telescope of Hevelius This instrument, 150 feet in length, with a skeleton tube, was constructed by the celebrated seventeenth century astronomer, Hevelius of Danzig. From an illustration in the Machina Celestis.


A few of the most famous of these extremely long telescopes are worth mentioning. One, 123 feet long, was given to the Royal Society of London by Dutch astronomer Huyghens. Hevelius of Danzig built a skeleton telescope 150 feet long (see Plate II.). Bradley used a tubeless one, 212 feet long, to measure the diameter of Venus in 1722; there’s even a record of a 600-foot long telescope, but it proved completely unworkable!

These kinds of difficulties naturally led to new developments. People worked to invent another type of telescope. In the new kind, the Reflecting Telescope or “Reflector,” light from the observed object was reflected into the eye-piece from the surface of a highly polished concave metallic mirror, called a speculum. Sir Isaac Newton is credited with creating the reflecting telescope in its best form. Newton had set out to study the prismatic (rainbow-like) colors, which had long annoyed telescope users; he demonstrated that, since these colors were produced by light passing through glass, they would not appear if the light were instead reflected off the surface of a mirror.

The reflecting telescope had its own disadvantages. A mirror can never be polished to reflect as much light as a quality piece of clear glass will transmit. Also, the position of the eye-piece is less convenient. You cannot place it directly behind the mirror, since your head would block the light coming from the celestial object. To solve this, Newton, in the first telescope he built in 1668, placed a small flat mirror (called the “flat”) at a slant near the open end of the tube, held with thin wires. This small mirror reflected light sideways into the eye-piece, which was inserted into a hole in the side of the tube (see Fig. 8, “Newtonian”).

The Newtonian telescope had the major advantage of removing prismatic color, but it lost a lot of light during reflection—from both the large and small mirrors. Also, the “flat” blocked a certain proportion of incoming light. On the plus side, the reflector was cheaper to make, since flawless glass was unnecessary. The required disc was made from a metal alloy of copper and tin (known as speculum metal), which only needed to be ground and polished on one side; a lens needs both sides worked. Thus, it was possible to create a much larger instrument with far less effort and expense.
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Plate III. A Tubeless, or “Aerial” Telescope From an illustration in the Opera Varia of Christian Huyghens.
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Fig. 8.—The various types of Telescope. All the above telescopes are pointed in the same direction; that is to say, the rays of light from the object are coming from the left-hand side.


The Newtonian reflector is one example of the principle behind the reflecting telescope. A similar concept had earlier been proposed—but not built—by James Gregory in 1663. His design, the “Gregorian” telescope, had a hole in the big concave mirror and used a small concave mirror facing it at a certain distance; this smaller mirror reflected rays back through the hole and into the eye-piece, which was just behind (see Fig. 8, “Gregorian”). The Gregorian’s sentimental advantage was that it was pointed directly at the object. The hole did not cause a loss of light, since the part of the mirror where the hole was placed was already blocked from receiving light by the small mirror. The “Cassegrainian” telescope, devised by Cassegrain in 1672, was an adaptation of the Gregorian, distinguished mainly by the small mirror which was convex instead of concave (see Fig. 8, “Cassegrainian”). These direct-view types were popular in the middle of the eighteenth century, with many fine Gregorians made by renowned Edinburgh optician James Short.

An adaptation of the Newtonian telescope is the “Herschelian,” named for Sir William Herschel. This design is only suitable for very large instruments, such as those Herschel used. Here, the object-glass is set at a slight angle, so light from the object is reflected directly into the eye-piece, which is in the side of the tube facing the mirror (see Fig. 8, “Herschelian”). This saves light by eliminating the second reflection, though the angled object-glass causes some distortion—but the required slant is minimal in very long telescopes.

This principle was first described to the French Academy of Sciences in 1728 by Le Maire, but no one applied it until Herschel tried it in 1776. Initially he rejected it, but by 1786 he found that it worked for the huge instruments he was building. Herschel’s largest telescope, built in 1789, was about four feet in diameter and forty feet long. It is known as the “Forty-foot Telescope,” despite most other instruments being called by their diameter rather than length.

Returning to the refracting telescope: a solution to the color problem was found in 1729 (two years after Newton’s death) by Chester Moor Hall, an Essex gentleman. He discovered that by making a double object-glass, with an outer convex lens and an inner concave lens, each of different glass types—crown glass and flint glass—the troublesome color effects could be, to a very great extent, eliminated. Hall’s work seems to have been mostly academic, and the first example of the new type wasn’t introduced until 1758 by John Dollond, founder of the well-known Dollond optical firm of Ludgate Hill, London, who independently rediscovered the method.

This “Achromatic” telescope, or telescope “free from color effects,” is the type normally used today, for both astronomy and terrestrial observation (see Fig. 8, “Achromatic”). Building large instruments of this type is costly, since the object-glass alone requires four surfaces to be ground and polished to exact curves, and the two lenses usually have to fit very closely together.

To avoid this expense and achieve complete freedom from color effects, some telescopes were built with object-glasses made from different transparent liquids between thin lenses. However, leaks and temperature changes causing currents inside these lenses have defeated the inventors of such devices.

Dollond’s achromatic refractor did not replace the best Newtonian reflectors. Since around 1870, great concave mirrors made of glass and coated with a thin layer of silver—highly polished—have been used instead of metal mirrors. These are much lighter and less expensive than the old speculum mirrors; the silver coating, while it wears off in time, can be replaced inexpensively. These mirrors also reflect much more light, giving a clearer view than the older metallic mirrors.

When you look through a typical astronomical telescope, the image appears upside down. This makes little difference in astronomy because celestial objects are usually round, so it doesn’t really matter which side is considered “up.” But when viewing earthly scenes, this inversion is obviously inconvenient. For terrestrial viewing, we use a terrestrial telescope, which is simply a refractor with extra lenses in the eye-piece to turn the image right side up. Of course, these extra lenses absorb some light, so for astronomical purposes, astronomers omit them and accept the minor inconvenience of inverted images.

This inversion of images in astronomical telescopes should be especially remembered when looking at moon photos in Chapter XVI.

In 1825, the largest achromatic refractor was nine and a half inches in diameter, built by Fraunhofer for the Dorpat Observatory in Russia. The largest refractors in existence today are in the United States: the forty-inch of the Yerkes Observatory (see Plate IV.), and the thirty-six inch of the Lick Observatory. The object-glasses of these, as well as that of the thirty-inch telescope at Pulkowa Observatory in Russia, were all made by the great optical house of Alvan Clark & Sons, of Cambridge, Massachusetts. The tubes and other parts of the Yerkes and Lick telescopes, however, were made by the Warner and Swasey Co., of Cleveland, Ohio.

The largest reflector—and so the largest telescope in the world—remains the six-foot built by the late Lord Rosse at Parsonstown, Ireland, completed in 1845. It is about fifty-six feet long. Next are two five-foot reflectors with silver-on-glass mirrors: one by the late Dr. Common of Ealing and another by American astronomer Professor G.W. Ritchey. The latter is in the Solar Observatory of the Carnegie Institution of Washington, on Mount Wilson in California. The former is now at Harvard College Observatory and is described by Professor Moulton as probably the most efficient reflector in use today. Another large reflector is the three-foot built by Dr. Common; it was given to Mr. Crossley of Halifax, who donated it to the Lick Observatory, where it is now called the “Crossley Reflector.”

Although the Clarks are credited, as mentioned, with making the object-glasses of the largest refracting telescopes of our time, they face tough competition from Sir Howard Grubb of Dublin, and from well-known firms like Cooke of York and Steinheil of Munich. For example, Grubb’s firm built a four-foot reflector for the Melbourne Observatory in 1870 using the Cassegrainian design.

Much could be said about the strengths of refractors and reflectors. Each type has its own particular advantages. However, perhaps the most perfect telescope overall is the achromatic refractor.
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Plate IV. The Great Yerkes Telescope


The great telescope at Yerkes Observatory, University of Chicago, Williams Bay, Wisconsin, U.S.A., was erected in 1896–7 and is the largest refracting telescope in the world. Its object-glass is 40 inches wide, and the telescope is about 60 feet long. The object-glass was made by Alvan Clark and Sons of Cambridge, Massachusetts; the rest by Warner and Swasey Co. of Cleveland, Ohio.

Various devices have been added to telescopes over time, but these are primarily for the convenience of the user and do not change the basic principles behind the types of telescopes described above. Examples include the “Siderostat” and a similar device called the “Cœlostat,” in which a flat mirror is rotated in a particular way to direct different parts of the sky into a fixed telescope tube. Other examples are the “Equatorial Coudé” created by M. Loewy, former Director of the Paris Observatory, and the “Sheepshanks Telescope” at Cambridge Observatory, where the telescope is divided into two parts: the eye-piece is fixed on a downward angle, and the object-glass is connected at an angle and points at the sky. In these two (quite different) instruments, slanting mirrors inside the tubes direct the light path from object-glass to eye-piece. In such setups, the observer can sit comfortably at the eye end indoors and observe the stars as easily as if using a microscope.

Of course, these devices lose some light due to reflections by the mirrors—a drawback mentioned earlier when discussing the benefits of the Herschelian telescope, where only one reflection reduces light loss compared to the two in the Newtonian.

An interesting question is whether telescopes can be made much larger. American astronomer Professor G.E. Hale believes the practical limit for refractors is about five feet in diameter, but thinks reflectors as large as nine feet in diameter could now be built. In refractors, several strong reasons work against further increasing their size: first, the immense cost; second, since lenses are supported only around their edges, they bend in the center if made too large; making the lenses thicker to compensate would reduce the light passing through.

Perhaps the greatest obstacle to building larger telescopes is the fact that atmospheric instability becomes more troublesome as magnification increases. Also, as telescopes get larger, it becomes harder to keep the air inside the tube at a constant temperature from end to end.

It seems likely that telescopes will not get much bigger, but that new observation methods will emerge, as has already happened with photography and the spectroscope. The direct use of the eye is giving way to indirect approaches. We are, in a sense, now feeling our way through the universe rather than just seeing it. For instance, we currently have no proof of life anywhere other than earth. But who’s to say the twentieth century will not bring a means to detect life in other worlds, perhaps through some kind of vibration transmitted across limitless space? There’s no reason to speak of the impossible or the unimaginable. After the extraordinary revelations of the spectroscope—and the astonishing discovery of X-rays (Röntgen rays)—the word “impossible” should be dropped, and “inconceivable” no longer regarded as a limit.

[8] The principle behind the telescope seems to have been known theoretically long before this. The monk Roger Bacon, who lived in the thirteenth century, described it clearly; several sixteenth-century writers also discussed it. Even Lippershey’s practical claim to the invention was hotly disputed at the time by two other Dutchmen—a certain Jacob Metius and another spectacle-maker from Middleburgh, named Jansen.




CHAPTER XI: SPECTRUM ANALYSIS

If white light (such as sunlight) is passed through a glass prism—a piece of glass with a triangular shape—it emerges in rainbow-like colors. Most of us have noticed this effect when sunlight shines through cut glass, like the pendants of a chandelier or the stopper of a wine decanter.

A similar effect happens when light passes through water. The rainbow, which everyone knows well, is simply the result of sunlight passing through falling raindrops.

White light consists of rays of various colors. Red, orange, yellow, green, blue, indigo, and violet—all together—combine to produce what we perceive as white light.

It is during the refraction, or bending, of a beam of light as it passes under certain conditions through a transparent, denser medium such as glass or water, that the individual rays are separated and spread out in a row by color. This spreading of color usually occurs near the edges of a lens and, as you may recall, was a significant problem for those using older refracting telescopes.

It is, in fact, quite an irony that this same production of color, which once hindered astronomy, has in recent years greatly advanced it. For example, if sunlight is first allowed to shine through a narrow slit before it passes through a glass prism, it emerges as a band of variegated color, each color blending subtly into the next. The colors always arrange themselves in the order already mentioned. This so-called band is actually made up of countless colored images of the original slit, placed side by side, each differing just slightly in shade from its neighbor. When this strip of color is produced by sunlight, it is known as the “Solar Spectrum” (see Fig. 9). Any other light source will also produce a strip, or spectrum, but the appearance of the strip—especially which colors are most prevalent—depends on the nature of the light. Electric light and gas light create spectra somewhat similar to that of sunlight, but gas light has less blue and violet compared to sunlight.

The Spectroscope, an instrument designed to examine spectra, is in its simplest form a small tube with a narrow slit and prism at one end and an eyepiece at the other. If you drop ordinary table salt into the flame of a gas light, the flame becomes very yellow. If you then observe this yellow flame with the spectroscope, you find that its spectrum consists almost entirely of two bright yellow transverse lines. Chemically, ordinary table salt is sodium chloride—a compound of the metal sodium and the gas chlorine. If you similarly test other sodium compounds, you’ll find that these two yellow lines are characteristic of sodium when it is turned into vapor by intense heat. In the same way, it can be determined that every element, when vaporized by great heat, produces a unique set of spectral lines. Thus, the spectroscope lets us determine the composition of substances when they are converted to vapor in the laboratory.
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Fig. 9.—The Solar Spectrum.


To increase the power of a spectroscope, more prisms are added. Each additional prism further lengthens the colored strip, so lines that at first seemed single, simply due to being crowded together, become separated and individually distinct.

Using this principle, it has gradually been established that the sun is made up of elements similar to those found on Earth. Furthermore, the composition of stars can be determined in the same way; and we find that they are constructed on a similar pattern, although the proportions of certain elements may differ. Since this evidence shows that stars are self-luminous and sun-like in nature, we can confidently refer to them as suns, or call the sun a star.

However, when attempting to discover the elements that make up the planets and satellites in our system, we encounter a problem: these bodies do not emit their own light. The light we receive from them is only reflected sunlight, and thus, when examined with the spectroscope, displays only the ordinary solar spectrum. Yet in some cases, this solar spectrum is seen to be weakened or shows signs of absorption, which suggests that the sunlight has had to travel through an atmosphere on its way to and from the surface of the planet before reaching us.

Since the sun is found to be made of elements similar to those on Earth, we need not be discouraged by the spectroscope’s inability to tell us the composition of the planets and satellites. We are justified in assuming that, to a greater or lesser degree, the same elements are found throughout our solar system; and that the makeup of these bodies is similar to what we find on Earth and in the sun.

The spectroscope provides us with even more information. In fact, it can tell us whether the sun-like object we are observing is moving toward or away from us. A small shift in the spectral lines towards the red or violet ends of the spectrum, respectively, indicates such movement. This method is called Doppler’s Method,1 and it allows us to confirm evidence from sunspots showing the sun’s rotation; specifically, that one edge of the sun is always approaching us while the other edge is receding. In the same way, we can determine that certain stars are moving toward us and others are moving away.






1. The idea, first proposed by Christian Doppler in Prague in 1842, was originally applied to sound. When a sound source moves toward or away from you, the pitch changes—as you might have noticed when a whistling train or engine approaches and then passes. However, we owe the application of this principle to spectroscopy to Sir William Huggins, who provided experimental proof in 1868.





CHAPTER XII: THE SUN

The sun is the primary member of our solar system. It controls the movements of the planets through its immense gravitational power. Beyond this, it is the most important body in the entire universe, as far as we are concerned; for it continuously pours out a flood of light and heat, without which life as we know it would quickly become extinct on our planet.

Light and heat, though not exactly the same thing, can be considered closely related. The light rays are those that directly affect the eye and are included in the visible spectrum. We feel the heat rays, most of which are beyond the red part of the spectrum. They can be studied using the bolometer, an instrument invented by the late Professor Langley. There are also chemical rays—such as those radiations that affect photographic plates—which are mostly outside the visible spectrum, but at the other end, beyond the violet.

Such a range of radiations can be compared to the keyboard of an imaginary piano, where only one of the octaves produces sounds that we can hear.

The brightest light we know on earth is dim compared to the light of the sun. In fact, it would look quite dark if placed in front of it.

It is extremely difficult to precisely determine the temperature of the sun’s body. However, it is far higher than any temperature we can produce here, even in the most powerful electric furnace.

A rough idea of the sun’s heat can be illustrated by the calculation that if the sun’s surface were entirely coated with a layer of ice 4,000 feet thick, the sun would melt through this layer completely in just one hour.

The sun cannot simply be a hot body that is cooling down; because, at its current rate of giving off heat, according to Professor Moulton, it could not keep this up for more than 3,000 years. Furthermore, it is not merely a burning mass, like a coal fire; otherwise, about a thousand years would be enough to cause a noticeable drop in temperature. Since no perceptible decrease in solar heat has occurred during recorded history, as far as we know, we must look for another, more complex explanation.

The theory that seems most widely accepted is the one proposed by Helmholtz in 1854. His idea was that gravitation causes continual contraction, or a falling in of the sun’s outer layers; and that this process generates enough heat to make up for what is being lost. Helmholtz’s calculations showed that a contraction of about 100 feet a year from the surface toward the center would be enough. In more recent years, however, this estimate has been increased to about 180 feet per year. Still, even with this higher figure, the amount the sun would shrink is so small compared to its immense size that it would take continual contraction at this rate for about 6,000 years before we could see any change in its size with even the most powerful telescopes. Assuming this ongoing contraction, there should eventually come a time when the sun has shrunk to the point where it is so solid it can’t contract anymore. At that point, with the heat loss no longer compensated, the sun would begin to grow cold. But we need not worry about this; according to this theory, it will take about 10,000,000 years before the sun becomes too cold to support life on our planet.

Since the discovery of radium, some have reasonably suggested that radioactive material might play an important role in maintaining the sun’s heat. However, most scientific opinion still considers the gravitational contraction theory to be a satisfactory explanation. In fact, the late Lord Kelvin apparently believed, until his death, that it was more than sufficient to account for the earth’s internal heat, the sun’s heat, and the heat of all the stars in the universe.

One major difficulty in forming theories about the sun is the fact that both its temperature and gravity are far greater than anything we encounter on earth. The force of gravity at the sun’s surface is about twenty-seven times that at the surface of our planet.

The earth’s atmosphere appears to absorb about half of the radiation we receive from the sun. This absorption is quite evident when the sun is low in the sky, as its light and heat are then noticeably reduced. Of the light rays, the blue ones are absorbed most easily, which is why the sun appears red when near the horizon. At that time, the sunlight passes through a much greater thickness of atmosphere than when the sun is high overhead.

What is most astonishing about solar radiation is the immense amount apparently wasted in space compared to what falls directly on the bodies of the solar system. Only about one hundred-millionth of the sun’s radiation is intercepted by all the planets combined. We do not know what becomes of the rest.

That brilliant white object we see as the sun is surrounded by several layers of gases and vapors, just as our planet is surrounded by its atmosphere (see Fig. 10). These layers are transparent, like our atmosphere; so we see the bright white body of the sun through them.

This brilliant white portion is called the Photosphere. From it comes most of the light and heat we observe and feel. We do not know what lies beneath the photosphere, but, undoubtedly, the denser parts of the sun are located there. Just above the photosphere, lying close to it, is a veil of smoke-like haze.

Next comes what is known as the Reversing Layer, which is between 500 and 1,000 miles thick. It is cooler than the photosphere beneath it and is composed of glowing gases. Many of the elements that make up our earth are present in the reversing layer in vapor form.

The Chromosphere, already mentioned in relation to solar eclipses, is another layer situated immediately above the reversing layer. It is between 5,000 and 10,000 miles thick. Like the reversing layer, it is made of glowing gases, chiefly hydrogen vapor. The chromosphere’s true color is a brilliant scarlet; but, as previously mentioned, the intensely white light of the photosphere shines through it from behind, completely overpowering its redness. The upper part of the chromosphere is violently agitated, like the waves of a stormy sea, and from it rise the red prominences that are such a notable feature of total solar eclipses.
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Fig. 10.—A section through the Sun, showing how the prominences rise from the chromosphere.


The Corona lies next in order outside the chromosphere and is, as far as we know, the outermost of the sun’s features. This halo of pearly-white light has an irregular outline and fades away into the surrounding sky. It reaches out from the sun to a distance of several million miles. As mentioned, we can only see the corona when, during a total solar eclipse, the moon temporarily hides the brilliant photosphere entirely from view.

The solar spectrum is actually made up of three separate spectra combined: those of the photosphere, the reversing layer, and the chromosphere.

If, therefore, the photosphere were completely removed or covered, we would see only the spectra of those layers above it. This situation actually happens during a total eclipse of the sun. When the moon has moved across the solar disc and hidden the last part of the photosphere, the solar spectrum suddenly becomes what is technically called “reversed”—the dark lines crossing it change to bright lines. This occurs because a strip of the layers immediately above the photosphere remains uncovered. The lower of these layers has, therefore, been called the “reversing layer” for lack of a better term. After a second or two, this reversed spectrum largely disappears, leaving behind a different spectrum. Taking into account the speed at which the moon moves across the face of the sun and the very short time the reversing layer’s spectrum lasts, the thickness of that layer is estimated to be no more than a few hundred miles. In the same way, the spectrum of the chromosphere remains visible long enough to estimate its depth at about ten times that of the reversing layer, or several thousand miles.

When the chromosphere, in turn, is covered by the moon during a total eclipse, only the corona remains visible. The corona also has its own distinct spectrum, in which a strange line appears in the green portion that does not match any element known on earth. This unknown element has been given the temporary name “Coronium.”




CHAPTER XIII: THE SUN—continued

We will now discuss the various parts of the Sun in detail.

I. Photosphere.

The photosphere, or “light-sphere,” from the Greek φῶς (phos), meaning light, is, as we have already mentioned, the innermost visible portion of the sun. When viewed through a quality telescope, it reveals a finely mottled structure resembling brilliant granules, somewhat like grains of rice, with small dark spaces in between. It has been suggested that this pattern reflects some process of circulation by which the sun emits its radiation. The bright granules may be masses of intensely hot matter rising from the sun’s interior, while the dark interspaces might be matter that has cooled and darkened by losing heat and light, falling back into the solar furnace.

Sun spots, now familiar to everyone, are dark patches often seen appearing in the photosphere (see Plate V.). They last for varying periods—sometimes just a few days, sometimes for a month or more. A sunspot typically has a dark central region called the umbra and a lighter fringe around it, called the penumbra (see Plate VI.). The umbra usually appears as a deep hole in the photosphere; but whether it is truly a hole has not been definitively established.


[image: Plate V.]

Plate V. The Sun, showing several groups of Spots


This image is from a photograph taken at the Royal Observatory, Greenwich. The cross-lines visible on the disk are unrelated to the Sun—they belong to the telescope used for the photograph.

Sunspots are usually several thousand miles across. The umbra of a large spot could easily contain several bodies the size of Earth.

Sunspots rarely appear alone, most often forming in groups. The total area covered by such a group can be vast—sometimes as much as one one-hundredth of the sun’s entire surface. Very large spots can be seen without a telescope—either through a piece of smoked glass, or even with the naked eye when the air is hazy or the sun is low on the horizon.

The umbra of a spot is not truly dark; it only appears so by contrast with the surrounding brilliant photosphere.

Sunspots form, rapidly grow to a large size, and then quickly vanish. They seem to shrink as the photosphere closes over them.

The Sun’s rotation on its axis is evident from the steady change in all spots’ positions, always in the same direction across its disk. The time taken for a spot to complete one rotation depends on its location on the sun’s surface. A spot near the sun’s equator rotates in about twenty-five days. The farther a spot is from the equator, the longer the rotation takes. A spot midway between the equator and the poles takes about twenty-seven days to complete a rotation. Spots occur both north and south of the sun’s equator, but in the last fifty years of systematic observations, they appear to have occurred a little more often in the southern hemisphere.

This tells us that the sun does not rotate like the Earth, but that different parts of its surface move at different speeds. Whether the solar poles rotate in more than twenty-seven days is unknown, since we do not observe spots in those regions. No explanation for this unique rotation has yet been offered; all we can say is that the sun is definitely not a solid body.

Faculæ (Latin for “little torches”) are bright patches that appear here and there on the sun’s surface; they are somehow associated with sunspots. The way faculæ move across the sun further confirms, like sunspots do, that the sun rotates.

Our evidence for this rotation is further strengthened by the Doppler spectroscopic method discussed in Chapter XI. As previously mentioned, this method shows that one edge of the sun is always approaching us, while the opposite edge is receding. The various rotation rates indicated by sunspots and faculæ are confirmed by this approach.


[image: Plate VI.]

Plate VI. Photograph of a Sunspot This fine picture was taken by the late M. Janssen. The granular structure of the Sun’s surface is here well represented. (From Knowledge.)


The first attempt to find regularity in sunspot occurrence was Schwabe’s 1852 discovery that sunspots follow a regular pattern. Their number and total area increase and decrease in a cycle averaging about 11¼ years—at times they are large and abundant, at others small and few. This 11¼-year period is known as the sunspot cycle. No explanation has been given for this recurring cycle, but it seems to regulate many solar phenomena.


	Reversing Layer.



This is a layer of relatively cool gases lying immediately above the photosphere. We never see it directly; our only proof of its existence is the notable reversal of the spectrum previously described. This occurs briefly during a total eclipse, when the advancing edge of the moon covers the brilliant photosphere and moves across the thin strip presented edgewise toward us. The fleeting moment in which this reversed spectrum is visible tells us the layer is comparatively shallow—about 500 miles deep.

The spectrum of the reversing layer, sometimes called the “flash spectrum” because of the sudden nature of its appearance, was first noticed by Young in 1870; it has been successfully photographed during several eclipses since. The layer itself seems fairly calm—a stark contrast to the turbulent photosphere below and the agitated chromosphere above.


	The Chromosphere.



The Chromosphere—named from the Greek χρῶμα (chroma), meaning colour—is a layer of gases situated immediately above the reversing layer. Its thickness is considerably greater than that of the reversing layer; while the latter is revealed only indirectly by the spectroscope, parts of the chromosphere can be directly seen in a total eclipse as a strip of scarlet light. The time taken by the moon’s edge to cross it reveals that it is about ten times deeper than the reversing layer—about 5,000 to 10,000 miles thick. Its spectrum shows it is mainly composed of hydrogen, calcium, and helium in gaseous form. Its red color comes mostly from glowing hydrogen. The helium present, whose name derives from ἥλιος (helios), the Greek word for sun, was originally believed to exist only in the sun as there seemed to be no corresponding terrestrial element until Sir William Ramsay discovered it on Earth in 1895. It has since become well known as one of the products given off by radium.

Given the strong gravity at the sun’s surface, one might expect the chromosphere and reversing layer to become thicker closer to the photosphere. However, this is not so. Both layers are unusually uniform in density throughout, leading us to suspect that some other force or forces counteract gravity in these regions by exerting a strong outward pressure from the sun.


	The Prominences.



As was discussed in connection with total eclipses, the outer surface of the chromosphere is as agitated as a stormy sea, with flames shooting up to great heights. These jets of flame are called prominences, because they were first observed as bright points projecting from behind the moon’s rim during total eclipses. Prominences come in two types: eruptive and quiescent. Eruptive prominences shoot straight out from the chromosphere at immense speeds, changing shape rapidly. Quiescent prominences are generally tree-shaped and change slowly. Eruptive prominences propel glowing gas masses to heights as great as 300,000 miles,[10] with velocities of 500 to 600 miles per second. Eruptive prominences are typically found near the sun’s equator, where sunspots also occur, while quiescent prominences are usually confined to areas near the sun’s poles.

Originally, prominences could only be seen during total solar eclipses. But as discussed earlier, in 1868 a spectroscope technique was developed that allows astronomers to observe and study prominences any time, without waiting for an eclipse.

A further advance in spectroscopy, the Spectroheliograph—an instrument invented almost simultaneously by Professor Hale and the French astronomer M. Deslandres—makes it possible to photograph the sun using light from only one of its glowing gases at a time. For example, we can record what the hydrogen alone is doing on the sun at any particular moment. This instrument also allows a series of photographs to be taken at various heights, providing valuable insight into sunspots since it offers more evidence about their actual shape than do their highly foreshortened appearances when viewed directly through a telescope.

V. Corona. (Latin, a Crown.)

This marvelous halo of pearly-white light, visible only during the total phase of a solar eclipse, is fundamentally different from the sun’s other layers. Rather than a continuous layer, it seems to be made of wispy matter radiating in all directions and gradually fading into space. Its structure resembles the tails of comets or the aurora borealis streamers.

However, our understanding of the corona has progressed slowly. We have not been as successful in studying it as we have the prominences, and, so far, all our knowledge of it comes through total solar eclipses. All attempts to observe the corona with spectroscopy, in full daylight like the prominences, have so far failed.

The corona presents different general shapes at different eclipses. Sometimes its streamers radiate in all directions; at other times they are mostly limited to the midsection of the sun, appearing very elongated, with shorter, feather-like wisps at the poles. This shape varies closely with the 11¼-year sunspot cycle: the many-streamered, regular type appears when sunspot activity is at its peak, while the irregular type with long streamers is seen when sunspot activity is low (see Plate VII.). Streamers are often seen originating from areas of the sun where active prominences exist, though this is not always the case.

No theory has yet been offered to explain the corona’s structure or its changing shape. The challenge in forming such a theory lies in the fact that much of the corona appears highly foreshortened from our perspective. Assuming, as seems reasonable, that its rays shoot out in all directions from the sun, like pins on a ball, it is practically impossible to deduce the true nature of streamers when we see only the combined effect of countless rays at various angles. In short, we are trying to understand an arrangement that is essentially spherical but, because of distance, appears to us completely flat.

What is known about the corona’s composition is that it consists of particles of matter mixed with a glowing gas. This gas includes an element not matching any known on Earth, which is called coronium for now.

One firm conclusion about the corona is that its matter must be extremely rarefied; for example, it does not noticeably slow down comets that pass close to the sun. A calculation suggests that the average distance between coronal particles may be two to three yards apart. Like the layers beneath, the density of the corona does not increase closer to the sun—suggesting that, here too, strong outward forces balance gravity.
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(A.) The Total Eclipse of the Sun of December 22nd, 1870

(A.) The Total Eclipse of the Sun of December 22nd, 1870

Drawn by Mr. W.H. Wesley from a photograph taken at Syracuse by Mr. Brothers. This is the type of corona seen at the time of greatest sunspot activity. The coronas of 1882 (Plate I.) and of 1905 (Frontispiece) are of the same type.
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(B.) The Total Eclipse of the Sun of May 28th, 1900

(B.) The Total Eclipse of the Sun of May 28th, 1900

Drawn by Mr. W.H. Wesley from photographs taken by Mr. E.W. Maunder. This is the type of corona seen when the sunspots are least active. Compare the “Ring with Wings,” Fig. 7.

Plate VII. Forms of the Solar Corona at the Epochs Of Sunspot Maximum and Sunspot Minimum, respectively

The 11¼-year cycle, during which sunspots change in number and size, seems to regulate the sun’s activity as our year regulates Earth’s seasonal changes. Not only does the corona change its shape in line with this cycle, but the activity of prominences and faculae does as well. Moreover, this ongoing cycle of increase and decrease is not limited to the sun—it curiously affects the Earth as well. Auroral displays here coincide closely with it, as does variation in the Earth’s magnetism. The connection is especially striking when a large sunspot or group appears. For instance, when a sunspot moves across the sun’s midpoint, Earth’s magnetic and electrical systems are often disturbed. Magnetic needles in observatories swing erratically, telegraphic communication is disrupted, and brilliant auroras light up the night sky. Mr. E.W. Maunder of Greenwich Observatory, who has carefully studied this, suspects that elongated coronal streamers pointing toward Earth, carried around by the sun’s rotation, may send out intense magnetic pulses when aligned with us.

Recently, Mrs. E.W. Maunder published interesting new research on sunspots. In a paper presented to the Royal Astronomical Society on May 10, 1907, she examined Greenwich Observatory data on sunspot number and size from 1889 to 1901—a complete sunspot cycle. Her in-depth analysis showed that a much greater number of spots form on the side of the sun facing away from us and disappear on the side facing us, rather than the reverse. Previously, some believed planetary influence could cause sunspots; but these findings suggest Earth’s influence may tend rather to extinguish them. So far Mrs. Maunder calls this only an apparent influence, pointing out that it is hard to believe the Earth—so small compared to the sun, or even to many sunspots—could truly affect this process.

Mr. Henry Corder had anticipated this result to some extent in 1895, but Mrs. Maunder’s research covers a longer span and her conclusions are broader and more clearly defined.

As for chemical composition, the spectroscope shows us thirty-nine elements found on Earth also exist in the sun. Well-known examples are hydrogen, oxygen, helium, carbon, calcium, aluminium, iron, copper, zinc, silver, tin, and lead. Some metallic elements—notably gold and mercury—have not been detected, nor have some non-metals such as nitrogen, chlorine, and sulphur. However, the absence of evidence for these elements does not mean they are missing from the sun. Gold and mercury may, due to their high atomic weight, have sunk into the sun’s core. There also may be elements broken down into simpler forms under the extreme solar conditions, making them undetectable with our spectroscope, which is based only on laboratory experience under Earth’s conditions.

[10] On November 15, 1907, Dr. A. Rambaut, Radcliffe Observer at Oxford University, observed a prominence reaching a height of 324,600 miles.




CHAPTER XIV: THE INFERIOR PLANETS

Starting from the center of the solar system, the first body we encounter is the planet Mercury. It orbits at an average distance from the sun of about thirty-six million miles. The next body is the planet Venus, at about sixty-seven million miles—about double Mercury’s distance from the sun. Since our Earth comes next, astronomers call the planets that orbit within Earth’s path—i.e. Mercury and Venus—the Inferior Planets. Those that orbit outside Earth’s path are called the Superior Planets.1

When studying the inferior planets, the conditions under which we observe them are so similar that it is best to consider them together. Let’s begin by considering the various positions of an inferior planet, as seen from Earth during its journey around the sun. When it is furthest from us, it is on the opposite side of the sun and cannot be seen due to the sun’s glare. As it moves along its orbit, it passes to the left of the sun and is then far enough from the sun’s glare to be seen clearly. It then draws in again toward the sun and is once more lost in the sun’s blaze as it passes closest to us. After this, it gradually comes out on the right side, separates from the sun up to a certain distance, and then moves around behind the sun, again disappearing from our view.

These various positions have technical names. When the inferior planet is on the far side of the sun from us, it is said to be in Superior Conjunction. When it has gone as far as possible to the left and is therefore as far east of the sun as it can be, it is said to be at its Greatest Eastern Elongation. When it passes closest to us, it is in Inferior Conjunction. Finally, when it moves as far as possible to the right, it is at its Greatest Western Elongation (see Fig. 11).

The constant variation in an inferior planet’s distance from us during its revolution around the sun naturally results in great changes in its apparent size. At superior conjunction, when it is farthest away, it shows the smallest disc; while at inferior conjunction, being closest, it appears much larger. At greatest elongations, whether eastern or western, its apparent size is somewhere between these two extremes.

Various positions, and illumination by the Sun, of an Inferior Planet in the course of its orbit. [image: Fig. 11.]

Corresponding views of the same situations of an Inferior Planet as seen from the Earth, showing consequent phases and alterations in apparent size.

Fig. 11.—Orbit and Phases of an Inferior Planet.

From the above, one might assume that the best time to study the surface of an inferior planet through a telescope is when it is at inferior conjunction, or closest to us. However, this is not the case because the sunlight then falls on the side away from us, leaving the side facing Earth unlit. In superior conjunction, the sunlight falls fully upon the side facing us, but the disc appears very small, and the sun’s proximity makes observations almost impossible. At elongations, however, the sunlight comes from the side, so we see one half of the planet lit—the right half at eastern elongation and the left half at western elongation. By piecing together the results from these more favorable views, astronomers gradually gather some knowledge about the surface of an inferior planet.

From these points, it’s clear that the inferior planets display various phases similar to the waxing and waning of our moon in its monthly cycle. Superior conjunction is like the full moon, and inferior conjunction corresponds to new moon; the eastern and western elongations are similar to the moon’s first and last quarters. When early telescope users first observed these phases, the Copernican theory was greatly strengthened; it had been argued that if that system were correct, Venus and Mercury would necessarily present phases like these when viewed from Earth. It is worth noting that the telescope was not invented until nearly seventy years after Copernicus’s death.

The apparent swing of an inferior planet from one side of the sun to the other—first on the east, then lost in the sun’s rays, then reappearing on the west—explains what is meant by an evening or morning star. An inferior planet is called an evening star when it is at its eastern elongation, or to the left of the sun; being on the eastern side, it sets after the sun, as both sink below the western horizon at dusk. When the planet is at western elongation (right of the sun), it rises before the sun and is called the morning star. In very early times, before the celestial motions were understood, people generally believed the morning and evening stars were different objects. Thus, Venus as a morning star was known to the ancients as Phosphorus or Lucifer; as an evening star, it was called Hesperus.

Because an inferior planet moves between us and the sun, one might expect it to be seen as a black spot on the sun’s bright disc each time it passes between Earth and the sun. This would happen if the inferior planet’s orbit were in the same plane as Earth’s. But we’ve already seen that the orbits in the solar system, whether of planets or satellites, are not all in one plane; that is why the moon—which often passes between the Earth and sun at new moon—does not eclipse the sun every time. Transits, as the passages of an inferior planet across the sun’s disc are called, happen for the same reasons and under similar circumstances as solar eclipses. However, transits are much less frequent because the moon passes near the sun about once a month, while Venus comes to inferior conjunction roughly every eighteen months, and Mercury about every four months. Therefore, transits of Mercury are much more common than transits of Venus.

Transits of Venus were, until recently, extremely important to astronomers because they provided the best means available for calculating the sun’s distance from Earth. This calculation was made by comparing the apparent displacement in the planet’s path across the solar disc as observed from widely separated points on Earth. The last transit of Venus was in 1882, and there will not be another until 2004.

Transits of Mercury, by contrast, are not of much scientific importance. They are not of popular interest either, because the planet is so small that it can only be seen with a telescope as it crosses the sun. The last transit of Mercury was on November 14, 1907, with the next expected on November 6, 1914.

The first person known to observe a transit of an inferior planet was the French philosopher Gassendi, who saw the transit of Mercury on December 7, 1631.

The first observed transit of Venus, as far as is known, was on November 24, 1639. The observer was Jeremiah Horrox, curate of Hoole, near Preston, Lancashire. The transit began shortly before sunset, so his observations lasted only about half an hour. Horrox had a close friend, William Crabtree of Manchester, whom he had alerted by letter to look for the event. In Crabtree’s area, cloudy weather allowed him to see only about ten minutes of the transit before sunset.

The fact that this transit was observed at all is entirely due to Horrox’s remarkable skill. According to Kepler’s calculations, no transit could occur that year (1639), as the planet would just miss the sun’s lower edge. Horrox, not satisfied, did the computations himself and concluded that the planet would actually cross the lower part of the sun’s disc. As we’ve seen, he was proven correct. Horrox was considered a prodigy in astronomy; had he lived longer, he would likely have become very famous. Unfortunately, he died about two years later, at the age of only twenty-two. Crabtree, also a young man at the time, was reportedly killed at the Battle of Naseby in 1645.

There is an interesting phenomenon during transits known as the “Black Drop.” When an inferior planet has just entered the sun’s face, it often appears for a short time as if attached to the sun’s edge by a dark “ligament” (see Fig. 12). This gives the planet an elongated, pear-like appearance, but as the ligament thins and finally breaks, the black planet stands out clearly on the solar disc.
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Fig. 12.—The “Black Drop.”


This appearance is roughly similar to how a drop of liquid (or a glutinous substance) tends for a moment to stick to an object as it falls away.

When the planet exits the sun’s face, the ligament forms again, appearing to attach the planet to the sun’s edge just before it leaves the disc.

The phenomenon of the black drop or ligament is entirely an illusion, caused primarily by optics. A similar effect can be seen if you slowly bring your thumb and forefinger together against a very bright background.

This peculiar phenomenon has long been one of the main obstacles to accurately observing transits, because it makes it impossible to note the exact instant the planet enters or leaves the solar disc.

The black drop phenomenon is somewhat similar to Baily’s beads. In that case, lunar peaks appear to stretch out as they approach the sun’s edge, connecting across the gap before their time, emphasizing an effect that otherwise would hardly be noticed.

The last transit of Mercury, as already mentioned, occurred on November 14, 1907, but was not successfully observed in England due to cloudy weather. In France, however, Professor Moye of Montpellier observed it under good conditions and noted that the black drop remained visible for fully a minute. The transit was also observed in the United States, where the black drop was described as very “troublesome.”

Before leaving the subject of transits, it should be mentioned that Captain Cook began his famous first Pacific voyage in 1769 as commander of an expedition to Otaheite (Tahiti) to observe that year’s transit of Venus.

When studying the surfaces of Venus and Mercury with a telescope, observers are understandably challenged by the sun’s proximity. Venus, even at its greatest elongations, gets only a little away from the sun’s glare, and its surface is so dazzlingly bright that features are hard to see. Mercury is much dimmer, but its telescopic disc is extremely small; and whenever it remains above the horizon after sunset, ground-level mists make observation even more difficult.

Until about twenty-five years ago, it was generally believed that both planets rotated on their axes in about twenty-four hours—a view likely based on an unconscious desire to make them similar to Earth. But Schiaparelli, observing in Italy, and Percival Lowell, working under the clear skies of Arizona and Mexico, have more recently concluded that both planets rotate on their axes in the same time it takes to complete their orbits,2 meaning that one face is always turned toward the sun, just as the moon always shows the same face to Earth—a peculiar circumstance that will be discussed further when we consider our satellite.

The striking difference in brightness between the two planets has already been mentioned. The surface of Venus is about five times brighter than that of Mercury. Mercury is actually about as bright as our moon, which leads astronomers to think it may resemble the moon in having a rugged surface and virtually no atmosphere. This probable absence of atmosphere is further supported by two facts. One is that just before Mercury transits the sun, no ring of diffused light surrounds its disc, as would occur if it had an atmosphere. Such a lack of atmosphere is also expected from the Kinetic Theory of Gases. According to this theory, which describes the behavior of gases, lighter gases tend to escape into space from bodies with weak gravity. For example, hydrogen tends to escape from Earth, as seen when a hydrogen balloon rises into the air. Earth’s gravity, however, is strong enough to retain other gases, such as those making up our air—oxygen and nitrogen. Following this theory, we find that the moon and Mercury, which are similar in size, lack atmospheres. Mars, whose diameter is only about double the moon’s, has very little atmosphere. Venus, on the other hand, is about the same size as Earth and clearly possesses an atmosphere, since just before it transits the sun, the outline of its dark body is surrounded by a bright ring of light.

Telescopic observations show more markings on Mercury than on Venus. Venus is so intensely bright—resembling our white clouds shining in direct sunlight—that it is believed the planet is heavily covered in cloud, and that we do not see its surface at all except perhaps the tops of tall mountains protruding above the clouds.

Regarding Venus’s great brightness, it should be mentioned that in England she has often been seen with the naked eye in full daylight at her brightest. The author has seen her this way at noon, under an intensely blue and clear sky.

Mercury’s orbit is very oval—much more so than any other planet’s. As a result, when Mercury is closest to the sun, the heat it receives is twice as great as when it is farthest away. In contrast, Venus’s orbit is one of the most nearly circular among the planets. Venus therefore maintains nearly the same distance from the sun, and the heat it receives hardly varies at all during its year.






1. In using the terms Inferior and Superior, the author follows astronomical custom, though he feels that “Interior” and “Exterior” would be more appropriate.



2. This question is, however, unsettled, as some very recent spectroscopic observations of Venus indicate a rotation period of about twenty-four hours.





CHAPTER XV: THE EARTH

As we discussed in Chapter I, people in ancient times naturally believed the earth was a flat plane stretching a great distance in every direction. With time, some Greek philosophers began to suspect the earth was a sphere. A few among them are said to have even believed in its rotation about an axis and its revolution around the sun; but since these ideas were based more on speculation than evidence, they did not gain much attention. The small impact of these theories on astronomy is evident from the fact that in the Ptolemaic system, the earth was still considered fixed at the center of everything; this belief, as we’ve seen, remained unchanged until the time of Copernicus. It was, in fact, impossible to be certain about the earth’s true shape or its motions until knowledge expanded and scientific instruments became much more precise.

Let us now consider in detail some of the more obvious arguments that show our earth is a sphere.

For example, if the earth were a flat surface, a ship sailing away over the sea would appear to grow smaller and smaller as it moved into the distance, eventually becoming a tiny speck and fading away. However, this is not what actually happens. As we watch a ship recede, its hull seems to slowly slip below the horizon, leaving only the masts visible. Then, the masts too slowly disappear, until the ship is gone. Conversely, when a ship arrives, the masts are the first parts to appear, gradually rising from below the horizon, followed by the hull, until the whole vessel is seen. Similarly, when aboard a ship at sea, a set of masts may be seen sticking up above the horizon, and these can slowly shorten and vanish from view without the body of the ship ever becoming visible. Since we know there is no “edge” at the horizon for a ship to fall over, this phenomenon can only be explained if the earth’s surface is always curving gently in every direction.

The distance to the horizon depends entirely on our height above the earth’s surface. A ship that appears to sink below the horizon for someone standing on the beach will come back into view if that person climbs a high hill. Experiments show that the horizon is about three miles away for a person standing at the water’s edge. The earth’s surface curves at about eight inches per mile. Using this, calculations show that a body curving at this rate in all directions must be a globe roughly 8,000 miles in diameter.

Another point: if not blocked by impassable obstacles like polar ice, anyone continually traveling in one direction on earth will eventually return to their starting region. This also suggests the earth is a globe.

There’s more evidence. During a lunar eclipse, the shadow cast by the earth on the moon is always circular. Such an effect could only occur if the earth were a sphere.

We also see from observations that the sun, planets, and satellites are all round. This roundness cannot be that of a flat disk, because then they would sometimes show their thin sides to us. Also, on the discs of these bodies, we see certain markings that regularly move in one direction, disappearing at one edge and reappearing at the other—proof that they are spheres in rotation.

The crescent and other phases shown by the moon and inferior planets further demonstrate the point, as these appearances can only be explained by sunlight falling from various angles on spherical surfaces.

Perhaps strongest of all is the manner in which the stars overhead change as one travels about the globe. In the northern hemisphere, the Pole Star and neighboring stars like those of the Plough are overhead. As you go south, these stars sink towards the northern horizon, replaced by others from the south. The regularity of these changes shows that each spot on the earth faces a different direction in the sky, which is only possible if the earth is a sphere. The renowned Greek philosopher Aristotle believed in earth’s spherical shape and was convinced by this very argument.

Generally, the idea of earth’s sphericity was not widely accepted until the voyages of the great navigators demonstrated that the earth could be circumnavigated.

The next topic is earth’s rotation about its axis. Since early times, people noticed that the sky and everything in it appeared to revolve about the earth in a fixed direction—towards the West—completing a full turn every twenty-four hours. The stars would rise from below the eastern horizon, cross the sky, and then set in the west. The sun and moon appeared to make the same journey. A few ancient Greek philosophers realized this could be explained either by the whole heavens moving around a stationary earth, or by the earth itself rotating. The explanation favoring movement of the heavens was more appealing to them, as it seemed unbelievable that the earth could rotate without people noticing. It’s much like riding in a train: we see the telegraph poles, trees, and buildings speed past in the opposite direction. Either they’re moving, or we are; as we know we’re the ones moving, there’s no real question. But if you sit in a train at night with the blinds down, there’s little to reveal movement, except perhaps the jolting. Even then, it can be hard to know which way you’re moving.

On earth, there are no nearby bodies passing by for us to see in turn; our planet rotates smoothly, without a jolt, and we, along with everything on earth—including the air—move together, just as the contents of a railway carriage move along with the train. So it’s not surprising that we’re unaware of the earth’s rotation, and only become aware by the slow displacement of far-off objects in the sky as we are carried past them.

Careful observers of the night sky notice that the apparent spinning seems to revolve around a fixed point, called the north pole of the heavens. A rather bright star is located close to this central point, called the Pole Star. People in southern latitudes also have such a point, called the south pole of the heavens. In reality, the heavens do not revolve; the earth does. So these “fixed” points correspond to the direction of the earth’s axis. The positions on earth’s surface known as the North and South Poles are the spots where the earth’s axis would extend out if it were a tangible object. The earth’s north pole sits directly beneath the celestial north pole, and the same for the south.

We’ve seen that the earth rotates around this imaginary axis once every twenty-four hours. This means that every point on the surface is carried around once in that time. The measurement around the equator is about 24,000 miles; therefore, an object on the equator moves about 24,000 miles each day. This is roughly 1,000 miles per hour, which is sixteen or seventeen times faster than an express train. Measurements taken around other circles of latitude become smaller the closer you get to the poles, so the speed from the earth’s rotation is greatest at the equator, decreasing towards the poles; at the poles, there is essentially no movement—objects just spin in place.

These differences in speed at various points on a rotating globe form the basis of an interesting experiment providing further evidence for earth’s rotation. The circumference of the earth at any depth below the surface—for example, at the bottom of a mine—is less than at the surface. So a point at the bottom of a mine moves more slowly from rotation than one on the surface. If a heavy object is dropped down a mine shaft, it starts off with the higher velocity of the surface. When it reaches the bottom, it will, as expected, be a little ahead (i.e. to the east) of the point that was originally right underneath it. This difference is very small—about an inch in a 500-foot fall in our latitudes.

The high speed at which equatorial regions move causes the material there to tend to fly outward a little. Sir Isaac Newton realized this and concluded that the earth must bulge a bit around the equator. This is the case: the equatorial diameter is about twenty-seven miles greater than the polar diameter. This is often compared to the shape of an orange.

In this context, it’s interesting to note that if the earth rotated seventeen times faster than it does now (completing a turn in one hour and twenty-five minutes, rather than twenty-four hours), objects at the equator would have such a strong tendency to fly outward that gravity there would be counteracted, and they would essentially become weightless. If the earth spun even faster, loose objects on the surface would be thrown off into space.

The earth is, therefore, what is called an oblate spheroid: a sphere flattened at the poles. As a result, objects at the polar regions are slightly closer to the earth’s center than those at the equator. We’ve already shown that gravity pulls stronger the closer you are to a planet’s center. The effect is that objects weigh a bit more at the poles than at the equator. This is confirmed by experiment: for example, as Professor Young explains in his Manual of Astronomy, a man weighing 190 pounds at the equator would weigh 191 pounds at the pole. This experiment would require a spring balance, not scales, since the weights used in scales would change in the same way as the object being weighed.

It was once believed the earth had a thin crust and a molten interior. Scientists now think this is not generally the case, and that the earth is mostly solid throughout, except for some places with pockets of molten material.

The atmosphere—the air we breathe—is a layer of limited depth closely surrounding the earth. It’s actually a mix of several gases, with nitrogen and oxygen making up almost all of it; other gases, the main one being carbon dioxide, are present only in tiny amounts.

It’s hard to imagine our earth as we know it without this atmosphere. Without it, humans would instantly die; and even if we could somehow survive, we would be deaf, since sound consists of vibrations in the air.

The atmosphere is densest near earth’s surface, becoming thinner the higher you go as the pressure of the overlying air decreases. Most of it is packed within four or five miles of the surface.

It’s impossible to say exactly where the atmosphere ends, since it gradually becomes more rarefied. Still, two ways of estimating its extent exist. One is by observing twilight, which is the result of light reflected to us from high regions of the atmosphere that are still lit by the sun after it has set below the horizon. From the duration of twilight, we know the atmosphere must reach at least fifty miles in height.

A more accurate measure comes from meteors. Meteors become incandescent from friction with the atmosphere at about 100 miles above earth’s surface—suggesting there’s still some air at that altitude. The atmosphere may therefore extend up to about 150 miles.

The layer of air around earth works like the glass covering of a greenhouse—trapping the sun’s rays and storing their warmth for our benefit. Without this, the heat we receive from the sun would simply radiate away into space.

Star “twinkling” is caused by the unsteadiness of the air. Nights when stars twinkle may delight most people, but are useless to astronomers, since this movement is greatly magnified in telescopes. This twinkling is likely the inspiration for the “points” artists place on stars, though stars do not actually look like that.

The phenomenon of Refraction1—the bending of light rays when passing slantwise from a rarer to a denser medium—is very noticeable with the atmosphere. The denser the medium entered, the more pronounced the bending. Since air gets denser toward the earth’s surface, light coming from celestial objects to our eyes gets bent more when the object is lower in the sky. Thus, such objects are not seen in their true places and are farthest off when near the horizon. The bending is upwards, so the sun and moon we see on the horizon are actually completely below it.

When the sun is sinking, the lower edge of its disc appears slightly more raised than the upper, giving it a squashed appearance as it sets—something anyone can observe.

For exact observations of celestial positions, astronomers must correct for atmospheric refraction, depending on the object’s apparent altitude in the sky. The effect is smallest for objects directly overhead, as light arrives perpendicularly.

A peculiar effect caused by refraction has sometimes been observed during a total lunar eclipse. For such an eclipse, the earth must of course lie directly between the sun and the moon. So, when we see the earth’s shadow creeping across the moon, the sun should actually be well below the horizon. But if a lunar eclipse occurs around sunset, the sun (although really below the horizon) appears slightly above it due to refraction, and the eclipsed moon, directly opposite, is likewise lifted above the horizon. Pliny, writing in the first century AD, describes such an eclipse as a “prodigy.” The phenomenon is now called a “horizontal eclipse.” This confusion likely delayed the ancient realization that lunar eclipses were caused by earth’s shadow. Plutarch commented that while it was easy to understand that a solar eclipse came from the moon passing in front of the sun, it was less obvious what could eclipse the moon itself.

In the apparent motion of the heavens caused by earth’s rotation, a slow change is observed. The stars seem to gradually move westward—towards the sun—disappearing in its brightness, only to reappear on the other side after a while. In other words, the sun itself seems to move slowly eastward relative to the stars. The rate at which this occurs means that the sun appears back at the same spot in the sky relative to the stars after one year. Again, this is an illusion, just like the daily sky rotation is an illusion. In reality, the sun’s apparent movement among the stars throughout the year results from earth’s continuous motion around the sun. In short, the earth really travels around the sun, not the other way around.

This crucial point, emphasized by Copernicus, separates modern from ancient views. Not that Copernicus had absolute proof that the earth was just a planet orbiting the sun; but it seemed to his keen mind the likeliest explanation. As we’ve seen, some ancient Greeks (like Aristarchus of Samos) had supposed the same, but their reasoning was fanciful and lacked strong arguments.

Copernicus’s real contribution was his insistence that the sun was the center, a more reasonable arrangement. He was no doubt influenced by the sun’s unique role as provider of light and warmth—qualities befitting something at the system’s center.

However, Copernicus only partially answered the big question, as he retained an old belief in the special, even “divine,” nature of circular motion. The ancients were obsessed with the circle, seeing it as uniquely suited for celestial movements. Ptolemy used circles for his planetary system. But since simple circles couldn’t explain all motions, he added extra circular movements (epicycles) around various points, producing a complex system. Astronomers kept adding new circles whenever computed planet positions failed to match what was observed—making the Ptolemaic system ever more complicated, though it fit observations taken with early, crude instruments.

While Copernicus greatly advanced astronomy by focusing on the sun’s central position, he unfortunately kept the old system’s circular model. The complete breakthrough came a century later with Kepler, who broke away from the circle’s spell. He showed that if the planets’ paths around the sun (and the moon’s around the earth) were not circles but ellipses, planetary motions could be correctly explained. This arrangement was much simpler than the complicated tangle of circles in the Ptolemaic model. Thus, the Copernican system, improved by Kepler, won the day, and was further strengthened by Galileo’s telescopic discoveries and Newton’s work on gravitation.

As for the circle—it’s not as special as the ancients believed. It’s merely a particular case of an ellipse—an ellipse without any flattening.

All that said, astronomy had to wait a long time for direct proof of earth’s revolution around the sun. Aristotle’s main objection—that if earth moved substantially through space stars should change position, but no such changes were detected—remained valid until about seventy years ago. Instruments kept improving, but still no stellar shifts were seen. So, for the Copernican theory to work, people had to suppose the stars were immeasurably far away. Then, between 1835 and 1840, the Prussian astronomer Bessel found that the star 61 Cygni (No. 61 in the Swan constellation) seemed to perform a tiny annual circle in the sky, as would be expected if we were moving around the sun. Since then, about forty-three stars have been found to show similar tiny shifts, confirming that the earth orbits the sun. The Copernican system’s triumph is now complete.

If the earth’s axis were oriented perfectly upright during its orbit, the sun would always stay level with the equator. At the equator, the sun would rise due east, pass directly overhead at midday, and set due west, every day of the year. At any specific place, the sun would always move at the same height across the sky, determined by latitude. The further north you traveled, the lower in the southern sky the sun would be; at the north pole, it would circle the horizon. Similarly, south of the equator, the sun’s path would be further north; at the south pole, it would skirt the horizon just like at the north pole. This would mean every location would have a constant climate, and there would be no seasons.

Our seasons result from the fact that the sun’s apparent daily path changes in altitude throughout the year: at one part of the year it is low and visible for only a short time, while at another it is higher and above the horizon longer. Practically, the sun climbs higher between midwinter and midsummer, and then descends between midsummer and midwinter. Therefore, each region gets warmer when the sun is higher and cooler when it is lower.

Again, appearances are deceiving. It’s not the sun climbing and sinking in the sky; rather, because earth’s axis is tilted, different regions are presented toward or away from the sun at different times. So, when it’s summer in the northern hemisphere, it’s winter in the southern, and vice versa (see Fig. 13).


[image: Fig. 13.]

Fig. 13.—Summer and Winter.


Because of the slant of earth’s axis, the sun is north of the equator for part of the year and south for the other part. This has a remarkable consequence. The moon’s path around the earth is on nearly the same plane as the earth’s path around the sun, so the moon keeps mainly to the same regions of the sky as the sun. The slant of earth’s axis regularly shifts both the sun’s and the moon’s positions north and south of the equator. If earth were a perfect sphere, this shifting would have no effect. But, as shown, the earth is slightly bulged at the equator. This bulged portion slowly swings in response to the gravitational pulls of the sun and moon as their positions shift, causing a slow change in earth’s axis direction, meaning the north pole does not always point to the same region of the sky. The change is very slow and only noticeable over ages. The north celestial pole, the spot in the sky towards which earth’s axis points, traces out a wide circle and completes a cycle every 25,000 years or so. Currently, the north celestial pole is near the bright star at the tail of the Little Bear (Ursa Minor), known as the Pole Star; in early Greek times, it was ten times farther away from this star. In about 12,000 years, the pole will point to Lyra, and Vega will then be considered the pole star. This slow movement is called Precession, or the Precession of the Equinoxes (see Plate XIX.).

Ancients noticed the slow shifting of the celestial pole quite early, but it wasn’t until the second century B.C. that precession was established by the Greek astronomer Hipparchus. For the ancients, this cyclical movement had mysterious meaning; they saw the end of the period as a sort of cosmic renewal:

“Magnus ab integro sæclorum nascitur ordo.

Jam redit et Virgo, redeunt Saturnia regna;

······

Alter erit tum Tiphys, et altera quæ vehat Argo

Delectos heroas; erunt etiam altera bella,

Atque iterum ad Trojam magnus mittetur Achilles.”

(The great cycle of ages is born anew….)

The earth’s orbit is an ellipse, and the sun sits at a point called the focus, not at the center but off to one side. Therefore, the earth’s distance from the sun changes throughout the year, being about 3,000,000 miles closer in northern winter than in northern summer—a surprising fact. However, this change doesn’t greatly alter the heat we get, since in early January, when closest, the sun appears only about one-eighteenth wider than it does in July, when we are farther. Differences between summer and winter temperatures result from other causes, chiefly the sun’s angle, so the small change in distance may be ignored for practical purposes.

The Tides are caused by the gravitational forces of the sun and moon on the earth’s oceans. Of the two, the moon, being much closer, has the stronger effect and is the main cause of tides. The moon’s gravity pulls water beneath it into a bulge, and there is also a second bulge on the opposite side of the earth, for reasons that are mathematical and cannot be discussed briefly here.

Because the earth rotates, each part of the surface passes under the moon and is pulled into a bulge—though only the water moves noticeably. The same bulging happens straight opposite. So each location passes through two “tide-areas” each day, giving us two tides every twenty-four hours.

The bulge is called high tide. The moon takes about a month to go around the earth, passing overhead about fifty minutes later each day; for this reason, high tide comes roughly twenty-five minutes later each time.

The moon isn’t the only cause; the sun also plays a role. When it is new moon, the pulls of sun and moon are in the same direction, raising the tide higher. At full moon, the sun and moon are on opposite sides, but both create their own high tides directly beneath and directly opposite them, so the high tides are still strong. These highest tides at new and full moons are called Spring Tides, while the smallest are Neap Tides.

Ancient cultures seem to have suspected the moon’s role in tides. The Chinese, as early as 1000 B.C., noted the moon’s influence. The Greeks and Romans did too—Caesar mentions that when he landed troops in Britain, the tide was high because the moon was full. Pliny recognized the sun’s influence as well.

From casual observation, you might think high tides always rise many feet. But in the great oceans, tides are only three to four feet high. Around the British Isles, however, tides rise much more, simply because large volumes of water are squeezed through narrow channels.

Since the earth is constantly passing through these tide-areas during its rotation, one might expect the resulting friction to slow the spin—known as “tidal drag.” This is indeed happening, but the effect is so tiny it would take millions of years to make the day noticeably longer.

It has recently been discovered that earth’s axis undergoes a very slight “wobble” over a period of just over a year, causing the pole to trace a circle a few yards wide. This is likely due to two reasons: seasonal movements of vast amounts of material (like melting ice and shifting air and water), and the fact that the earth is not perfectly rigid and yields to certain strains. The American astronomer Professor Simon Newcomb found that, overall, our planet is slightly more rigid than steel.

We’ll end this chapter by briefly mentioning two unusual sights that sometimes appear in the night sky: the Zodiacal Light and the Gegenschein.

The Zodiacal Light is a faint, cone-shaped glow visible above the western horizon after evening twilight, or above the eastern horizon before morning twilight. It seems to rise from the spot where the sun would be at that time. It’s best seen in spring evenings and in autumn mornings. In our latitudes, it’s too faint to see when the moon is full, but in the tropics it’s very bright, visible even in full moonlight. One theory is that it’s sunlight reflected from swarms of meteors circling the sun; another is that it’s a very thin extension of the sun’s corona.

The Gegenschein (German for “counter-glow”) is a faint oval patch of light, seen exactly opposite the sun in the sky. It is usually discussed with the zodiacal light; one theory says it’s also caused by meteoric particles. Another theory, by Mr. Evershed, suggests it is a sort of tail to the earth, like a comet’s, made of hydrogen and helium—the two lightest gases we know—driven from our planet in the direction away from the sun.






1. Everyone knows the simple experiment in which a coin in the bottom of an empty basin, hidden by the side of the basin, becomes visible when water is added. This is an example of refraction. The coin’s light rays shouldn’t reach the eye because the basin’s side is in the way, but the water refracts, or bends, the rays over the edge so they become visible.





CHAPTER XVI: THE MOON

What we call the moon’s “phases” are simply the different ways we see the sun shining on her surface during her monthly journey around the earth (see Fig. 14). When she passes near the sun, all his light falls on the side turned away from us, so the side facing us is unlit and therefore invisible. In this position, the moon is called new.

As she continues her motion around the earth, she gradually moves east of the sun’s place in the sky. Sunlight then falls somewhat from the side, so we see a small part of the right side of the lunar disc illuminated. This is the phase known as the crescent moon.

As she moves further in her orbit, more of her illuminated surface comes into view; the crescent widens until we get what is called the half-moon, or first quarter, where we see exactly half her surface lit by the sun’s rays. As she goes further around, more of her illuminated side becomes visible, until three-quarters of the disc appear bright. She is then said to be gibbous.

Eventually she moves so that she faces the sun completely, and her whole disc appears illuminated. She is then called full. In this position, she is on the opposite side of the earth from the sun, and therefore rises about the same time the sun is setting. She is now, in fact, at her furthest from the sun.

Direction from which the sun’s rays are coming. [image: Fig. 14a]

Various positions and illumination of the moon by the sun during her revolution around the earth.

[image: Fig. 14b] The corresponding positions as viewed from the earth, showing the consequent phases.

Fig. 14.—Orbit and Phases of the Moon.

After this, the moon’s motion in her orbit carries her back toward the sun. She goes through her phases again, but this time in reverse order. The full phase gives way to the gibbous, then to half-moon and again to a crescent; after which her motion carries her near the sun, and she becomes new once more, lost to our sight in the sun’s glare. Following this, she draws away to the east of the sun again, and the familiar cycle of phases repeats.

The early Babylonians thought the moon had a bright and a dark side, and that her phases were due to the bright side gradually coming into view as she moved around the sky. The Greeks, notably Aristotle, took a mathematical approach and concluded that the crescent and other phases would occur if the moon were a dark, spherical body illuminated only by sunlight.

Although the true explanation of the moon’s phases has been known for centuries, it is unfortunately not uncommon to see pictures—such as advertisements—where stars appear inside the horns of a crescent moon! Can it be that even today there are educated people who believe the moon physically grows and shrinks in size—that is, who do not know the whole body of the moon is always present?

When the moon shows just a thin crescent, we can often dimly see the rest of her darkened surface against the sky. This is popularly called the “old moon in the new moon’s arms.” The dark part of her surface must, clearly, be illuminated to some extent, or else we could not see it at all. But where does the light come from, since it cannot come directly from the sun? The answer is simple if we imagine what an observer standing on this darkened portion of the moon would see. That observer on the moon, just at that moment, would see nearly the whole disc of the earth brilliantly lit by sunlight. The lunar landscape around them would be bathed in what to them would be “earthlight,” which for us, takes the place of moonlight. Since the earth is much larger than the moon, it should be no surprise that earthlight is many times brighter than moonlight—indeed, it is considered some twenty times as bright. So it is not surprising that we can see the dark side of the moon, illuminated merely by sunlight reflected from our earth.

The ancients struggled to account for this “earthlight,” or “earthshine.” Posidonius (135–51 B.C.) tried to explain it by supposing the moon was partially transparent, so some sunlight filtered through from the far side. However, it wasn’t until the fifteenth century that the real explanation was found.


[image: Fig. 15a]
Fig. 15a

Only one side of the moon is ever presented to the earth. This side is indicated here by the letters S.F.E. (side facing earth).


[image: Fig. 15]
Fig. 15

Arranging these positions in a row shows at once that the moon makes one complete rotation on her axis in exactly the same time it takes her to revolve around the earth.

Fig. 15.—The Rotation of the Moon on her Axis.

Perhaps the most remarkable thing you notice about the moon is that she always keeps the same side facing us, so we never see her far side. One might think from this that she does not rotate on an axis, like other celestial bodies; but, paradoxically, the fact that she always shows the same face to the earth is proof that she does rotate on an axis. The rotation, however, is so slow that she turns only once during the time it takes her to orbit the earth (see Fig. 15). To illustrate: place an object in the middle of a room and walk around it once, always keeping your face toward it. As you do this, you end up facing each of the four walls of the room in turn. To do so, you must have turned yourself completely around. Therefore, when walking around an object while keeping your face toward it, you also turn your body entirely around once.

Far back in time, the moon must have rotated much more quickly. Its rate of rotation has doubtless been slowed down by some force. Recall how we saw, in the last chapter, that tides are gradually—but very slowly—acting to slow the earth’s rotation on its axis. But because the earth is much more massive, its gravitational force on the moon’s surface is far greater than the moon’s force on earth. Tidal action on the moon must therefore be much stronger than anything we experience here. It is thus likely that such a tidal drag, over a vast period of time, has gradually slowed the moon’s rotation to its present rate.

The fact that we always see the same side of the moon has, from time to time, led to fantastic speculation about the far side. Some have even wanted to imagine that the moon is shaped like an egg, with the pointy end directed away from us. Here, of course, we are faced with a riddle which seems permanently beyond solution for those bound to the earth. However, it seems excessive to suppose the far side is wildly different from the side we see. In fact, small portions of the hidden side are brought into view due to slight irregularities in the moon’s movement; and these regions show no significant difference from the regions we regularly observe. On average, we see about 60 percent of the entire lunar surface—more than just half.

The actual diameter of the moon is about 2,163 miles, a bit more than one-quarter the earth’s diameter. For a satellite, then, she is very large compared to her primary, the earth; recall that Jupiter’s largest satellite, although nearly twice as wide as the moon, has a diameter only one twenty-fifth that of Jupiter. The moon also moves around the earth quite slowly, completing only about thirteen orbits each year. Seen from space, she would not seem to circle the earth as other satellites do. Instead, her revolutions are so slow that she appears like a planet accompanying the earth in its orbit. Because of this, some astronomers are inclined to consider the earth and moon a “double planet” rather than a simple planet and satellite.

When the moon is full, she attracts more attention than in any other phase. For the moon to be full, she must be in that region of the sky exactly opposite the sun. The sun appears to travel once around the sky in a year, and the moon makes the same journey in about a month. The full moon, having reached halfway, is therefore in the position the sun will occupy six months later. So, in winter, the full moon is found roughly in the sun’s summer position in the sky, and in summer in the sun’s winter position. It follows that the full moon in winter is high in the sky, while in summer it is low. Thus, we get the most full moonlight when we most need it.

The great French astronomer Laplace, noticing that the “lesser light” does not rule the night as thoroughly as the “greater light” rules the day, tried to imagine the conditions under which it could. His speculations showed that if the moon were moved far enough from the earth to take a year, instead of a month, to revolve around us, and if she began in her orbit at full moon, she would always remain full—a great advantage for us. Whewell, however, pointed out that to achieve the needed slowness, the moon would need to orbit so far from the earth that she would appear only one-sixteenth as large as she does now—hardly an advantage! Finally, M. Liouville showed in 1845 that such a perennial full moon would be unstable; that is, the body could not long remain undisturbed in that position (see Fig. 16).
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Fig. 16a

Various positions of Laplace’s “Moon” with regard to the earth and sun during the course of a year.

[image: Fig. 16.] The same positions of Laplace’s “Moon,” arranged around the earth, show that it would make only one revolution in a year.

Fig. 16.—Laplace’s “Perennial Full Moon.”

There is a well-known phenomenon called the harvest moon about which there is much popular confusion. Many people believe the moon is a harvest moon when it appears larger and redder than usual at rising. This appearance, however, has nothing to do with the matter; the moon always looks larger when low in the sky, and often appears red during the later months of the year due to increased mist and fog. What astronomers actually call the harvest moon is entirely different. Around September, the angle at which the full moon rises just above the horizon is such that, for several nights in a row, she rises almost at the same hour, instead of about fifty minutes later each evening as is typical. As the harvest is being gathered at this time, this phenomenon has been popularly seen as a natural provision: sunlight is replaced for several evenings by more or less full moonlight, allowing harvesters to continue work into the night without waiting for the moon to rise after sunset. The same phenomenon occurs almost exactly a month later, but since hunting is the main pursuit then, it is known as the “hunter’s moon.”

Also worth noting is a curious phenomenon that catches everyone’s attention: the fact that the moon looks much larger near the horizon—for instance, when rising—than when higher in the sky. This seeming enlargement is not limited to the moon. The sun, too, appears much larger when low in the sky than when overhead, which anyone watching a sunset will notice. Even stars show this effect; a constellation will seem to spread out more when low in the sky than when high up. This enlargement of celestial objects near the horizon, however, is only apparent, not real. It is entirely an illusion, for careful measurements of the sun and moon show no increase in size near the horizon compared to overhead. In fact, if there is any difference at all, the moon measures slightly greater when high in the sky than when low, because the earth’s curvature makes her a bit closer to us at that point.

This apparent enlargement is agreed by all to be an illusion, but after much animated discussion over centuries, none of the explanations has achieved universal acceptance. The explanation given in most textbooks is that we unconsciously compare the sun and moon, when low in the sky, with terrestrial objects in the same field of view, and so tend to exaggerate the size of these orbs. Some people, on the other hand, think the illusion originates in the structure of the human eye; others attribute it to the atmosphere, claiming that celestial objects seem to “loom” larger in the denser air near the horizon, just as they do in fog or mist.

The author1 suggests, however, that the illusion arises from our idea of the shape of the celestial vault. One might expect this vault to appear as half of a hollow sphere, but the author maintains it does not, due to the way our eyes are set close together. If you look high up in the sky, the horizon is not in view, and the sky can seem flat—like the ceiling of a room. But when you lower your eyes, some of the encircling horizon comes into view, and the sky begins to seem hollowed out. As a result, our idea of the celestial vault is that it is flattened overhead and more hollow near the horizon (see Fig. 17). All celestial objects appear to move as if they lie on the vault, so the mind unconsciously adjusts their apparent size in an effort to maintain their “fair share” of space in the differently shaped parts of this sky.

From these considerations, the author concludes that the apparent enlargement is an inevitable result of our concept of the shape of the sky—an idea formed in childhood and later becoming “second nature.” Supporting this, the widening is not limited to the sun and moon but is just as evident in the constellations. Anyone who has not noticed this should compare the appearance of a large constellation such as Orion when it is high in the sky and when it is low. The increased spacing of the stars when lower is quite remarkable.
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Fig. 17.—Illustrating the author’s explanation of the apparent enlargement of celestial objects.


Furthermore, if a person were to stand in the middle of a large dome, they would be in the same situation as if they were under the sky, and one would expect them to experience the same illusion as to the dome’s shape. Objects fixed upon its surface would appear the same as objects in the sky, so the illusion of apparent enlargement should occur there too.

Some years ago, a Belgian astronomer, M. Stroobant, conducted experiments under these conditions. He placed pairs of electric lights at different locations on the interior of a large dome; standing at the center, he observed that the pairs high up seemed closer together than those low down! He did not, however, connect the effect with the dome’s shape. Instead, he attributed it to some aspect of human posture or physiology that makes us estimate objects as larger in front of us than overhead.

In this matter, it’s worth noting that it is extremely difficult to estimate by eye the exact height above the horizon at which a star or object appears. Even experienced observers make mistakes. This supports the idea that our perception of the sky’s shape is peculiar, and leads us astray in these judgments.

Before moving on, it should also be mentioned that nothing is more deceptive than the size which objects in the sky appear to show. The full moon looks like a huge plate, but you would be surprised to find that a small coin held at arm’s length easily covers its disc.


[image: Plate VIII.]

Plate VIII. The Moon From a photograph taken at the Paris Observatory by M.P. Puiseux.


The moon is just far enough away that we cannot clearly see detail on her surface with the naked eye. To us, she simply looks patchy,2 and the shapes suggested by her darker markings are popularly called the “Man in the Moon.” But examining her surface with even a small optical aid is quite a revelation, and the view is entirely different from what we see unaided.

With even an opera glass, an observer can pick out quite a bit of detail on the lunar disc. If it’s their first observation of this kind, they cannot help noticing, as we just mentioned, the great change in the moon’s appearance under magnification. “Cain and his Dog,” the “Man in the Moon gathering sticks,” or whatever the fancy conjured up from the lights and shadows, vanish; instead, one sees a silvery globe, marked with large dark areas and pitted all over with crater-like formations (see Plate VIII.). These dark areas still keep the ancient names “seas,” given by Galileo and other early observers who believed them to actually contain water. They are still catalogued by the names from long ago, such as “Sea of Showers,” “Bay of Rainbows,” “Lake of Dreams.”3 Improved telescopes have since shown that they are not really seas (there is no water on the moon), just areas of darker material.

The crater-like formations mentioned are the “lunar mountains.” A first-time telescopic observer of the moon may not immediately realize that we always have a “bird’s-eye” view—from above, as in a balloon—and cannot see lunar mountains from the side, as we do earthly ones. But once this perspective is understood, the vast field of lunar features becomes even more marvelous. The lunar mountain type is very different from terrestrial mountains. On earth, mountain ranges predominate; but on the moon, the rule is the crater-formation, so-called by analogy with our volcanoes. A typical lunar crater is a circular wall surrounding a plain, or “floor,” often lowered below the outer surface. These “craters,” or “ring-mountains,” can be immense. For example, the central plain of one crater, Ptolemæus,4 is about 115 miles across; that of Plato is about 60. The crater walls can rise to great heights; in proportion to the moon’s smaller size, they are much higher than mountains on earth. Yet a person standing at the center of a large crater might find that its walls are below the horizon in all directions, due not only to the great breadth of the crater but also to the moon’s much sharper surface curvature compared to earth.
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Plate IX. Map of the Moon, showing the principal “Craters,” Mountain Ranges, and “Seas”


In this—and the other plates of the Moon—the South is at the top of the picture, which is how objects are seen in a typical astronomical telescope, where everything appears inverted.

We have mentioned Ptolemæus as among the largest of the moon’s craters or ring-mountains. Its walls rise to nearly 13,000 feet, and it sits almost at the center of the lunar disc. Others are even wider, though not as conspicuously placed. For instance, Schickard, near the southeastern edge, is nearly 130 miles wide, its wall rising to over 10,000 feet at one point. Grimaldi, near the east side, is almost as large as Schickard. Clavius, near the southern edge, is about 140 miles across; its neighbor Bailly—named for a famed French astronomer—is 180, the largest visible to us (see Plate IX.).

Many lunar craters overlap; there is really not room enough for all the craters on the visible hemisphere. About 30,000 have been mapped, but this is only a fraction; Professor W.H. Pickering estimates there are over 200,000 in total.

Despite the prominence of craters, one should not suppose that there are no terrestrial-type mountains on the moon. There are, in fact, many isolated peaks, though these are almost always found in the centers of craters. Some central peaks are of great height; the center peak of Copernicus, for example, stands over 11,000 feet high. A few mountain ranges exist as well; the best-known are the Lunar Alps and Lunar Apennines (see Plate X.).

Since the mass of the moon is about one-eightieth that of the earth, her gravity is much weaker. It is calculated that on her surface, gravity is only about one-sixth what we experience here. A person on the moon could jump six times as high as on earth. Similarly, a building could be six times as tall as it is here, with no more stress on its foundation. We should therefore not be surprised that the highest peaks in the Lunar Apennines reach 22,000 feet. On a relatively small body like the moon—her volume is only one-fiftieth that of earth—a height like this is enormous compared to Mount Everest, earth’s greatest peak at 29,000 feet across a planet 8,000 miles wide!

Even so, the highest peaks are not in the Lunar Apennines. On the extreme southern edge of the lunar disc is the Leibnitz range, with several peaks nearing 30,000 feet; one is said to reach 36,000 feet (see Plate IX.).
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Plate X. One of the most interesting regions on the Moon


Illustrated here (see “Map,” Plate IX.) are the ranges—the Apennines, Caucasus, and Alps—and the craters Plato, Aristotle, Eudoxus, Cassini, Aristillus, Autolycus, Archimedes, and Linné. The crater Linné is the very bright spot in the dark area at the upper left of the picture. From a photograph taken at the Paris Observatory by M.M. Loewy and Puiseux.

But one might ask: “How is it possible to determine the actual height of a lunar mountain, if we cannot go to the moon to measure it?” The answer is, we calculate height by noting the length of the shadow it casts. The length of a sun-cast shadow depends on two things: the height of the object and the sun’s elevation in the sky. Every observer has noticed that shadows are shortest at noon, when the sun is highest, and lengthen as the sun sets. Here is the clue. To determine a lunar mountain’s height, first consider the sun’s angle above the lunar horizon where the mountain stands. Then, having measured the length in miles of the shadow we see, we merely ask: “What height must an object have to throw a shadow this long when the sun’s at this height?”

There is no evidence at all of water on the moon. The most common opinion is that water has never existed there. Erosions, sedimentary deposits, and other geological signs of water are completely absent.

Likewise, there appears to be no real lunar atmosphere, or if there is, it is so extremely thin as to be undetectable. Several lines of evidence indicate this: in solar eclipses the moon’s outline is always clear-cut against the sun; during occultations, stars vanish instantly behind the moon, which couldn’t happen if there were a substantial atmosphere; and we see no twilight or softening of shadows on the lunar surface, both signs of atmospheric presence.

The lunar surface is rough and rocky, showing no signs of “weathering” as would be expected if there was, or had been, any atmosphere. This inclines us to doubt that an atmosphere ever existed. If it once did, it may have gradually vanished due to the gases uniting chemically with the lunar materials, or the gases may have simply escaped into space, in line with kinetic theory as discussed earlier. The latter explanation seems more reasonable: the moon’s gravity is too weak to hold down any known gases. This also explains the lack of water; Dr. George Johnstone Stoney, in a careful study, showed that water vapor will escape from a world less than one-fourth as massive as earth. The moon’s mass is only one-eightieth, as stated above.

Because of this absence of atmosphere, what happens on the moon is very different from what we know on earth. Our atmosphere shields us from the direct sun and holds in heat as a greenhouse does. On the moon, the sun beats down mercilessly during the day, but its rays are reflected away as fast as they arrive, so the cold of lunar night is extreme. It’s been calculated that the day temperature on the moon may reach our boiling point, while at night it may drop to twice the greatest cold known in earth’s arctic zones.

That a certain amount of solar heat is reflected to earth by the moon is shown by the sudden temperature drop recorded by special instruments when the moon is obscured during a lunar eclipse. However, the solar heat we get reflected from the moon is very small; we receive more radiant energy directly from the sun in half a minute than we get by reflection from the moon in an entire year.

There is much debate about the origin of lunar craters. Some believe they indicate intense volcanic activity in the distant past; others think they resulted from meteorite impacts on the moon when it was still soft; others propose they formed from the bursting of huge bubbles as gases escaped from the lunar interior. The issue is still open. While volcanic action sufficient to create craters the size of Ptolemæus is hard to imagine—and the solitary peaks in many crater centers are unlike anything on earth—still, the volcanic theory remains the most favored.

Besides craters, there are two other important lunar features: rays and rills. The rays are long, light streaks radiating from several large craters and stretching hundreds of miles. They are simply surface markings, as they cast no shadows. One theory suggests they began as great cracks filled with lighter material from below. The rills, in contrast, are true fissures—about a mile wide and a quarter of a mile deep.

The rays are most prominent at the craters Tycho and Copernicus (see Plate XI.). Because Tycho lies almost in the center of the lunar disc and sends out an impressive system of rays like wheel spokes, it is especially notable. The late Rev. T.W. Webb, a distinguished observer, happily called it the “metropolitan crater of the moon.”


[image: Plate XI.]

Plate XI. The Moon


The ray systems from Tycho, Copernicus, and Kepler are well shown here. From a photograph taken at the Paris Observatory by M.P. Puiseux.

Much careful observation has aimed to find out if any actual changes are ongoing on the moon’s surface. Sir William Herschel thought he saw a lunar volcano erupting, but this turned out to be sunlight falling on the top of the crater Aristarchus while its surroundings remained in shadow—just “sunrise upon Aristarchus”! No important change has ever been confirmed, though some minor alterations have been suspected. For example, slight color changes have been noted in some lunar areas. Professor W.H. Pickering suggests this may be caused by the growth and decay of a low form of vegetation, enabled by water vapor or carbonic acid gas leaking from cracks in the moon’s interior.

Likewise, over the last hundred years, the small crater Linné (Linnæus), in the Mare Serenitatis (Sea of Serenity), has seemed to undergo slight changes, sometimes even disappearing for a while (see Plate X.). Yet it’s believed these changes may just be due to shifting sunlight angles, for slight irregularities in the moon’s orbit mean we never see her surface exactly the same way twice.

The suggestion has sometimes been made that the moon’s surface is covered with a thick layer of ice. This is generally considered improbable, and the idea has received little support. First put forward by the late Mr. S.E. Peal, it was recently revived by the German observer Herr Fauth.

The worst time for telescopic studies of the moon is when she is full. The sunlight then falls straight onto her visible side, so the mountains cast no shadows, and we lose the striking effect of hill and valley visible in the other phases.

The first moon map was made by Galileo. Tobias Mayer published another in 1775; during the nineteenth century, improved maps were produced by Beer and Mädler, Schmidt, Neison, and others. In 1903, Professor W.H. Pickering published a complete photographic lunar atlas, and a similar work has recently appeared, created by MM. Loewy and Puiseux of the Paris Observatory.

The so-called “seas” of the moon, as seen, are simply dark areas, and there is no proof they ever held liquid. Most are found in the northern part of the moon—a sharp contrast to earth, where most seas and oceans are southern.

There are many popular myths about the moon’s supposed influence on the earth. For example, it is widely believed that weather changes depend on the moon’s changes. But the idea of a “change” is meaningless, for the moon is always changing her phase each month. Also, the moon is visible over much of the earth at the same time, yet the weather is not the same everywhere it is seen! Further, careful records going back more than a hundred years show no reliable connection between the moon’s phases and the weather.

It has been stated, by good authority, that no telescope ever shows the moon’s surface as clearly as we would see with the naked eye if it were just 240 miles away.

If we could approach our satellite and examine it at such close quarters without optical aid, it’s interesting to consider the smallest detail our eyes could see. The limit is uncertain, but at a distance of 240 miles, the tiniest speck visible would have to be at least about 60 yards across.

With both atmosphere and liquid missing, the lunar surface must be a place of eternal calm; no sound disturbs the stillness, and change, as we know it, is absent. The sun beats down on the barren rocks, and deep shadows stretch through valleys. There is no softening transition of light and shade.

We cannot absolutely state that life has no place at all on this airless, waterless world, for we do not know under what unusual conditions it could appear; and even our greatest telescopes cannot show us the lunar surface closely enough to rule out the existence of large creatures. Still, it is hard to shake the feeling that we are looking at a dead world. Month after month, the moon swings around the earth, always with one face turned towards us, leaving a sense of mystery regarding the hidden side, which humanity can never hope to see. The moon’s rotation—the lunar day—is now equal to her revolution about the earth. A time may one day come in earth’s history, as tidal friction slows our rotation, when earth’s day will be equal to a year, and earth will circle the sun with one face always in darkness and one in perpetual sunlight. But such a future is millions of years away and need not trouble us yet.






1. Journal of the British Astronomical Association, vol. x. (1899–1900), Nos. 1 and 3.



2. Certain ancient Greeks thought the markings on the moon were simply the reflection of earth’s own seas and lands, as in a badly polished mirror.



3. Mare Imbrium, Sinus Iridum, Lacus Somniorum.



4. The lunar craters are mostly named after famous people, usually scientists. This system of naming began with Riccioli in 1651.





CHAPTER XVII: THE SUPERIOR PLANETS

Having already discussed the various aspects that an inferior planet presents to us, because its orbit is closer to the sun than Earth’s, it is useful here to consider, in the same way, the case of a superior planet and to carefully note the differences.

First, it should be clear that we can never have a transit of a superior planet. Since the orbit of such a body is entirely outside that of Earth, the planet itself can never pass between us and the sun.

A superior planet is at its greatest distance from us when it is on the far side of the sun. This position is called conjunction. As it moves in its orbit, it eventually passes, so to speak, behind us. It is then at its closest approach, or in opposition, as this is technically called, making it the most favorable position for telescopic observation of its surface. Additionally, at that time, it appears to us in a part of the sky directly opposite the sun, meaning it is high in the southern sky at midnight—a further advantage for observers.

Finally, a superior planet cannot show crescent shapes like an inferior planet; whether it is on the far side of the sun, behind us, or to our right or left, sunlight will always fall more or less fully on its face.

The Planetoid Eros

The superior planet closest to us is the tiny body Eros, which, as already mentioned, was discovered as late as 1898. However, because of its small size, it is hardly considered a true planet, so the name “planetoid” is more appropriate.

Eros was not discovered, like Uranus, by telescopic examination of the sky, nor like Neptune, as the result of complex calculations, but was revealed by its light imprinting on a photographic plate that had been exposed for some time to the starry sky. Since many of the more recent asteroids have been discovered this way, we’ll discuss this photographic method in more detail when we cover those bodies later.

The path of Eros around the sun is highly elliptical, or, to use the precise technical term, highly “eccentric,” so the planetoid does not stay entirely in the space between our orbit and that of Mars—the next body in planetary order outward. At some points in its journey, Eros actually travels outside the Martian orbit. However, the paths of the planetoid and Mars are not on the same plane, so the bodies always pass safely by each other—just as trains running on a bridge at an upper level do not collide with those passing underneath on a lower level.

When Eros is in opposition, it comes within about 13½ million miles of Earth—making it, after the moon, by far our nearest neighbor in space. Nevertheless, it is extremely small, perhaps no more than twenty miles in diameter, and shows marked variations in brightness, which, so far, do not have a satisfactory explanation. Despite its small size, this little body is very important to astronomy, as it provides the best method we know of calculating the sun’s distance from Earth—a method Galle (in 1872) and Sir David Gill (in 1877) suggested could use asteroids, and which has since replaced the old method based on transits of Venus. The sun’s distance is now known to within 100,000 miles—less than half the distance from Earth to the moon.

The Planet Mars

Next, we come to the planet Mars. Mars rotates in a period of just over twenty-four hours. The tilt, or inclination, of its axis is about the same as Earth’s, so, aside from its greater distance from the sun, it should experience seasonal variations much like ours.

The first feature detected on Mars was the notable one called Syrtis Major, which was also known for its shape as the Hour-Glass Sea. This observation was made by the famous Huyghens in 1659; and, from tracking the movement of this feature across the disc, he inferred that Mars rotated on its axis in about twenty-four hours.

Mars appears to have very little atmosphere, so we almost always get a clear view of its surface detail. In fact, the kinetic theory predicts that Mars could not retain much atmosphere, since its surface gravity is less than half of Earth’s. Recent spectroscopic research shows that any atmosphere on Mars cannot be more than one-fourth as dense at the surface as air at Earth’s surface. Professor Lowell even suggests it may be more rarefied than what we encounter on our highest mountain peaks.

To the naked eye, Mars appears red. Viewed through a telescope, its surface is generally a reddish hue, with darker patches of bluish-green. These markings are permanent, and early telescopic observers thought they showed the surface was divided into land and water: the reddish areas were considered continents (perhaps sandy deserts), and the bluish-green areas seas. The similarity to Earth was heightened by the discovery of broad, white polar caps that changed with the planet’s seasons—shrinking greatly during Martian summer (the southern cap even disappeared entirely in 1894) and growing again in Martian winter.1 Readers of Oliver Wendell Holmes may remember his fitting lines:


“The snows that glittered on the disc of Mars

Have melted, and the planet’s fiery orb

Rolls in the crimson summer of its year.”



A state of affairs so similar to Earth’s naturally captured imaginations and led people to see Mars as a world much like ours, only smaller. Being smaller, it was thought to have cooled more quickly and now to be long past its prime; its “inhabitants” were therefore pictured as more advanced than those on Earth.

Despite the temptation to believe that the Martian polar caps are made of snow, this explanation isn’t as simple as it might seem. The deposition of water as snow or even frost would imply that Mars’ atmosphere should display traces of water vapor from time to time, but it apparently does not.2 It has been suggested that the whiteness is actually due to carbonic acid gas (carbon dioxide), which freezes at very low temperatures. This is based on the idea that, since Mars is much further from the sun than we are, it receives much less heat, and this little heat would quickly radiate out into space due to lack of a substantial atmosphere to retain it.

Now we come to the well-known markings popularly called the “canals” of Mars, which have been much discussed since their discovery thirty years ago.

It was in 1877, when Mars was at opposition and thus nearest to us, that the renowned Italian astronomer Schiaparelli announced that the reddish areas, thought to be continents, were crossed by a network of straight dark lines. Many of these lines were remarkably long—some thousands of miles—and about twenty to sixty miles wide. He called them channels (the Italian word “canali”), which was unfortunately translated into English as “canals.” This accidental word choice gave rise to the idea that they might be artificial waterways.3

In winter 1881–1882, when Mars was again in opposition, Schiaparelli further reported finding some of these lines doubled; that is, certain canals were accompanied by similar, parallel lines not far away. There was initial skepticism about these discoveries, but gradually other observers reported seeing both the lines and their doublings. This provides a good example of a curious reality in astronomical observations: once a competent observer has noticed fine details, other observers soon begin to see them too.

In recent years, Mars has received immense attention from the American astronomer Professor Percival Lowell at his famous observatory, 7,300 feet above sea level, near Flagstaff, Arizona, USA. His observations have not, like most astronomers’, been limited to “oppositions,” but have systematically tracked Mars as much as possible since 1894.

His observatory is exceptionally well equipped, and the viewing conditions at Flagstaff are described as excellent. Supporting this, Mr. Lampland from Lowell Observatory states that the faintest stars shown in charts developed at Lick Observatory with their 36-inch telescope are perfectly visible with the 24-inch telescope at Flagstaff.

Professor Lowell is, however, frequently at odds with other Mars observers. He finds the canals extremely narrow and sharply defined, and attributes their blurred and hazy appearance in other astronomers’ records to unsteady and imperfect atmospheric conditions during their observations. He measures the narrowest canals as two or three miles wide, and the largest from fifteen to twenty miles. Relative to their width, these canals are extraordinarily long; many are 2,000 miles long, and one is as much as 3,540 miles in length. These are very great lengths, considering Mars’ small size. He believes the canals are peculiarly related to the polar cap, as they cluster near it. Rather than seeing ill-defined condensations, he sees sharp black “Oases” wherever canals meet and intersect. He also emphasizes a dark blue band, always closely surrounding the polar caps as they disappear, and takes this as evidence that the white material actually melts. Of all known substances, he argues, only water would behave in just this way.

The notion of melting at all may seem odd for a planet so far from the sun and with such thin air. But Professor Lowell maintains that this very thin atmosphere allows the sun’s rays to strike the planet’s surface with great intensity, and this heating effect is increased by the long Martian summer. As a result, he concludes that although Mars’ climate is cold, it is above the freezing point of water.

Observations at Flagstaff appear to dismiss the old idea that the darkish areas are seas, because many canals cross them. Also, no star-like solar reflections are seen from them, as one would expect from a vast water surface. Finally, they change tone and color with Martian seasons, with blue-green becoming ochre, then turning back to blue-green. Professor Lowell interprets these regions as large tracts of vegetation brought to life as liquid water reaches them from melting snows.
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Plate XII. A Map of the Planet Mars


Here we see Syrtis Major (the “Hour-Glass Sea”), the polar caps, several “oases,” and many “canals,” some doubled. The south is at the top, following the inverted view given by an astronomical telescope. After a drawing by Professor Percival Lowell.

According to Lowell’s observations, the canals are invisible in Martian winter and begin to appear in spring as the polar cap shrinks. He therefore suggests that, running along the center of the so-called canals, there are actual waterways for irrigation, and that what we see is not the waterways themselves (since these are too narrow to be seen), but the fringe of vegetation springing up along their banks as the liquid spreads from melting polar snows. He notes that the canals begin to be visible near the polar caps and gradually appear to grow toward the equator.

The idea of life on Mars has made the planet especially fascinating. However, much nonsense has been written in newspapers, leading many to believe that we actually have evidence of living beings on Mars. It must be clearly understood that Professor Lowell’s advocacy for life on Mars is nothing so wild. At best, he merely puts forth theories suggested by his remarkable observations. His views are as follows: he considers that Mars is at a stage where “water” is so scarce that the “inhabitants” must use their utmost skill to make what they have suffice for irrigation. The changes in color and tone across the Martian surface as irrigation has its effect are similar, he says, to what a telescopic observer—were one on Venus—would notice on Earth during harvest time, if Earth’s atmosphere allowed a clear view of the land surface—a doubtful point in itself. Lowell believes that the perfect straightness of the lines and the geometric arrangement are clear signs of artificiality. Furthermore, on a globe, there is no reason why liquid from melting polar caps should naturally flow toward the equator. On Earth, water, as in rivers, simply follows the slope of land. But the Lowell observations suggest Martian liquid is apparently carried from one pole towards the equator, then past it to the opposite pole, where it freezes again, only to repeat the process with the seasons. Professor Lowell therefore maintains—and this seems supportive of his theory—that the liquid must, somehow artificially, for example by pumping, be helped along its passage over the Martian surface.

Many attempts have been made to explain the doubling of canals as refraction or reflection effects; and it has even been suggested that this may be caused by the telescope not being properly focused.

Once canal doubling had been doubted, skeptics also questioned whether the canals themselves were real. It was proposed that the eye, in detecting such fine, barely visible details, may subconsciously see as a line a collection of dots that simply happen to be aligned. To test this, in 1902 Mr. E.W. Maunder at Greenwich Observatory and Mr. J.E. Evans of the Royal Hospital School in Greenwich had schoolboys draw a white disc with faint markings from various distances. The boys stationed just far enough away to see indistinctly produced drawings that strongly supported this theory. However, the plausibility of this illusion explanation was recently challenged by photographs of Mars taken during the 1905 opposition by Mr. Lampland at Lowell Observatory, where some prominent canals show up as straight dark lines. Further, some more recent photographs from there reportedly clearly show some canals as doubled.

Continuing the idea mentioned in Chapter XVI, that the moon may be covered with a layer of ice, Mr. W.T. Lynn has suggested that this may also be true for Mars, and that at some seasons, the water may break through along specific lines, even creating parallel lines. He argues that this would explain the canals gradually becoming visible without needing Professor Lowell’s “pumping” hypothesis.

Now for Professor Lowell’s own views on canal doubling. He says that no railway lines could apparently be laid down with greater parallelism. He notes that doubling does not occur for every canal; out of 400 canals seen at Flagstaff, only fifty-one—roughly one-eighth—have ever appeared double. This, he argues, strongly suggests duplication is not just an optical phenomenon. He finds the distance between doubled canals varies greatly, from 75 to 200 miles. According to Lowell, double canals are confined within 40 degrees of the equator, or as he puts it, they are “an equatorial feature of the planet, confined to the tropic and temperate belts.” He also points out they seem to avoid the blue-green areas. However, Professor Lowell has not yet attempted to fit the doubling fully into his overall theory. He simply remarks, unsurprisingly, that they may be “channels and return channels,” and leaves it at that.

Professor Lowell’s conclusions have recently faced strong criticism from Professor W.H. Pickering and Dr. Alfred Russel Wallace. Professor Pickering first discovered the “oases” and proposed the idea that we see not the canals themselves, but only vegetation growing along their edges. He thinks the oases are small craters and the canals are cracks radiating out from them, similar to rifts and streaks seen from craters on the moon. Further, he suggests that water vapor or carbon dioxide escaping from the planet’s interior finds its way out through these cracks, promoting low forms of vegetation alongside them. To support this, he points to the existence of long “steam-cracks,” lined with vegetation, in the volcano-rich Hawaiian deserts. We have already seen in an earlier chapter how he uses this idea to explain possible changes happening on the moon.

Addressing the Lowell canal system, Pickering argues that under Mars’ very thin air pressure, if the polar caps are made of snow, their evaporation would happen so rapidly that the resulting water could not possibly travel in open channels; a network of gigantic tubes or water-mains would be necessary.

As his ideas about Martian vegetation make clear, Pickering does not deny that some form of life might exist on Mars. But he rejects any suggestion of civilization or anything like it. He does think that, as Mars is physically between moon and Earth, the type of life it supports might be above that of the moon, but below that of the Earth.

In a small book published in late 1907, called Is Mars Habitable?, Dr. Alfred Russel Wallace aims, among other things, to refute the notion of a relatively high temperature on Mars, as Lowell claimed. He demonstrates the immense effect water vapor has in Earth’s atmosphere, keeping solar heat from escaping into space. Then he notes there is no spectroscopic evidence of water vapor on Mars4. This absence is to be expected, as Dr. George Johnstone Stoney showed that water vapor escapes from any body with mass less than a quarter of Earth’s—and Mars is actually only one-ninth Earth’s mass. Dr. Wallace therefore believes Mars should be extremely cold, unless its atmosphere is fundamentally different from ours. It’s important to note that Swedish physicist Arrhenius recently showed carbon dioxide in our atmosphere is highly influential on climate. Though its concentration is minimal on Earth, Arrhenius demonstrated that if this were doubled, temperatures would be steadier and higher. We therefore see how impossible it is, with our limited knowledge, to be dogmatic about life in other worlds.

As for the canals, Dr. Wallace has his own theory. He proposes that after Mars cooled and became solid, a great swarm of meteorites and small asteroids struck it, briefly creating a thin molten layer over the entire planet. As this cooled, trapped gases escaped, forming vents or small craters. As it shrank further over the solid core, it cracked in fissures radiating from weak points, such as these craters. He adds that Mars’ two tiny satellites, which we shall discuss next, are likely the last survivors of this hypothetical cosmic swarm. Finally, regarding Mars’ habitability, Dr. Wallace not only denies it, but asserts that the planet is “absolutely uninhabitable.”

For a long time, Mars was thought to have no satellites. In 1877, however—during the same favorable opposition in which Schiaparelli first saw the canals—two tiny satellites were discovered at the Washington Observatory by the American astronomer Professor Asaph Hall. These moons are so small and so close to the planet that they can only be seen with very large telescopes; even then, the planet’s bright disc must be blocked out. The satellites have been named Phobos and Deimos (“Fear” and “Dread”), after the two minor deities who, according to Homer, served Mars, the god of war.

Determining the exact sizes of these satellites is impossible, as they are too small to show discs, but estimates based on their brightness suggest that Phobos was thought to be six miles in diameter, and Deimos, seven. Later estimates suggest they may be about the same size as the planetoid Eros. Phobos orbits Mars in about 7½ hours, just 4,000 miles above the planet’s surface, while Deimos orbits in about 30 hours at a distance of about 12,000 miles. Since Mars rotates on its axis in about 24 hours, Phobos makes more than three circuits around Mars in the time Mars completes a single rotation—a remarkable situation.

A strange prediction of the discovery of Mars’ satellites is found in Gulliver’s Travels. According to Dean Swift’s hero, the astronomers on the flying island of Laputa had discovered two tiny satellites around Mars, one orbiting in ten hours. The accuracy of this guess is extraordinarily close, though clearly just a coincidence.

It is not surprising that much uncertainty exists about the actual surface conditions on Mars. The best circumstances under which we can see the planet barely allow us to support any solid theories. The highly experienced American astronomer Professor E.E. Barnard has stated that our view of Mars with the best telescope can be fairly compared to the naked-eye view we get of the moon. Since a small telescope changes our whole idea of the moon’s surface—revealing features we had never imagined—it’s not unreasonable to think further advances in telescopes could totally overturn our current views on Martian canals. Until we get much closer, theorizing is probably futile. The lines we now see may, in fact, be a shortened and much too dim view of some kind of formation completely unfamiliar to us and perhaps unique to Mars. Differences in gravity and other planetary conditions could create very diverse surface features. The Earth, the moon, and Mars differ greatly in size, gravity, and other characteristics. Mountain ranges may be typical of Earth, ring-mountains typical of the moon, and the so-called “canals” could be just a special, natural feature of Mars, resulting from its unique history and conditions.

The Asteroids (or Minor Planets)

Now we turn to the belt of small planets known as asteroids. In the general survey of the solar system in Chapter II, we saw that the distances of planetary orbits from the sun show a marked pattern—except for a gap between Mars and Jupiter where no large planet is found. The suspicion that a planet might, nevertheless, orbit in this empty space led to the gradual discovery of many small bodies; the largest, Ceres, being less than 500 miles wide. To date, about 600 asteroids have been found. The four largest are called Ceres, Pallas, Juno, and Vesta. All are too faint to be seen with the naked eye, except for Vesta, which, though not the largest, happens to be the brightest; even so, it is barely visible to the unassisted eye under ideal conditions. No atmosphere has been detected on any asteroid, which is just what the kinetic theory would predict.

For many years, asteroids were discovered by telescope. When an object was spotted in the sky that did not match any known star chart, it was monitored for several nights to see if it changed position. Since asteroids, like planets, orbit the sun, they are swiftly revealed by shifting position against the background of fixed stars.

A new era in asteroid discovery began in 1891. Dr. Max Wolf of Heidelberg—one of the most famous asteroid hunters—had the idea that photography might aid such discoveries. This photographic method, which we already mentioned when discussing Eros, is very straightforward. When a photograph of the sky is taken through an “equatorial”—a telescope moved by clockwork so that the stars in its field of view remain fixed during their apparent passage across the sky—the images of these stars appear as sharp points. If an asteroid or other planetary body is also present, its image will appear as a short white streak, because its relatively rapid motion has shifted it during the exposure, leaving a trail rather than a dot. Using this technique, Wolf himself has discovered more than a hundred asteroids (see Plate XIII.). In fact, it was a little streak on a photograph taken by astronomer Witt in Berlin in 1898 that first revealed Eros to the world.
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Plate XIII. Minor Planet Trails


Two trails of minor planets (asteroids) recorded at the same time on a single photographic plate. The white streak on the left marks the discovery of a new minor planet. The streak on the right was made by an already known body—the minor planet “Fiducia.” This photo was taken by Dr. Max Wolf at Heidelberg on November 4, 1901, with a 16-inch telescope. The exposure lasted two hours.

It has been calculated that the total mass of the asteroids is much less than one-quarter that of Earth. They move mostly within a swath some 30 million miles wide, situated about midway between Mars and Jupiter. However, two or three of the most recently discovered asteroids pass quite close to Jupiter. The asteroids’ orbits are not all in the same plane; Pallas’s orbit is the most tilted, actually three times more inclined than Eros’s orbit to the plane of Earth’s orbit.

Two notable theories explain the origin of asteroids. The first, proposed by famous German astronomer Olbers (the discoverer of Pallas and Vesta), suggested the asteroids are fragments of an exploded planet. This was widely accepted for a time, but has now been rejected because of several definite objections. The most significant is that, under the law of gravitation, the orbits of such fragments should all pass through the explosion site. But the asteroids are now spread over a wide region, making a single origin unlikely. Another objection is that it seems impossible for forces within an already formed planet to tear it apart so violently.

The second theory is that, for some reason, a planet simply failed to form here. Perhaps the powerful gravity of massive Jupiter nearby disturbed the region so much that the scattered matter was never able to gather into one planet.






1. Sir William Herschel was the first to note these polar changes.



2. Quite recently, however, Professor Lowell has announced that his observer, Mr. E.C. Slipher, with the spectroscope, finds faint traces of water vapour in the Martian atmosphere.



3. In a similar way, the term “crater,” used for the ring-mountain formations on the moon, has clearly biased explanations toward volcanic theories.



4. Mr. Slipher’s results (see note 2) were not then known.





CHAPTER XVIII: THE SUPERIOR PLANETS—continued

So far, the planets have been divided into inferior and superior ones. However, this division is based only on the position of their orbits in relation to Earth’s orbit. There is another common way to group the planets: by size. On this basis, they are divided into two categories: the Terrestrial Planets, which share characteristics with Earth, and the Major Planets, which are all very large. The terrestrial planets are Mercury, Venus, Earth, and Mars. The major planets are Jupiter, Saturn, Uranus, and Neptune. Just as the Earth’s orbit separates the inferior from the superior planets, the asteroidal belt divides the terrestrial from the major planets. The distinction between inferior and superior planets is helpful for highlighting the notable differences in their appearance as seen from Earth: the inferior planets, for example, show phases like the moon when viewed through a telescope, while the superior planets do not. Still, the division into terrestrial and major planets is a more comprehensive classification, as it includes all the planets, whereas the inferior/superior division leaves out the Earth. Members of each group share many specific characteristics. The terrestrial planets are all relatively small, are situated comparatively close to each other, and have few or no satellites. They are also quite dense. The major planets, by contrast, are enormous, spaced far apart from one another, and typically have many satellites. Structurally, they can be described as loosely assembled. Furthermore, features on the surfaces of the terrestrial planets are permanent, while those on the major planets are constantly changing.

The Planet Jupiter

Jupiter is the largest of the major planets. It has rightly been called the “Giant” planet, as—both in volume and mass—it outweighs all the other planets combined. When observed through a telescope, Jupiter shows a surface abundant with features, the most prominent being a series of broad, parallel belts. The main belt is located in the central region of the planet and is currently about 10,000 miles wide. On either side of it lies a reddish-brown belt of about the same width. Bright spots occasionally appear on the planet’s surface, lasting for a time and then vanishing. The most notable of these is the “Great Red Spot,” located just below the southern red belt. It first appeared about thirty years ago, and although it has gone through several changes in color and brightness, it remains faintly visible. This spot is the most persistent marking ever seen on Jupiter. Overall, the planet’s features are so changeable that the visible surface cannot be solid, but rather resembles fleeting cloud-like formations (see Plate XIV.).
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Plate XIV. The Planet Jupiter


The Giant Planet as seen at 11:30 p.m., January 11, 1908, with a 12½-inch reflecting telescope. The large oval marking in the upper part of the disc is the “Great Red Spot.” South is at the top of the image since astronomical telescopes produce an inverted view. From a drawing by the Rev. Theodore E.R. Phillips, M.A., F.R.A.S., Director of the Jupiter Section of the British Astronomical Association.

Careful study of Jupiter’s features shows that on average the planet rotates on its axis in about 9 hours 54 minutes. The use of average here, as with the sun, is due to the different parts of the planet rotating at different speeds. The fastest-moving regions take 9 hours 50 minutes to complete a rotation, while the slowest take 9 hours 57 minutes. The middle sections rotate the fastest, just as is the case with the sun.

Jupiter is not very dense. Its average density is about 1½ times that of water, or only one-fourth the density of Earth; yet, because of its immense size, the gravity at the visible “surface” is about 2½ times that on Earth’s surface. Therefore, according to the kinetic theory, it is expected that Jupiter would retain a thick layer of gases, which is confirmed by the spectroscope, revealing a dense atmosphere.

It is reasonable to conclude that Jupiter’s interior is extremely hot, and that what we see as its surface is actually a vast layer of clouds and vapors, rising from the heated core beneath. Jupiter was once thought to be self-luminous, but this is very unlikely, since parts of its surface lying in the shadow cast by its satellites appear pitch black. Moreover, when a satellite moves into Jupiter’s shadow, it becomes completely invisible; if Jupiter gave off any noticeable light, this would not occur.

Jupiter orbits the sun accompanied, as far as we know, by seven1 satellites. Four of these were among the earliest celestial objects discovered by Galileo with his “optick tube,” and he called them the “Medicean Stars” after his patron, Cosmo de Medici. These moons are relatively large and would almost be visible to the naked eye if not for the planet’s brilliant glare.

A fifth satellite was only discovered in recent times, in 1892, by Professor E.E. Barnard. This one is very small, orbits closer to Jupiter than Galileo’s innermost moon, and is exceptionally hard to see—even with the best telescopes—due to Jupiter’s glare. In December 1904 and January 1905, two more moons were found, these by photography, by the American astronomer Professor C.D. Perrine. Both orbit farther from Jupiter than the previously known moons.

Galileo’s moons, though the largest among Jupiter’s satellites, are still very small compared to the planet itself. The diameters of Europa and Io are about the same as our moon, while Callisto and Ganymede are more than fifty percent larger. The recently discovered satellites are quite insignificant in size; Barnard’s satellite, for example, is only about 100 miles in diameter.

Of Galileo’s four satellites, Io is the closest to Jupiter and, from the planet’s surface, would appear somewhat larger than our moon does from Earth. The others would appear slightly smaller. However, because the sun is so much farther away, the total light reflected to Jupiter by all the satellites is much less than the light we receive from our moon.

Barnard’s satellite orbits Jupiter at a distance shorter than that between Earth and the moon, and completes an orbit in about 12 hours. Galileo’s four satellites revolve in approximately 2, 3½, 7, and 16½ days, at distances between roughly a quarter-million and one million miles. Perrine’s two satellites orbit about seven million miles from the planet, taking about nine months to complete a revolution.

When viewed through a telescope, the larger satellites show some distinct markings, but because of their distance, only the largest features are visible. Io, according to Professor Barnard, appears as a dusky disc with a broad white belt across the middle. Mr. Douglass, observing at the Lowell Observatory, has identified on Ganymede several markings resembling those on Mars and believes, based on their movement, that it rotates on its axis in about seven days. Professor Barnard does not confirm this, but claims to have observed bright polar caps on both Ganymede and Callisto.

Earlier, we discussed eclipses, occultations, and transits and explained the differences between them. Jupiter’s system of satellites provides clear examples of all these phenomena. The planet casts a wide shadow, and the satellites often pass through it, being temporarily darkened, much like lunar eclipses on Earth. The satellites can also be occulted by passing behind the planet, or seen transiting in front of it. Additionally, there is the phenomenon known as an eclipse of the planet by a satellite, equivalent to a solar eclipse on Earth; in such cases, the shadow cast by the moon appears as a moving black spot across Jupiter’s surface.

During the frequent movements of these satellites behind Jupiter, into its shadow, or across its face, it occasionally happens that all four of Galileo’s moons vanish from view at the same time, leaving the planet seemingly without its usual companions. An example of this phenomenon occurred on October 3, 1907. On that date, satellites I and III (Io and Ganymede) were eclipsed by passing into the planet’s shadow; Satellite IV (Callisto) was occulted by the planet’s disc; and Satellite II (Europa), crossing the planet in transit, was invisible against the bright background. Many such cases have been observed. Galileo himself recorded one on March 15, 1611, and Herschel on May 23, 1802.

It was indirectly thanks to Jupiter’s satellites that humankind first measured the speed of light. When the revolution periods of the satellites were first calculated, Jupiter was then closest to Earth. Using those periods, tables predicted the times at which the satellites’ eclipses and other phenomena should take place. As Jupiter moved farther from Earth in its orbit, it was observed that the satellites entered Jupiter’s shadow later than predicted. In 1675, the Danish astronomer Roemer deduced that this was not due to faulty predictions, but rather because light does not travel instantaneously. The farther away Jupiter was, the longer it took for the last ray from the satellite, just before it passed into shadow, to reach us. Modern physics has fully confirmed this: light does not cross space in an instant, but travels at about 186,000 miles per second.

The Planet Saturn

Saturn, viewed through a telescope, is a stunning and striking object. It stands out from all other planets, and indeed from all other celestial bodies, because it is encircled at its equator by what appears to be a broad, flat, extremely thin ring. Closer examination shows that this is actually made up of three concentric rings. The outermost ring is nearly as bright as the planet. The next ring inwards is also bright and is separated from the outer one around its entire circumference by a relatively narrow space, known as “Cassini’s division.” This was discovered by the celebrated French astronomer J.D. Cassini in 1675. Just inside the second ring is a third one, the “crape ring”—darker than the first two and partially transparent, so Saturn’s globe can be seen through it. The inner edge of this third ring does not touch the planet, but is separated from it by a clear gap. This ring was discovered independently2 in 1850 by Bond in America and Dawes in England.
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Plate XV. The Planet Saturn


From a drawing made by Professor Barnard with the Great Lick Telescope. The black band along the outer ring, as it crosses the disc, is part of the shadow cast by the rings upon the planet. The black wedge-shaped mark, where the rings disappear behind the disc at the left side, is part of the shadow cast by the planet upon the rings.

Unlike the crape ring, the bright rings must be fairly dense, because the planet’s shadow can be seen cast upon them, and their shadows, in turn, fall on Saturn’s surface (see Plate XV.).

According to Professor Barnard, the total width of the ring system—from one edge of the outer ring to the other—is 172,310 miles, a little more than twice the planet’s diameter.

Depending on how Saturn is tilted relative to us, we see the rings at different angles. Sometimes we see the wide expanse of the rings; at other times, the thin edge is turned directly towards us, which happens about every fifteen years. When this occurred in 1892, the rings reportedly disappeared entirely when viewed through the great Lick telescope, revealing how thin they are—only about 50 miles thick. The last time the ring system was exactly edgewise to us was October 3, 1907.

The composition of Saturn’s rings has inspired much debate. They were once believed to be either solid or liquid, but in 1857 Clerk Maxwell showed that such a structure would not hold together. He demonstrated, however, that the rings could be explained as immense swarms of countless solid particles—or, in other words, very small satellites—circling rapidly around the planet’s midsection. It is believed that these are the materials for the formation of one or more satellites, but Saturn’s powerful gravity prevents them from coalescing into a single body. In fact, there is a minimum distance from a planet within which a satellite cannot form, known as “Roche’s limit,” after the French astronomer who studied this phenomenon.

There is some analogy between Saturn’s rings and the asteroids. There are empty spaces in the asteroid belt, one of which closely resembles Cassini’s division in the rings. It is suggested that this division is due to gravitational disturbances from larger satellites, just as empty spaces in the asteroid belt are thought to result from perturbations by the nearby Giant Planet.

It has long been understood that Saturn’s rings must rotate around the planet; otherwise, Saturn’s powerful gravity would tear them apart. This was confirmed by the late Professor Keeler, Director of the Lick Observatory, who, using the spectroscope, observed that parts of the rings closer to the planet rotate faster than those farther out. This supports the idea that the rings are made of satellites, since closer satellites orbit faster. If the rings were solid, the outer portions would move fastest—just as the outer parts of Earth’s solid body travel fastest during rotation. The mass of the ring system is exceedingly small, as it appears to cause no detectable disturbances in the orbits of Saturn’s satellites. Thus, according to the kinetic theory, there is not expected to be any atmosphere associated with the rings, a point confirmed by spectroscopic observations.

Saturn’s diameter is about one-fifth less than Jupiter’s. The planet is distinctly flattened at the poles, a feature visible in any good telescope: the equatorial diameter is about 76,470 miles, while the polar diameter is much less, around 69,770 miles.

Saturn’s surface closely resembles that of Jupiter, though its markings are less distinct. They too appear as belts, and observations indicate that Saturn rotates on average in a little over ten hours. As with the sun and Jupiter, different parts of Saturn spin at different rates, but this difference is even more pronounced than on Jupiter. Saturn’s density is lower than Jupiter’s; it must be composed largely of vapor and is likely at an even earlier stage of planetary development.

We now know of up to ten satellites orbiting Saturn, more than any other planet in the solar system. Two of these are very recent findings: Phœbe, discovered by photography in August 1898, and Themis in 1904, also by photographic techniques. Both were identified by Professor W.H. Pickering. Themis is described as the faintest object in the solar system. It cannot be seen, even with the biggest existing telescope—demonstrating the great advantage of photographic plates over the human eye in astronomical discoveries.

The two most significant Saturnian satellites are Titan and Japetus, discovered respectively by Huyghens in 1655 and by Cassini in 1671. Japetus is about the size of our moon, and Titan, the largest, is about one and a half times larger. Titan takes about sixteen days to orbit Saturn; Japetus takes more than two and a half months. The former is about three-quarters of a million miles from Saturn, the latter about two and a quarter million miles. Sir William Herschel discovered two more satellites, one on the very night he first used his famous 40-foot telescope. The ninth satellite, Phœbe, one of Professor Pickering’s discoveries, is perhaps the most remarkable satellite in the solar system because it is the only known member of Saturn’s system to revolve in the opposite direction.

From Saturn’s immense distance from the sun, the sun would appear so small that it would hardly form a disc. Saturn receives only about one-ninetieth of the sunlight and heat that Earth does. Consequently, the total light reflected to Saturn by all its satellites is very small.

With the exception of Jupiter, none of the planets that lie closer to the sun can be seen from Saturn, being entirely lost in the sun’s glare. For an observer on Saturn, Jupiter would play much the same role as Venus plays for us, regularly showing phases and appearing as a morning or evening star.

It is interesting to imagine what our own skies would look like if Earth had a system of rings like Saturn’s. Because of Earth’s curved surface, the rings would never be visible from within the Arctic or Antarctic circles, as they would always be below the horizon. From the equator, the rings would always be seen edge-on, appearing as a straight line of light across the sky, passing through the zenith. However, for people living elsewhere, the rings would be rather troublesome, blocking the sun for lengthy periods of time.

Saturn greatly puzzled early astronomers. For a long time, they did not realize that it was surrounded by a ring—showing how slow the human mind can be to think outside established ideas. The ring’s projections on each side of Saturn at first looked to Galileo like two small spheres attached to the planet and slightly overlapping its disc. He wrote to Kepler that “Saturn consists of three stars in contact with one another.” He was confounded, though, because these supposed companions always stayed fixed in relation to the planet, neither orbiting it nor shifting as Earth moved.

It was about eighteen months before Galileo looked again at Saturn. He was even more bewildered: at that moment, the rings were edgewise to Earth, and he saw only a round disc, like Jupiter’s. What had happened to the companions? Was he being tricked by a mischievous spirit? Had Saturn devoured his children? Soon afterward, the companions reappeared, eventually growing larger and transforming into what looked like two arms hugging the planet from either side (see Plate XVI.).

Galileo never solved the riddle, and it fell to the Dutch astronomer Huyghens to unravel it. Yet even he took some time to find the truth. Noting the dark gaps between the unusual appendages and the planet, he imagined that Saturn had two handles (“ansæ,” from the Latin ansa, meaning handle). Finally, in 1656, he solved the problem with his remarkable 123-foot, tubeless telescope. By observing the handles as they disappeared and reappeared when the rings turned edgewise, Huyghens arrived at the correct explanation.
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Plate XVI. Early Representations of Saturn From an illustration in the Systema Saturnium of Christian Huyghens.


The Planets Uranus and Neptune

As described earlier (see Chapter II), both Uranus and Neptune were discovered under special circumstances. After Uranus’s discovery, astronomers realized the planet had been recorded several times before by different observers, but was always assumed to be a faint star. Similarly, when Neptune was found, the shift it caused in Uranus’s position against the background stars was so slight that only the aid of a telescope could reveal it.

Of the two predictions made for Neptune’s place in the sky, Le Verrier’s calculation was closer. Adams’s estimate was more than twice as far off, but Adams completed his work much earlier, and were it not for some unfortunate delays, he would certainly have received the credit. For instance, Cambridge had no star-map, forcing Professor Challis, the observatory director, to meticulously scan all the stars in the likely region. In contrast, Galle had only to check the area Le Verrier indicated against the Berlin star-chart. On September 23, 1846, he did so and immediately noticed an eighth-magnitude “star” missing from the chart. The next night, he confirmed that it had moved, identifying it as a planet.

Six days later, Professor Challis succeeded in locating the planet, but it was too late. Reviewing his notes, he found he had already recorded Neptune’s position in early August; with different procedures, the discovery could have been made sooner.

Later, it was found that Neptune nearly had been found fifty years earlier. In 1795, the French astronomer Lalande recorded a star in one position on May 8 and in another two days later. He didn’t consider it might be a planet, treating the earlier observation as a mistake.

Recall that the discovery of the asteroids originated from an apparent gap in the seemingly regular order of planetary orbits outward from the sun. This sequence, generally called “Bode’s Law,” is named for the astronomer who publicized it, though it had already been examined mathematically by Titius in 1772. Even earlier, Kepler was so intrigued by the large gap between Mars’s and Jupiter’s orbits that he predicted a missing planet would someday be found there. Despite the usefulness of Bode’s Law to astronomy, it has been found to lack a scientific foundation; it doesn’t explain Neptune’s orbital distance from the sun, and the whole pattern now seems only to be a coincidence.

Neptune can’t be seen with the unaided eye; Uranus is just barely visible. Both are so far away that we can learn very little about their conditions and surroundings. So far, Uranus is known to have four satellites, Neptune one. The two planets are similar in size, both having diameters about half that of Saturn. Some indistinct, fleeting markings have been observed on Uranus, from which it is estimated that it spins on its axis in about 10 to 12 hours. No definite features have yet been seen on Neptune, which several observers describe as appearing like a faint planetary nebula.

As for their physical conditions, all that can be said is they are probably in much the same vaporous state as Jupiter and Saturn. Because of their remoteness from the sun, they receive little heat and light. From Neptune, the sun would appear only about the size of Venus at her brightest, but still bright enough to illuminate Neptune’s landscape with about 700 times the strength of a full moon on Earth.

First is the frequency of “independent” discoveries, such as those of Le Verrier and Adams regarding Neptune, or Lockyer and Janssen in developing the spectroscopic method for observing solar prominences.

Second is the prevalence of “anticipation.” Copernicus, as we have seen, was anticipated by Greek thinkers; Kepler wasn’t the first to conceive of elliptical orbits; others before Newton had considered the idea of an attractive force.

Both points offer much to reflect upon!






1. While examining a photograph taken at Greenwich Observatory on February 28, 1908, Mr. P. Melotte discovered a faint object that is strongly believed to be an eighth satellite of Jupiter. This object was later found on plates as far back as January 27. It has since been photographed several times at Greenwich, at Heidelberg (by Dr. Max Wolf), and at the Lick Observatory. Its orbit is probably retrograde, like that of Phœbe.



2. In the history of astronomy two key themes stand out.





CHAPTER XIX: COMETS

You may have noticed the striking uniformity among the members of the solar system we’ve discussed so far. The sun, the planets, and their satellites are all what we consider to be solid bodies. The planets orbit the sun, and the satellites orbit the planets, in paths that, while technically ellipses, are never extremely elongated. Two results naturally arise from these facts. First, these bodies block the light coming to us from those further away when they pass in front of them. Second, the planets never stray so far from the sun that we lose sight of them entirely.

With comets, however, the case is quite different. These objects do not fit our usual idea of solidity. They are so transparent that they can pass in front of even the smallest stars without dimming their light at all. Also, we see them only during part of their orbital journey. A comet can be briefly described as a glowing, filmy-looking object, usually made up of three parts—a head; a nucleus, or brighter central part within this head; and a tail. The heads of comets vary greatly in size; some appear quite small, like stars, while others can seem as large as the moon. Occasionally, the nucleus is absent, and sometimes the tail is as well.
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Fig. 18.—Showing how the Tail of a Comet is directed away from the Sun.


These mysterious visitors to our skies appear from the depths of space beyond our solar system, race toward the sun at ever-increasing speeds, and, after circling it, dash back out into deep space. As a comet approaches the sun, its body appears to shrink, while at the same time, it gradually extends an appendage—a tail—behind it. As the comet moves around the sun, this tail is always directed away from the sun; when the comet departs into space, the tail leads the way. As a comet’s distance from the sun increases, the tail gradually shrinks and the head enlarges again (see Fig. 18). Because of these changes—and the fact that comets disappear from our view rather quickly—we are left to wonder what further transformations occur once they pass beyond our reach.

The orbits of comets are, as we’ve noted, highly elliptical. In some cases, this elongation is so great that the comet moves nearly six times farther from the sun than Neptune. For a long time, scientists believed that comets were of two types: those that actually belonged to the solar system, and those that were mere visitors, making a single journey in from the depths of space, rapidly circling the sun, and then flying away forever, never to return. However, today, astronomers are generally inclined to consider comets as permanent members of the solar system.

Still, it is very difficult to state with certainty whether the orbits of comets are always closed curves, meaning that they must eventually bring the comet back toward the sun. First, comets are so diffuse that it’s nearly impossible to determine their exact position, or more precisely, the exact location of that crucial point within them known as the center of gravity. Second, the portion of a comet’s orbit that we can actually observe is such a tiny fraction of the total path that even minor errors in our observations can significantly alter our estimation of the comet’s true orbit.

Comets have been described as so transparent that they can drift across the sky without diminishing even the faintest star’s brightness—a feat that even the thinnest fog or mist would affect. This is true for every part of a comet except its nucleus, which, as its name implies, is the densest part. Yet, in contrast to this ghostlike quality, when comets are bright enough, they can actually be seen in full daylight.

As you might expect from their extreme thinness, comets are so tiny in mass that they don’t seem to exert any gravitational pull on other bodies in our solar system. In fact, in 1886 a comet passed right through the region occupied by Jupiter’s satellites without influencing them at all. In contrast, Jupiter’s gravity altered the comet’s orbit, causing it to circle the sun in seven years instead of the previous twenty-seven. Also, in 1779, the comet known as Lexell’s passed very close to Jupiter and had its orbit changed so dramatically by the planet’s gravity that it has never been seen since. The density of comets must be far less than even one-thousandth that of air at the Earth’s surface; if a comet’s density were even this “high,” its mass would not be negligible.

If comets are indeed full members of the solar system, they must have formed under circumstances different from those that produced the planets and satellites. The axial rotations and revolutions of the latter all occur in a certain direction,[24] and their orbits are elliptical but not far from circular, and they all lie nearly in the same plane. Comets, on the other hand, do not necessarily travel around the sun in the same direction as the planets. Their orbits are highly elliptical, and rather than sticking to a single plane, they approach the sun from all directions.

Generally, comets can be divided into two distinct types, or “families.” In the first class, a sequence of comets travel along the same orbit, one after another. The comets seen in the years 1668, 1843, 1880, 1882, and 1887 are examples of different objects following the same path around the sun. Members of a comet family like this usually have similar characteristics. The idea is that these comets are simply pieces of a much larger cometary body that broke apart due to the gravitational action of other bodies in the system, or from a violent encounter with the sun’s environment.

The second class consists of comets believed to have been captured by the gravity of certain planets, forcing them to revolve in short ellipses around the sun, well within the solar system’s boundaries. These are referred to as “captures.” They move around the sun in the same direction as the planets. Jupiter, for example, has a fairly large comet family of this type. Thanks to its overwhelming gravity, it is thought that, over time, Jupiter has pulled in many of these bodies for itself and may have even stolen some from other planets. Jupiter’s family currently numbers about thirty comets. Among the other planets, Saturn has a family of two, Uranus three, and Neptune six. There are even a few comets that seem influenced by a force located outside the known limits of the solar system—a situation that supports the idea that other planets may exist beyond Neptune’s orbit. The terrestrial planets, however, cannot have comet families, because the sun’s immense gravity in their region overwhelms any attraction they might exert on passing comets. Besides, a comet traveling through the inner solar system moves so fast that the gravitational pull of these planets isn’t strong enough to redirect it by much. However, it should not be assumed that a comet, once captured, will always remain in orbit as a “prisoner.” Additional disturbances could alter its orbit again, sending it back out into deep space.

Regarding the material that makes up comets, the spectroscope reveals that they contain hydrocarbon compounds (a notable feature), and, at times, sodium and iron as well. Some of the light we see from comets is simply reflected sunlight.

The fact that comet tails always point away from the sun has led to the idea that this is caused by some repelling action from the sun itself, continually driving off the smallest particles. Two main theories have been put forward to explain the tails based on this idea. One, first suggested by Olbers in 1812 and later developed in detail by the Russian astronomer Professor Brédikhine, assumes an electrical action from the sun. The other, proposed by Arrhenius, suggests that sunlight itself exerts a pressure as it radiates out into space. It’s possible that both of these repelling forces act together. Tiny particles are probably being constantly produced by friction and collisions among the more solid parts of a comet’s head. If such particles are continually driven off, it follows that the so-called captured comets are breaking down at a relatively fast rate. Kepler argued long ago that “comets die,” and this seems to be true. The ordinary periodic comets—such as Encke’s Comet—are very faint, becoming dimmer each time they return. Some of these comets have failed to reappear altogether. Notably, the members of Jupiter’s comet family are not very striking in appearance—they have small tails, and some have none at all. The family is not large, yet considering Jupiter’s massive size, he must have had many opportunities to make captures over the ages.

Of the two theories mentioned above, Brédikhine’s has been developed with such thoroughness and appears so reasonable that it deserves a detailed explanation. It also explains the phenomena of comet tails more satisfactorily than the theory of Arrhenius, so astronomers tend to favor it. According to Brédikhine’s theory, the electrical repulsive force he presumes the sun to emit will drive the tiniest cometary particles away from the sun much more easily than the sun’s gravity can pull them back. This can be compared to how easily fine dust can be blown upward, even though Earth’s gravity acts upon it.

Brédikhine’s investigations, particularly his study of Coggia’s Comet of 1874, led him to classify comet tails into three types. Assuming that the sun’s repulsive force does not vary, he concluded that the various shapes of comet tails result from how this force acts differently on the various elements found in a comet. Tails of the first type are long and straight, pointing directly away from the sun—examples include the comets of 1811, 1843, and 1861. Tails of this kind are probably made of hydrogen. The second type includes tails that are directed away from the sun but also curve significantly, as seen in the comets of Donati and Coggia. These are made of hydrocarbon gas. The third type is short, brush-like, and strongly bent, formed of the vapor of iron, mixed with that of sodium and other elements. It should be noted, however, that some comets have been seen with several tails, displaying various of these types.

Let’s now look at a few of the best-known comets of recent history.

The comet of 1680 was the first to have its orbit calculated using the laws of gravitation. This was completed by Newton, who found that the comet completed its journey around the sun in about 600 years.

In 1682, another great comet appeared, which became known as Halley’s Comet due to the significant studies done by the astronomer Edmund Halley. He determined its orbital period to be about seventy-five years and predicted it would return in early 1759. He did not live to see his prediction fulfilled, but the comet did in fact return—the first object of this type to verify such a prediction—and was detected on Christmas Day, 1758, by George Palitzch, an amateur observer near Dresden. Halley also explored the comet’s earlier appearances, tracing them back to the year 1456. Halley’s comet travels just beyond Neptune’s orbit. On its last passage in 1835, it came quite close to us—only five million miles from Earth. According to calculations by P.H. Cowell and A.C.D. Crommelin of Greenwich Observatory, its next return will occur in spring 1910, with its closest approach to Earth around May 12.

On March 26, 1811, a great comet was observed, visible for nearly a year and a half. It was a splendid object: the tail reached about 100 million miles in length, and the head was roughly 127,000 miles across. Olbers’s detailed study of this comet led him to suggest the theory of electrical repulsion, which Brédikhine later developed so thoroughly. Olbers noted that particles expelled from the head seemed to travel to the tip of the tail in about eleven minutes, a speed per second very similar to that of light.

The discovery of Encke’s comet in 1819, named after the astronomer who determined its orbit, first drew attention to Jupiter’s comet family and to short-period comets in general. This comet has the shortest known period among such bodies, orbiting the sun in just 3⅓ years. Encke predicted its return in 1822, and this duly occurred, with the comet’s closest approach to the sun happening within three hours of his forecast—the second time such a prediction had been fulfilled. Some irregularities in Encke’s Comet’s return dates have led to speculation that it passes through some retarding medium in its orbit, but nothing is certain so far.

A comet observed in 1826 is called Biela’s Comet, after Wilhelm von Biela, the Austrian military officer who discovered it. This comet was found to have a period between six and seven years. Calculations by Olbers showed that at its return in 1832, it would pass through the earth’s orbit. This caused public panic, with many failing to check whether the earth would actually be near that part of its orbit when the comet passed. The panic subsided when the French astronomer Arago pointed out that at the critical moment, the earth would be about 50 million miles away!
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Plate XVII. Donati’s Comet From a drawing made on October 9th, 1858, by G.P. Bond, of Harvard College Observatory, U.S.A. A good illustration of Brédikhine’s theory: note the straight tails of his first type, and the curved tail of his second.


In 1846, shortly after one of its appearances, Biela’s Comet split into two parts. At its next appearance (1852), these pieces had separated by about 1½ million miles. This comet—or its pieces—has not been seen since.

Perhaps the most remarkable comet of more recent times was that of 1858, known as Donati’s, having been discovered at Florence by the Italian astronomer G.B. Donati. This breathtaking object was visible to the naked eye for more than three months; its tail measured 54 million miles in length. Donati’s Comet orbits the sun in a period of over 2,000 years, traveling as far as 5½ times the distance of Neptune. It moves in a retrograde direction—that is, opposite to the usual movement in the solar system. The American astronomer G.P. Bond made numerous exquisite drawings of Donati’s Comet, one of which is reproduced in Plate XVII.

In 1861, another great comet appeared. On June 30 of that year, the earth and moon actually passed through its tail—but the only noticeable effect was a peculiar brightness in the sky.

In 1881, there was another large comet, known as Tebbutt’s Comet, after its discoverer. This was the first comet for which a satisfactory photograph was obtained. The photograph was taken by M. Janssen.

The 1882 comet was extraordinary in both size and brightness. It came so close to the sun that it passed through about 100,000 miles of the solar corona. Although its orbit was unchanged by this experience, its nucleus showed signs of breaking apart. Some very impressive photographs of this comet were taken at the Cape of Good Hope by Mr. (now Sir David) Gill.

The 1889 comet was tracked with a telescope almost all the way out to Saturn’s orbit, which may be the farthest distance at which a comet has ever been observed.

The first discovery of a comet by photographic means[25] was made by Professor Barnard in 1892; since then, photography has had great success in finding small periodic comets.

The brightest comet seen in the Northern Hemisphere since 1882 appears to have been Daniel’s Comet of 1907 (see Plate XVIII). This comet was discovered on June 9, 1907, by Mr. Z. Daniel at Princeton Observatory, New Jersey, USA. It became visible to the unaided eye about mid-July that year, reaching its greatest brilliance near the end of August. However, it did not receive much public attention because its position in the sky allowed it to be seen only just before dawn.
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Plate XVIII. Daniel’s Comet of 1907


This photograph was taken on August 11th, 1907, by Dr. Max Wolf at the Astrophysical Observatory, Heidelberg, using a 28-inch reflecting telescope and a fifteen-minute exposure. Since the telescope was guided to follow the moving comet, the stars appear as small trails on the photographic plate. This is the opposite of what is shown in Plate XIII.

[24] With the exception, of course, of such an anomaly as the retrograde motion of the ninth satellite of Saturn.

[25] If we exclude the comet photographed near the solar corona during the 1882 eclipse.




CHAPTER XX: REMARKABLE COMETS

If eclipses struck fear in past ages, comets seem to have terrified people even more. Their much longer presence in the sky certainly contributed to this, as well as the fact that they appeared without warning. At that time, it was not possible to give even a rough prediction of their return, as could be done with eclipses. Because both eclipses and comets were rare, unusual events, they drew exceptional attention—as remarkable happenings always do. It’s worth noting that things just as astonishing occur all the time, but go unnoticed simply because people become used to them.

For some reason, the ancients chose to group comets with meteors, the aurora borealis, and other atmospheric phenomena, rather than with the planets and celestial bodies beyond our atmosphere. The sudden appearance of these objects led people to see them as signs sent by the gods to announce extraordinary events—chief among these, the deaths of monarchs. Shakespeare reminds us of this in his famous lines from Julius Caesar:

“When beggars die there are no comets seen,

The heavens themselves blaze forth the death of princes.”

Paralyzed by fear, people of old accepted these omens of fate without question; nor did they wonder whether the danger threatened their own nation or another, their own ruler or his enemy. Occasionally, as in the case of the Roman Emperor Vespasian, someone would cynically try to make light of such portents. That emperor, referring to the comet of A.D. 79, reportedly said: “This hairy star does not concern me; it threatens rather the King of the Parthians, for he is hairy and I am bald.” Nevertheless, Vespasian died shortly afterwards!

Pliny, in his Natural History, gives several examples of the terrible significance the ancients attached to comets. “A comet,” he says, “is ordinarily a very fearful star; it announces no small effusion of blood. We have seen an example of this during the civil commotion of Octavius.”

A very bright comet appeared in 371 B.C., and around the same time an earthquake caused Helice and Bura, two towns in Achaia, to be swallowed up by the sea. The following remark by Seneca about this comet shows that the ancients saw comets not merely as omens, but even as actual causes of fatal events: “This comet, so anxiously observed by everyone, because of the great catastrophe which it produced as soon as it appeared, the submersion of Bura and Helice.”

Comets are by no means rare visitors to our skies: very few years have passed in recorded history without at least one appearing. In the Dark and Middle Ages, when Europe was divided into many small kingdoms and principalities, it was nearly impossible for a comet to appear without the death of some ruler happening around the same time. Crisis after crisis arose in those turbulent days. The death of Louis le Debonnaire was hastened, as the reader may recall, by the great eclipse of 840; but it was firmly believed that a comet which had appeared a year or two earlier foretold his passing. The comet of 1556 is said to have influenced the abdication of Emperor Charles V., though curiously, the event had already taken place before the comet made its appearance! Such beliefs likely had a real impact on rulers who were superstitious or in poor health. For example, Gian Galeazzo Visconti, Duke of Milan, was ill when the comet of 1402 appeared. Upon seeing it, he is said to have exclaimed: “I thank God for having decreed that my death should be announced to men by this celestial sign.” His condition soon worsened, and he died shortly after.

It’s quite possible that such superstitious fears in monarchs were encouraged by those who stood to benefit from their deaths, without having to act themselves.

Even though such beliefs caused much harm, the intense interest past ages had in comets has been extremely valuable for science. If people had not believed that comets had great consequences, it’s doubtful whether the old chroniclers would have bothered to record them at all—and modern researchers of cometary orbits would lack much important information.

We will now mention a few of the most notable comets recorded by historians.

A comet that appeared in 344 B.C. was thought to predict the success of Timoleon of Corinth’s expedition against Sicily that year. “The gods, by an extraordinary sign, announced his success and future greatness: a burning torch appeared in the heavens all night and preceded Timoleon’s fleet until it reached the coast of Sicily.”

The comet of 43 B.C. was widely believed to be the soul of Caesar on its way to heaven.

Josephus tells us that in A.D. 69 several portents, including a comet shaped like a sword, foretold the destruction of Jerusalem. This comet is said to have stayed over the city for a whole year!

A comet that appeared in A.D. 336 was thought to have announced the death of Emperor Constantine.

But perhaps the most celebrated comet of early times appeared in A.D. 1000. That year was especially ominous, because there had long been a widespread belief that the Christian era could not possibly reach four digits. People truly believed that when the thousand years ended, the millennium would immediately begin. So they didn’t reap, nor did they sow; they toiled not, nor did they spin, and the appearance of the comet only strengthened their conviction. However, the dreaded year passed without anything remarkable taking place, although the neglect of agriculture brought famine and pestilence to Europe in the years that followed.

In April 1066, that fateful year for England, a comet appeared. No one doubted that it foretold the success of the Norman Conquest; it may even have influenced the decisions of those involved in the expedition. Nova stella, novus rex (“a new star, a new king”) was a popular proverb at the time. Chroniclers have enjoyed repeating the story that the Normans, “guided by a comet,” invaded England. A depiction of this comet appears in the Bayeux Tapestry (see Fig. 19).1
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Fig. 19.—The comet of 1066, as represented in the Bayeux Tapestry. (From the World of Comets.)


We have mentioned Halley’s Comet of 1682, and how it returns to the vicinity of Earth every seventy-six years. The comet of 1066 has long been assumed to be Halley’s Comet on one of its returns. However, it was only recently confirmed beyond all doubt by the research of Messrs Cowell and Crommelin. This comet also appeared in 1456, when John Huniades was defending Belgrade against the Turks led by Mahomet II, the conqueror of Constantinople, and is said to have paralyzed both armies with fear.

The Middle Ages left us descriptions of comets that show vividly how imagination can run wild under the influence of terror. For example, the historian Nicetas describes the comet of 1182 as follows: “After the Romans were driven from Constantinople, an omen was seen of the excesses and crimes to which Andronicus was to give himself. A comet appeared in the heavens like a writhing serpent; sometimes it stretched out, sometimes it drew in; sometimes, to the great terror of the spectators, it opened a huge mouth; it seemed, as if thirsting for human blood, about to satisfy itself.” And, again, the famous Ambroise Paré, the father of surgery, left us the following account of the comet of 1528, which appeared in his own time: “This comet,” he said, “was so horrible, so frightful, and it produced such great fear among the common people, that some died of fright, while others fell ill. It appeared to be extremely long, and blood-red in color. At its summit could be seen the figure of a bent arm, holding a great sword as if about to strike. At the tip there were three stars. Along both sides of the comet’s tail were seen many axes, knives, and blood-colored swords, among which were numerous hideous human faces, with beards and bristling hair.” Paré, it is true, was no astronomer; yet this shows the impact of the phenomenon, even upon a man of great learning, as he surely was. It’s worth noting here that nothing particularly remarkable happened at or around the year 1528.

Regarding the comet of 1680, an extraordinary story spread that, in Rome, a hen had laid an egg with an image of the comet on it!

But superstitions about comets were coming to an end. The final blow was given by Halley, who definitively proved that they obey the laws of gravitation and move in orbits around the sun, just as the planets do; he also announced that the comet of 1682 had a period of seventy-six years, so it would reappear in 1759. We have seen how this prediction was confirmed. We have also seen how this comet returned in 1835, and how it was expected to return again in early 1910.






1. Regarding the words “Isti mirant stella” in the figure, Mr. W.T. Lynn suggests that they may not, after all, be as grammatically poor Latin as they appear, but that the inscription is actually “Isti mirantur stellam,” with the missing letters supposedly hidden by the building and the comet.





CHAPTER XXI: METEORS OR SHOOTING STARS

Anyone who gazes at the sky, even for a short time on a clear night, will almost certainly see what is commonly called a “shooting star.” However, such an object is not a star at all. The name comes from the way the phenomenon appears to the untrained observer—it seems as if one of the many points of light sparkling in the night sky suddenly became dislodged and began falling toward the earth. As the object moves across the sky, it leaves behind a trail of light, which usually lasts for a few moments. Shooting stars, or meteors as they are technically known, are mostly very small bodies, sometimes no larger than peas or pebbles. They rush toward the earth from outer space, become heated white-hot, and are reduced to powder by the friction caused by their rapid entry into our atmosphere. Meteors enter at various speeds—sometimes as swift as 45 miles per second. The actual speed depends a lot on whether the earth and the meteors are approaching each other or if the meteors are just overtaking the earth. In the first case, the meteors will, naturally, strike the atmosphere with great force; in the latter case, they will enter with much less speed. As mentioned earlier, it is from observations of such bodies that we are able to estimate (though still very imperfectly) the height at which the air around our world essentially ends—this is believed to be about 100 miles up. We are truly fortunate that there is a substantial layer of atmosphere above us, because without it, these visitors from space would strike the surface of the earth day and night, making life far more difficult than people usually imagine. Think, then, how relentlessly the moon must be bombarded, since it lacks such an atmospheric shield!

It is only at the instant of their destruction that we truly learn anything about meteors, as these tiny bodies are far too small to be seen before they enter our atmosphere. The debris that results from their destruction is blown about and eventually settles on the earth’s surface, contributing to the build-up of what we simply call dust. This ongoing addition of material does, of course, increase the mass of the earth, though only by an incredibly tiny amount.

The total number of meteors traveling through space must be practically uncountable. The number that actually crash into the earth’s atmosphere each year is truly enormous. Professor Simon Newcomb, the well-known American astronomer, estimated that those large enough to be seen with the naked eye number no less than 146,000,000,000 per year. Those smaller, appearing only as tiny sparks through a telescope, are thought to be ten times more numerous.

Until relatively recently—about a hundred years ago—meteors were thought to be strictly atmospheric phenomena, originating in the upper air. However, it started to be noticed that at certain times each year, these objects seemed to appear from definite regions of the sky. Considering their observed velocities, directions, and heights, astronomers developed the theory that meteors are swarms of small bodies orbiting the sun in elongated ellipses, scattered along their entire orbits. As the earth travels around the sun each year, it sometimes rushes through the midst of these swarms at the same time each year, naturally sweeping up many of them in its atmospheric net.

The dates when the earth is expected to pass through the major meteor swarms are now quite well known. The swarms are distinguished by the part of the sky from which the meteors seem to arrive. Many meteor swarms are so wide that the earth takes days, even weeks, to pass through them. In some of these swarms, or streams as they are also called, meteors are distributed fairly evenly along the whole orbit, so the earth receives a similar shower each year. In others, the densest parts are bunched together, so that in certain years the display is extraordinary (see Fig. 20). The part of the sky from which a shower appears to originate is called the “radiant” or radiant point, since the foreshortened view we get of the streaks makes them seem to radiate outward from that spot. When watching these events, astronomers focus on recording the path and speed of each meteor and determining the position of the radiant. Data from such observations allow for calculations about the meteor swarms and their orbits.
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Fig. 20.—Passage of the Earth through the thickest portion of a Meteor Swarm. The Earth and the Meteors are here represented as approaching each other from opposite directions.


Most of what we now know about meteors comes from the research of Mr. W.F. Denning of Bristol, and the late Professor A.S. Herschel.

Every year, the earth passes through a number of meteor swarms. Three of these, which produce spectacular displays, are particularly well-known: the “Perseids” (August meteors), and the “Leonids” and “Bielids,” both appearing in November.

Of these three, the Leonid display is easily the most remarkable, and the attention it has received laid the groundwork for meteoric astronomy—just as the study of the fascinating solar corona pushed forward our knowledge of the sun. The history of this meteor shower goes back as far as A.D. 902, known as the “Year of the Stars.” It is recounted that on the night of October 12th that year—the present shower now appears about a month later—while the Moorish King Ibrahim Ben Ahmed lay dying in front of Cosenza, Calabria, “a multitude of falling stars scattered themselves across the sky like rain,” leaving the witnesses stunned by what they saw as a terrible heavenly omen. However, little is known about the history of the Leonids until 1698, after which the maximum shower has reappeared fairly regularly about every thirty-three years. But it was not until 1799 that they drew particular notice. On November 11th that year, the famous travelers Humboldt and Bonpland observed a magnificent spectacle at Cumana in South America. An even more impressive display took place on November 12, 1833, surpassing all others—meteors fell as thick as snowflakes, with an estimated 240,000 appearing in seven hours. Some were so bright they were visible in full daylight. The radiant—the point from which the meteors seem to diverge—was determined to be in the head of the constellation Leo, or the “Sickle of Leo,” which is where their name comes from. Analysing these observations, the American astronomer Olmsted concluded that these meteors came upon us from interplanetary space and were not, as previously believed, created in our atmosphere. Later, in 1837, Olbers proposed that these bodies orbited the sun in an elliptical path and established the periodicity of the maximum shower.

The nearly thirty-three year period for this meteor storm’s reappearance led to much anticipation as 1866 approached. These hopes were fulfilled—another splendid display took place, which Sir Robert Ball described vividly in his Story of the Heavens. The display was repeated on a smaller scale in the next two years. The Leonids were now considered unique among meteor swarms. According to theory, the earth should cut through their orbit at about the same date each year, so a certain number are seen then from the radiant. But in addition, every thirty-three years or so, there is an exceptional display, and this happens not just one year but may be repeated for up to three years in a row. This led to the theory that the swarm is much denser in one region of its orbit than anywhere else,[27] and that this dense area is so extended that the earth passes through it over several annual meetings, encountering it like a long procession (see Fig. 20).

Given the thirty-three year period, astronomers predicted the next great Leonid shower for November 15th, 1899. But that year brought disappointment, and the displays in the years following were unimpressive. There was much discussion at the time, and new theories were advanced to explain why the great shower had failed to occur. The most likely explanation is that the gravitational pull of one of the larger planets—perhaps Jupiter—has shifted the orbit slightly from its previous position, so the earth no longer passes through the swarm in the same way as before.

The other November shower happens between the 23rd and 27th of that month. This is called the Andromedid Shower, because the meteors seem to come from the direction of the constellation Andromeda, which is high overhead during the early hours of the night at that time of year. These meteors are also called Bielids, because their assigned orbit appears to be related to that of the well-known comet Biela.

M. Egenitis, Director of the Observatory of Athens, gives the Bielids an ancient history. He traces the shower back to the days of Emperor Justinian. Theophanes, the chronicler of that era, writes that during the famous Nika revolt in A.D. 532, “During the same year a great fall of stars came from the evening till the dawn.” M. Egenitis notes another old reference to these meteors in A.D. 752, during the reign of Emperor Constantine Copronymous. Referring to that year, Nicephorus, a Patriarch of Constantinople, says: “All the stars appeared to be detached from the sky, and to fall upon the earth.”

The Bielids, however, did not receive special attention until the nineteenth century. Interest in them grew because of a suspected link with Biela’s comet. Astronomers noticed that both the comet and the Bielid swarm followed the same orbit. The comet disappeared after its last appearance in 1852, and since then the Bielid shower has become more active—especially in years when, if it still existed, the comet would have passed close to the earth.

The third of these major showers, the Perseids, crosses the earth’s path around August 10th—which is why they are known in some European countries as the “tears of St. Lawrence,” since that day is sacred to the saint. This shower can be traced back many centuries—even as far as A.D. 811. The meteors are called “Perseids” because their radiant point lies within the constellation Perseus. However, this shower is far from confined to the night of August 10th—meteors from the swarm may be observed from about July 8th until August 22nd, though in varying numbers. The Perseid meteors can fall at rates of up to about sixty per hour. They’re known for their high speed, and their glowing trails sometimes last several minutes before dispersing. Unlike the other well-known showers, whose radiants are stationary, the radiant of the Perseids shifts a little eastward each night.

The Perseid orbit is almost perpendicular to that of the earth. These meteors are thought to be the remains of an ancient comet that traveled the same path. Tuttle’s Comet, which passed close to the earth in 1862, also has this orbit; its period is calculated to be 131 years. The Perseids appear to be spread all along this vast orbit, since we meet them in large numbers each year. The bodies themselves are generally very small. The swarm, like most others, has denser portions, and the earth passed through one such area in 1848. The aphelion—the farthest point of the orbit from the sun—is well beyond Neptune, about forty-eight times the earth’s distance from the sun. The 1532 comet also belongs to the Perseid path; it passed near earth again in 1661 and should have returned in 1789—but there is no record of this, perhaps due to the political turmoil in Europe at the time. If not already broken up, the comet was due to return in 1919.

The supposed link between comets and meteor swarms also applies to the Leonids, which are believed to travel along the same path as Tempel’s Comet of 1866.

It is believed that the various gravitational pulls within the solar system will eventually break up the densest part of a meteor swarm, causing the meteors to become distributed along the entirety of their orbit. If this is correct, the Perseid swarm—with its meteors more evenly spread—should be older than the Leonids. Regarding the Leonids themselves, Le Verrier thought the swarm first entered the solar system in A.D. 126, having been captured from deep space by the gravity of Uranus.

The accepted theory of meteor swarms has naturally given rise to the idea that sunlight reflecting off such a large collection of particles ought to make a swarm visible before it hits the earth’s atmosphere. Several attempts have been made to find approaching swarms using photography, but so far, no success. Mr. W.H.S. Monck has also suggested that astronomers carefully watch stars in areas where meteor swarms are expected; a temporary dimming could reveal the presence of a cloud of small moving particles passing in front.

About ten or fifteen years ago, several notable observers reported seeing small dark bodies—sometimes singly, sometimes in groups—crossing the disks of the sun and moon through their telescopes. These were thought to be meteors moving in space beyond our atmosphere, and were called “dark meteors” to emphasize that they had been seen in their original state—not heated to white heat and vaporized as they appear when shooting through our air. This “discovery” generated a good deal of excitement, and calculations were made from the observed directions and speeds in hopes of learning more about their orbits. Eventually, though, doubts arose about whether these objects really were meteors. An Australian observer finally solved the mystery—he found that they were simply tiny particles of dust or bits of the black lining inside the telescope tubes, which became detached and fell across the field of view. He realized this when gentle tapping of his telescope produced these “dark” bodies in great numbers! So, once again, the chance to observe meteors beyond our atmosphere had failed.

Meteorites, also called ærolites and fireballs, belong to a separate category from meteors. They are far larger, comparatively rare, and don’t seem to be connected with the regular meteor showers. The friction of their passage through the atmosphere causes them to shine brilliantly; if they are not shattered by internal explosions, they reach the ground and bury themselves deeply with a loud rush and noise. When found by people in less developed societies, meteorites—due to their celestial origins—are often seen as objects of wonder or even worship, leading to many myths and legends about sacred stones. In contrast, when they fall into the hands of scientifically advanced peoples, they are carefully studied and analyzed in chemical laboratories. Meteorites are usually made of stone, combined with iron, nickel, and elements common on earth; some are almost pure metal. Museums in the world’s great capitals display impressive collections of meteorites. Countries such as Greenland and Mexico have soils rich in meteoric iron, at times in blocks so large that removal is out of the question. Such lumps have provided local people with a practical source of iron for many years.

The largest meteorite in the world is known as the Anighito meteorite. It was brought to the United States by the explorer Peary, who found it at Cape York in Greenland, and estimated its weight at 90 to 100 tons. Next comes the Bacubirito meteorite from Mexico, with an estimated weight of 27½ tons. The third largest is the Willamette meteorite, found at Willamette in Oregon in 1902. It measures ten by six and a half by four and a half feet, and weighs about 15½ tons.

[27] The “gem” of the meteor ring, as it has been called.




CHAPTER XXII: THE STARS

In the previous chapters, we have discussed at length those celestial bodies whose proximity to us brings them to particular notice. However, the entire space occupied by these bodies is just a mere point compared to the vastness of star-filled space. The sun itself is just an ordinary star; perhaps quite an insignificant one1 compared to most of those that fill the backdrop of the sky against which the planets travel their wandering paths.

Leaving behind our Earth and the solar system, let us venture out and explore the depths of space.

We have seen how, in very early times, people divided the great mass of so-called “fixed stars” into groups called constellations. The different arrangements, into which the bright points of light appeared due to perspective, were noticed and roughly compared to familiar forms from Earth. Imagination quickly recognized in them the likenesses of heroes and legendary beasts; and around these grand shapes, legends developed that explained how great deeds from the distant dawn of history had been commemorated by the gods in the sky as examples and memorials for humanity. Although such fantasies have long been outgrown, the constellation figures and their ancient names have lasted to this day, largely unchanged simply because no better arrangement has been found. The Great and Little Bears, Cassiopeia, Perseus, Andromeda, Orion, and the rest, still shine in our night skies just as they did centuries ago.

Many people seem to give up hope of gaining real knowledge of astronomy simply because they do not know how to recognize the constellations. For example, they’ll say, “What’s the use of reading about the subject? I don’t think I could even point out the Great Bear if I were asked to!” But if these people consider for a moment that what we call the Great Bear does not actually exist as such, they should not be discouraged. If we could view this familiar constellation from another position in space, we might not recognize it at all. Just as mountain ranges look very different when seen from new directions, constellations would also appear unrecognizable from elsewhere.

It took, as we have seen, a very long time for people to acknowledge the enormous distances of the stars from Earth. Their seemingly unchanging positions played a large part in the belief that Earth was immovable in space. It’s remarkable that the Copernican system ever prevailed given this seeming fixity of the stars. In time, it became necessary to grant these objects an almost unimaginable distance to account for the fact that they remained apparently unmoved, even though Earth was now recognized as traveling millions of miles each year around the sun. With the gradual and vast improvement of telescopes, however, this apparent immobility of the stars was not to last. The first recorded displacement of a star, namely, 61 Cygni, observed by Bessel in 1838, definitively proved the truth of the Copernican system. Since then, about forty more stars have been found to display similar tiny displacements. We now know that the actual distances of a few from the great host of stars can be measured.

To mention some of these: The closest known star to Earth is Alpha Centauri, about 25 trillion miles away. The light from this star, traveling at the astonishing speed of about 186,000 miles per second, takes about 4¼ years to reach Earth—or, to use astronomical terms, Alpha Centauri is about 4¼ “light years” away from us. Sirius—the brightest star in the whole sky—is twice as far, or about 8½ light years away. Vega is about 30 light years from us, Capella about 32, and Arcturus about 100.

The displacements resulting from Earth’s motion, however, have nothing to do with any actual movements of the stars themselves. The common idea used to be that the stars were absolutely fixed; hence the term “fixed stars”—a term which, although inaccurate, is still in use in the astronomical vocabulary. But careful observations over many years have shown slight changes in the positions of these bodies; such shifts cannot be credited to the Earth’s orbit, as they seem to happen in all directions. These signs of movement are called “proper motions”—that is, actual motions in space belonging to the stars themselves. Stars that are relatively close to us usually show greater proper motions than those farther away. It should not be thought, however, that these proper motions are of any significant size. In reality, they are as seemingly small as other changes in the heavens and would go unnoticed were it not for the great precision of modern astronomical instruments.

One of the fastest moving stars is a sixth magnitude star in the constellation of the Great Bear, known as “1830 Groombridge,” named after its catalog number given by the astronomer Groombridge. It is popularly called the “Runaway Star,” a name given by Professor Newcomb. Its speed is estimated at least 138 miles per second. It may actually be moving at a much greater rate, since it is possible that we see its path somewhat foreshortened.

An even greater proper motion—the greatest known, in fact—belongs to an eighth magnitude star in the southern hemisphere, in the constellation of Pictor. Nothing better demonstrates the enormous distance of the stars from us, and how even rapid motions cannot change the appearance of the sky over ages, than the fact that it would take more than two centuries for this star to change its position in the sky by an amount equal to the apparent diameter of the moon. That means that, if you could see this star with the naked eye—which you cannot—it would take at least twenty-five years before you noticed any change in its position at all!

Both stars just mentioned are very faint. The one in Pictor, as noted, is not visible to the naked eye. It also appears to be a very small body, for Sir David Gill has measured its parallax and found it is only as far from us as Sirius. The Groombridge star, too, is at about the limit of ordinary visibility. Interestingly, fainter stars seem on average to be moving more quickly than brighter ones.

Studies of proper motions lead us to think that every star moves through space in some particular direction. Here are a few well-known examples: Sirius and Vega are both approaching our system at about 10 miles per second, Arcturus at about 5 miles per second, while Capella is moving away from us at about 15 miles per second. Of the twin brethren, Castor and Pollux, Castor is receding from us at about 4½ miles per second, while Pollux is coming toward us at about 33 miles per second.

Much of what we know about proper motions has been deduced by spectroscope, using the Doppler principle already discussed. This method lets us determine whether a source of light is approaching or moving away.

The sun, being just a star, should also have a proper motion of its own. This is indeed the case; it is rushing through space at between ten and twelve miles per second, carrying with it the whole family of planets, satellites, comets, and meteors. The direction in which it is moving is towards a point in the constellation Lyra, near its chief star Vega. We know this because the stars in that area of the sky appear to be spreading out slightly, while those on the opposite side seem to be drawing closer together.

Sir William Herschel was the first to discover this solar motion through space; though the idea that such movement might occur had already come from Mayer in 1760, Michell in 1767, and Lalande in 1776.

There is a suggestion that our solar system, in its movement through space, may at times pass through regions with abnormal magnetic conditions, which might cause disturbances throughout the system at the same time. Thus, the sun may get credit for producing what it only reacts to, along with the rest of its family. However, this suggestion—reasonable as it may seem—cannot explain why the magnetic disturbances observed on Earth depend on purely local facts, such as the sun’s rotation period, for example.

One cannot help but wonder whether the sun’s movement is along a straight line or in a gigantic orbit around some center. Some have suggested it may be circling the center of mass of the whole visible stellar universe. Mädler, for example, put forward the idea that Alcyone—the principal star in the Pleiades group—was at this center, and that everything revolved around it. He even claimed that this was the Place of the Almighty, the Mansion of the Eternal! However, Mädler’s ideas on this topic have long been discarded.

Returning to the question of the proper motion of stars:

In several cases, these motions seem to happen in groups, as if certain stars are somehow associated together. For example, many of the stars making up the Pleiades appear to be moving through space in the same direction. Similarly, of the seven stars that form the Plough, all but two—the star at the end of its “handle,” and one of the “pointers” (the one closer to the pole star)—are moving in the same direction and at nearly the same rate.

Furthermore, the well-known Dutch astronomer Professor Kapteyn of Groningen has recently reached the astonishing conclusion that much of the visible universe is made up of two huge streams of stars traveling in opposite directions. In both streams, the individual stars are found to be similar in type, similar in chemical makeup, and similar in their stage of development.

A legend recounted by the Persian astronomer Al Sufi (tenth century A.D.) illustrates the changes in the night sky that proper motions must bring over long periods. According to this story, the stars Sirius and Procyon were the sisters of Canopus. Canopus married Rigel (another star), but—having murdered her—fled toward the South Pole, fearing the anger of her sisters. The tale further says that Sirius followed Canopus across the Milky Way. Mr. J. E. Gore, commenting on the story, thinks it may be based on a tradition that Sirius was once, in the Stone Age, seen by humans on the opposite side of the Milky Way from where it is today.

Sirius is in the part of the heavens from which the sun is moving away. Its proper motion means it is gaining on the Earth at about ten miles per second, and so in the course of long ages, it must overtake the sun. Vega, in contrast, is coming toward us from the direction into which the sun is heading. It will take about half a million years before the sun and Vega pass by one another. Researchers suggest that, when this happens, Vega will likely be so far from the sun’s direct path that its brightness from Earth will not be much greater than it is now.

Ideas like these bring up the possibility of stellar collisions. Such possibilities should not cause alarm, though; the stars, as a rule, are at such enormous distances from each other that the likelihood of relatively close encounters is very small.

Thus, we see that the constellations do not truly exist, and that, in reality, there is no actual backdrop to the sky. We find as well that stars are scattered through space at great distances from each other and are moving in various directions. The sun, which is just one of them, is also heading in a particular direction, carrying the solar system along with it. It thus seems entirely natural to suppose that many stars may be accompanied by their own planetary systems, traveling through space just as ours does.






1. Vega, for example, shines one hundred times more brightly than the sun would if it were placed at the same distance as Vega.





CHAPTER XXIII: THE STARS—continued

The stars seem to us to be scattered across the sky in no apparent order. Additionally, they vary greatly in brightness; some are extremely brilliant, while others are barely visible. The brightness of a star may be due to one of two reasons: either the star is inherently very bright, or it is comparatively close to us. Sometimes, both factors contribute together.

Since the most noticeable feature of the stars is their varying brightness, people have classified them into divisions called “magnitudes.” It’s important to understand that this term is used purely to indicate the amount of light we receive from a star, without any reference to actual size. The twenty brightest stars in the sky are usually designated as first magnitude. Broadly speaking, each magnitude contains about three times as many stars as the magnitude immediately above it. For example, the second magnitude contains 65, the third 190, the fourth 425, the fifth 1,100, and the sixth 3,200 stars. The sixth magnitude is roughly the limit of what we can see with the naked eye. By adding these numbers together, we find that, without the aid of a telescope, we can see no more than about 5,000 stars in the entire sky—counting both the northern and southern hemispheres. However, even a small telescope will allow us to see stars down to the ninth magnitude, increasing the total number visible to well over 100,000.

It’s important to note that the stars within each magnitude are not all of exactly the same brightness. In fact, it’s difficult to find two stars anywhere in the sky that send us precisely the same amount of light. When arranging magnitudes, astronomers simply made broad divisions and grouped together stars that were roughly similar in apparent brightness. For example, a standard first magnitude star gives us about one hundred times as much light as a sixth magnitude star, and about one million times as much as a sixteenth magnitude star—which is near the limit of what even the best telescopes can reveal.

While the first twenty stars in the sky are commonly considered first magnitude, several among them are much brighter than an average first magnitude star. For instance, Sirius—the brightest star in the sky—is equal to about eleven first magnitude stars such as Aldebaran. Because of such differences, astronomers consider the brightest stars to be brighter than the standard first magnitude. On this scale, Sirius is about two and a half magnitudes above first magnitude. This notation is practical for comparing the amount of light we receive from the sun to that from an individual star. Thus, the sun is about twenty-seven and a half magnitudes above first magnitude. Therefore, the range between the sunlight we receive (if it were a very bright star) and the first magnitude stars is much greater than the range between those stars and the faintest stars visible in a telescope or even recorded on a photographic plate.

Classifying stars merely by their magnitudes, without noting their position in the sky, would be of little use. We need a simple method of locating them for memory, and here the constellations of the ancients prove helpful. In 1603, Bayer introduced a system combining magnitudes and constellations, still used today. In this system, the stars in each constellation are labeled, starting with the brightest, using letters of the Greek alphabet in their usual order. For example, in the constellation of Canis Major, or the Greater Dog, the brightest star is Sirius, called by the ancients the “Dog Star.” According to Bayer’s method, this star is labeled with the Greek letter α (alpha), so it is known as Alpha Canis Majoris.[29] Once Greek letters are used up, the Roman alphabet is used, and after that, numbers are assigned.

Despite this convenient system, many of the brightest stars are still referred to by proper names given in ancient times. For instance, it is more common to refer to Sirius, Arcturus, Vega, Capella, Procyon, Aldebaran, Regulus, and so forth, rather than as α Canis Majoris, α Boötis, α Lyræ, α Aurigæ, α Canis Minoris, α Tauri, α Leonis, etc.

To help future generations track changes in the sky, astronomers have compiled star catalogues over time. These lists include stars meeting a certain brightness, with their positions recorded as accurately as possible at the time. The earliest known catalogue was created by the Greek astronomer Hipparchus, around 125 B.C., containing 1,080 stars. Ptolemy updated it in A.D. 150. Another significant catalogue was compiled by the Persian astronomer Al Sufi around A.D. 964, noting 1,022 stars. In 1580, the Danish astronomer Tycho Brahe catalogued 1,005 stars. Among modern lists, Argelander’s (1799–1875) included as many as 324,198 stars. Schönfeld extended it to include part of the Southern Hemisphere, adding 133,659 more stars.

In recent times, an international project began to create a photographic survey of the sky, with the work shared among various countries. Much of this work has now been completed. About 15,000,000 stars will be recorded on these photographic plates; so far, it’s planned to catalogue only about one and a quarter million of the brightest. The idea to survey the sky by photography originated indirectly from Sir David Gill’s photographs of the Comet of 1882 at the Cape of Good Hope. The large number of star images on his plates suggested that photography could be very useful for recording the relative positions of the stars.

The group of seven stars known as the “Plough” is perhaps the most familiar star pattern in the sky (see Plate XIX.). In the United States, it is called the “Dipper,” because of its resemblance to a saucepan or ladle. “Charles’ Wain” was the old English name, and readers of Caesar will recall it as Septentriones, or the “Seven Stars,” a term he uses for the North. Although most people associate the Plough with Ursa Major, or the Great Bear, it is actually only a small section of that large constellation. Six out of seven stars in the group are of the second magnitude; the remaining one, in the middle, is third magnitude.

The Greek letters assigned to the individual stars of the Plough deviate from Bayer’s intent, as they have not been given strictly according to their brightness. For example, the third magnitude star in the middle of the group is marked with the Greek letter δ (Delta), and is thus ranked before the stars of the “handle,” which are all of the second magnitude. Sir William Herschel long ago pointed out the irregular way Bayer’s system was applied. It’s unfortunate that this system was not implemented more carefully; if it were reliable, it would greatly help astronomers determine changes in the relative brightness of stars.

Although we refer to constellations as a way to navigate the sky, it is really the distinct groupings of brighter stars within them that serve as our celestial signposts.

Most constellations contain one or more noticeable groupings of stars whose random arrangements resemble familiar geometric shapes and thus attract our attention.[30] For instance, in nearly a straight line with the two front stars of the Plough—called the “pointers”[31]—at a distance about five times the space between them, you’ll find a second magnitude star. This is Polaris, or the Pole Star, because it is nearly at the point in the sky toward which the north pole of the earth’s axis is currently directed (see Plate XIX.). Therefore, during the apparent daily rotation of the heavens, this star appears almost stationary. Recall how Shakespeare put these memorable words in the mouth of Julius Caesar:

“But I am constant as the northern star,

Of whose true-fix’d and resting quality

There is no fellow in the firmament.”
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Plate XIX. The Sky around the North Pole


This illustration shows the Plough, the Pole Star, Ursa Minor, Auriga, Cassiopeia’s Chair, and Lyra. It also shows the Circle of Precession, along which the Pole moves in a complete revolution over 25,868 years, and marks the Temporary Star discovered by Tycho Brahe in 1572.

Because the earth’s surface is curved, the height of the Pole Star above the horizon at any location depends directly on the latitude—that is, the position’s distance from the equator. For example, at the earth’s north pole, where the latitude is highest (90°), the Pole Star appears directly overhead; in England, where the latitude is about 50°, it will be a little more than halfway up the northern sky. At the equator, where latitude is zero, the Pole Star sits on the northern horizon.

Thanks to its special position, the Pole Star is extremely helpful for studying the constellations. It acts as a reference point—a center around which we can organize our knowledge of the sky and from which to start our celestial explorations.

According to constellation figures, the Pole Star is in Ursa Minor, or the Little Bear, located at the end of the tail of that imaginary figure (see Plate XIX.). The main stars of this constellation form a group similar to the Plough, except that the “handle” is turned the opposite way. Because of this, Americans call it the “Little Dipper.”

Before leaving this region of the sky, let’s note the second magnitude star ζ in the Great Bear (Zeta Ursæ Majoris), which forms the middle of the Plough’s “handle.” This star is commonly known as Mizar, a name given by Arab astronomers. Someone with good eyesight can see, close by, a fifth magnitude star called Alcor. This is an excellent example of how difficult it is to judge distances in the sky. Alcor is about one-third the apparent diameter of the moon away from Mizar, though no one would guess so!

On the side of Polaris opposite the Plough, at about the same apparent distance, you’ll find a group of second and third magnitude stars forming an irregular “W.” This is the well-known “Cassiopeia’s Chair,” part of the constellation Cassiopeia (see Plate XIX.).

On either side of the Pole Star, about halfway between the Plough and Cassiopeia’s Chair but a little farther away, are the constellations of Auriga and Lyra (see Plate XIX.). Auriga is easily recognized by its brilliant yellowish first magnitude star, with a second magnitude star nearby. The first magnitude star is Capella, the other is β Aurigæ. Lyra contains only one first magnitude star—Vega, pale blue in color. Vega is significant because, due to the slow shift of the earth’s axis known as Precession, it will be near the north pole of the sky in about 12,000 years and so will then be called the pole star (see Plate XIX.). The Lyra constellation is also in the region of the sky toward which the solar system is moving.

The handle of the Plough roughly points toward the constellation Boötes, which contains the brilliant first magnitude star Arcturus, an orange-hued star.

Between Boötes and Lyra are the constellations Corona Borealis (the Northern Crown) and Hercules. The chief feature of Corona Borealis, a small constellation, is a semicircle of six faint stars, the brightest of which is second magnitude. Hercules is a large constellation, but contains no star brighter than third magnitude.

Near Lyra, away from Hercules, are Cygnus and Aquila. Of the two, Cygnus is closer to the Pole Star and is recognized by stars arranged in the form of a cross, or more precisely, the shape of a kite. Aquila can be found by three bright stars almost in a line; the middle star is Altair, a first magnitude yellowish star.

A little distance from Ursa Major, away from the Pole Star, is the constellation Leo, or the Lion. Its main feature is a series of seven stars, traditionally seen as the lion’s head. However, this arrangement looks more like a sickle, so it is commonly called the “Sickle of Leo.” At the end of the sickle’s handle is Regulus, a white first magnitude star.

You may recall that the Leonid meteors seem to radiate from a point in the Sickle of Leo.

The second brightest star in Leo is Denebola. Now below second magnitude, it was much brighter in the past. It was listed as a bright first magnitude star by Al Sufi, the noted Persian astronomer of the tenth century. Ptolemy also recorded it as first magnitude.

In the area around Auriga, even farther from the Pole, are several notable constellations: Taurus, Orion, Gemini, Canis Minor, and Canis Major (see Plate XX.).

The first of these, Taurus (the Bull), has two conspicuous star clusters—the Pleiades and the Hyades. The Pleiades are six or seven small, close-set stars, most of them of the fourth magnitude. The group is sometimes hidden by the moon. Their arrangement is somewhat similar to the Plough, though on a much smaller scale. Tennyson beautifully describes their effect in Locksley Hall:

“Many a night I saw the Pleiads, rising through the mellow shade,

Glitter like a swarm of fire-flies tangled in a silver braid.”
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Plate XX. Orion and his Neighbours

We see here that magnificent region of the sky which contains the brightest star of all—Sirius. Note also especially the Milky Way, the Pleiades, the Hyades, and the “Belt” and “Sword” of Orion.


The Hyades cluster forms the “head” of the Bull, and is more spread out than the Pleiades, with brighter stars. The brightest is Aldebaran, a first magnitude, red-colored star, often called the “Eye of the Bull.”

The constellation Orion is easily identified as an uneven quadrilateral of four bright stars—two of which, Betelgeux (reddish) and Rigel (brilliant white), are first magnitude. In the center is a row of three second magnitude stars, known as Orion’s “Belt.” Another row, jutting off from this, forms Orion’s “Sword.”

Gemini, or the Twins, contains two bright stars—Castor and Pollux—close together. Pollux, though marked with the Greek letter β, is the brighter and almost exactly first magnitude.

Just beyond Gemini, farther from the Pole, is Canis Minor, the Lesser Dog. Its main star is Procyon, a white first magnitude star.

Even farther from the Pole than Canis Minor is Canis Major, the Greater Dog. It holds Sirius, the brightest star in the sky—a bluish-white, first magnitude star known as the “Dog Star.” Sirius is almost in line with Orion’s Belt and not far from Orion.

In the following order, the stars Capella, β Aurigæ, Castor, Pollux, Procyon, and Sirius, when above the horizon at the same time, form a beautiful curve across the sky.

The constellations visible in the southern sky do not hold the same fascination for us as those in the north. The ancients generally did not know the regions beyond the equator, so their constellations did not include the southern celestial pole. In modern times, these southern skies have also been divided into constellations for convenience, but these groupings lack the simple character and legendary interest of the older ones.

The brightest star in the southern sky is in the constellation Argo, and is called Canopus. It is second only to Sirius in brightness among all stars, but does not rise above the English horizon.

Of the other southern constellations, two are especially notable and are next to each other. One is Centaurus, containing the first magnitude stars α and β Centauri. Alpha Centauri, next in brightness to Canopus, is notable for being the closest star to Earth. The other constellation is Crux, with five stars forming a rough cross called the “Southern Cross.” The brightest, α Crucis, is first magnitude.

Due to the Precession of the Equinoxes—which, as discussed earlier, slowly shifts the Pole’s position among the stars—some constellations once visible at northerly latitudes are no longer seen there. About five thousand years ago, the Southern Cross was visible above the English horizon, in London’s latitude, but it has long since disappeared from Europe’s skies. The constellation Crux is located in a remarkable region of the southern sky, containing Canopus, Alpha Centauri, and the brightest stretch of the Milky Way. It’s thought that this splendid region is referred to in the Book of Job (ix. 9) as the “Chambers of the South.” The “Cross” must still have been a notable feature of the Palestinian sky when that ancient poem was written.

There is no star close enough to the southern celestial pole to be called the South Polar Star.

The Galaxy, or Milky Way (see Plate XX.), is a broad band of diffuse light stretching all around the sky. But the telescope reveals it to be a dense collection of very faint stars—too faint to be seen individually with the naked eye. Along much of its length, the Milky Way splits in two; and near the south celestial pole, it is entirely crossed by a dark rift.

In this quick survey of the sky, we have touched only briefly on some of the most noticeable star groups and notable stars. To go further is not our purpose; our goal is to discuss celestial bodies as they actually exist, not merely in the groupings in which they appear to us—a result of perspective.

[29] Note that the name of the constellation is always given in the genitive case.

[30] As we’ve seen, early peoples were drawn to star groupings that suggested figures of people or animals. We moderns, on the other hand, are almost instinctively attracted to geometric patterns—perhaps a sign of the evolution of our species. In the development of individuals, we see something similar: a child given paper and pencil will likely draw crude figures of people and animals, whereas the idle scrawls of adults are more often geometric.

[31] Because the line joining them points in the direction of the Pole Star.




CHAPTER XXIV: SYSTEMS OF STARS

Many stars appear relatively close together in the sky. This can happen for two main reasons. First, the stars might simply lie nearly along the same line of sight from Earth; though one star may be much closer to us than the other, their alignment makes them appear as a pair. Such an arrangement is known as a “double” or double star, and more precisely as an “optical double.” Second, a pair of stars might actually be at about the same distance from us and truly connected as a system, much like the Earth and the Moon. While this arrangement is often casually called a double star, “binary” or binary system is the proper term.

Collocations of stars are not limited to two. Throughout the sky, there are arrangements of three or more stars, known as “triple” or “multiple” stars, respectively. Furthermore, there are groups where many stars are closely packed together; these are called “clusters.”

The Pole Star (Polaris) is a double star, with one component slightly below the second magnitude and the other slightly below the ninth magnitude. They are so close that to the naked eye they appear as a single star, but a moderately sized telescope reveals them as separate. The brighter star is yellowish, while the faint one is white. Using the spectroscope, we have found that the brighter star is actually made up of three stars so close together that even telescopes cannot distinguish them separately. Polaris is thus a triple star, with its three components orbiting each other. Two of them are darker than the third.

The method of detecting binary stars with the spectroscope is an application of Doppler’s principle. You may recall that, according to this principle, certain shifts in the spectral lines of a luminous body allow us to determine whether that body is moving towards us or away from us. Some stars always appear single, even in the largest telescopes, but when examined with the spectroscope, their spectrum shows two sets of lines. Therefore, such stars must be double. Furthermore, if the shifting lines in such a spectrum reveal continuous small movements to and from us, we can conclude these are the orbital revolutions of a binary system compressed into a single point by distance. Such pairs, since their components cannot be seen separately by any telescope, no matter how large, are called “spectroscopic binaries.”

In observations of spectroscopic binaries, we do not always see a double spectrum. If one of the components is below a certain magnitude, its spectrum won’t appear at all, so we remain uncertain whether this component is simply faint or truly dark. However, the shifting lines in the spectrum of the visible component still show that there is an orbital movement, allowing us to conclude that two bodies are connected in a system, even though one remains invisible even to the spectroscope.

Mizar, located in the handle of the Plough and mentioned earlier, appears as a fine double through a small telescope, with one component white and the other greenish. However, as American astronomer Professor F.R. Moulton points out, these stars are so far apart that if you were on one, the other would merely appear as an ordinary bright star. The spectroscope shows that the brighter of these stars is itself a binary system of two massive suns, revolving around each other in about twenty days. This discovery—by Professor E.C. Pickering—was the first of its kind using the spectroscope, announced in 1889 from Harvard Observatory, USA.

A star near Vega, known as ε (Epsilon) Lyrae (see Plate XIX.), is a double whose components can be seen separately with the naked eye by those with exceptional vision. With a telescope, the two companions appear far apart, and each is seen to be again a double.

Using the spectroscope, Capella is revealed to be two stars (one about twice as bright as the other) very close together and forming a binary system. Sirius is also a binary, but it is a “visual” one, as its component stars may be seen separately in very large telescopes. Its binary nature was discovered in 1862 by the notable optician Alvan G. Clark while testing the 18-inch refracting telescope, then newly built by his firm and now at the Dearborn Observatory, Illinois, USA. The companion, only of the tenth magnitude, orbits Sirius in about fifty years, at a mean distance about equal to that of Uranus from the sun. Seen from Sirius, it would shine like our full moon. It must be self-luminous and not a mere planet, for Mr. Gore has shown that if it shone only by the light reflected from Sirius, it would not be visible even through the Great Yerkes Telescope.

Procyon is also a binary; its companion was discovered by Professor J.M. Schaeberle at Lick Observatory in 1896. The period of revolution in this system is about forty years. However, observations by Mr. T. Lewis of Greenwich suggest that the companion may be a small nebula rather than a star.

The star η (Eta) Cassiopeiae (see Plate XIX.) can easily be seen as a fine double with moderately sized telescopes. It is a binary system, its components orbiting their common center of gravity in about two hundred years. This system is comparatively near to us, i.e., about nine light years—just a little farther than Sirius.

With a small telescope, Castor appears double, the components—one brighter than the other—forming a binary system. Belopolsky found with the spectroscope that the fainter star is itself a system of two stars (one bright, the other less bright or possibly dark), orbiting each other in about three days. The brighter component of Castor is also a spectroscopic binary, with a period of about nine days. So, what appears to the naked eye as Castor is actually a remarkable system of four stars in mutual orbit.

Alpha Centauri—the closest star to Earth—is a visual binary, its two stars orbiting each other in about eighty-one years. The extent of this system is similar to that of Sirius. Observed from each other, the two stars would shine only as our sun would appear from Neptune.

Among the many binary stars, the orbits of about fifty have been satisfactorily determined. Many other double stars, though their orbits have not been established yet, are nonetheless believed to be true binaries. In some cases, a parallax has been measured, allowing us to estimate the actual sizes of these systems in miles, and the masses of the stars compared to the sun.

Most spectroscopic binaries seem to be on a smaller scale than the telescopic ones. Some are even, relatively speaking, quite small. For example, the component stars of β Aurigae are about eight million miles apart, while in ζ Geminorum, the stars are separated by little more than a million miles.

Spectroscopic binaries are probably very common. Professor W.W. Campbell, Director of Lick Observatory, estimates that one out of every six stars is a spectroscopic binary.

It is only in the case of binary systems that we can determine the masses of stars at all. These are calculated from their movements under mutual gravitational attraction. For solitary stars, we have no such way of measuring their mass; although if we can determine a parallax, we can estimate their brightness and guess their size.

Binary stars were discovered by Sir William Herschel somewhat by chance. While seeking stellar parallax, he selected double stars for testing, on the theory that if one was much closer than the other, it might show a positional shift as a result of the Earth’s orbit. He failed to measure any parallaxes—a feat later achieved by Bessel—but did notice that some double stars showed changes in their relative positions that could not be due to Earth’s motion, but rather indicated actual circling under their mutual gravitational attraction. Notably, the existence of such connected pairs had been predicted as likely by the Rev. John Michell, who lived shortly before Herschel.

Research into binary systems—both those visible to the eye and those revealed by the spectroscope—should clearly impress upon us the far-reaching power of the law of gravitation.

About 100 star clusters are known, and these often contain several thousand stars. They typically cover an area of sky smaller than the moon appears to fill. In most clusters, the stars are very faint, generally between the twelfth and sixteenth magnitudes. It is difficult to say whether these are actually small stars or if their faintness is simply due to great distance, as they are too far away to show any measurable parallax. Mr. Gore, however, believes that there is good evidence that the stars in clusters are truly close together and that clusters themselves occupy a relatively small region of space.

One of the finest examples of a cluster is the great globular one in the constellation Hercules, discovered by Halley in 1714. It contains over 5,000 stars, and on a clear, dark night is visible to the unaided eye as a patch of light. In a telescope, however, it appears as a marvelous object. Other splendid clusters exist in the constellations of Auriga, Pegasus, and Canes Venatici. In the southern sky, there are some magnificent globular clusters; this hemisphere actually seems richer in such objects than the northern. For example, there is a great cluster in the constellation Centaurus containing about 6,000 stars (see Plate XXI.).
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Plate XXI. The Great Globular Cluster in the Southern Constellation of Centaurus From a photograph taken at the Cape Observatory, on May 24th, 1903. Time of exposure, 1 hour.


Certain remarkable groups of stars, similar to clusters but not containing such faint or densely packed stars, deserve mention here. The best examples of such groups are the Pleiades and the Hyades (see Plate XX.), Coma Berenices, and Præsepe (or the Beehive), the last of which is in Cancer.

Stars that change in brightness are called Variable Stars, or “variables.” The first variable star to attract notice was Omicron Ceti, the star labeled with the Greek letter ο (Omicron) in Cetus, or the Whale—a constellation near Taurus. Discovered by Fabricius in 1596, this star is also called Mira, or the “Wonderful,” because of how dramatically its light varies. Another famous variable is Algol,[32] popularly known as the “Demon Star”—astronomically β (Beta) Persei, the second brightest star in Perseus—discovered to be variable by Goodricke in 1783. The following year, he also discovered that β Lyrae, the next-brightest star in Lyra after Vega, was variable. It may interest the reader to know that Goodricke was deaf and mute, and died in 1786 at just twenty-one years old.

Significant attention was not given to variable stars until the late nineteenth century. Now, several hundred are known, thanks largely to observations by Professor S.C. Chandler of Boston (USA), Mr. John Ellard Gore of Dublin, and Dr. A.W. Roberts of South Africa. This branch of astronomy has not drawn as much popular interest as it deserves, likely because the work does not require the grandeur of an observatory or large telescopes.

The chief discoveries regarding variable stars have been made with the naked eye or small binoculars. Variations in brightness are estimated by comparing them to other stars. As in many other fields of astronomy, photography is now widely used, and many variable stars have recently been discovered in clusters and nebulae.

It was once thought that a variable star was probably a body whose surface was partly darkened, similar to how sunspots dim the Sun; and that the star’s rotation caused the less illuminated areas to point towards us and thus diminish the overall brightness. Herschel favored this explanation, believing that all stars bore spots like the sun’s. However, it is now generally believed that periodic disturbances take place in the atmosphere or surroundings of some stars—possibly from the release of trapped gases—which may greatly affect their brilliance. This explanation, though, probably applies only to one category of variable stars, like Mira Ceti. Mira varies widely in brightness, from the second to the ninth magnitude. For other main types of variable stars, such as Algol (mentioned earlier), changes in brightness run through their cycles much more quickly—the period of Algol is just under three days. Algol is about second magnitude at its brightest and drops below third magnitude at minimum, meaning its faintest light is just about a third what it is at maximum. The spectroscope has shown that variables of this type are actually binary stars too close together for the telescope to resolve, whose orbits align so that they repeatedly eclipse each other. If both stars are bright, when one is directly behind the other, the light we see is reduced compared to when they are side by side. If one star is fainter or darker, its crossing in front of the bright star causes a more pronounced decrease in combined brightness. Algol is thought to be of this type. The Algol system seems to consist of a body about as large as our sun, which regularly eclipses a brighter body about one and a half times larger in diameter.

Since Algol’s companion is often described as a dark body, it is worth noting that there is no evidence it is absolutely devoid of light. As discussed earlier with spectroscopic binaries, when one star is below a certain magnitude,[33] its spectrum will not appear. Thus, we cannot be sure whether the second body is completely dark, somewhat dark, very faint, or just out of reach of the spectroscope.

Many experts believe Algol’s companion is not entirely dark, but has some faint inherent light. It is, of course, too close to Algol to be seen with even the largest telescopes, at a separation of only about two to three million miles, which Mr. Gore believes would remain unresolved regardless of telescope size.

The number of known Algol-type variables is still small, at just over thirty. In some, the stars are believed to orbit so closely that they are nearly in contact—or actually touching. An extreme case is the remarkable star V Puppis, an Algol variable of the southern hemisphere in which both components are bright and the period of variation is about a day and a half. Dr. A. W. Roberts finds that these bodies revolve around each other in actual contact.

Temporary stars are those that suddenly blaze forth in regions of the sky where no star was previously seen, then fade away more or less gradually.

The appearance of such a star in 134 B.C. prompted Hipparchus to create his famous catalogue to leave a record for future observers to track celestial changes. In 1572, another such star flared up in Cassiopeia (see Plate XIX.), discovered by Tycho Brahe. It became as bright as Venus and was even seen in daylight. Two years later it disappeared and has not been seen since. In 1604, Kepler recorded a similar star in Ophiuchus, which became as bright as Jupiter and lasted about two years before fading to invisibility. Such stars rarely become this bright, so it is possible that more such events have occurred in the past without being noticed. Even today, if a temporary star is not easily visible to the naked eye, it may go undetected. Interestingly, most temporary stars have appeared in the Milky Way.

These sudden outbursts are now called Novæ, meaning “New” stars. Two, in recent years, attracted much attention. The first, Nova Aurigae (the New Star in Auriga), was discovered by Dr. T.D. Anderson in Edinburgh in January 1892. It reached about fourth magnitude at its brightest, faded to twelfth by April, brightened again to the ninth magnitude in August, and then gradually faded away.

The startling suddenness of such events has evoked several theories about their origins. It is suspected that many dark stars—or “extinguished suns”—exist in space, and perhaps Algol’s companion is one. Such dark stars might be moving rapidly, just as bright stars do. Two dark stars, or a dark star and one too faint to be seen, might collide, causing an explosion where previously nothing was visible. Alternatively, a dark or faint star might be heated to incandescence by plunging through a cloud of nebulous matter, of which many exist in space.

The latter explanation, which recalls what happens with meteors, appears more likely than collision. The brightening of new stars lasts only a short time; whereas a collision would produce a huge nebula that could remain for millions of years as it cools, and there are no records of such persistent nebulae suddenly appearing.

The other recent temporary star, Nova Persei (the new star in Perseus), was discovered early on February 22, 1901, also by Dr. Anderson. Within a day it grew brighter than Capella. Analysis of photographs taken just three days before its discovery revealed that it was not present at that time. Two days after discovery, Nova Persei had already faded by a third. Over six months, it went through dramatic fluctuations, shining between third and fifth magnitude. In August, it was found to be surrounded by luminous matter in the form of a nebula spreading outward. Considering the great distance, it appeared as though the star had expelled matter traveling outward at the speed of light. However, Professor Kapteyn and the late Dr. W.E. Wilson put forth the theory that there had been no actual transmission of matter; rather, the flare-up had illuminated previously invisible nebulous material. It was suggested that some dark object moving quickly through space had passed through an invisible cloud, becoming hot from the encounter, like a meteor entering our atmosphere. The light from the flare-up would gradually light up the surrounding nebula as it spread outward at the speed of light. Based on this idea, Nova Persei would be so far away that light would take about 300 years to reach us, meaning the outburst happened around the beginning of the reign of James I.

Recent studies of Nova Persei, however, have greatly reduced this estimated distance. For example, Bergstrand suggests about ninety-nine light years, while Mr. F.W. Very’s calculations bring it even closer—about sixty-five light years.

The final celestial objects we discuss here are the Nebulae—masses of shining diffuse matter scattered across the depths of space. Nebulae come in several types: Spiral, Planetary, Ring, and Irregular.

A classic spiral nebula features a disk-shaped central area with long arms curving outward from opposite sides, appearing to suggest rapid spinning.

Spiral nebulae were discovered by Lord Rosse with his great 6-foot reflector. There are two good examples in Ursa Major and another fine one in Canes Venatici (see Plate XXII.), which lies between Ursa Major and Boötes. The greatest of all, perhaps the most remarkable nebula known, is the Great Nebula in Andromeda (see Plate XXIII.), a constellation just past Cassiopeia from the pole. On a moonless, clear night, this nebula can be seen as a hazy patch with the naked eye. It was mentioned by Al Sufi.


[image: Plate XXII.]

Plate XXII. Spiral Nebula in the Constellation of Canes Venatici From a photograph by the late Dr. W.E. Wilson, D.Sc., F.R.S.


Spiral nebulae are white in color, while other nebulae often have a greenish tint. Spirals are also by far the most common kind; the late Professor Keeler, who considered this the standard type, estimated at least 120,000 such spirals are detectable with the Crossley reflector at the Lick Observatory. Professor Perrine has recently raised this estimate to 500,000, and believes that more sensitive photographic plates and longer exposures may reveal over a million. Most of these objects are quite small, distributed over the sky in a relatively uniform fashion.

Planetary nebulae are small, faint, roundish objects that look like planets through a telescope, hence the name. One, called G.C. 4373, has recently been found to rush through space towards Earth at thirty to forty miles per second—a remarkable speed for a gaseous mass!

Objects known as ring nebulae were until recently thought to form a special category. They look like simple rings of nebulous matter. But there is now much doubt that these are actual rings; most experts now think they are simply spiral nebulae that we see foreshortened. Few examples exist, the most famous being the ring nebula in Lyra, called the Annular Nebula. It is so far away as to be invisible to the naked eye, containing a fifteenth magnitude star near its center. Professor Schaeberle’s photographs with the Crossley reflector reveal spiral structure within it. It is also worth mentioning that early photos of the Great Nebula in Andromeda—even though it is now known to be a spiral—gave it the appearance of a ring.

Some nebulae have irregular shapes, the most notable being the Great Nebula in Orion (see Plate XXIV.), found in the center of Orion’s “Sword” (see Plate XX.). Through large telescopes, it is a magnificent sight, and must be similar in size to the Andromeda Nebula. The spectroscope shows it is a mass of glowing gas.

The Trifid Nebula, in Sagittarius, has an unusual shape with three dark splits radiating from the center, making it look as if it were torn to pieces.

The Dumb-bell Nebula, so named for its shape, has recently been confirmed by Professor Schaeberle’s photographs—showing further detail—to also be a great spiral.

There is a nest, or cluster, of nebulae in Coma Berenices, with over a hundred of these gathered into a sky area about the size of the full moon.
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Plate XXIII. The Great Nebula in the Constellation of Andromeda From a photograph taken at the Yerkes Observatory.


The spectroscope reveals that spiral nebulae are made of partially cooled matter and are white in color. Nebulae with a greenish hue are found to be entirely gaseous. Just as the Sun’s corona contains an unknown element (called “Coronium”), gaseous nebulae reveal another unknown element which Sir William Huggins has provisionally named “Nebulium.”

The Magellanic Clouds are two roughly circular patches of nebulous light in the southern sky, resembling parts of the Milky Way, but unrelated to it. They are named after the explorer Magellan, who was among the first to note them. Called “Nubeculae,” the larger is known as nubecula major and the smaller as nubecula minor. They contain stars, clusters, and gaseous nebulae. No parallax has been found for any part of the nubeculae, so it is difficult to estimate their distance, though they are considered to be within our stellar universe.

Having completed this brief review of stars and nebulae—some of the principal wonders revealed to humanity in the heavens—we close with a modern summary by Sir David Gill of their interrelationships: “Huggins’s spectroscope,” he says, “has shown that many nebulae are not stars at all; that many well-condensed nebulae, as well as vast patches of nebulous light in the sky, are really unformed masses of luminous gas. Evidence upon evidence shows that such nebulae consist of the material from which stars (i.e., suns) have been and are being formed. The differing types of star spectra form a virtually complete sequence (from simple, nebula-like spectra upwards through increasing complexity) that seems to demonstrate, through the coded language of the spectra, the whole process: the evolution of suns from unformed nebulae to the most active stars (like our own sun), eventually declining into almost heatless, invisible spheres. The period during which human life has existed on Earth is likely too short—even if our first ancestors had commenced the observations—to allow us to witness a full cycle of such changes in any one star; but the fact of such evolution, with all available evidence, can hardly be doubted.”[34]


[image: Plate XXIV.]

Plate XXIV. The Great Nebula in the Constellation of Orion From a photograph taken at the Yerkes Observatory.


[32] The name Al Gûl, meaning the Demon, was used by the old Arabian astronomers; this suggests they had already observed its rapid changes in brightness.

[33] Mr. Gore thinks Algol’s companion may be a star of the sixth magnitude.

[34] Presidential Address to the British Association for the Advancement of Science (Leicester, 1907), by Sir David Gill, K.C.B., LL.D., F.R.S., etc.




CHAPTER XXV: THE STELLAR UNIVERSE

The stars appear fairly evenly distributed all around us, except in one part of the sky where they seem very crowded, giving the impression of being very distant. This area, known as the Milky Way, extends, as we have already said, in the form of a broad band that circles the entire heavens. In the regions of the sky farthest from the Milky Way, the stars appear to be thinly scattered, but become increasingly concentrated as one approaches the Milky Way.

This apparent distribution of stars in space led to a theory that was greatly favored by Sir William Herschel, and usually credited to him, although it was originally suggested by Thomas Wright of Durham in 1750—about thirty years before Herschel proposed it. According to this idea, known as the “Disc” or “Grindstone” Theory, the stars are considered to be arranged in space somewhat in the form of a thick disc or grindstone, with our solar system located near the central parts.1 Thus, we should see a greater number of stars when looking through the length of such a disc in any direction, than when looking through its breadth. For a time, this theory seemed to quite adequately account for the Milky Way and the gradual increase in the number of stars in its vicinity.

It is impossible to verify such a theory directly, since we know the actual distance of only about forty-three stars. Therefore, we cannot definitively confirm whether, as the grindstone theory presupposes, the stellar universe actually extends much farther from us in the direction of the Milky Way than in other parts of the sky. The theory is clearly based on the assumption that the stars are more or less equal in size and scattered through space at roughly regular distances from each other.

Brightness, therefore, had been taken as implying nearness, and faintness as great distance. But today we know this is not the case, and that the stars around us are, in fact, of various degrees of brightness and all sizes. Some faint stars—for example, the galloping star in Pictor—are actually closer to us than many of the brighter ones. Sirius, for instance, is twice as far from us as Alpha Centauri, yet it is much brighter; while Canopus, which in brightness is second only to Sirius in the entire sky, is too far away for its distance to be measured! It must be remembered that no parallax had yet been found for any star in Herschel’s day, so his estimates of stellar distances were necessarily speculative. However, he did not continue to build on such uncertain ground; after further examination of the Milky Way, he gave up the idea that the stars were equally spaced in space, and eventually abandoned the grindstone theory.

Since we have no way to test the matter satisfactorily—since we cannot determine the actual distances of the stars—a contrary idea can be considered: perhaps the thickening of stars in the region of the Milky Way is not an effect of perspective at all, but that the stars in that part of the sky are actually more closely packed than elsewhere—a view now favored by astronomers. If so, the shape of the stellar universe might be that of a globe-shaped aggregation of stars, with individuals placed at fairly regular distances from each other; the whole being closely surrounded by a belt of densely packed stars. It must be admitted, though, that the steady increase in the number of stars towards the Milky Way seems a strong argument for the grindstone theory. Still, the belt theory, as described above, seems to have greater acceptance.

There is, in fact, a notable circumstance that is very hard to explain using the grindstone theory: the existence of vacant spaces—holes, so to speak, in the fabric of the Milky Way. For instance, there is a cleft running for a considerable distance along its length, and there is also a starless gap in its southern portion. It seems quite unlikely that so many stars could have arranged themselves conveniently to give us a clear view right out into empty space through such a system at its greatest thickness; as if holes had been drilled, and clefts made, from the edge of the disc right up to where our solar system lies. Sir John Herschel long ago strongly highlighted this point. It is evident that such empty spaces can be more easily explained as mere holes in a belt; and most authorities agree that the appearance of the Milky Way supports this explanation.

No matter which theory is correct, it appears that the stars do not extend in every direction to an infinite distance; but that the stellar system is of limited extent, and does in fact have a boundary.

First, science has no reason to believe that light is absorbed or destroyed merely by passing through the “ether”—the imponderable medium believed to transmit luminous radiation through space. In other words, all the direct light from all the stars should reach us, except for the small amount absorbed by our own atmosphere. If there were stars in every direction, extending endlessly, it can be proved mathematically that there could not be even the smallest patch of sky without a star to fill it; so the heavens would always blaze with light, and the night would be as bright as midday.2 How far this is from being true can be seen from an estimate of the total light we receive from the stars: according to this estimate, the sky is rather dark, the combined illumination from all the stars being only about one-hundredth of what we get from the full moon.3

Second, it has been suggested that even if light is not diminished or destroyed by the ether, much of the illumination might be blocked by countless extinguished suns or dark meteoric matter scattered through space. The idea of such extinguished suns—dark stars—seems based only on the one example of the invisible companion of Algol; but, as we have seen, there is no proof that it is a dark body. Some astronomers have also thought that the dark holes in the Milky Way, called “Coal Sacks,” are due to masses of cool or partly cooled matter, which blocks the light of stars beyond. The most notable of these holes is near the Southern Cross, known as the “Coal Sack in Crux.” However, Mr. Gore believes the cause of these holes is more likely what Sir William Herschel called “clustering power,” i.e. a tendency for stars to accumulate in some places, leaving others empty; and the fact that globular and other clusters are often found very near such holes seems to support this theory. In summing up, Professor Newcomb maintains there is no evidence that the light from Milky Way stars—the most distant bodies we see—is intercepted by dark bodies or matter. As far as our telescopes can reach, we see the stars just as they are.

Furthermore, if there were truly an infinite number of stars, we would expect to find overwhelming evidence in some direction—such as a dominant force —the center of gravity of all these bodies.

It is also observed that although the number of stars increases as their magnitude decreases—so that at each successive magnitude there are three times as many stars as in the one above—this progression does not continue indefinitely. There is, in fact, a rapid decline in numbers below the twelfth magnitude; suggesting that, at a certain distance from us, the stellar universe begins to thin out.

Additionally, it is estimated by Mr. Gore and others that only about 100 million stars are visible in the whole sky with the best optical instruments. This shows the limited extent of the stellar system, as the number is not really large. In fact, there are fifteen or sixteen times as many people alive on Earth right now!

Finally, strong photographic evidence suggests our sidereal system is limited in size. Two photographs taken by the late Dr. Isaac Roberts of a star-rich area in the constellation Cygnus clearly show what has been called the “darkness behind the stars.” One photo was taken in 1895 and the other in 1898. On both occasions, the atmospheric conditions were nearly identical, and the film sensitivity was the same. The exposure in the first case was only one hour; in the second, about two and a half hours. Yet both photographs show exactly the same stars, even the faintest. From this, one can conclude that this region, among the most densely star-filled in the Milky Way, is penetrable right through with the means currently available. Dr. Roberts himself commented that many astronomers seemed to have tacitly assumed that stars extend indefinitely through space.

Based on these and similar considerations, leading astronomical authorities today believe that the collection of stars surrounding us is finite; and although our most powerful telescopes may not yet reach the most distant stars, the rapid decrease in numbers as we probe farther into space strongly suggests that the boundaries of the stellar system may not be far beyond the farthest point we can currently observe.

Is it possible, then, to estimate the extent of this stellar system?

Whatever estimates we attempt must be considered very rough, as we know the actual distances of only a few of the nearest stars. But our knowledge of those few distances lets us assume that the stars close around us may be, on average, about eight light-years apart; and this seems true for much of the stellar realm, except the encircling girdle of the Milky Way where the stars are packed closer together. This girdle also seems to contain the greatest number of stars. Along these lines, Professor Newcomb concludes that the farthest stellar bodies we see are situated about 3,000 to 4,000 light-years from us.

Starting from another angle, we might estimate this by considering the proper motions of stars.

It is important to note that such motions do not depend entirely on the actual speed of the stars; part of the apparent movement is due to the speed of our own sun. The portion of proper motion that can be attributed to the movement of our solar system through space is a displacement similar to parallax—Sir William Herschel called it “Systematic Parallax.” Thus, knowing how far we move in a given time, we can attempt to estimate the distances of many stars. This method is quite rough, and assumes that the stars whose distances we estimate move, on average, at a similar speed to our sun, and are not “runaway stars” like Groombridge 1830. Nevertheless, the results gained by Professor Newcomb by this reasoning are, interestingly, quite similar to those based on parallax measurements we are actually certain of—except that they suggest somewhat smaller intervals between the stars, and thus indicate a somewhat smaller extent for the stellar system.

This is as far as we can go. Our solar system seems to lie near the center of a great group of stars, each separated on average by about 40 billion miles; the whole cluster forming a giant globular cluster. Light from the nearest of these stars takes some four years to reach us. Light from the farthest parts of the system takes about 1,000 times longer. This globe of stars is closely wrapped by a stellar girdle, with the individual stars packed more closely there than in the globe itself. The entire structure appears to have a very regular plan. Here and there, as Professor Newcomb points out, the aspect of the sky differs in small details; but generally, the opposite portions of the sky—whether in the Milky Way or in regions far from it—show a marked degree of symmetry. The proper motions of stars in corresponding regions reveal the same kind of harmony, and this harmony may even extend to the various colours of the stars. The stellar system we observe around us appears, in short, to display all the traits of an organized whole.

Earlier astronomers, such as Sir William Herschel, once supposed some nebulae to be distant “universes.” Sir William was led to this by his belief that, when his telescopes failed to show the separate stars composing these objects, it must be due to their immense distance from us. For example, he thought the Orion Nebula—which is now known to be made of glowing gas—to be an external stellar system. Later, however, he changed his mind, concluding that “shining fluid” better accounted for this nebula and others which his telescopes had failed to break into individual stars.

The old ideas about external systems and distant universes have now been set aside because of recent research. All known clusters and nebulae are now firmly believed to lie within our stellar system.

This view of the universe of stars as an island within immensity gives us no information about the absolute extent of space itself. Whether what we call space is really infinite—that is, goes on endlessly in every direction—or whether it eventually has a boundary somewhere, are questions the human mind seems completely unable to grasp.






1. The Ptolemaic idea dies hard!



2. Even the Milky Way itself is far from being a blaze of light, which shows that the stars composing it do not extend outward indefinitely.



3. Mr. Gore has recently made some remarkable deductions regarding the amount of light we get from the stars. He believes that most of this light comes from stars below the sixth magnitude; and so, if all the stars visible to the naked eye were to be blotted out, the glow of the night sky would remain practically the same as it is now. At the other end of the scale, he also thinks that the combined light we receive from all the stars below the seventeenth magnitude is so very small that it can be neglected in such calculations. Indeed, he finds that if there are stars as faint as the twentieth magnitude, one hundred million of them would only be as bright as a single first-magnitude star like Vega. On the other hand, it’s possible that the nighttime glow of the sky is not entirely due to starlight, but that some is caused by phosphorescent glow.





CHAPTER XXVI: THE STELLAR UNIVERSE—continued

It’s very interesting to consider the proper motions of stars in relation to an isolated stellar system like the one described in the previous chapter. These proper motions are typically so small that we can’t determine whether the stars showing them are moving in straight lines or following orbits of immense size. In fact, it would take thousands of years of careful observation to find out if these paths have any noticeable curvature. For more distant stars, the precise observations conducted over the last hundred years haven’t yet revealed any proper motions; but it’s hard to avoid the conclusion that these stars move just like the others.

If the space beyond our stellar system is infinite, and if all the stars within this system are moving freely in every conceivable direction, then after immense ages these stars will have moved so far apart that the system will be completely disintegrated and will no longer exist as a unified whole. Eventually, as Professor Newcomb points out, the stars will have separated so greatly that each will be left alone in the midst of a black and starless sky. However, if a certain portion of stars have slow enough speeds, they will, under mutual attraction, eventually come to rest by collisions or be forced to move in orbits around each other. But some stars move at extremely high speeds—such as 1830 Groombridge, or the star in the southern constellation of Pictor—and seem completely beyond the ability of even the entire gravitational pull of our stellar system to hold them back. Therefore, these stars must eventually pass straight through the system and continue out into the empty spaces beyond. Furthermore, certain studies into the speed of 1830 Groombridge reveal a remarkable fact. It is calculated that even if this star had been falling through infinite space forever, pulled towards us by all the combined gravitational force of our entire system of stars, it still could not have reached the speed at which it is currently moving. No force, then, that we know of in our visible universe seems strong enough either to have given this runaway star its present motion, or to stop it in its wild course. What an astonishing situation!

Speculation like this raises the suspicion that there could be other universes, other centers of force, despite the apparent solitude of our stellar system in space. Remember, the idea of this isolation is based on such facts as: the sky does not blaze with light, and the stars seem to thin out as we look deeper into the system with better telescopes. But perhaps something prevents us from seeing out into space beyond our group of stars—something that keeps light from reaching us from other possible systems spread through the depths beyond. In fact, Mr. Gore1 has suggested that the light-transmitting ether may be just a kind of “atmosphere” of the stars, and that it might thin out and end not far beyond our stellar system, just as air thins and effectively ceases a relatively short distance from the Earth’s surface. If two solid bodies collided outside our atmosphere, no sound could reach us, because no air exists all the way to carry the vibrations to our ears; in the same way, light from any object beyond our system of stars wouldn’t be able to reach us if the ether—which carries light rays—ended near the edges of that system.

Perhaps this idea offers a clue to the mystery of how our sun and other stars maintain their temperature and light. The heat and light reaching the edge of this ether, unable to go farther, might be reflected back into the system in some altered form of energy.

But these are, at best, merely airy and intriguing speculations. We have no evidence, in fact, that the luminiferous ether ends at the boundary of the stellar system. If, then, it extends infinitely in every direction, and if it doesn’t absorb or weaken the vibrations it carries, we must conclude that practically all the rays of light ever emitted by every star endlessly pursue each other through the limitless depths of space.






1. Planetary and Stellar Studies, by John Ellard Gore, F.R.A.S., M.R.I.A., London, 1888.





CHAPTER XXVII: THE BEGINNING OF THINGS

Laplace’s Nebular Hypothesis

Focusing on the fact that all the motions of revolution and rotation in the solar system, as known in his time, occurred in the same direction and almost in the same plane, the renowned French astronomer Laplace, around 1796, proposed a theory to explain the origin and development of the solar system. He imagined that it formed as a result of the gradual contraction, through cooling, of an extremely hot, gaseous, lens-shaped mass, which originally occupied its position and extended outward beyond the orbit of the farthest planet. However, he did not try to explain how such a mass came to exist. He further supposed that this mass had somehow—perhaps through mutual gravitation among its parts—acquired a rotational motion in the same direction in which the planets now move. As this nebulous mass lost heat by radiation, it contracted toward the center. Becoming progressively smaller, it was required to rotate ever faster to maintain its equilibrium. During this contraction, rings of matter became separated from the nucleus of the mass and were left behind at various intervals. These rings were swept up into smaller masses, similar to the original nebula. These smaller masses also contracted in the same way, leaving rings behind them which were then swept up to form satellites. Saturn’s ring was considered by Laplace as the only remaining portion of the system that still showed evidence of this evolutionary process. It is even likely that Saturn’s ring inspired the entire idea.

However, Laplace was not the first thinker to speculate along these lines about the origin of the world.

Nearly fifty years before, in 1750 to be precise, Thomas Wright of Durham had proposed a theory to account for the origin of the whole sidereal universe. In his theory, though, the birth of our solar system was only an episode. Soon after, the famous German philosopher Kant took up the subject, addressing it on an even grander scale, and attempted to account in detail for the origins of both the solar system and the sidereal universe. The direction of such theories can be seen in Tennyson’s notable lines in The Princess:—

“This world was once a fluid haze of light,

Till toward the centre set the starry tides,

And eddied into suns, that wheeling cast

The planets.”

Kant’s version of the theory was, however, ultimately more a philosophical achievement than a scientific one. Laplace’s concept was less ambitious; it did not seek to explain the origin of the entire universe, but only of the solar system. By keeping its scope reasonable, it gained greater acceptance. Moreover, Laplace’s arguments were based on mathematics, and his esteemed status among astronomers of the time ensured his theory greatly influenced scientific thought throughout the following century.

A modification of Laplace’s theory is Sir Norman Lockyer’s Meteoritic Hypothesis. According to Lockyer, the material from which the original nebula was made is thought to have been in a meteoric, rather than a gaseous, state. Lockyer maintains that nebulæ are actually huge swarms of meteors, and that the light they emit comes from continual collisions between their particles. The French astronomer Faye also suggested a change to Laplace’s theory, proposing that the nebula broke apart into rings all at once, rather than gradually, as Laplace had supposed.

Laplace’s hypothesis fits quite well with Helmholtz’s later theory, which states that the sun’s heat is sustained by the ongoing contraction of its mass. Thus, the sun must have contracted from a size much larger than it is now.

Plausible as Laplace’s hypothesis appears at first, closer examination reveals several important objections, some of which, as outlined by Professor Moulton, are listed here:

Although Laplace believed that the orbits of the planets were sufficiently close to being in the same plane to support his theory, later researchers consider their deviations from this plane to be a strong argument against the hypothesis.

Furthermore, if the theory were correct, it would be expected that the various orbits of the planets would be much more nearly circular than they actually are.

It is also believed that such intersecting paths as those in which the asteroids and the small planet Eros move are highly unlikely to have formed as a result of Laplace’s nebula.

Additionally, while each of the rings was gathering its material into a substantial body, its gravitational pull would be, for the moment, so weak—due to being so spread out—that any lighter elements, such as those in gaseous form, would have escaped into space, according to the principles of kinetic theory.

The notion that rings would be left behind at certain intervals during the contraction of the nebula is perhaps one of the weakest parts of Laplace’s hypothesis.

Mathematical examination does not indicate that the rings—assuming they could be left behind during the mass’s contraction—would have gathered into planetary bodies. In fact, it tends to indicate the opposite.

Finally, the discovery that Saturn’s ninth satellite orbits in a retrograde direction—that is, opposite to the other revolutions and rotations in our solar system—seems to directly contradict the hypothesis.

Even though Laplace’s hypothesis seems to collapse under the careful criticism it has faced, astronomers have not abandoned the belief that our solar system likely originated from a nebulous mass. However, the apparent failure of the Laplacian theory is underscored by the fact that not a single example of a nebula in the process of breaking up into concentric rings is known to exist anywhere in the sky. Indeed, as seen in Chapter XXIV, there does not appear to be any reliable example of even a “ring” nebula at all. Mr. Gore makes this point clearly in his recently published work, Astronomical Essays, where he writes:—“To anyone who still insists on the hypothesis of ring formation in nebulæ, it may be said that the whole heavens are against him.”

The conclusions reached by Keeler, already mentioned, that the spiral is the standard type of nebula, have led, over the last several years, to a new theory from American astronomers Professors Chamberlin and Moulton. In their detailed account, they show that the anomalies which were obstacles to Laplace’s theory do not contradict theirs. Although we cannot go into detail about this theory—named the “Planetesimal Hypothesis”—in this book, it is worth noting that its authors trace the stream of time even further back than Laplace did, and seek to explain the origin of the spiral nebulæ themselves as follows:

Assuming that stars move in every direction at great speeds, they argue that eventually—albeit after millions of years—collisions or close encounters between stars are inevitable. When collisions occur, the bodies are unlikely to strike each other directly; rather, they are more likely to collide off-center. The enormous impact would break the bodies apart, forming a nebulous mass with a spinning motion, resulting in a spiral shape. Stars may also pass very close to each other without actually colliding. If close enough, gravitational forces will generate intense strains, or tides, which can completely disrupt the bodies, also resulting in a spiral nebula. As on Earth, two such tides would rise opposite each other; notably, spiral nebulæ almost always have two opposing branches (see Plate XXII., p. 314). Even if not extremely close, the gravitational forces would trigger massive eruptions of material, and a spiral motion would still result. Based on this theory, the various bodies of the solar system may be considered to have been ejected from parent masses.

Accepting the Planetesimal Hypothesis instead of Laplace’s Hypothesis does not, as we have seen, eliminate the likelihood that our solar system and similar systems arose from a nebulous mass. On the contrary, it strengthens the idea. The spiral nebulæ visible in the sky operate on a massive scale and may represent the formation of stellar systems and globular clusters. Our own solar system may have evolved from a small spiral.

We will conclude these speculations about the beginning of things with a brief overview of recent investigations by Sir George H. Darwin, of Cambridge University, into the likely origin of our moon. He concludes that at least fifty-four million years ago the earth and moon were a single body, with a diameter a little over 8,000 miles. This body rotated on its axis in about five hours—about five times faster than at present. The rapid spinning created such immense strain that the mass was in what is called unstable equilibrium; only a slight additional force was needed to tear it apart. The gravitational pull of the sun—which, as we have seen, partially causes the ordinary tides—provided this extra force, and a portion of the mass broke away, gradually moving away from the remainder and becoming what we now call the moon. Sir George Darwin believes that the sun’s gravitational influence will, in time, again disrupt the present apparent stability of the earth-moon system, eventually bringing the moon back toward the earth, so that, after millions of years, they will reunite.

Supporting this theory of the moon’s terrestrial origin, Professor W.H. Pickering has put forward the bold idea that our satellite originated in the great basin of the Pacific. This ocean is roughly circular and contains no large land masses except the Australian continent. He suggests that prior to the moon’s formation, the earth already had a thin crust. When the portion later to become the moon was torn away, the remaining crust split from the shock, forming the two large continental masses—the Old and New Worlds. These drifted apart over the molten ocean, finally settling in their present positions. In this way, Professor Pickering explains the remarkable similarity between the opposite shores of the Atlantic. This resemblance was actually noted earlier by the late Rev. S.J. Johnson, in his book Eclipses, Past and Future, where he writes:—

“If we look at our maps we shall see the parts of one Continent that jut out agree with the indented portions of another. The prominent coast of Africa would fit in the opposite opening between North and South America, and so in numerous other instances. A general rending asunder of the World would seem to have taken place when the foundations of the great deep were broken up.”

While Professor Pickering’s theory was to some extent anticipated in these words, he has developed the idea more thoroughly and given it additional appeal by connecting it to the moon’s birth. He also notes a remarkable resemblance between the volcanoes on the moon and those around the Pacific Ocean. Furthermore, he suggests that Australia is another piece of the original crust, which broke off from the area now occupied by the Indian Ocean, where it was once joined to southern India or eastern Africa.

Several objections to this theory have been raised, including the point that the similarity between the opposing shores of the Atlantic is so precise that it is hard to believe it would have persisted for some sixty million years, given all the geological rise and submergence that continually reshape our globe. Professor Pickering responds by noting that many geologists believe that the main divisions of land and water on earth are permanent, with most geological changes since then being merely temporary and superficial.




CHAPTER XXVIII: THE END OF THINGS

We have been trying to imagine the beginning of things. Now we will try to imagine the end.

In attempting this, we find that our theories must, by necessity, be limited to the Earth, or at most to the solar system. The traditional expression “End of the World” really refers to little more than the end of our own planet. For people in past ages, it, of course, meant much more. For them, as we have seen, the Earth was the center of everything; the heavens and all that surrounded were simply a kind of minor accompaniment, created, as they no doubt thought, for their special benefit. In the ancient view, therefore, the beginning of the Earth meant the beginning of the universe, and the end of the Earth meant the extinction of all things. The belief was also widespread that this end would come through fire. In the modern view, however, the birth and death of the Earth—or even of the solar system—might occur as events almost unnoticed in the cosmos. They are but links in the chain of cosmic events.

Various theories have been put forward from time to time, predicting the end of the Earth, and consequently of human life. We will end with an account of a few of them, though which—if any—is correct, only the Last Humans can know.

Just as a living creature may at any moment die in the prime of life through sudden illness or accident, or, on the other hand, may die simply as a consequence of old age, so might our globe be destroyed by some sudden catastrophe, or come to an end through slow decay. Barring unforeseen events, it seems likely that the gradual cooling of the Earth, or the slow extinction of the sun, will eventually, after many millions of years, close the chapter of life as we know it. On the first of these possibilities, the decrease in temperature on our planet might perhaps be accelerated by the thinning of the atmosphere, through the slow escape of its gases into space, or their gradual chemical combination with the Earth’s materials. Once the planet’s internal heat has completely dissipated, there would no longer be any of the volcanic forces that have so far balanced the slow erosion of the land surface of our planet, and thus eventually, what water remained would cover everything. If this happened before the sun cooled, certain unusual forms of marine life might survive the longest, but even these would finally perish.

However, if the process happened the other way—with the sun cooling more rapidly—then human beings, because of scientific knowledge, would probably outlast other forms of terrestrial life. In this future, we can imagine the northern and southern regions of the Earth becoming increasingly uninhabitable due to cold, with humanity gradually withdrawing before the steady advance of the icy boundary, until only the tropics would be fit for habitation. In this struggle between humanity and fate, science would be pushed to the limit as people devise ways to counteract the dwindling solar heat and the gradual loss of air and water. By that time, the Earth’s rotation might have slowed to such a degree that only one side would always face the dying sun. And we can picture in our minds the last survivors of the human race, huddled together for warmth in a glasshouse somewhere near the equator, waiting for the end to arrive.

The very idea of the decay and death of the solar system is enough to send a chill through anyone. All the sun’s light and warmth, which means so much to us, gone forever. A dark, cold sphere racing through space, accompanied by several other dark, cold balls endlessly circling it. One of these is a graveyard, with no memory of the mighty empires, the loves and hates, and all the vibrant play of life that we call History. Tombstones of humans and deeds, spinning forgotten in darkness and silence. Sic transit gloria mundi.

In that brilliant piece of scientific imagination, The Time Machine, H.G. Wells has depicted the Earth’s final years as a long-drawn agony like this. He gives us a vision of a desolate beach by a salt and nearly motionless sea. Foul, crab-like monsters crawl about beneath a giant, red, fixed sun in the sky. The rocks are partly covered with an intensely green vegetation, like the lichen in caves, or the plants that grow in perpetual twilight. And now, the air is extremely thin.

He ventures even further into the future and predicts the last form of life:—

“I saw again the moving thing upon the shoal—there was no mistake now that it was a moving thing—against the red water of the sea. It was a round thing, the size of a football perhaps, or it may be bigger, and tentacles trailed down from it; it seemed black against the weltering blood-red water, and it was hopping fitfully about.”

What a description of the “Heir of all the Ages!”

To imagine the end of our world as the result of a catastrophe is, on the other hand, a vision as intensely dramatic as the previous scenario is deeply sad.

It is not so many years ago, for instance, that people feared a sudden disaster from a possible collision between a comet and the Earth. The irrational terror with which the ancients used to regard these mysterious visitors in our skies had, indeed, been replaced by a different kind of anxiety. For example, as we have seen, the announcement in 1832 that Biela’s Comet, then visible, would intersect Earth’s orbit on a certain date triggered widespread panic. People did not pause to learn the real facts: that, on the date in question, the Earth would actually be nearly a month’s journey from the indicated point!

In reality, it is difficult to say what kind of damage the Earth would suffer from such a collision. In 1861, as we have seen, Earth passed through the tail of a comet without any noticeable effect. But the head of a comet, on the other hand, may, for all we know, carry with it elements of real danger. A collision with this part might, for example, result in a violent bombardment of meteors. But these meteors could not be very large, as comets themselves are so minimal in mass that it is unlikely they contain any large or dense objects.

The threat, though, might be to our atmosphere. The comet’s head could potentially introduce gases into the atmosphere that would suffocate us or trigger a worldwide conflagration. It is hardly necessary to say that any disturbance to the balance of our atmosphere would have disastrous consequences. For instance, the well-known French astronomer, M. Camille Flammarion1, imagined the absorption of the nitrogen from our air in this way, and described men and animals breathing only oxygen, first becoming excited, then insane, and finally ending in a frenzy of delirium.

Lastly, although we have no proof that stars eventually become dark and cold—since human time has so far been far too short to provide even the slightest evidence as to whether heat and light are diminishing in our own sun—it nevertheless seems natural to suppose that such bodies must ultimately exhaust themselves, like everything else that we know of. We may, therefore, reasonably assume that there are dark objects scattered throughout the depths of space. We even suspect at least one, though it may be more planetary in nature: that “dark” body that continually eclipses Algol and so causes the periodic dimming of its light. As the sun moves toward the constellation Lyra, such an extinguished sun may, by chance, find itself in our path—just as a drifting, abandoned ship may loom out of the darkness beneath the bows of a vessel on the ocean.

Unfortunately, a collision between the sun and such a body would not occur suddenly. There would be a long warning of its approach from the area of the heavens toward which our system is heading. This dark object would become visible only when it came close enough to the sun to be at least partially lit by its rays, and might at first be mistaken for a new planet. If such a body were as large as the sun, for instance, Mr. Gore’s calculations suggest it would become noticeable in telescopes perhaps fifteen years before the catastrophe. Gradually, its disk would seem to grow larger, until, about nine years after its discovery, it would become visible to the naked eye. Finally, the doomed people of Earth, paralyzed by terror, would see their relentless enemy shining like a second moon in the northern skies. Rapidly increasing in apparent size, as the sun’s and its gravitational attraction for each other amplified with decreasing distance, it would eventually plunge toward the sun and disappear in the glare.

It is difficult to imagine anything more terrifying than these final days, as no imagined catastrophe could carry such a certainty of fulfillment. It therefore seems pointless to speculate about what people might do in their now sealed-off world. Hope, which has sustained humanity even in the worst disasters, would have no place here. In the full strength of its existence, humanity would await complete destruction, with no hope whatsoever of reprieve. Observations of the approaching body would enable astronomers to calculate its path with precision, and predict the exact moment and nature of the impact. Eight minutes after the predicted time of collision, the resulting tidal wave of fire would pass across Earth’s orbit, and our planet would quickly vanish in vapor.

And what then?

A nebula, most likely; and after untold ages, possibly the formation of a new system, rising phoenix-like from the cosmic crematorium and taking the place of the old one. A new central sun, perhaps, with its planets and satellites. And, in time, perhaps, teeming life arising once more, when the temperature on one or another of these bodies falls within suitable limits, and other necessary conditions have developed.

“The world’s great age begins anew,

The golden years return,

The earth doth like a snake renew

Her winter weeds outworn:

Heaven smiles, and faiths and empires gleam

Like wrecks of a dissolving dream.

A brighter Hellas rears its mountains

From waves serener far;

A new Peneus rolls his fountains

Against the morning star;

Where fairer Tempes bloom, there sleep

Young Cyclads on a sunnier deep.

A loftier Argo cleaves the main,

Fraught with a later prize;

Another Orpheus sings again,

And loves, and weeps, and dies;

A new Ulysses leaves once more

Calypso for his native shore.

Oh cease! must hate and death return?

Cease! must men kill and die?

Cease! drain not to its dregs the urn

Of bitter prophecy!

The world is weary of the past,—

Oh might it die or rest at last!”






1. See his work, La Fin du Monde, where the various ways by which our world might end are discussed at length, and in a profoundly engaging manner.
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