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 to a school-leaving certificate, will have nothing to be afraid of. The rest will be told and the reader will be reminded of what may have been long since
 
 forgotten.
 
 A
 
 presbyterian divine once said that a man who plays golf neglects his business, neglects his wife, and neglects his God. Many of the elder statesmen of science hold that if a younger one writes a book which can be read painlessly,
 
 he neglects
 
 golf. In self-defence
 
 his students, neglects his laboratory, and neglects his me therefore explain how this one came to be
 
 let
 
 written.
 
 Sir William Beveridge, Director of the London School of Economics during my tenure of the chair of Social Biology in that Institution, held the enlightened view that some of the students might benefit from a general introduction to natural knowledge. Needless to say, this suggestion was not a popular one among those who think that economics is a real science. Still, I gave about a hundred lectures, which entailed an unconscionable amount of work, considering the small number about twenty all told of brands to be saved from the burning. I am rather lazy. That is to say, I prefer real work to writing, and only write to relieve the tedium of a sickbed, a train journey, or an ocean liner load of hearties, empire builders, and wives who are not understood. So I usually lecture with a few notes, if any at all. The Southern Railway was
 
 responsible for seeing that those I made took shape in what is as I hope a book which can be read painlessly. How this happened is relevant to a theme to
 
 which
 
 I shall often return.
 
 Life in South Africa had completely unfitted my children for continuous incarceration in the sooty squalid depression of the English metropolis. What is
 
 mere degradation
 
 for a healthy adolescent is plain suicide for a genuine
 
 naturalist. I believe that biology cannot flourish in an over-urbanized society and I also believe that the only beliefs worth burdening oneself with are
 
 bought a cottage in Devon barefoot and daylight-conscious. author of the highly publicized statistics of the
 
 beliefs relevant to the
 
 conduct of life.
 
 for a family of four
 
 who had grown up
 
 I therefore
 
 With my wife, Enid Charles impending population crisis I moved into a flatlet within two minutes of our joint place of work while waiting for a remission of an indeterminate sentence. On Friday nights we took an express to rejoin the fast fattening four in surroundings which should be the birthright of every British boy or girl. Instead of twelve hours occupied each week in exhausting and profitless strap-hanging, I now had six hours* carefree time for writing under the most propitious circumstances. If the Southern Railway had not provided thirdclass Pullman cars to Exeter, this book would not have been written. When I had served my sentence, a typescript of about 2,500 pages was just finished. I had no more train journeys to fill up and my living to earn. Neither the optimism of the present Master of University College nor the amenities of the Southern Railway could now help me to plough through it again, to check the calculations or references, and to see it through the press. This was done for me. Though I have no resources of generalized "matiness" and a sheer genius for making enemies, I have the astonishing good luck to get myself liked by young men of promise and with more social gifts than
 
 AUTHOR'S CONFESSIONS is partly written for the large and growing number of that the Impact of Science on Society is now the adults who realize intelligent focus of genuinely constructive social effort. It is also written for the large
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 and growing number of adolescents, who realize that they will be the first victims of tie new destructive powers of science misapplied. Since it is the first British handbook to Scientific Humanism, it has, inevitably, the glaring faults of any new thing. Education segregates the scientific specialist from those who study problems of government and social welfare. So, like anyone else who in this generation might have attempted a task so ambitious, I have had to re-educate myself in the process of writing it. an essential part of the education of a citizen, because the everyday lives of everyone. Hence science for the citizen must be science as a record of past, and as an inventory for future, human achievements. Inevitably it cannot be divorced from history; and my first duty is to acknowledge the patience with which my colleagues of the history department in the London School of Economics responded to my requests for sources of information. Needless to say, I am not competent to judge the reliability of the sources, ^vhich I have quoted at length when a personal statement of opinion would imply that I have sufficient first-hand knowledge to do so. In the Victorian age big men of science like Faraday, T. H. Huxley, and Tyndall did not think it beneath their dignity to write about simple truths with the conviction that they could instruct their audiences. There were giants in those days. The new fashion is to select from the periphery of mathematicized hypotheses some half-assimilated speculation as a preface to homilies and apologetics crude enough to induce a cold sweat in a really sophisticated theologian who knows his job. With a few notable exceptions such as Simple Science by Andrade and Huxley and two volumes on British and American men of science by J. G. Crowther, this is a fair description of the state into which the writing of popular science has fallen hi contemporary Britain. The clue to the state of mind which produces these weak-kneed and clownish apologetics is contempt for the common man. The key to the eloquent literature which the pen of Faraday and Huxley produced is their firm faith in the educability of mankind. Because I share that faith, I have not asked the reader to take any reasoning on trust. Since the reasoning used in science is often conducted with the sort of shorthand called algebra or illustrated by the sort of scale diagrams called geometry, a casual glance at isolated pages of this book might be discouraging to those who have been humiliated by the obstacles which early education places in our path. Fortunately the engaging illustrations of my friend and collaborator Horrabin are likely to remove the impression that this is like Natural science
 
 is
 
 scientific discoveries affect
 
 anything that the reader has learned at school. Beyond that let me say this. Anyone who has mastered the essence of the first half of Mathematics for the Million, or has once been through a course of elementary mathematics leading
 
 Author's Confessions
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 Three of them torpedoed the typescript into notoriety. Richard Lecturer in Education at Liverpool University, Dr. J. C. P. Miller, Palmer, Lecturer in Applied Mathematics in the same seat of learning, and Dr. H. D. Dickenson, Lecturer in Economic History at Leeds University, appointed themselves a sort of intellectual censorship. With heroic disregard for the I possess.
 
 author's bill for excess corrections in proof, they fought every inch of the way, when they disagreed with me. Many celebratory paragraphs inserted in galley to the despair of the compositors signalize a Pyrrhic victory sometimes for me, more often for the Brain Trust. Other friends, including Dr. Bacharach, Dr. Clow, and Mr. D. Ridge, made useful comments on separate chapters. To all these I am heartily grateful. I will not insert all their names, because it might signify their approval of the many passages which give the book its entertainment value. Of Horrabin's contribution no word is
 
 necessary. It speaks for
 
 itself.
 
 Having made it quite clear that this book was produced as the result of discharging, and not at the cost of neglecting, my professional work, I may as well add that I do not care twopence either way. The surprising state of preservation which the Evening Standard describes as my boyish appearance is due to the fact that I systematically refuse invitations to dinner parties at which people overeat and underthink in costumes designed to inhibit excessive cerebration. As a boy I earned my pocket money from my father at the rate of one halfpenny for thirteen verses of Holy Writ. By the time I was eight I could recite 1 Cor. 13 faultlessly. I do not regret it. It taught me that when you become a man you put away childish things. Consequently I do not play golf. In the time which most men of my profession divide between golf and dinner parties, I could write, and have written, several novels, which I have had the good taste to burn. This nonsense that the scientific worker has no time to be a socially responsible adult, exercising his social responsibilities as a citizen, is due to be debunked. No one lifts an eyebrow if he embraces the ready-made reading public of the Gifford Lectures, when he has passed the age of sixty. He is then at liberty to demonstrate that the deity is a B star Wrangler with a mathematician's contempt for the bread and butter problems of the plain man and a mathematician's indifference to the imminent possibility of the next war. No one is alarmed except the professional theologian, who generally
 
 knows
 
 his
 
 own
 
 job rather better.
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 The Conquest of Time Reckoning and Space Measurement
 
 "THE progress of Greek civilization was dependent essentially on the change of slave-labour into free, a transformation not supposable without the employment of natural forces, applied to labour-saving machines. It is evident that, with the invention of a machine which will convert a given natural force (e.g. a falling weight of water) into an industrial force, per-
 
 forming the labour of twenty men, the inventor could grow rich and twenty slaves be set free; moreover, that the natural effect of the introduction of machines is an augmentation of the productive class, whence a greater number of inventors and increased production. But, in a slave-state, the application of natural forces and the substitution of machine labour for servile, is mainly impossible, for as, in such a state, the profits of the capitalist rest upon his slaves, he sees that the introduction of machines must imperil his resources, and when, as in Greece, the capitalists belong to the ruling class, the Government and people will combine to perpetuate the existing system, i.e. slavery the Government with the seemingly-wise purpose of assuring subsistence to the labourers. Only the freeman, not the slave, has a disposition and interest to improve implements or to invent them; accordingly, in the devising of a complicated machine, the
 
 workmen employed upon
 
 it
 
 are generally co-inventors.
 
 The
 
 and the governor, most important parts of the steam-engine, were devised by labourers. The improvement of established industrial methods by slaves, themselves industrial machines, is out of the question." eccentric
 
 LIEBIG
 
 CHAPTER
 
 I
 
 POLE STAR AND PYRAMID The Coming
 
 A MUCH
 
 of the Calendar
 
 abused writer of the nineteenth century said: up
 
 philosophers have only interpreted the world,
 
 it is
 
 to
 
 the present
 
 also necessary to
 
 change it. statement more fittingly distinguishes the standpoint of humanistic philosophy from the scientific outlook. Science is organized workmanship. Its history is co-extensive with that of civilized living. It emerges so soon as the secret lore of the craftsman overflows the dam of oral tradition, demanding
 
 No
 
 a
 
 permanent record of its own. It expands as the record becomes accessible widening personnel, gathering into itself and coordinating the fruits
 
 to a
 
 of new
 
 crafts. It languishes is
 
 when
 
 the social incentive to
 
 new productive
 
 lacking, and when its custodians lose the will to share history, which is the history of the constructive achieve-
 
 accomplishment with others. Its ments of mankind, is also the history of the democratization of positive knowledge. This book is written to tell the story of its growth as a record of human achievement, a story of the satisfaction of the common needs of mankind, disclosing as it unfolds new horizons of human wellbeing which lie before us, if we plan our new resources intelligently. Whether we choose to call it pure or applied, the story of science is not something apart from the common life of mankind. What we call pure science only thrives when the contemporary social structure is capable of making full use of its teaching, furnishing it with new problems for solution and equipping it with new instruments for solving them. Without printing there would have been little demand for spectacles; without spectacles neither telescope nor microscope; without these the finite velocity of light, the annual parallax of the stars, and the micro-organisms of fermentation processes and disease would never have been known to science. Without the pendulum clock and the projectile there would have been no dynamics nor theory of sound. Without the dynamics of the pendulum and projectile, no Principia. Without deep-shaft mining in the sixteenth century, when abundant slave labour was no longer to hand, there would have been no social urge to study air pressure, ventilation, and explosion. Balloons would not have been invented, chemistry would have barely surpassed the level reached in the third millennium B.C., and the conditions for discovering the electric current would have been lacking. For this reason the chapters which follow will not adopt the customary division of science into separate disciplines, such as chemistry or biology. The topics dealt with will be grouped under six main themes; the story of man's conquest of time reckoning and earth measurement, of material substitutes, of new power resources, of disease, of hunger, and of behaviour. When the language of mathematics is used, no advanced knowledge will be assumed, and it will present no difficulties if the reader is prepared to do it
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 a little work on the examples given. If difficulties arise the reader should not be too easily discouraged., or give up hope. If one chapter or page is difficult to follow, as likely as not the next will be especially easy. The most
 
 ones come at the beginning. If the execution of the task is novel, there is no originality in the conception. The reader who is tempted to think so should reflect on the words
 
 difficult
 
 with which the great German chemist Liebig addressed the Royal Academy of Sciences at Munich in 1866. Speaking of the Development of Ideas in Physical Science, Liebig said:
 
 The history of physical science teaches us that our knowledge of things and of natural phenomena has, for its starting point, the material and intellectual wants of man and is conditioned by both. Man is not born acquainted with sensible objects and their properties and effects; these notions must be gained by experience. All these conceptions have sprung or have been derived from sensible marks. Since natural phenomena are inter.
 
 .
 
 .
 
 like
 
 .
 
 .
 
 .
 
 connected
 
 .
 
 .
 
 .
 
 knots in a net, the investigation of particular phenomena evinces
 
 that they have in common certain conditions, which as remarked are active Having the facts it is our subsequent business to establish things. . . their connexion. The facts themselves are obtained through sensual perceptions; .
 
 when these are imperfect, so will be the knowledge reared on them. We can have no general theoretical propositions except by means of induction, and inductions can be framed only through sensual perceptions. Manifestly therefore the truth of explanations does not depend on the principles of logic The first explanations can, manifestly, be neither definite nor alone. limited, and they must change just in proportion as the facts are more dis.
 
 .
 
 .
 
 .
 
 .
 
 .
 
 and as the unknown ones belonging to the conception are discovered and incorporated in it. The earlier explanations are therefore only relatively false and the latter only therein truer that the contents of the conceptions of things are more comprehensive, determinate and distinct. The conception of time which belongs to the composite notion of velocity was first developed fifteen hundred years after Aristotle. For short intervals the Greeks had not clocks or time measures. Charlemagne's endeavours by the establishment of schools to elevate the intelligence of the rude and ignorant priesthood of the age could have no result, the soil on which culture thrives being not yet prepared. The development of culture, i.e. the extending of man's spiritual domain, depends on the growth of the inventions which condition the progress of civilization, for through these new facts are obtained. Only the free man, not the slave, has a disposition and interest to improve implements or to invent them; accordingly^ in the devising of a complicated machine, the workmen employed upon it are generally co-inventors. Greek civilization travelled through the Roman Empire and the Arabians into every European The members of the newly originated intellectual class were at country. first occupied in gaining possession of the treasures of ancient learning. The position and employment of the learned of those times concurred in withdrawing them from contact with the productive classes. Accordingly the literature of that age gives no indication of the degree of the popular civilization and culture; for the knowledge circulating through the masses and absorbed into tinctly ascertained
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 their thinking, a knowledge originating in their improved acquaintance with physical laws, was not yet stored up in books and was wholly foreign to the With the extinction of the slavery of the ancient world and the learned. union of all the conditions for the evolution of the human mind, progress .
 
 .
 
 .
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 of civilization and culture is thenceforth assured, indestructible, imperishable. Most of the facts from which the investigator elaborated empirical ideas he had long since received from the metallurgists, the engineers, the apothecaries, and had resolved their inventions into conceptions which the producing classes received back the craftsman, technician, agriculturalist, physician, as in The history of nations informs us of . . Greece, ask counsel of the theorist. the fruitless efforts of political and theological powers to perpetuate slavery, corporeal and intellectual. Future history will describe the victories of freedom which men achieved through investigation of the ground of things and of truth, victories won with bloodless weapons and in a struggle wherein morals and .
 
 .
 
 .
 
 .
 
 religion participated only as feeble allies.
 
 .
 
 .
 
 .
 
 THE BEGINNING OF SCIENCE
 
 We start with the conquest of time and distance. That is to say, the kind of knowledge we need to keep track of the seasons and to find our whereabouts in the world we inhabit. One depends upon the other. Making a calendar and navigating a ship depend on the same kind of knowledge, and we shall not be able to keep the two issues apart. Much of the mystery which enshrouds contemporary discussion of Relativity will present no difficulty if the use of the ship's chronometer is grasped firmly at the outset. All measurements of time depend on making measurements in space, and localization in space depends on measurements of time. We used to think of man as a tool-bearing animal, and to divide the preliterate stage of his existence into an old stone age and a new stone age. We now know that the social achievements of mankind before the beginning of the written record include far more important things than the perfection of axes and arrowheads. Three discoveries into which he blundered many millennia before the dawn of civilization in Egypt, Sumeria, or Turkestan, are specially significant. With the aid of the dogs which followed him and prowled about his camp fires, he began to herd instead of to hunt. He learned to scatter millet and barley, to store grain to consume when there were no fruits to gather. He collected gold nuggets and bits of meteoric iron, and, it may be, noticed the formation of copper (see p. 360) from the green pigment that he used for adornment, when it was heated in the embers. The sheep is an animal with seasonal fertility, and cereal crops are largely annual. In domesticating the sheep and learning to sow cereals, man therefore made a The recognition of the passage of time now became a primary
 
 fateful step.
 
 necessity of social life. In learning to record the passage of time man learned to measure things. He learned to keep account of past events. made structures on a much vaster scale than any which he employed for purely
 
 He
 
 The arts of writing, architecture, numbering, and in particular geometry, which was the offspring of star lore and shadow reckoning, were all by-products of man's first organized achievement, the construction of the calendar. Shakespeare anticipated Sir Norman Lockyer when he wrote "Our forefathers had no other books but the score and the tally."* Science began when man started to plan ahead for the seasons, because domestic use.
 
 :
 
 *
 
 Henry VI, Act iv score in made on the tally stick.
 
 notches
 
 this context is
 
 from the Anglo-Saxon scora meaning
 
 2O
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 planning ahead for the seasons demanded an organized body of continuous observations and a permanent record of their recurrence. In an age of wireless transmission, of mechanical clocks and cheap almanacs, we take time for granted. Before there were any clocks or simpler devices like the hour-glass or the clepsydra for recording the passage of time, mankind had to depend on the direction of the heavenly bodies, sun by day and the stars by night. Already in the hunting and food gathering stage the human race had probably learned to associate changes in vegetation, the mating habits of animals, and the recurrence of drought or floods, with the rising and setting
 
 FIG.
 
 The
 
 1
 
 problems arose from the need for a calendar to regulate the seasonal pursuits of settled agriculture. The recurrence of the seasons was recognized by erecting monuments in line with the risings setting, or transit of celestial bodies. This photograph, taken at Stonehenge, shows how the position of a stone marked the day of the summer solstice when the sun rises farthest north along the eastern boundary of the horizon. earliest geometrical
 
 of bright stars and star clusters immediately before sunrise or in evening twilight. When the great agrarian revolution reached its climax in the dawn of city life, a technique of timekeeping emerged as its pivotal achievement. What chiefly remain to record the beginnings of an orderly routine of settled life in cities are the vast structures which bear eloquent witness to the primary social function of the priesthood as custodians of the calendar. The temple, with its corridor and portal placed to greet the transit of its guardian star or to trap a thin shaft of light from the rising or setting sun of the quarter-days; the obelisk or shadow clock; the Pyramids facing equinoctial sunrise or sunset, the pole and the southings of the bright stars in the zodiac; the great stone ^circle of Stonehenge with its sight-line pointing to the rising sun of the summer solstice all these are first and foremost almanacs in architecture. Nascent science and ceremonial religion
 
 Pole Star and Pyramid
 
 21
 
 had a common focus of social necessity in the observatory-temple of the astronomer-priest. That we still divide the circle into 360 degrees, that we Zenith
 
 FIG. 2. THE ASTRONOMICAL ORIENTATION OF THE GREAT PYRAMID The Pyramid of Cheops and that of Sneferu are constructed on a common geometrical plan. The perimeter of the four sides, which face exactly the north, south, east, and west, has the same ratio to the height as the ratio of the circumference to the radius of a circle, i.e. 2 x 3j, or 277. According to Flinders Petrie: "The squareness and level of the base is brilliantly true, the average error being less than a ten-thousandth of the side in equality, squareness, and level." At its transit across the meridian, the rays of Sirius, the dog star, whose heliacal rising announced the beginning of the Egyptian year and the flooding of the sacred river which brought prosperity to the cultivators, were at right angles to the south face of the Great Pyramid, and shone straight down the ventilating shaft into the royal chamber, illuminating the head of the dead Pharaoh. The main opening, and a second shaft leading to the lower chamber, conveyed the light of the Pole Star, which was then the star a in the constellation Draco at its lower transit, three degrees below the true celestial pole. .,
 
 reckon fractions of a degree in minutes and seconds, remind us that men learned to measure angles before they had settled standards of length or
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 Angular measurement was the necessary foundation of timekeeping. necessity of recording the passage of time forced mankind to map out the heavens. How to map the earth came later as an unforeseen result. It is a common belief that mathematics is the hallmark of science, and some people are apt to imagine that the introduction of a little mathematics into subjects like economics entitles them to rank as genuine science. The truth is that science rests on the painstaking recognition of uniformities in nature. In no branch of science is this more evident than in astronomy, the oldest of the sciences, and the parent of the mathematical arts. Between the beginnings of city life and the time when human beings first began to sow corn or to herd sheep, ten or twenty thousand years perhaps more may have been occupied in scanning the night skies and watching the sun's area.
 
 The social
 
 shadow throughout the seasons. Mankind was learning the uniformities which signalize the passage of the seasons, becoming aware of an external order, grasping slowly that it could only be commanded by being obeyed, and not as yet realizing that it could not be bribed. There is no hard and sharp line between the beginnings of science and what we now call magic. Professor Elliot Smith rightly says that magic is the discarded science of yesterday. The first priests were also the first scientists and the first civil servants. As custodians of the calendar, they created an organized body of reliable knowledge from the common experience of herdsman and cultivator.
 
 To understand how a science of astronomy is possible, we have to acquaint ourselves with uniformities of nature, once familiar features of the everyday life of mankind. They are no longer part of the everyday life of people who live in large cities. So,
 
 they
 
 are.
 
 Looking
 
 at
 
 many
 
 them
 
 readers of this book will need to be told
 
 retrospectively
 
 we
 
 what
 
 can arrange them under four
 
 headings.
 
 THE DIURNAL EVENTS
 
 we have to reckon with the diurnal events. At daybreak and nightthe shepherd, as he stands at the door of his hut, sees the sun rising in different positions at different times of the year, but always towards one First
 
 fall
 
 side of the horizon.
 
 He
 
 watches
 
 it,
 
 as
 
 it
 
 sets in different positions at different
 
 times of the year, but always towards the opposite side of the horizon. So he learns to distinguish an eastern horizon of sunrise and a western horizon
 
 of sunset. In the region north of the tropics, where the neolithic agrarian economy began, the sun travels over the heavens obliquely, so that the noon shadow is always on one side of the line joining the eastern and western horizons (Fig. 3). The sun's shadow shortens as day wears on till the sun itself is highest in the heavens, and then lengthens again as it points more and more towards the place of the rising sun. The noon or shortest shadow divided the working day of the cultivator into morning and afternoon. Fisher folk would be familiar with other time signals besides the daily changes of the sun and stars. They would see how high and low water at the tide marks would happen twice in a day and a night. Before there was any settled husbandry, hunting and food-gathering tribes had learned to recognize Dipper or Great Bear and Cassiopeia, when
 
 familiar star clusters, like the
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 night fell; to know how they change their position like the sun as night goes on, and to notice how one star, the Pole Star, is always seen above the same point on the horizon, in the same place at sunset and at sunrise.
 
 When men began to stick up poles or stone pillars to mark off the day by the direction and length of the shadow, they would notice that the noon
 
 TMootv
 
 Sun af
 
 tine
 
 Eouinox
 
 FIG. 3
 
 The noon
 
 shadow of the Obelisk or shadow clock points due north towards the celestial pole. At the equinoxes (March 21st and September 23rd) the sun rises due east and sets due west, and the observer is at the centre of its semicircular track, called the equinoctial^ or celestial equator. The angle A which the sun makes with the horizon is called its altitude. The angle Z which it makes with the vertical is its zenith distance. The altitude of the Pole Star is very nearly constant, and on the equinoxes the z.d. of the noon sun is practically equal to the altitude of the Pole Star. Hence the plane of the equinoctial is at right angles to the axis which passes through the observer and the celestial pole. The stars and moon pass over the horizon in circular arcs parallel to that of the sun's transit, rising on the eastern side and setting on the western side of the meridian, or ar*c, which passes through the north and south points of the horizon, the pole, and the zenith directly overhead. or shortest
 
 to the same spot on the horizon, and that the Pole Star remains throughout the night exactly above it (Fig. 3). As the night passed they would see the other stars revolve about the Pole Star in an anti-
 
 shadow always points
 
 clockwise direction, from east to west above it, like the sun. They would long since have known that star clusters nearest the pole, the "circumpolar" stars, never sink below the horizon, trailing from west to east below the pole,
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 Moon onjan. 1st Easterly half seen*.
 
 Highest above liorvzori at sunrise
 
 .
 
 -c
 
 .
 
 15
 
 A
 
 Star 'before, .sninrise
 
 Jan. 15di
 
 yet
 
 Jias
 
 on not
 
 ,
 
 set at sunrise
 
 on Jar,.
 
 1st
 
 lialf
 
 seen
 
 ,
 
 v/Jien
 
 JIOTLZOTL. it
 
 FIG.
 
 5.
 
 High&st about sunset.
 
 aiove
 
 THE CHANGING APPEARANCE OF THE HEAVENS
 
 In twenty-four hours the whole dome of heaven, including the moon, sun, and fixed stars, rotates about an axis which joins the observer to the celestial pole, whose position is approximately marked by the Pole Star. With the exception of the "circumpolar" stars, which are too near the pole to dip under the horizon, the heavenly bodies all appear to rise upwards from the eastern boundary and to sink below the western boundary of the horizon plane. In this motion, called the apparent diurnal motion of the celestial sphere, the fixed stars retain the same position relative to one another, so that at any place the time between the risings or settings of any two stars and the direction in which any star is seen rising or setting are always the same. Relative to the rising of any fixed star, the moon and the sun each rise a little later on successive days. They thus seem to be slipping backwards below the eastern margin of the horizon plane. The sun takes 365i days to retreat eastwards till it is again in the same position relative to a fixed star, i.e. it slips under the horizon plane eastwards through approximately one decree per day. The moon takes 27 J days to do so, but, as the sun is
 
 slipping back, though
 
 more
 
 slowly, in the
 
 same direction
 
 it
 
 takes a
 
 little
 
 longer,
 
 namely, 29J days (see p. 103) to return to the same position relative to the sun. In the figure new moon would occur about January 7th and the next new moon about February 5th. At last quarter the moon is 90 west of the sun, rising about midnight and reaching its highest point in the heavens about 6 a.m., when its easterly half is visible. At first quarter it sets about midnight, reaching its highest point in the heavens (meridian transit) at about p.m., when its westerly face is illumined.
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 east to west above it (Fig. 4). As the noon shadow divided the day, the signal of midnight would be when a star cluster, rising at sunset on the eastern horizon and setting at sunrise on the western horizon, was directly
 
 and from
 
 above the pole. These clusters or "constellations" received fanciful names redolent with the preoccupations of everyday life in an agrarian economy.
 
 FIG.
 
 The
 
 6.
 
 APPARENT DIURNAL MOTION OF THE STARS
 
 appear to describe circular arcs parallel to one another about an axis which the circumpolar stars, joins the observer to the celestial pole. Those nearest the pole like A here seen at lower culmination, never sink below the horizon and may, therefore, be seen crossing the meridian below the pole. Other northerly stars, such as B, describe large arcs over the horizon and so remain above it more than 12 hours between rising and setting north of the east and west points. Stars (e.g. C) lying on the great equinoctial circle which cuts the east and west points (i.e. stars which rise due east and set due west) remain above the horizon for half the 24 hours of the diurnal cycle. Stars (like D) which lie south of the equinoctial rise and set towards the southern horizon and are below it more than 12 out of the 24 hours. The majority of stars in a northern latitude cross the meridian south of the zenith. Hence sailors speak of the transit of a star as its "southing." stars
 
 Herdsmen watching
 
 the night pass
 
 would find it just as easy to recognize shadow hours of the day. The much
 
 intervals of night time equivalent to the
 
 despised yokel, who has not upholstered his brain with the urban superstitions of all the ages,, is often adept in using the star clock. A little practice while camping out is sufficient to enable you to tell the time by the stars
 
 with an error scarcely more than quarter of an hour. Centuries before city life began, man had begun to fumble for a connected account of the regularities forced on his attention. He already knew that
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 sun, moon, and stars partake of the same daily and nightly motion about one central point in the heavens. As they stand, the facts with which primitive
 
 man was familiar in his everyday life are capable of being looked at in two ways. When we are passing another train, we cannot at once tell whether we are at rest and the other one is in motion, or vice versa. So we cannot tell whether we are going east to meet the sun and rising stars, or whether they are moving west to meet us. In the train we can settle the issue by looking out of the opposite window. We put ourselves in the position of the man on the platform. Primitive man had no knowledge of what the two trains would look like from the platform. Having no other court of appeal, he inclined to sun and stars were rushing past him. In the priestly lore of the earliest calendar civilizations the picture pieced together was something like this. The stars, moon, and sun were all on the
 
 his first impression that the
 
 surface of a great sphere, of which we only see one half at a time. The stars visible when the sun is in the celestial hemisphere below our
 
 become
 
 horizon (Fig. 5). The celestial sphere revolves around an axis joining the Pole Star (Fig. 6) to some fixed spot on the earth the North Pole, as we call it today. It completes its revolution in a day and a night, revolving in an anti-clockwise direction from the standpoint of a person looking upwards towards the North Pole Star. Although the facts are equally explicable on the alternative assumption that the stars are fixed and that the earth is revolving about the same axis in the opposite direction to the apparent revolution of the celestial sphere, the less sophisticated view embodied a tremendous gain. It involved step towards a world map. In counting the shadow hours and learning to use the star clock, man had begun to use geometry. He had begun to find his local bearings in cosmic and terrestrial space. An important step
 
 earlier
 
 the
 
 and
 
 first
 
 towards an art of measurement was made when men began to trace circles on the sand or the soft earth around the shadow pole to mark the moment when the shadow was shortest. In discovering the constant direction of the noon shadow pointing to the pole, they fixed two planes of reference. One is the horizontal plane, the north and south points of which divide the observer's terrestrial horizon into an easterly and a westerly half. The other was bounded by the great semicircle or Meridian of the heavens, with its highest point, the zenith, directly overhead (Fig. 3). The axle of the heavenly clock of star transit and shadow connected the Pole Star to the earthly pole in the meridian plane. Sun, moon, and stars are highest in the heavens where the circles they describe on the surface of the celestial sphere cut the meridian,
 
 THE MONTHLY EVENTS Strictly speaking in order of time, the first class of uniformities from which the measurement of time proceeded were in all probability the lunar phenomena, from which we got the grouping of days into months and weeks
 
 (quarter months). There are still backward peoples who have not learned to reckon in years of equivalent length. The recognition of the month is wellnigh universal even among hunting tribes with no settled agriculture.
 
 Moonlight is a circumstance of enormous importance in the everyday life of people who have crude means of artificial illumination. Even today in
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 remote parts of the country the time of full
 
 moon
 
 is
 
 chosen for a long night
 
 journey.
 
 An
 
 interval of roughly thirty days separates
 
 from another. The two half moons, the
 
 one
 
 full
 
 moon
 
 or
 
 new moon
 
 "quarter" when waxing and the third "quarter" when waning, complete the division of the month into quarters, which roughly correspond to our week. Near the sea it is noticed that the tides are exceptionally high when the moon is invisible through the
 
 FIG.
 
 7.
 
 first
 
 THE MONTHLY CYCLE OF THE MOON'S PHASES
 
 whole night (new moon) and when it is full. At first and third quarter (half moons) the high-water mark is exceptionally low. The most important thing (Fig. 5) connected with the changing appearance of the moon is that as the moon waxes and wanes it rises towards the east a little later every day. At first quarter (Fig. 7) it is already high in the heavens at sunset, setting about midnight. The full moon rises about sunset, is at its highest about midnight, and sets towards sunrise. At the third quarter the waning moon does not rise till about midnight, is seen at its highest point ("crosses the meridian") about sunrise, and is visible during the morning by daylight.* The moon seems to partake of the general motion of the celestial sphere, * The relative times of setting and rising of the sun and moon depend partly on their declinations, as explained HI Chapter II, and are different at different seasons. These remarks, like others on the next page, are only to be taken as a rough outline
 
 of what happens.
 
 Pole Star and Pyramid Sirius, the brightest star in the sky. Sirius is a winter star, rising at sunset about the beginning of January. Early in March it is already setting by midnight. After being invisible throughout the night in June, Sirius reappears
 
 Sun, transits /ugfc above famzoti ,June ZLst.
 
 '
 
 ^4^^/^& (Sun, in, tyias rises
 
 E. (in /r
 
 \
 
 Capnconi)
 
 (Sltt^ in- Libra, vises due.
 
 FIG.
 
 9.
 
 THE CHANGING HEAVENS
 
 The
 
 successive positions of the sun in the heavens during its annual retreat below the eastern horizon in the circle called the ecliptic were mapped out by the ancient priesthoods in milestones corresponding to the twelve months of the year. These milestones, the zodiacal constellations^ were groups of stars whose rising and setting positions roughly corresponded to that of the sun at a particular season. Owing to the slow rotation (precession of the equinoxes) of the equinoctial circle about the ecliptic, the sun's position among the fixed stars at a particular season is not the same as it was in ancient times, here shown. When the sun occupies the position of Aries (i.e. is seen in the same direction as Aries would be seen if visible), it sets and rises with the month later, when the sun is in Taurus, Taurus latter, which is therefore invisible. rises and sets with the sun and is invisible. Aries is seen rising just before sunrise where the sun rose a month earlier. When the sun was in Aries, Taurus would have been setting for about an hour after sunset where the sun would sink below the horizon a month later. The constellations corresponding to the sun's position during the
 
 A
 
 summer months (Taurus and
 
 Virgo, Gemini and Leo, Cancer) had northerly risings and therefore remaining long above the horizon in the winter night sky. The constellations mapping put the sun's position in the winter months (Pisces and Scorpio, Aquarius and Sagittarius, Capricorn) have southerly risings and settings, describing short arcs above the horizon and being conspicuous during the short summer nights. (See also Figs. 138 and 166.)
 
 and
 
 settings, describing large arcs
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 on the eastern horizon a few minutes before sunrise on time
 
 a day in July. This
 
 when
 
 the flooding of the Nile brought assurance happened of food and prosperity to the Middle Kingdom. The advanced state of astronomical knowledge in the calendar civilizations of antiquity need not at the
 
 surprise us,
 
 when we
 
 peoples whose
 
 cultural
 
 take stock of the astronomical knowledge of living development is in other respects very primitive. The
 
 following extracts from Nilsson's* (pp. 109-143), are instructive
 
 monograph
 
 Primitive Time Reckoning
 
 :
 
 Time-indications from the phases of the climate and of Nature are only approximate: they themselves, like the concrete phenomena to which they
 
 ... In general, primitive man takes no notice of these variations the Banyankole, for instance, are indifferent as to whether the year is one or even three weeks longer or shorter, i.e. whether the rainy season opens so much earlier or later. The days are not counted exactly, but the people are content with the concrete phenomenon. More accurate points of reference are, however, especially desirable for an agricultural people, since, although the right time for sowing can be discerned from the phenomena and general conditions of the climate, yet a more exact determination of time may be extremely useful. The possibility of such a determination exists and that at a far more primitive stage than that of the agricultural peoples in the observation of the stars, and especially in the observation of the so-called " " or, more properly, visible risings and settings of the fixed stars, apparent the importance of which has already been explained. The observation of the morning rising and evening setting is extraordinarily widespread, but other positions of the stars, e.g. at a certain distance from the horizon, are also sometimes observed. The Kiwai Papuans also compute the time of invisibility of a star. When a certain star has sunk below the western horizon they wait for some nights during which the star is "inside"; then it has "made a leap," and shows Stellar science and itself in the east in the morning before sunrise. mythology are therefore widespread among the primitive and extremely primitive peoples, and attain a considerable development among certain barbaric peoples. Although this must be conceded, some people are apt to think that the determination of time from the stars belongs to a much more advanced stage it is frequently regarded as a very learned and very late mode of timereckoning. Modern man is almost entirely without knowledge of the stars; for him they ^'?e the ornaments of the night-sky, which at most call forth a vague emotion or are objects of a science which is considered to be very difficult and highly specialized, and is left to the experts. It is true that the accurate determination of the risings and settings of the stars does demand scientific work, but not so the observation of the visible risings and settings. Primitive refer, are subject to fluctuation. :
 
 .
 
 .
 
 .
 
 :
 
 rises and goes to bed with the sun. When he gets up at dawn and steps out of his hut, he directs his gaze to the brightening east, and notices the stars that are shining just there and are soon to vanish before the light of the sun. In the same way he observes at evening before he goes to rest what stars appear in the west at dusk and soon afterwards set there. Experience teaches him that these stars vary throughout the year, and that this variation keeps pace with the phases of Nature, or, more concretely expressed, he learns that the risings and settings of certain stars coincide with certain natural phenomena. . . Just as the advance of the day is discerned from the position of the sun, so the advance of the year is recognized by the position of certain stars at sunrise
 
 man
 
 .
 
 * Acta Soc.
 
 Human.
 
 Litt. Lundensis, 1920.
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 and
 
 sunset. Stars and sun alike are the indicators of the dial of the heavens. determination of this kind, however, is not so accurate as that from heliacal risings and settings. Hence the latter pass almost exclusively or at least preeminently under consideration wherever, as in Greece, a calendar of the natural year is based upon the stars: sometimes, however, the upper culmination is given. ... In order to determine the time of certain important natural phenomena it is therefore sufficient to know and observe a few stars or constellations with accuracy and certainty. The Pleiades are the most important. It has been asked why this particular constellation, consisting as it does of comparatively small and unimportant stars, should have played so great a part, and the answer is chiefly that its appearance coincides (though this is true of An account of other stars also) with important phases of the vegetation. the Bushmen shows how extremely primitive peoples may also observe the which is indeed risings of the stars, may connect them with the seasons, and
 
 A
 
 .
 
 somewhat
 
 rare
 
 may even worship them.
 
 .
 
 .
 
 .
 
 .
 
 .
 
 Canopus and
 
 Sirius appear
 
 in winter, hence the cold is connected with them. . . . The Hottentots connect the Pleiades with winter. These stars become visible in the middle of in the first half of the cold season, and are therefore called "Rimetime of their becoming visible the nights may be already so cold that there is hoar-frost in the early morning. The appearance of the Pleiades also gives to the Bushmen of the Auob district the signal for departure
 
 June, that
 
 is,
 
 stars," since at the
 
 tsama field. ... A tribe of Western Victoria connected certain conwith the seasons. The winter stars are Arcturus who is held in great respect since he has taught the natives to find the pupae of the woodand ants, which are an important article of food in August and September Vega, who has taught them to find the eggs of the mallee-hen, which are also an important article of food in October. The natives also know and tell stories of many other stars. Another authority states that they can tell from the position of Arcturus or Vega above the horizon in August and October respectively For example, when when it is time to collect these pupae and these eggs. Canopus at dawn is only a very little way above the eastern horizon, it is time to the
 
 stellations
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 when the Pleiades are visible in the east a little before sunrise, the time has come to visit friends and neighbouring tribes. The Chukchee form out of the stars Altair and Tarared in Aquila a constellation named pchittin, which is believed to be a forefather of the tribe who, after death, ascended into heaven. Since this constellation begins to appear above the horizon at the time of the winter solstice, it is said to usher in the light of the new year and most families belonging to the tribes living by the sea bring their sacrifices at its first appearing. . The South American Indians have much greater knowledge of the stars, and in consequence frequently connect stellar phenomena, especially those of the Pleiades, with phases of Nature. In north-west Brazil the Indians determine the time of planting from the position of certain constellations, in particular the Pleiades. If these have disappeared below the horizon, the regular heavy rains will begin. The Siusi gave an accurate account of the progress of the constellations, by which they calculated the seasons, and in explanation drew three diagrams in the sand. No. 1 had three constellations: "a Second Crab," which obviously consists of the three bright stars west of to collect eggs;
 
 .
 
 .
 
 Leo, "the Crab," composed of the principal stars of Leo, and "the Youths," i.e. the Pleiades. When these set, continuous rain falls, the river begins to rise, beginning of the rainy season, planting of manioc. No. 2 had two constellations: "the Fishing Basket," in Orion, and kakudzuta, the northern part of Eridanus, in which other tribes see a dancing implement. When these
 
 B
 
 Science for the Citizen
 
 34 much
 
 the water in the river is at its highest. No. 3 was "the Scorpio. When this sets there is little or no rain, the water is at its lowest. The natives of Brazil are acquainted with the course of the constellations, with their height and the period and time of their appearance in, and disappearance from the sky, and according to them divide up their seasons. ... In Africa also the observation of the stars, and above all the Pleiades, is widespread. In view of the dissemination of this knowledge all over the world set,
 
 rain
 
 falls,
 
 Great Serpent,"
 
 i.e.
 
 it is making a quite unnecessary exception to state that it came into Africa from Egypt. Moreover, this assertion does not correspond with the facts, since among the Egyptians Sirius, and not the Pleiades, occupied the chief place. The Melanesians of Banks Island and the northern New Hebrides are also acquainted with the Pleiades as a sign of the approach of the yam-harvest. .
 
 .
 
 .
 
 The
 
 inhabitants of
 
 New
 
 Britain (Bismarck Archipelago) are guided in ascerMoanu of the
 
 taining the time of planting by the position of certain stars. The Admiralty Islands use the stars as a guide both on land and at sea,
 
 and recognize the season of the monsoons by them. When the Pleiades (tjasd) appear at nightfall on the horizon, this is the signal for the north-west wind to begin. But when the Thornback (Scorpio) and the Shark (Altair) emerge as twilight begins, this shows that the south-east wind is at hand. When the "Fishers' Canoe" (Orion, three fishermen in a canoe) disappears from the horizon at evening, the south-east wind sets in strongly: so also when the constellation is visible at morning on the horizon. When it comes up at evening, the rainy season and the north-west wind are not far off. When "the Bird" (Canis major) is in such a position that one wing points to the north but the other is still invisible, the time has come in which the turtles lay eggs, and many natives then go to the Los-Reys group in order to collect them. The Crown is called the "Mosquito-star," since the mosquitoes swarm into the houses when this constellation sets. The two largest stars of the circle are called pitui and papal i when this constellation becomes visible in the early morning, the time is favourable for catching the fish papai. The natives of the Bougainville Straits are acquainted with certain stars, especially the Pleiades: the rising of this a sign that the kai-nut is ripe a ceremony takes place at this Island a grand festival is held towards the end of October, so far as could be ascertained to celebrate the approaching appear-
 
 constellation
 
 season.
 
 is
 
 :
 
 On Treasury
 
 in order
 
 ance of the Pleiades above the eastern horizon after sunset. In Ugi, where of all the stars the Pleiades alone have a name, the times for planting and taking up yams are determined by this constellation. In Lambutjo the year is reckoned . When the stars indicate this or . according to the position of the Pleiades. that event, the primitive mind, as so often happens, is unable to distinguish .
 
 between accompanying phenomena and causal connexion; it follows that the regarded as authors of the events accompanying their appearance, when these take place without the interference of man. So in ancient Greece the expressions (a certain star) "indicates" or "makes" certain weather were not kept apart, and the stars were regarded as causes of the atmospheric phenomena. A similar process of reasoning is not seldom found among primitive peoples, and a few instances have already been given, such as the warning-incantation of the Bushmen against Canopus and Sirius, the name given to the Pleiades among the Bakongo ("the Caretakers-who-guard-the-rain"), and the belief that the rain comes from them, the myth of the Euahlayi tribe that the Pleiades let ice fall down on to the earth in winter and cause thunderstorms, in other words send the rain, and the belief of the Marshall Islanders that the stars are
 
 various positions of certain stars cause storms or good winds.
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 These extracts illustrate how familiar facts in the lives of food-gathering and primitive agrarian communities prepare the way for a fixed calendar and the emergence of a temple culture. The separation of a caste entrusted with the social responsibility of regulating the seasonal pursuits of a settled agrarian economy marks the beginning of written history. Only at this point does the need for a permanent record of events and measurements also, we see history repeating itself or if you prefer it history at a standstill in backward cultures of the present day. Speaking of the time-keeping function of the priesthood in contemporary societies,
 
 emerge. Here,
 
 Nilsson says (pp. 347-354):
 
 As long as the determination of time is adjusted by the phases of Nature which immediately become obvious to everyone, anybody can judge of them, and should different people judge differently there is no standard by which the dispute can be settled, because the natural phases run into one another or are at least not sharply defined. The accuracy in determination demanded by time-reckoning proper is therefore lacking. Accuracy becomes possible as a result of the observation of the risings of stars, and this observation begins even at the primitive stage,
 
 but
 
 it is
 
 not a matter that concerns everyone.
 
 It requires
 
 power of observation and a clear knowledge of the stars, so that the heavens can be known. This is especially the case with the commonest observations, those of the morning rising and evening setting. The observer must be able to judge, by the position of the other stars, when the star in question may be expected to twinkle for a moment in the twilight before it vanishes. The accuracy of the time-determination from the stars depends therefore upon a refined
 
 the keenness of the observation. In this the individual differences of men soon into play, along with a regular science which introduces the learner to the knowledge of the stars and its uses. Thus Stanbridge reports of the natives of Victoria that all tribes have traditions about the stars, but certain families have the reputation of having the most accurate knowledge; one family of the Boorung tribe prides itself upon possessing a wider knowledge of the stars than any other. ... By the phases of the stars both occupations and seasons are regulated, and thus a standard is furnished by which to judge, and a limit is The moon strikes the set to the indefiniteness of the phases of Nature. . attention of everyone and admits of immediate and unpractised observation; at the most there may sometimes be some doubt for a day as to the observation of the new moon, but the next day will set all right. But because the months are fixed in their position in the natural year through association with the seasons, the indefiniteness and fluctuation of the phases of Nature penetrate into the months also, and are there even increased, for the reasons stated above. Cause for doubt and disagreement is given, the problem of the regulation of the calendar arises. Hence in the council meetings of the Pawnee and Dakota it is often hotly disputed which month it really is. So also the Caffres often become confused and do not know what month it is; the rising of the Pleiades decides the question. The Basuto in determining the time of sowing are not guided by the lunar reckoning, but fall back upon the phases of Nature; intelligent chiefs, however, know how to correct the calendar by the summer The differences in intelligence already make themselves felt at an solstice. . . early stage, and are still more plainly shown when we come to a genuine regulation of the calendar. Some of the Bontoc Igorot state that the year has eight, others a hundred months, but among the old men who represent the wisdom of the people there are some who know and assert that it has thirteen. The
 
 come
 
 .
 
 .
 
 .
 
 Science for the Citizen further the calendar develops, the less does it become a common possession. the Indians, for example, there are special persons who keep and interpret year-lists illustrated with picture-writings, e.g. the calendrically gifted Anko, who even drew up a list of months. It is very significant that even where a complete calendar does exist, it will be found that this is not in use to its fullest extent among the people. ... It follows that the observation
 
 Among
 
 is a special occupation which is placed in the hands of specially experienced and gifted men. Among the Caffres we read of special "astrologers." Among the Kenya of Borneo the determination of the time for sowing is so
 
 of the calendar
 
 on June. 21
 
 on Dec. 21.
 
 Due FIG. 10
 
 This figure shows
 
 how the
 
 sun's apparent track in the heavens varies with the seasons The noon shadow is shortest, i.e. the noon sun is highest, on June 2 1st. The noon shadow is longest, i.e. the noon sun is at its lowest, on December 21st. At the equinoxes, midway between, the sun rises due east and sets due west. Owing to distortion in a plane figure, the noon shadow is relatively larger than it should be. In reality, of course, the shadow is always shortest and always points due north at
 
 important that in every village the task is entrusted to a man whose sole occupait is to observe the signs. He need not cultivate rice himself, for he will receive his supplies from the other inhabitants of the village. His separate position is in part due to the fact that the determination of the season is effected by observing the height of the sun, for which special instruments are required. tion
 
 The
 
 process is a secret, and his advice is always followed. It is only natural that this individual should keep secret the traditional lore upon which his position
 
 depends; and thus the development of the calendar puts a still wider gap between the business of the calendar-maker and the common people. Behind the
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 calendar stand in particular the priests. But they are the most intelligent and learned men of the tribe, and moreover the calendar is peculiarly their affair if the development has proceeded so far that value is attached to the calendar for the selection of the proper days for the religious observances. Among the priests there is formed a special class whose duty it is to make observations and keep the calendar in order. Among the Hawaiians "astronomers (kilo-hoku)
 
 FIG. 11.
 
 FIXING THE MERIDIAN IN ANCIENT TIMLS
 
 The method of equal altitudes was used to get the direction of the north point exactly. The points at which this shadow just touched a circle traced on the sand around the shadow clock
 
 shortly before and after
 
 noon were noted, and the
 
 arc
 
 was bisected.
 
 and priests" are mentioned; they handed down their knowledge from father to women, kilowahine, are also found among them. Elsewhere the nobles
 
 son; but
 
 appear alongside of the priests; thus in Tahiti it is the nobles who are responZealand the priests. In the latter country there sible for the calendar, in is said to have been a regular school, which was visited by priests and chiefs
 
 New
 
 of highest rank. Every year the assembly determined the days on which the corn must be sown and reaped, and thus its members compared their views upon the heavenly bodies. Each course lasted from three to five months.
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 Wherever we find a calendar priesthood in existence among contemporary peoples in a backward state of culture, or in ancient civilizations as far removed as the Megalithic of Stonehenge and the Maya temples of Guatemala, knowledge of a second group of phenomena based on the sun's behaviour grows side by side with and tends to displace the reckoning of the year by the rising and setting of stars. The sun's noon shadow waxes and wanes. In using the noon shadow as a time marker, man learned to distinguish four days which have a characteristic relation to the seasonal changes of wind,
 
 Sun
 
 FIG. 12.
 
 FIXING THE
 
 DAY
 
 OF THE EQUINOCTIAL FESTIVAL
 
 early calendrical monuments suggest that the equinox was fixed by observations on the rising or setting sun of the solstices (December 21st and June 21st), when the sun rises and sets at its most extreme positions towards the south and north and B are two poles placed in alignment with the setting respectively. In the figure, and C in line with the setting sun sun of the winter solstice. The distance between and B. Midway on of the summer solstice is the same as the distance between its journey between the two extremes the sun rises and sets due east and west, and the lengths of day and night are equal. Hence these two days (March 21st and September 23rd) are called the equinoxes. In ancient ritual they were days of great importance. The east and west points on the horizon can be obtained by bisecting the
 
 Some
 
 A
 
 A
 
 A
 
 angle
 
 BAG.
 
 and warmth. The length of the day is longest when the noon shadow and the sun travels round the heavens perceptibly nearer the northern hah of the horizon on the summer solstice (June 21st in our
 
 rainfall, is
 
 shortest
 
 The length of the day is appreciably shortest when the longest and the sun rises and sets furthest towards the southern limit of the horizon on the winter solstice (December 21st). Midway calendar) (Fig. 10).
 
 noon shadow
 
 is
 
 between these two dates are two days on which the hands of the shadow dock describe a semicircle. On these two days, the vernal equinox (March 21st) and the autumnal equinox (September 23rd), day and night are of equal length. The sun rises exactly halfway between the north and south points of the horizon on the east side and sets exactly halfway between the north
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 and south points of the horizon on the west side. Due east is the position of the rising sun on the equinoxes. Due west is the position of the setting sun on the same days. The surface bounded by the track of the equinoctial sun from the east and west points of the horizon gave the priestly custodians of the calendar a third plane of reference at right angles to the earth's axis and 9). It is called the celestial equator or equinoctial. One of the earliest problems in., the practical geometry of a calendar
 
 (see Figs. 3, 6,
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 FIG. 44
 
 The
 
 pole is half-way between the positions of a circumpolar star at its upper and lower culmination. Hence the angle (B) between the celestial pole and a circumpolar star is twice the angle between its positions at lower and upper transit. So if the 2B. The a altitude of the star at lower transit is a 3 and at upper transit A, observer's latitude is the altitude of the celestial pole. celestial
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 S.P.D.
 
 It will help you to visualize the meaning of declination if you see how the declination of a heavenly body affects its direction of rising, setting, transit, etc., by considering the appearance of the heavens at some particular latitude, e.g. Lat. 50 N. in Figs. 45 and 46. You see for instance that the plane of the midsummer sun's (declin. 23|) apparent diurnal path cuts the horizon plane north of the midpoint between the north and south extremities of the horizon, so that the sun rises and sets north of the east and west points between March 21st and September 23rd and transits on June 21st 26J south of the zenith. Between September 23rd and March 21st the declination is negative, being 23J on December 21st, and the sun rises and sets towards the south. It transits only 16J above the horizon at Lat. 50 N. on December 21st. Without making any measurements at all, you can get a good estimate of your latitude (L) if you know the stars by name and have an almanac at hand. The following simple deductions illustrated in Fig. 46 apply to latitudes north of
 
 = +
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 A
 
 corresponding figure will show you how to for latitudes farther south. (a) If the declination of a star is greater than -i
 
 45 N. (c)
 
 modify rules
 
 L,
 
 the star
 
 (a), (b)
 
 is
 
 and
 
 circum-
 
 polar and transits north of the zenith. (b) If the declination of a star is exactly -f L, it is circumpolar and transits at the zenith. and (90 L), it is circumpolar (c) If its declination lies between -\- L and transits south. If its declination is exactly (90 L), it just grazes the
 
 northern horizon at lower transit.
 
 "ft
 
 FIG. 45
 
 The sun
 
 at latitude
 
 50
 
 the southern horizon. horizon.
 
 N
 
 transits
 
 on June 21st 26
 
 On December
 
 21st
 
 it
 
 S from the zenith and 03 T above KU above the southern
 
 transits only
 
 it rises and sets north L) and (d} If its decimation lies between (90 of the east and west points of the horizon, and transits south. ',
 
 (e)
 
 If its declination
 
 is
 
 0,
 
 it rises
 
 between
 
 and
 
 exactly
 
 and
 
 sets
 
 due
 
 east
 
 and west and
 
 transits south. (/) If its declination lies transits towards the south.
 
 (g) If its declination is exactly
 
 (90
 
 - L),
 
 (90 it
 
 L),
 
 it
 
 rises, sets,
 
 and
 
 just grazes the southern
 
 horizon at upper transit.
 
 from these considerations that a table of declinations fixes your if you can distinguish any star which transits at the zenith, any star which just grazes the northern horizon at lower transit, or any star which just grazes the southern horizon. In a similar way, you can find your south latitude if you live in the southern hemisphere. The previous figure (Fig. 45) shows you that the lengths of day and night are equal on the equinoxes, and that the lengths of night and day are reciprocally equivalent on alternate solstices. To get a picture of the rising and setting of a star at different times of the year, you need to know its R.A. and that of the sun, From the diagram you It follows
 
 north latitude,
 
 Pompey*s Pillar will see that if a star has south declination, it will never, at the latitude specified, be above the horizon for half its diurnal course, i.e. twelve hours. This means it is a winter star, it will traverse its complete course over the horizon in time than the duration of darkness which is then greater than twelve hours. To lay off the other coordinate of a star corresponding to longitude, we
 
 that if less
 
 have to choose a base line in the heavens is
 
 usually taken as
 
 like the
 
 for terrestrial position.
 
 Greenwich meridian, which
 
 The one chosen
 
 is
 
 the semi-
 
 FIG. 40
 
 At Latitude 50 N. Star (a) declination greater than .30,, is circumpolar, and transits north of the zenith. Star declination exactly SO , transits at the zenith and is also circumpolar. Star (c) declination 40 (N.P.D.^ 50)., transits south of the zenith at its upper culmination and just grazes the horizon at its lower. Star (d} declination less than 40, greater than 0, transits south, rises in the northeast and sets in the north-west. Star 0) declination exactly 0, rises due east and sets due west, transits south. Star (/) declination less than 0% greater than 40, rises in the south-east, sets in the south-west and transits south. ~~ Star (g) declination exactly 40% just grazes the horizon at transit.
 
 of right ascension on which the sun lies at the exact moment when it crosses the equator on the vernal equinox (Figs. 47 and 48). Where the equinoctial intersects with the ecliptic in the spring position of the sun is circle
 
 called the First Point of Aries. This is the celestial Greenwich. The Right Ascension of a star is the hour angle which separates it from the Right Ascension circle which passes through the First Point of Aries. It is measured eastwards. So it is obtained by subtracting the time* at which the First Point of Aries crosses the meridian from the time at which the star under observation crosses the meridian. It is therefore usually given in hours rather than *
 
 Strictly sidereal (see p. 60).
 
 neglected.
 
 The
 
 error in counting
 
 it
 
 as solar for short periods is
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 =
 
 =
 
 1 hour, or 1 4 minutes). This practice may at first confuse degrees (15 because you, degrees, like hours, are divided into minutes and seconds. So it is always important when speaking of seconds or minutes to make sure whether ' units of time or angular measure are being used. The signs and " are used
 
 and seconds. For rough purposes the method of finding the R.A. of a star is therefore as follows. Determine the time at which any star crosses the meridian after for angular minutes
 
 FIG. 47
 
 Noon
 
 Greenwich on March 21st. Showing relation of R.A., longitude, and time. At noon the R.A. meridian of the sun in the celestial sphere is in the same plane as the longitude meridian of the observer. If you are 30 W. of Greenwich the earth must rotate through 30 or /j of a revolution, taking 2 hours, before your meridian is in the plane of the sun's, or the sun must appear to travel through 30 before its meridian is in the same plane as yours. Hence your noon will be 2 hours behind Greenwich. A clock set by Greenwich time will record 2 p.m. when the sun crosses your meridian, i.e. at noon local time. If the date is March 21st when the sun's R.A. is zero a star of at
 
 right ascension 6 hours will cross the meridian at 6 p.m. local time. If
 
 it
 
 crossed at
 
 8p.m. Greenwich time your clock would be 2 hours slow by Greenwich, so your longitude would be 30 W. The figure shows the anti-clockwise rotation of the stars looking northwards, so the south pole
 
 is
 
 nearest to you.
 
 sunset on the vernal equinox. The sun is approximately at the First Point of Aries at noon on that day. So the number of hours which elapse between noon and the time when the star crosses the meridian after sunset is approximately its right ascension. If a star is not visible on the night following noon on the vernal equinox, we have only to compare its time of transit at a
 
 convenient season with that of one which is visible throughout the year, e.g. a in Ursa Major. If it transits before the standard star, we subtract the difference from the R.A. of the latter. If it transits later, we add the difference. rains or the sky is overcast on the night following the vernal equinox, we can use the sun as our standard star, taking its right ascension as 6 hours on June 21st, 12 hours on September 23rd, or 18 hours on December 21st, and so forth. Since the sun retreats eastwards through 360 in 365 days, its
 
 If it
 
 Pompey's Pillar R.A. increases from
 
 93
 
 at the vernal equinox to 360 at the next by roughly
 
 1
 
 per day.
 
 Hence, if the R.A. of Betelgeuse is stated to be approximately 5 hours 50 minutes, this means that Betelgeuse transits 5 hours 50 minutes after the First Point of Aries (T), or approximately at 5.50 p.m. on the day following the vernal equinox (Fig. 48). It will therefore be invisible at the time of transit since the sun has not quite set. A month earlier (30 days) the sun would not yet have reached T in its annual retreat eastward in the ecliptic., and its R.A. would be 360 330 approximately, or in time units 30 22 hours. Thus the sun would transit 2 hours before T, and the star would
 
 =
 
 .oi^-'^X.V
 
 ip&'ff W &/
 
 V
 
 Y
 
 i.e.
 
 it is
 
 a winter star like Betelgeuse.
 
 therefore cross the meridian 7 hours 50 minutes after the sun, i.e. at 7.50 p.m. R.A. differs from that of the sun by
 
 A star will transit at midnight when its
 
 180, or 12 hours. Hence Betelgeuse would transit at midnight when the sun's R.A. is 17 hours 50 minutes, i.e. when the sun's R.A. is about 10 minutes behind its R.A. on December 21st. Since 10 minutes in time represents (10 -f- 60) x 15 2|, this is approximately 2 days before December 21st, i.e. about December 19th. Alternatively you can look on the R.A. of a star as a way of determining local time at night. Thus, if the R.A. of Betelgeuse is given as 5 hours 50 minutes, and the date is November 1st, we can set a watch which has
 
 =
 
 stopped by finding the moment at which it crosses the meridian. On November 1st, 39 days after the autumnal equinox (when the sun's R.A. is 12 hours
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 or 180) the sun's R.A.
 
 is
 
 approximately 219, or
 
 (
 
 V
 
 12+ 15
 
 ]
 
 hours=]4 hours
 
 y
 
 =
 
 36 minutes. The sun therefore transits 24 hours 14 hours 36 minutes 9 hours 24 minutes before T, or 15 hours 14 minutes before the star. When Betelgeuse transits the local time see
 
 from
 
 is
 
 therefore 15.14 p.m., or 3.14 a.m.
 
 this that a single glance at a table
 
 T
 
 FIG. 49.
 
 STAR
 
 MAP
 
 of R.A.
 
 tells
 
 You will
 
 you whether a
 
 star
 
 (First point of Aries'
 
 (OR PLANISPHERE) TO ILLUSTRATE RELATION OF
 
 RIGHT ASCENSION TO LOCAL TIME OF TRANSIT If the sun's R.A. is x it transits x hours after the zero R.A. circle (though the First Point of Aries). If the star's R.A. is y, it transits y hours after r The star therefore transits y x hours after the sun,, i.e. its local time of transit is (y - x). Hence .
 
 -
 
 Star's
 
 R.A.
 
 Sun's R.A.
 
 -
 
 Local time of
 
 transit
 
 It may happen that the difference is negative, as in the example in the figure, the local time of transit being 15 hours 9 minutes, i.e. 15 hours 9 minutes before noon which is the same as 8 hours 51 minutes after noon (8.51 p.m.). The figure shows that the sun transits 3 hours before T, and the star 5 hours 51 minutes after, making the time of transit as stated. The orientation is the same as in Fig. 47.
 
 in the ascendant in summer, winter, spring, or autumn. That the R.A. of Betelgeuse is 5 hours 50 minutes means that Betelgeuse occupies the same position in the celestial sphere as the sun does approximately 10 4, or 2J- days before June 2lst (when its R.A. is 6 hours), i.e. about June 19th. is
 
 ~
 
 Hence and
 
 is
 
 it
 
 will transit
 
 months
 
 later at
 
 midnight (about December 19th),
 
 a winter star.
 
 In taking the position of
 
 T
 
 as the sun's position at
 
 noon on the vernal
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 equinox there is a small inaccuracy.* The way in which we actually determine the vernal equinox does not mean that the sun is exactly over the equator at local noon on that day. Hence the sun is not exactly at the First Point of Aries when it crosses the meridian. The vernal equinox is chosen as the day on which the sun at noon is nearer to the plane of the equator than it is on the day before or the day after. It is exactly at the First Point of Aries at some time on the vernal equinox, that is to say., within 12 hours before noon or after noon. Since it slips back eastwards at the rate of 1 per day of 24 hours, the method given does not involve an error of more than | or 2 minutes of time in right ascension. The sun's right ascension at noon on the vernal equinox, therefore, lies between 23 hours 58 minutes and hour 2 minutes. With home-made instruments we can be very well satis -
 
 ZENITH
 
 FIG. 50 crossing the equator. Above just before March 21st, sun south of the equator, declination (noon z.d. of sun as seen by an observer at the equator) negative. Below just after March 21st declination positive.
 
 The sun
 
 this. It only involves an error of in At the equator that means a distance of roughly (2rr x 4,000) -: x 360), or about 35 miles in a measurement round the earth.
 
 fied
 
 with an error as small as
 
 -J
 
 longitude. (2
 
 For more accurate determination of the R.A. of a star we require to know the sun "crosses the equator," i.e. when it is exactly at the point when the ecliptic intersects with the equinoctial. Over the equator the sun is highest at noon on the equinox, being south of the zenith (z.d. negative) on the day preceding the vernal equinox and north (z.d. positive) on the day following it (Fig. 50). Since the declination of a heavenly body is its z.d. in meridian transit at the equator, the declination changes from negative to positive through zero. The time at which the sun crosses the equator can be found approximately thus. Suppose the declination of the sun by z.d. at noon is known for the day before and after the equinox, so that
 
 when
 
 :
 
 Decimation
 
 at
 
 noon March 20th March 22nd
 
 Declination at noon
 
 * See also footnote on p. 91.
 
 = =
 
 D -f
 
 d
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 In 48 hours the increase in declination
 
 d In
 
 t
 
 hours
 
 it is
 
 -
 
 (- D)
 
 therefore
 
 is
 
 -
 
 :
 
 +D
 
 d
 
 :
 
 d
 
 -^T Kt If t hours after noon on March 20th equator, the declination increases from
 
 is
 
 the time when the sun crosses the in t hours, i.e. the increase to
 
 D
 
 isD.
 
 t
 
 If the time
 
 __
 
 ~48Dr"
 
 reckoned from noon on March 21st,
 
 is
 
 t
 
 -
 
 24
 
 24(D
 
 =
 
 -
 
 it is
 
 d)
 
 D
 
 24) Suppose, then, that the sun crosses x hours after noon. In these x (= t at the rate of 1 or an hour angle of 4 minutes hours it advances east towards Ay v -~ = - minutes in time units west of at noon. Therefore per day, i.e. it will be
 
 T
 
 T
 
 x p crosses the meridian - minutes
 
 x 6
 
 after
 
 6
 
 noon, and the sun's R.A.
 
 at
 
 noon
 
 is
 
 minutes expressed in time units. This quantity will have to be added to
 
 the difference in sidereal time after noon when a star crosses the meridian to hours after noon on the its true R.A. So if the time of transit of a star is
 
 T
 
 get
 
 equinox,
 
 its
 
 Almanack,
 
 R.A.
 
 1934,,
 
 will be:
 
 after
 
 -f
 
 ^) O
 
 = T -
 
 D
 
 -\
 
 -
 
 d)
 
 d
 
 ~.
 
 According to Whitaker's
 
 t)
 
 noon were:
 
 19-2 minutes (angular units) 28-2 minutes (angular units)
 
 noon March
 
 24(D
 
 i.e.
 
 (
 
 the declinations of the sun at
 
 March 20th March 22nd Hence the time
 
 T+
 
 21st
 
 -9
 
 when
 
 x 24
 
 47-4
 
 =
 
 the sun crossed was:
 
 4-5 approx.
 
 the sun crossed the equator 4| hours before noon or at 7.30 a.m. on 21st. Hence the time at which crosses the meridian is
 
 T
 
 March
 
 4-5
 
 -
 
 minutes D
 
 before
 
 =
 
 45 seconds (approx.)
 
 noon and the R.A. of the sun at noon is 45 seconds. This must be added which elapses between noon and the next transit of a star to get its
 
 to the time
 
 correct R.A. in time units.
 
 important to bear in mind that mapping stars in this way is merely of way telling us in what direction we have to look or to point a telescope in order to see them. The position of a star as shown on the star map -has It is
 
 a
 
 Pompey's Pillar nothing to do with how
 
 far
 
 it is
 
 away from
 
 us. If
 
 97 you dug
 
 straight
 
 down
 
 following the plumbline, you would eventually reach the centre of the earth; and the bottom of a straight well, as viewed from the centre of the earth,
 
 were possible, would therefore be exactly in line with the top. It has the same latitude and longitude as the latter, though it is not so far away from the earth's centre. The latitude or longitude of the bottom of a mine if that
 
 the latitude and longitude of the spot where the line joining it with the centre of the earth, if continued upwards, cuts the earth's surface. So the declination and right ascension of a star measure the place where the line
 
 is
 
 joining the earth's centre and the star cuts an imaginary globe whose radius extends to the farthermost stars. In a total eclipse the sun and the moon
 
 have the same declination and R.A. just as the top and bottom of a mine have the same latitude and longitude. This means that the sun and moon are directly in line with the centre of the earth like the top and the bottom of a mine. If we are only concerned with the direction along which we have to look or tilt our telescope to see a star, we may therefore treat stars as if they were all placed on the surface of one and the same celestial sphere.
 
 INTERPRETATION OF THE STAR MAP
 
 Having determined the relative positions of a sufficient number of bright Hipparchus tabulated 1,080 fixed stars in 150 B.C. we can construct a star map like that of the northern celestial hemisphere in Fig. 51. Such a map or planisphere embodies in a compact form all the requisite data, set forth with more precision in nautical almanacs, for finding the position of stars
 
 a ship at sea.* To find latitude at the
 
 time
 
 from the declination of any star which is near the meridian require to know where we are, we make use of the
 
 when we
 
 simple rule explained in Fig. 43, Declination =
 
 Latitude
 
 +
 
 i.e.
 
 Z.D. or Latitude
 
 =
 
 Declination -~ Z.D.
 
 To make
 
 this apply to all circumstances, it is necessary to reckon z.d. with opposite signs north and south of the zenith, and latitude or decimation with opposite signs north and south of the equator. By agreement, north measure-
 
 ments are reckoned positive, south measurements negative. Thus, as you see from Fig. 43, with northern latitudes we may distinguish three cases: (a)
 
 Star north of the equator and zenith: Decimation and z.d. both positive
 
 (6)
 
 (c)
 
 will
 
 :
 
 D
 
 L
 
 Z
 
 Star north of equator, south of the zenith: declination positive, z.d. Z .". -f- ( Z), negative:
 
 L=D
 
 L=D
 
 Star south of the equator and zenith declination and z.d. both negative :
 
 L=
 
 (
 
 Z)
 
 (
 
 /.
 
 D),
 
 :
 
 L=D-Z
 
 For latitudes south of the equator the three corresponding cases are (a) Star north of the equator declination and z.d. both positive
 
 :
 
 :
 
 (- L) *
 
 The
 
 first
 
 -Z-
 
 hint of such a
 
 D,
 
 /.
 
 :
 
 L=D- Z
 
 model seems to have been given by the Athenian Eudoxus.
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 Star south of the equator, north of the zenith: declination negative
 
 and (c)
 
 If
 
 z.d. positive: (
 
 L)
 
 =
 
 +
 
 D)
 
 (
 
 Z,
 
 /.
 
 L=D
 
 Z
 
 Star south of equator and zenith declination and z.d. both negative :
 
 /
 
 T
 
 (
 
 L.)
 
 we know
 
 \
 
 =( /
 
 T-\N
 
 D)
 
 / (
 
 7\
 
 . .
 
 ),
 
 .
 
 T JL
 
 T\ =U
 
 :
 
 *J Z
 
 the declination circle of any star on the star map,
 
 only to determine its zenith distance at meridian transit to obtain
 
 we have our
 
 lati-
 
 TVlarc/i 21
 
 r
 
 U
 
 '
 
 Aldebaran (UL Taurus) '
 
 Sept.
 
 25
 
 FIG. 51
 
 map or planisphere showing the position of a few of the principal stars and constellations in the northern celestial hemisphere in circles of declination and radii of right ascension. The sun's track in the ecliptic and its position at the solstices and Star
 
 equinoxes are also shown.
 
 tude. For example, on a certain night the altitude of the star a in Cassiopeia from the northern horizon was found to be 83 10' at its upper culmination. The declination of a Cassiopeiae is given in the Nautical Almanac as 56 11 '.
 
 From
 
 the observed meridian altitude the zenith distance of the star at the
 
 ship's latitude
 
 is
 
 found
 
 to
 
 be 90
 
 Latitude
 
 83 10'
 
 =+
 
 = Declination
 
 6 50'. Since
 
 Z.D.
 
 the latitude of the ship was
 
 56
 
 11'- 650'=r 4921'N.
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 Now that we have clocks, the determination of longitude may be illustrated by the following example in which the data given are not very
 
 On
 
 accurate.
 
 seen crossing the meridian when the ship's chronometer (Greenwich Mean Time) registers 11.30 p.m. The R.A. of Betelgeuse is 5 hours 52 minutes (to the nearest minute). Hence If we are without Betelgeuse crosses the meridian 5 hours 52 minutes after
 
 January 21st the star Betelgeuse
 
 is
 
 T
 
 .
 
 an almanac we can make a rough estimate of our longitude as follows. On January 21st the sun has moved through i%th of its apparent annual retreat since December 21st, when its R.A. is 18 hours. So the R.A. of the sun on January 21st is approximately 20 hours; and T crosses the meridian 4 hours after the sun, i.e. at 4 p.m. Hence Betelgeuse crosses the meridian at 4 hours 9 hours 52 minutes after local noon. So 5 hours 52 minutes by local time its time of transit is 9.52 p.m. Neglecting the "equation of time," local time is therefore 1 hour 38 minutes or If hours behind GreenX 15 = 25 W. of Greenwich. wich, and the ship is approximately ] The almanac for 1937 tells us that the sun's noon R.A. at Greenwich on January 21st is 20 hours 13 minutes. So its R.A. at 11.30 p.m. is about 2 hours 15 minutes; and the local time at which Betelgeuse transits is 3 hours 5 hours 52 minutes, i.e. 9 hours 37 minutes. The almanac 45 minutes also states that we must add 11 minutes 24 seconds ("equation of time") to
 
 +
 
 =
 
 +
 
 "apparent" (i.e. sundial) time to get mean time. We must therefore take away 11 minutes 24 seconds from the chronometer time to get true solar local time at Greenwich. Hence the Greenwich solar time of transit is 1 1 hours 19 minutes. Thus the ship's time is 11 hours 19 minutes 9 hours 37 minutes 1 hour 42 minutes slow. Counting 4 minutes as equivalent to one degree a 102 25 J W. more accurate estimate of the longitude is therefore
 
 =
 
 =
 
 From these examples you will see that with modern methods of recording time, a ship's position can be determined at noon, sunset, midnight, and sunrise, or at any hour between sunset and sunrise, if the weather is fine.
 
 When
 
 the sky is overcast so that the familiar constellations are difficult to recognize, the star map also helps us to locate a particular star in a favourable position for observation, provided
 
 we
 
 already
 
 know our approximate
 
 by a recent determination. In navigation the exact moment of
 
 bearings
 
 transit of a
 
 star is not easy to record. It is usual to note the times when the star has the same altitude before and after transit, i.e. east and west of the meridian. The time of transit is midway between. Looking at the map in Fig. 51 you will see that the summer star Arcturus of Browning's poem lies near the right ascension line XIV, i.e. it comes on the meridian about 2 a.m. on March 21st, about midnight April 21st, about 8 p.m. (or about sunset) on June 21st. On October 28th it is on the meridian about noon. So it will not be visible high in the heavens at any time on the latter date. To get a picture of its hours of rising and setting, we can make a rough construction by taking into account its declination circle (approximately 20). The diagram (Fig. 52) shows that the sun rises and sets about 7 a.m. and 5 p.m. respectively. Arcturus rises and sets at 4 a.m. and 8 p.m. respectively. So Arcturus will be visible in the eastern sky for three hours before sunrise and in the western sky after sunset.
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 The use of the star map to determine the azimuths of rising and setting, as also the times of rising and setting at different seasons, will be set forth more fully in Chapter IV, p. 196. The method of finding the moon's R.A. and declination on days of the month, when it does not transit after dark, be explained in the same context. What has been said about Arcturus most characteristic features of the lunar cycle. The moon's R.A. increases by 360 degrees in a period a little less (Fig. 5.3) than an ordinary month reckoned from new moon to new moon. It has to move through a little more than 360 to catch up with the sun, because the sun's R.A. is slowly increasing at about one-twelfth the rate at which the moon recedes eastwards among the stars. If the moon's retreat eastwards occurred in the plane of the celestial equator, it would rise due east at noon, transit at C p.m. and set will also
 
 suffices to illustrate the
 
 I-
 
 -\
 
 -\
 
 .%
 
 Oct.
 
 2^
 
 FIG. 52
 
 Construction to show
 
 how
 
 the times of rising and setting of a star (Arcturus) can be declination (20 N.) at a particular latitude (50 N.) on a particular
 
 deduced from its day of the year (October 28th).
 
 due west at midnight on the first quarter day; rise due east at 6 p.m., transit at midnight and set due west at 6 a.m. when full j rise due east at midnight, transit at 6 a.m. and set due west at noon on the last quarter day. The time and direction of rising and setting in the various phases of the moon vary from month to month because the moon retreats in an oblique path, like that of the sun, among the zodiacal constellations. As will be explained below (see also Fig. 53), the trace of the moon's cycle on the star map lies very close to the ecliptic. So the moon's cycle exhibits certain analogies with that of the sun. In a northern latitude a star with north declination like Arcturus traces a wider arc above the horizon than a star with south declination like Sirius, the interval between rising and setting being more than 12 hours for a northerly and less than 12 hours for a southerly star. Since the sun remains longer above the horizon when it lies in the same direction as the northerly constellations of the Zodiac during the summer months, summer days are longer than those of
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 When the sun is in Aries or Libra (using the terms in their historic sense, see p. 64), its declination is changing very rapidly. When in Cancer or Capricorn it is apparently retreating in a direction approximately parallel to
 
 the winter.
 
 the equator, and hence its declination is changing less rapidly. For this reason the length of day and night changes very little about the time of the solstices and more noticeably during spring and autumn, when the days are said to be "drawing out" or "drawing in." Since the moon takes longer to get back to the same position relative to the sun (difference between sun's R.A. and moon's R.A. 360) than to regain its former position among the fixed stars (moon's R.A. increased by 360) the moon's station in the zodiacal belt at any particular phase (position relative to the sun) is not the same in two successive months, and since its northerly declination is increasing most rapidly when it is in Aries, the "moon day" is drawing out, i.e. the duration of its passage above the horizon is increasing most rapidly at this stage in its eastward retreat. This means that the time of rising on the succeeding night is not so much later as it would be if the moon retreated in a plane parallel to that of the equator. Conversely the interval between sunset and moonrise on successive nights increases rather quickly when the moon is in Libra, since the moon's declination is then decreasing most rapidly. Since full moon occurs when the moon's RA. differs from that of the sun by 180, the full moon is in Aries when the sun is in Libra, i.e. at the autumn equinox. About the full moon ("harvest moon") near the autumn equinox the time of moonrise changes very little on successive nights. So the interval between sunset and moonrise just after full moon changes very little, and there is a relatively long period during which the moon is high in the heavens for the greater part of the night.
 
 Careful observation of the lunar cycle was a task of great social importance while calendrical practice adhered to the chimerical attempt to square the primitive lunar calendar of a hunting and food-gathering stage in social evolution with the stellar or solar calendar of a settled agrarian economy. (see p. 65) started off with a far more primitive calendar than that of the Egyptians; and this fact may have contributed to
 
 The maritime Greeks
 
 the fruitful fusion of navigational astronomy with calendrical practice. At a had also to be composed for calculation of longitude. It
 
 later date lunar tables
 
 you to understand how they are made, and, later on, to calculate the position of the planets, if you plot the moon's apparent track from one of the ephemerides sold for astrological amusement, or from Whitaker's
 
 will help
 
 Almanack^ as in Fig. 53. This gives its position on the star map from January 3rd to 30th in the year 1894. New moon occurs when the moon's R.A. is the same as the sun's, full moon when it differs from that of the sun by 180. We find from Whitaker that the moon and the sun have the same R.A. at some time between noon and midnight on January 7th of the month plotted in the figure. The following figures are for midnight, the values given in time units being turned into degrees, and obtained by taking the average for successive noons.
 
 January 6th January 7th
 
 Sun's R.A. (S) (midnight)
 
 Moon's R.A. (M)
 
 288 \
 
 2871 300J
 
 289f
 
 (midnight")
 
 Difference
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 (S
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 moon by roughly 1 at midnight on By midnight on the 7th the moon's R.A. exceeded the sun's by roughly 11. Hence new moon occurred in the early hours of the morning sun's R.A. exceeded that of the
 
 the 6th.
 
 "First
 
 point
 
 of Anes
 
 op
 
 FIG. 53
 
 The moon's course as represented in the star map in the course of a sidereal month (see text). The nodes occur at positions occupied by the moon late on January 14th and January 25th.
 
 on January
 
 7th. Full
 
 moon
 
 occurred soon after noon on January 21st. Thus
 
 using midnight values as before, Whitaker gives
 
 January 20th January 21st
 
 The
 
 next
 
 Sun's R.A.
 
 Moon's R.A.
 
 Difference
 
 303J 304J
 
 114| 130f
 
 +188f +173|
 
 new moon occurred
 
 February 4th February5th
 
 :
 
 in the evening of February 5th.
 
 Thus
 
 :
 
 Sun's R.A.
 
 Moon's R.A.
 
 Difference
 
 319 j 320 j
 
 309| 321f
 
 +9|LJ
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 This shows that the period which separates one new moon from the next between 29 and 30 days. The average of many determinations shows that it is almost exactly 29| days. The interval between two new moons when the sun, moon, and earth are in the same line, is called the ordinary or synodic month. The synodic month is not the same as the time taken by the moon to revolve in its orbit. This time the sidereal month is the time in which the moon gets back to the same position with reference to the fixed stars, i.e. the time taken for its R.A. to increase by 360, so that it has the same value. The synodic month is longer than the sidereal because the sun's R.A. increases in the course of the month. When the moon's R.A. is the same as what it was at the last new moon, the sun's R.A. is greater. Hence, the moon has to move farther to catch it up. The figure shows you that the sidereal month is just over 27 days. Daily record of its R.A. shows that values recur at average intervals of almost exactly 27 J days. The exact time at which the moon regains the same R.A. can be easily interpolated from daily records of its transit; and since we know the sun's daily change in R.A., we can easily deduce the exact time of the new moon. The exact time of recurrence of two new moons, i.e. the length of the synodic month, is connected with the length of the sidereal month by a very simple formula. The sun moves through 360 of R.A. in Y days (one year}. The moon moves through 360 of R.A. in S days (one sidereal month) and gains 360 on the sun, so that they both have the same R.A. in days (one synodic month). Thus, is
 
 M
 
 360 in one day the sun's R.A. increases -r=
 
 360
 
 But
 
 in
 
 in one day the
 
 moon's R.A. increases
 
 in one day the
 
 360 moor's R.A. gains on the sun's by -~
 
 one day the moon gains in R.A. 360 " '
 
 =
 
 __
 
 "M"
 
 o
 
 360
 
 360 -
 
 M
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 M 82 1461 M = 29J (approx.) The same figure also shows us the nodes where sun and moon have the same declination corresponding to the same R.A. Since eclipses can only occur if the moon is near a node, and when the sun's R.A. is the same as that of the moon (solar eclipse) or differs from it by 180 (lunar eclipse), we can
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 calculate the time of eclipses by observations of this kind. Repeated records show that the position of the moon's node rotates along the ecliptic in accord-
 
 ance with the rule empirically discovered by the Sumerian priests (p. 46). By knowing the exact length of the sidereal month we can calculate the time of an occultation. A star or planet will hide behind the moon's disc at the day and hour when its R.A. agrees with that of the moon and its declination does not differ from that of the moon by more than half the angular difference of the two edges of the latter. The angular diameter of the moon is almost exactly (i.e. we have to turn a telescope through J to focus the two edges successively at the centre). To make such forecasts far ahead it is also necessary to take into account the rotation of the nodes. If we have tables of the moon's R.A. and declination on a given date at some stated longitude, we can compare the time of local noon with noon at the stated
 
 y
 
 longitude by noting the interval which elapses between local noon and the time when the moon has the R.A. or declination tabulated for a particular hour.
 
 The principle which was refined for use in British navigation by Newton, underlies the so-called "method of lunar distance." It is referred to in a twelfth-century treatise by the
 
 monk Gerard of Cremona, who
 
 several Arabic versions of the Alexandrian astronomical works.
 
 by Wright, his,
 
 translated
 
 Gerard
 
 (cited
 
 vol. v, p. 83) states:
 
 When the moon is on the meridian, if you compare her position with that given in the lunar tables for some other locality, you may determine the difference in longitude between the place where you are and that for which the lunar tables were constructed by noting the differences in the position of the moon as actually observed and recorded in the tables. It will not be necessary for you to wait for an eclipse. Portuguese ships, which carried Jewish astronomers schooled in the Arabic cartography, already practised this method in the fifteenth century. In an early sixteenth-century treatise on navigation elucidated by Professor E. R. G. Taylor, we find a reference to its use by the seamen of Dieppe. The passage is worth quoting, because it shows the eagerness with which mediaeval shipping everywhere made claim to astronomical science (cited
 
 from Geographical Journal, 1929):
 
 The cartographical work of Jean Rotz is typical of the French school of the fourth and fifth decades of the sixteenth century (e.g. Desceliers, Vallard); nor is his treatise on Nautical Science unique, save in its survival. . . The .
 
 runs "Treatise on the variation of the magnetic compass and of certain notable errors of navigation hitherto unknown, very useful and necessary to all pilots and mariners. Composed by Jan Rotz, native of Dieppe, in the year J542." ... In a long and flattering preface to the King, the writer says that he comes before him not empty-handed, but bearing a book and an instrutitle
 
 :
 
 ment for his acceptance : the book composed for all those who wish to taste the The third part treats . pleasant fruits of Astrology and Marine Science. of the construction and use of the instrument, which the inventor calls a Differential Quadrant. Actually it is one of the precursors of the theodolite, and a very elaborate one. The large magnetic compass set in the horizontal circle suggests a marine origin, and it may be compared with the contemporary .
 
 .
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 instruments designed for taking horizontal bearings by such landsmen as the brothers Arsenius, which were orientated by tiny compasses inset on the margin. Like Waldseemuller's Polymetrum, Rotz' instrument could take a combined altitude and azimuth, but its prime purpose was for the accurate He gives two supposititious determination of the variation of the compass. e examples of longitude determination, as follows: "je dycts que le 15 de la dessus mer de estant voulus distance mon scavoir la 1529, moy Janvier meridien au meridien dulme." At sunrise, then, which occurred at eight o'clock, he took his astronomer's staff "diet par les mariners esbalester" and measured the distance between the sun and moon, finding it 41. Two folios of complicated calculations follow, and finally, taking Ulm to be in 47 N., 30 20' E., the required longitude is found to be 180 E. of Ferro, i.e. somewhere east of the Moluccas. Using in the second example the moon and a fixed star, he says, "Moi estant sur la mer veulant scavoir la distance de mon meridien de .
 
 .
 
 .
 
 Dieppe, premierement je rectifies mes ephemerides ou tables dalphonse au meridien de dieppe at puis je regard le vrai lieu de la lune pour ung certaine heure de la nuyt," namely ten o'clock, when he finds it 16 in Taurus, and determines its declination. He also finds the right ascension of the star Aldebaran "aprez toutes rectifications faictes destiez" 2 18' in Gemini, and its declination 35 55' N. "Et notte ycy ung poinct cest quil est necessite que tu rectifies ton heure par en moyen des equations des heures mis aux tables dalphonse ou aux ephemerides." Again, a couple of folios are occupied by computations, and the longitude works out as 229 30' E., or somewhere in mid-Pacific. This Dieppe seaman had no reason to complain of his personal reward at the King's hands. He was taken into the royal service, and described himself as "servant of the King" in the Boke of Ydrography (written in English), the preparation of which was his first official duty. At Michaelmas in 1542, he received a payment of 20, being one-half of an annuity of 40, then a very considerable sum, while on October 7th of the same year he was granted papers .
 
 .
 
 .
 
 of denization for himself, his wife and children.
 
 CULTURAL FRUITS OF THE ALEXANDRIAN STAR MAPS
 
 The star maps of Hipparchus (c. 150 B.C.) differed in one particular from those which are usually used today. They showed the star's position (see Chapter IV, p. 220) in circles like circles of declination drawn parallel to the ecliptic instead of the equator, and meridians radiating from the pole of the ecliptic plane. When the plane of the ecliptic is used instead of the equator, the angles corresponding to right ascension and declination are called celestial longitude and celestial latitude. The reason for choosing the ecliptic was that the moon and planets all revolve very nearly in the same plane as the sun's apparent track. The reason for preferring the equator is first that right ascension and declination are related in a simple way to longitude and latitude on the earth itself, and second that the determination of right ascension and declination involves no elaborate calculation when the times and altitudes of meridian transits have been recorded. The first consideration was not obvious when star maps were introduced.
 
 Latitude and longitude were orginally devised to describe the relative positions of objects on the celestial sphere. It was a short step to the recognition that the earth itself can be divided into similar zones with
 
 simple
 
 relations to the fixed stars.
 
 Marinus of Tyre
 
 is
 
 credited with the preparation
 
 io6
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 of the first terrestrial map in which meridians of longitude and parallels of latitude were laid down. One immense cultural benefit of this was the extent to which it broadened man's knowledge of the habitable earth. You will appreciate this by comparing (Fig. 35) the world picture of the Greeks with that of Ptolemy (c. 200 A.D.), who garnered the fruits of Alexandrian astronomy in a work which usually bears the name of its Arabic translation. Jewish scholars, who sustained the traditions of the Moorish universities
 
 of Toledo, Cordova, and Seville, after the Christian conquerors had replaced the public baths by the odour of sanctity, handed on the Almagest to European navigators. At first sight it might seem strange that in exploration the achievements of the Alexandrians and the Arabs, who kept astronomy alive in the dark ages of Faith, were so small as compared with those of their pupils in the fifteenth and sixteenth centuries. For several reasons there was an inescapable lag between the theoretical equipment which Alexandrian science bequeathed and its full use in navigation. One is that the Alexandrians had no convenient portable instrument for recording time. On land, crude measurements of longitude could be made by lunar methods with the help of hour-glasses or water-clocks. At sea, methods of determining longitude known in antiquity could not be used. The need for seeking out new methods did not become an acute technological problem so long as a large part of the globe could still be explored by sailing close to the coast. In the great voyages associated with the names of the pharaoh Necho, and with the Carthaginian Hanno in antiquity, knowledge of latitude was
 
 adequate for the purpose of locating a place, because all the long distance expeditions of antiquity steered a northerly-southerly course along a coastline. The same remark applies to the early expeditions of the Portuguese
 
 and Dieppe shipping guilds. The need to determine longitude became a real and acute one when the international exchange economy entered on its last phase at the end of the sixteenth century. Oarless ships then ventured out into the uncharted west far beyond the sight of land, equipped with wheel-driven clocks. To be sure, they were clumsy and inaccurate instruments according to our standards, yet an immense convenience when compared with hour-glasses. The ships of Columbus, Vespucci, and Magellan had to
 
 put into port to take a bearing in longitude. None the less, what observations they succeeded in recording introduced a new assurance into navigation and created the technological problem which in turn stimulated the develop-
 
 ment of optics, dynamics, and
 
 terrestrial
 
 magnetism. worth quoting to emphasize the importance of the new orientation which transatlantic navigation involved. It occurs in a letter of Thomas Stevens from Goa in 1579
 
 A passage in Hakluyt's
 
 voyages
 
 is
 
 :
 
 Being passed the line, they cannot straightway go the next way to the promontory; but according to the winde, they draw alwayes as neere South as they can to put themselves in the latitude of the point, which is 35 degrees and a halfe, and then they take their course towards the East, and so compasse the point. But the Winde served us so that at 33 degrees we did direct our course towards the point or promontory of Good Hope. You know that it is hard to saile from East to West or contrary, because there is no fixed point in
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 all the skie, whereby they may direct their course, wherefore I shall tell you what helps God provided for these men. There is not fowle that appereth,
 
 or signe in the aire, or in the sea, which they have not written, which have made arid the voyages heretofore. Wherefore partly by their owne experience partly by the experience of others, whose books and navigations they have, .
 
 .
 
 .
 
 they gesse whereabouts they be.
 
 mentioned frequently in the records of English contained in Hakluyt's pages. Fifty years earlier it is clear that expeditions English seamen were only familiar with the determination of latitudes. The ensuing passage from a letter written in 1527 by Robert Thorne to Ley,
 
 By
 
 this date longitudes are
 
 FIG. 54.
 
 A
 
 woodcut from the
 
 title
 
 THE ASTRONOMER MAPPING THE HEAVENS page of Messahalah, De Scientia motus orbis>
 
 printed by
 
 Weissenburger in 1504.
 
 ambassador of Henry VIII to the Emperor Charles, points to considerations of high politics conspiring with mere convenience to promote the study of longitude
 
 :
 
 Now for that these Islands of Spicery fall neere the terme and limites betweene these princes (for as by the sayd Card you may see they begin from one hundred and sixtie degrees of longitude, and ende in 215) it seemeth all that falleth from 160 to 180 degrees should be of Portingal: and all the rest of Spaine. And for that their Cosmographers and Pilots coulde not agree in the situation of the sayde Islandes (for the Portingals set them all within and the Spaniards set them all without) and for that in measuring, all the Cosmographers of both partes, or what other that ever have bene cannot give certaine order to measure the longitude of the worlde,
 
 their 180 degrees
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 as they doe of the latitude; for that there is no starre fixed from East to West, as are the starres of the Poles from North to South, but all moveth with the
 
 mooving divine; no maner can bee founde howe certainely it may bee measured, but by conjectures, as the Navigants have esteemed the way they have gone.
 
 The influence which Ptolemy's work
 
 exercised in the period which
 
 immedi-
 
 Great Navigations may be illustrated by a passage from Roger Bacon's Opus Majus^ cited by Professor E. R. G. Taylor*: ately preceded the
 
 Again in the second book of the Almages he wrote that habitability
 
 is
 
 only
 
 known in respect of a quarter of the earth, namely that which we inhabit. Whence it follows that the eastern extremity of India is a great distance from .
 
 .
 
 .
 
 us and from Spain, since it is so far from the Arabian Gulf to India. And so in the two quarters beyond the equinoctial (i.e. the equator) there will also be much habitable land. .
 
 .
 
 .
 
 In Pierre d'Ailly's Imago Mundi the passages which greatly influenced are mainly taken from Roger Bacon. In Roman Alexandria such possibilities could be entertained with a light heart. The temper of Bacon's times was different. To quote from Professor Taylorf once more,
 
 Columbus
 
 thinkers accepted the view found in the DC Situ Orbis of Pomponius Mela, namely, that a habitable region, girt about by ocean, was to be found in each of the temperate zones, separated by a torrid zone impassable because of the heat. Supposing this to be the case, and that the Antiothones actually did exist, then these people were for ever cut off from the means of Salvation: it was for this reason that St. Augustine, in an oft-cited passage, condemned such a view as heretical.
 
 many
 
 Another
 
 fact in the everyday life of ancient times
 
 made
 
 difficult to
 
 it
 
 exploit the discoveries of Alexandrian astronomers to the fullest extent.
 
 Some celestial phenomena, e.g. the precession of the equinoxes or the motion of the moon's nodes, cannot be detected during short periods of observation without very accurate instruments such as we possess today. Although the first of these was discovered by Hipparchus, there were many others which escaped attention till modern times. Hence, astronomical tables, based on the principles we have dealt with so far, were liable to become out of date, i.e. inaccurate, in a comparatively short time. The older almanacs stood in need of constant revision. The introduction of printing into Europe on the threshold of the Great Navigations made it possible to maintain a fresh supply of almanacs for nautical use,^: besides increasing the proportion of people who were able to use them and distributing the results of the latest
 
 and wide. Meanwhile the first printing presses were also of commercial arithmetics which were replacing with the distribution busy the laborious and devious methods of Greek arithmetic by the simpler modern system derived from the Arabs. Two other cultural by-products of the Alexandrian star maps are of very calculations far
 
 * Scottish Geographical Magazine, vol.
 
 xlvii, 1931,
 
 Ibid., vol. xlvii, 1931, p. 79. f The following figures give the publication of
 
 pp. 215-17.
 
 t
 
 1448-58 1458-68
 
 2 1
 
 14S9-98
 
 almanacs for the years stated 1468-78 .. ..44 1479-88 96 .
 
 110
 
 .
 
 .
 
 .
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 great significance for the subsequent advance of human knowledge. The method of Hipparchus essentially corresponds to the kind of graphical repre-
 
 sentation which mathematicians call polar coordinates, and flat maps of longitude and latitude essentially represent the more familiar way of plotting a graph in "Cartesian coordinates." From the Almagest mediaeval Europe learned graphical methods. In the fourteenth century Oresmus was giving lectures at Prague on the use of "latitudines and longitudines" to show the track of a moving point. Cartesian geometry emerged from the same social context as modern cartography. Alexandrian astronomy also precipitated a more decisive departure from the sterile tradition of Platonic geometry. From Euclid, the first teacher of Alexandrian mathematics, the Alexandrians had
 
 55. ALBRECHT DURER'S WOODCUT OF THE SOUTHERN CELESTIAL HEMISPHERE FROM THE GEOGRAPHICAL WORKS OF JOHANN STABIUS, 1515, PROFESSOR OF MATHEMATICS AT VIENNA AND ASTRONOMER TO THE EMPEROR Note Orion containing the bright stars Regel and Betelgeuse, Canis minor with the
 
 FIG.
 
 bright star Procyon, Canis major with the brightest star Sirius, are visible in the latitude of London. Argo with Canopus, the second brightest star in the heavens, is not.
 
 received Plato's idealistic doctrine that mathematics should be cultivated as spiritual refinement. The first measurements of celestial distances sufficed to show the clumsiness of the Platonic methods. The stubborn realities of the material world forced them to refinements which resulted in cultivating
 
 an aid to
 
 new methods. Hipparchus compiled
 
 the
 
 first
 
 trigonometrical table
 
 a table of
 
 Thenceforth Plato's geometry was an anachronism. With the aid of six or, at most twelve, of its propositions, we can build up the whole of trigonometry and the Cartesian methods. Unfortunately the curriculum of our sines.
 
 grammar schools was designed by theologians and politicians who believed in Plato. So we continue to teach Euclidean geometry for the good of the soul. Since few normal people like what is good for them, this makes mathematics
 
 no
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 THREE FUNDAMENTALS OF TRIGONOMETRY
 
 If a right-angled triangle is completed about an angle A, the ratios of its sides severally (called sine A, cos A> and tan A) are given in tables. With the aid of these the remaining dimensions of any triangle can be found by applying the four rules of the figure if we know the length of one side and the size of two of its angles, or the length of two sides and the angle included, or the lengths of all three sides.
 
 in
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 a most unpopular subject and effectually prevents the majority from ever finding out the immense usefulness of mathematics in man's social life. One result of not understanding how mathematics can be usefully applied is that many people do not realize when it cannot be usefully applied. Hence the
 
 delusion that a subject
 
 THE
 
 SIZE
 
 OF THE
 
 is
 
 entitled to rank as a science
 
 MOON AND
 
 ITS
 
 when it
 
 contains formulae.
 
 DISTANCE FROM US
 
 Trigonometry developed in connexion with the attempt to solve problems which had a very far-reaching influence upon human belief. The Alexandrians made the first estimates of the distance of the moon and the sun from the earth.
 
 The
 
 Their measurement of the sun's distance involved that of the moon. principle involved in finding the distance of the moon is essentially
 
 FIG. 57.
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 with reference to observers
 
 the same as that used for finding the distance of a mountain peak. The method used for terrestrial objects, when we have tables of sines or tangents at our disposal, is shown in Fig. 57. The observer records the difference in direction of the object as seen from two situations at a measured distance apart. This difference of direction measured by the angle C is called the parallax of the object. So far we have assumed that the different angular positions of the celestial bodies, when observed at the same time in different places, are entirely due to the curvature of the earth, the direction of a star being fixed. In other words, it does not matter where we determine the R.A.
 
 and declination of a
 
 visible star.
 
 This
 
 is
 
 what we should expect
 
 if the stars
 
 are very remote. The nearest stars are too far away to make a difference of a thousandth of a simultaneous degree. This is not true of the moon.
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 determinations of the moon's R.A. by observers situated at longitude 90 apart on the equator, or simultaneous determinations of declination by one observer at the equator and another observer at either of the poles, can differ
 
 by almost exactly one degree; and this difference is detectable with a comparatively crude instrument. In an age when the study of the moon's behaviour was important for regulating social festivals or night travel, and the study of solar eclipses and occultations had begun to assume a practical as well as a magical significance, differences of the moon's direction at different stations did not escape detection. They involve an appreciable correction in all calculations of the moon's position. The moon's position relative to a more distant celestial object is not quite the same as seen from two widely separated stations simultaneously. Consequently crude methods of determining longitude based on solar eclipses, occultations or lunar distances, can be somewhat inaccurate, unless a correction is made for the moon's parallax. If we know the earth's radius we can calculate the distance between two observers at known latitudes and longitudes, and the parallax of the moon is all that is required to deduce its distance from the earth. The best method is to make simultaneous observations of the moon's zenith distance, when it crosses the meridian, at two stations on the same meridian of longitude at latitudes as far apart as possible. If the moon's rays were absolutely parallel, the
 
 south zenith distance at a given north latitude L when the (i.e. elevation from the plane of the equator) is D,
 
 moon's true declination would be (Fig. 58):
 
 L-D
 
 *-=
 
 Actually the observed zenith distance Z is a little in excess of this by an angle p (called the geocentric parallax at L) representing the difference of direction of the moon as it would be seen simultaneously at L and at the earth's centre if we could get there.
 
 Thus,
 
 We
 
 have already seen (Fig. 28) that if the rays from a celestial body are perfectly parallel at two different latitudes, the difference of its zenith distances at two places is the difference of their latitudes, i.e. JL*-i
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 Pompey's Pillar Turning to Fig. 59, you will see that if both stations are on the same longitude and both observations are made at the same time, the moon's distance (d) from the earth centre is the diagonal of a four sided figure of which all four angles and two sides (equivalent to the earth's radius or approximately 4,000 miles) are known. Hence the quadrilateral can be constructed. Its remaining sides and the diagonal can be calculated by the fundamental relation (Fig. 56) between the sides and angles of any triangle, i.e. sin
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 The moon's
 
 geocentric parallax. If the moon's rays were truly parallel its direction at would be the same as at the earth's centre, i.e. its zenith distance would latitude -f D. Actually (upper figure) the observed z.d. at transit for an observer be z is greater by the angle p (geocentric parallax at L). This cannot be directly at latitude measured, but the sum p t 4- p z of the geocentric parallaxes of the moon for observers at two different latitudes (+ LI and 2 ) on the same longitude is
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 =L
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 In this
 
 way
 
 the
 
 mean
 
 L + Z2 )
 
 (L,
 
 +L
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 distance of the earth's centre from the
 
 moon
 
 is
 
 found
 
 to be approximately 240,000 miles, as shown in the legend attached to Fig. 59. Hipparchus gave the distance of the moon as between 67 and 78
 
 mean
 
 distance 72 radii or 280,000 miles). This is a tolerable His estimate of the sun's distance based on the study of approximation. earth radii or 51,000,000 miles, which is much too was 13,000 eclipses smallj the correct distance being 92,000,000 miles. The calculation of the moon's radius is easily deduced from this. The only new information required is the moon's angular diameter, i.e. the angular radii (i.e.
 
 Science for the Citizen difference between the two edges of the moon. This is almost exactly half a degree. As shown in Fig. 60, the moon's diameter is therefore a little over 2,000 miles. It is almost exactly 2,160 miles, or three-elevenths that of the earth.
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 FIG. 59 distance, from the parallax of the moon with reference two observers at different latitudes and the same longitude, as in Fig. 58, can be deduced from a simple geometrical construction.
 
 The determination of the moon's
 
 to
 
 One of the earliest Alexandrian astronomers, Aristarchus, made a rough estimate of the ratio of the sun's distance to that of the moon (Fig. 61).
 
 The method he used depends on occurs a
 
 little earlier
 
 that of the sun
 
 by 90
 
 the fact that the half
 
 moon
 
 at first quarter
 
 than the time when the moon's direction .>
 
 differs
 
 and the half moon or third quarter occurs a
 
 from
 
 little later
 
 Pompey's Pillar when the moon's direction differs from that of the sun by 270. Aristarchus calculated that the ratio of the distances of sun and moon from the earth is about 20 1. In reality it is nearly 400 1. The reason than the time
 
 :
 
 :
 
 for the inaccuracy is the extreme difficulty of ascertaining when exactly half of the moon's face is visible without the aid of the telescopic observations on the moon's mountains. However, the estimate of Aristarchus was a vast
 
 step beyond the boldness of Anaxagoras, who startled the court of Pericles by the suggestion that the sun might be as large as the whole mainland of Greece. In using mathematics to measure the heavens, Alexandrian astronomy
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 THE MOON'S DIAMETER
 
 from the world view of measurement was the death knell of
 
 disclosed a vision of grandeur concealed
 
 Plato's
 
 idealism. Alexandrian sky
 
 Plato's
 
 cosmology and of the ancient
 
 star
 
 god
 
 religions.
 
 The
 
 sun's parallax is too small to be measured without the aid of good telescopes at observation stations separated by long distances. An alternative
 
 method which does not require the use of a telescope depends on observations of eclipse phenomena. If the time of greatest duration of a total lunar eclipse is known from repeated observations, the distance, radius and synodic period of the moon, and the earth's radius, give us all (Fig. 18) the necessary data for measuring the breadth of the earth's shadow cone where it is intercepted by the moon's orbit. In a solar eclipse the moon's edge just coincides with that of the sun, which therefore has approximately the same angular
 
 Science for the Citizen diameter. So the sun's radius and the earth distance are in the same ratio as the moon's radius and earth distance. The ratio of the earth's radius to the length of its own shadow cone is the same as the ratio of the sun's radius to
 
 the combined length of the earth's shadow cone and the sun's earth distance. Since the length of the shadow cone is easily calculated by similar angles
 
 breadth at any
 
 if its
 
 data are supplied
 
 by
 
 known
 
 distance from the earth
 
 eclipse
 
 measurements and the moon's
 
 is
 
 given,
 
 all
 
 the requisite
 
 parallax. Actually
 
 Earth
 
 SUN
 
 (Second "Method.)
 
 FIG. 01.
 
 How
 
 ARISTARCHUS TRIED TO MEASURE THE SUN'S DISTANCE
 
 quarter or third quarter, more than half of the face of the moon is seen. Half moon occurs when the moon has still to move through an angle B before it is exactly at the first quarter. Aristarchus found that the delay between half moon
 
 Exactly at the
 
 and
 
 first
 
 first
 
 quarter was six hours, so,
 
 if
 
 a lunar
 
 month is taken as 28
 
 days,
 
 B =
 
 * ......
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 --}
 
 \4 X 2o/ about 3. In the half-moon position, lines joining the sun and the earth to the moon
 
 meet
 
 in a right angle.
 
 So a
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 g^ ^anc Earth
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 from moon from sun
 
 distance
 
 method, which
 
 is referred to in the ensuing passage from Snyder's extremely inaccurate because small errors of observation lead to large differences in the ratios determined from them
 
 this
 
 book,
 
 is
 
 :
 
 The problem of the shadow cone, as is clear from the pages of Ptolemy, had been worked out by Hipparchus, apparently with great precision, but with the strange result of confirming the calculations of Aristarchus. He, too, found the distance of the sun about twenty times that of the moon, or from 1379 to 1472 half diameters of our globe. Ptolemy, a couple of centuries later, tries his hand at the matter, but with no better success; indeed, he reduces the distance to 1210 such half diameters. But with three distinct methods leading identically to the same result, there could now be little question of
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 their truth. There seems, indeed, to have been no question for another seventeen centuries, and until Galileo and the telescope had come. Hipparchus' method it is generally so styled is reproduced with new proofs, but similar
 
 estimates, in the
 
 De
 
 Revolutionibus of Copernicus, A.D. 1543.
 
 The Theorem
 
 of
 
 Hipparchus gave not merely the relative but also the absolute measures of the solar and lunar distances, hence a direct measure of their size. Cleomedes tells us that Hipparchus computed the sun's bulk at 150 times that of the earth; Ptolemy made it 170 times. But Aristarchus, by what method he does not state, figured the diameter of the sun at between six and seven times that of the earth, hence about three hundred times its bulk. He sets the moon's diameter at one-third that of the earth an error of but one-twelfth ; admirable, if yet imperfect approximations. The march of the mind had begun! There is, in an oddly-jumbled work, Opinions of Philosophers, attributed, with slight probability, to familiar old Plutarch, a paragraph which says that Eratosthenes had engaged the same problem. True to his love of concrete measures, he gives the distance of the moon at 780,000 stadia, of the sun at 804,000,,000 stadia. Marvellous prevision of the truth! For though he makes the distance of the moon only about twenty earth radii too small by twothirds of the reality his figure makes the sun's distance 20,000 radii, which, as nearly as we may estimate the stadium, was practically the distance that, after three centuries of patient investigation with micrometers and heliometers, is set down as the reality. ... It is with a deepening interest, bordering even upon amazement, that we find yet another great investigator of antiquity announcing similar but quite distinct estimates. This was Poseidonius, the teacher of Cicero and of Pompey, one of the most contradictory of characters, now seeming but a merest polymath, now one of the most acute and original thinkers of that ancient day. We have already noted that his measure of the earth, adopted by Ptolemy, was the sustenance of Columbus. He had closely studied the refraction of light, and gives us a really wonderful calculation as to the height of the earth's atmosphere. In the pages of Cleomedes we learn that he equally attempted to establish the distance of the stars. He puts the moon at two million stadia away, the sun at five hundred million! This, on his .
 
 .
 
 .
 
 of the earth's diameter, would place the moon at 52 radii of the earth, which would be nearer than the computations of Hipparchus. It would make the sun's distance 1.3,000 radii. If we take his later figure (180,000 stadia), the distance would become 17,400 radii, an estimate which, considering the necessarily wide limits of error, does not differ greatly from that of Eratosthenes, and equally little from the truth. Compare it with the thirteen hundred radii of his forerunners! Compare it with the notions of Epicurus, almost his contemporary, a very wise and large-minded man in his way, who yet believed that the sun might be a body two feet across earlier estimate
 
 !
 
 The importance of science in the everyday life of mankind means more than making it possible for us to organize material prosperity. The advance of science liberates
 
 mankind from
 
 beliefs
 
 which sidetrack
 
 intelligently directed
 
 In the phraseology of the materialist poet Lucretius, science liberates us from the terror of the Gods. At a later date the scientific study of the heavens was destined to challenge the authority of custom-thought social effort.
 
 in a
 
 more
 
 spectacular context,
 
 sun revolves round the earth.
 
 by
 
 discrediting the biblical doctrine that the
 
 The view which
 
 is
 
 now
 
 held was recognized
 
 as a possible alternative by the Pythagorean brotherhoods and advocated by Aristarchus. For a very good reason it was rejected by Hipparchus, on
 
 Science for the Citizen whose teaching the Almagest is largely based. He did so, because no parallay, of the sun could be detected. Observations on the fixed stars made at different localities at the same time yield no appreciable difference in R.A. or declination. In other words, the fixed stars have no measurable geocentric parallax. Since even the moon's geocentric parallax is never a very big quantity, this would be quite intelligible on the assumption that they are much farther away than the moon. Aristarchus estimated that the sun was about 20 times as distant as the moon from the earth. When the moon's distance was found to be about 60 times the earth's radius,
 
 it
 
 appeared that the diameter of the earth's orbit
 
 must be more than a thousand times the diameter of the earth. The difficulty did not end here. If the earth moves round the sun, it must be nearer to any particular star at some seasons than at others. It still seemed
 
 annual
 
 oi fixd star
 
 pat+allax a-
 
 FIG. 62 to show any change of ends of its orbit (as in Fig. 62). With any instruments available before the nineteenth century, no annual parallax of the fixed stars could be detected. The refined methods we now have show that the heliocentric or annual parallax (P in Fig. 62) is never as much as one four-thousandth of a degree (0*18" for the nearest star, Proxima Centauri). According to the only test which was known to the ancients, the doctrine of Aristarchus failed. On the evidence which their instruments yielded, the founders of the Ptolemaic system were right in putting the earth at the centre of the star map, where it is still convenient to leave it for the purposes of navigation and scientific geography. Nowadays we often read dogmatic statements about the discredit into which Newton's system has fallen, and there is danger of losing sight of
 
 hard to believe that the apparent direction
 
 what
 
 when
 
 stars are too far
 
 the earth
 
 is
 
 away
 
 at opposite
 
 is permanent in any useful hypotheses. Scientific hypotheses that yield a useful explanation of some facts of experience, are not relegated to the limbo of superstition whenever we discover as we constantly do discover
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 facts which they do not explain. The Ptolemaic astronomy which provided the technological basis of the Great Navigations is still the most convenient representation of the apparent movements of the sun, moon, and fixed stars. It is the world view of the earth-observer, and as such remains the
 
 new
 
 basis of elementary expositions on nautical astronomy after nearly two thousand years. Its greatest disadvantage which eventually brought it into disrepute is that it can give no reliable means of ascertaining the motions of another class of heavenly objects the planets, which are not fixed in the heavens like the stars. If we use the methods of Chapter IV to plot the move-
 
 -
 
 *
 
 Scorpio
 
 Virgo Libra,
 
 FIG. 63.
 
 THE TRACK OF VENUS
 
 IN 1894
 
 ments of a planet like Venus on the star map shown in Fig. 51, they do not conform to any simple rule. The nearer planets wander about the heavens, each in a seemingly capricious track, with no evident geometrical pattern. Their motions are easier to calculate if we put ourselves in the position of a sun observer.
 
 We
 
 how Copernicus furnished the germs of a comparatively of the account way in which the planets move by discarding the simple belief that the earth is the centre of the universe. In the absence of satisfactory evidence for the annual parallax of the fixed stars (before about A.D. 1830), it is highly doubtful whether the usefulness of the Copernican doctrine shall see later
 
 for calculating the positions of the planets
 
 would have
 
 sufficed to
 
 overcome
 
 Science for the Citizen
 
 120
 
 the combined authority of the Book of Joshua and the Almagest, had there been no new sources of information to discredit belief in the fixed position of
 
 the earth at the
 
 hub of the heavenly wheel.
 
 How
 
 the ancient astronomers
 
 attempted to explain the vagaries of the planets or "wanderers" of the heavens shall may best be dealt with when we come to the Copernican hypothesis.
 
 We
 
 devices prepared the way for its universal acceptance. The introduction of the telescope and the pendulum clock in the beginning
 
 first
 
 see
 
 how two
 
 of the seventeenth century registers an eventful phase in the conquest of
 
 Pole Star
 
 FIG. 04.
 
 THE MOORISH SUNDIAL
 
 is hardly too much to say that, with one exception, no other technical advances contributed so much to change the world picture
 
 distance and time. It
 
 of mankind between 4241 B.C. and A.D. 1800. In the period which intervened, Arab astronomers and mathematicians, of whom Omar Khayyam was one of the most illustrious, blazed the trail for the new world outlook by more accurate measurements of the positions of the planets. A far more important Arabic contribution lay in devising simple rules of calculation. The use of mathematics in Alexandrian science was essentially pictorial. Mathematics was applied almost exclusively to astronomical data. The trigonometry of Hipparchus and the algebra of
 
 Diophantus,
 
 the last Alexandrian mathematician of importance, were imprisoned within the obscure number symbols of the Greek alphabet. By discarding the
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 alphabet and adopting the Hindu sunya or zero, as we call it, the Arab mathematicians equipped us with an arithmetic which could accommodate a growing body of scientific measurements, and with an algebra which has extended the application of mathematics far beyond the confines of geometry. Located in sunny regions, the ingenuity of the Islamic culture was not
 
 compelled to perfect mechanical devices for recording the time of day. The contribution of the Arab astronomers to the technique of recording time is now relegated to the status of a garden ornament. The ancient shadow clocks
 
 = sin Z, tank
 
 How
 
 FIG. 65.
 
 A
 
 solid
 
 model of the sunbeam,
 
 H
 
 is figure SPQSR. The angle of the place and the inclination
 
 TO CALIBRATE THE SUNDIAL and shadow, can be made by folding the upper the shadow angle with the meridian; L the latitude of the style to the horizon plane ; and h is the sun's
 
 style,
 
 hour angle. The figure shows that tan
 
 Thus to mark off the angle i.e. when h = (15 x 2)
 
 from
 
 sin
 
 L tan h.
 
 H corresponding to two o'clock (p.m.) or ten o'clock (a.m.), =
 
 tan /.
 
 H=
 
 30,
 
 at latitude 51
 
 H = sin 51
 
 tables of tangents
 
 =
 
 H=
 
 tan 30
 
 0-7771 X 0-5774
 
 we have
 
 =
 
 0-4487
 
 24-15.
 
 did not record a constant hour at different seasons.
 
 The Arab
 
 sundial (Fig.
 
 an angle equivalent to the latitude and pointing due north marked out hours which were mechanically equivalent throughout the year. The only lasting importance of this invention, the theory of which is explained in Fig. 65, lies in the fact that the first mechanical clocks were checked by comparison with the readings of the dial. 64) with
 
 The
 
 its style set at
 
 state of geographical
 
 in the time
 
 of the Crusades
 
 book already
 
 cited
 
 :
 
 is
 
 knowledge available for navigational purposes indicated in the following passage from Wright's
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 That the Saracens also were interested in the more strictly mathematical aspects of astronomical geography is emphatically proved by the fact that they undertook actually to measure the length of a terrestrial degree and thereby to determine the circumference of the earth. Some knowledge of this great work came to the Western world in our period through translations of the Astrology also necessitated this type of Astronomy of Al-Farghani. . investigation. In order to cast a horoscope one must know what stars are overhead at a particular moment; and, to ascertain this, one must know latitude and .
 
 .
 
 longitude. In the Arabic astronomic works there occur rules for determining positions and tables of the latitudes and longitudes of places throughout the world. One of the most practical results of Arabic investigations in this field was a reduction of Ptolemy's exaggerated estimate of the length of the Medi-
 
 terranean Sea. The Greek geographer gave the length as 62, or about half again too long. Al-Khwarizmi cut this figure down to about 52 , and, if we are right in our interpretation of the available data, Az-Zarqall still further The results of these reduced it to approximately the correct figure, 42. corrections became known in the medieval West. The Moslems, as a general rule, measured longitudes from the prime meridian which Ptolemy had used, that of the Fortunate Islands (now the Canaries), situated in the Western Ocean at the westernmost limit of the habitable earth; but individual writers came to make use of another meridian farther west, a meridian destined to become known to the Christian World as that of the True West, as distinguished from the supposed border of the habitable West. Abu Ma'shar, on the other hand, referred his prime meridian to a fabulous castle of Kangthere is absolutely no doubt that Diza far to the east in the China Sea . methods of finding latitudes and longitudes were well understood in theory and were sometimes put to practical use. Rules are given for finding latitude in Az-ZarqalPs Canons, in Plato of Tivoli's translation of the Astronomy of Al-Batt i ni, and in many other astronomical and astrological treatises. Two principal methods were recommended. You may either measure with the astrolabe the altitude of the sun above the horizon at noon at the spring or autumn equinox and find the latitude by subtracting this angle from 90 or you may measure the altitude of the celestial pole above the horizon, which is the same as the latitude. As to longitude, the fact that there are differences in local time between points east and west of each other was recognized and clearly explained by several writers of our age. The Marseilles Tables give a rule for finding longitude by the observation of eclipses. Roger of Hereford indicates that he himself, by observing an eclipse in 1178, ascertained the positions of Hereford, Marseilles, and Toledo in relation to Arin, the world centre of the Moslems. .
 
 .
 
 The
 
 .
 
 .
 
 .
 
 Marseilles tables mentioned in the foregoing passage seem to be the in north-western Europe. Referring to their
 
 earliest astronomical tables
 
 origin,
 
 Wright says
 
 :
 
 Preserved in a twelfth-century manuscript of the Bibliotheque Nationale a set of astronomical tables for Marseilles dating from 1140, the work of a certain Raymond of Marseilles. The Canons, or introductory explanation, of these tables are drawn largely from the astronomical Canons of Az-Zarqall; the tables are an adaptation for the meridian of Marseilles of the Toledo Tables. Both Az-Zarqalfs Canons and the Toledo Tables, with their modifications like the Marseilles set, contained not a little incidental material of importance from the point of view of astronomical geography, including a is
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 POLYMETRUM, FROM REISCH'S "MARGARITA PHILOSOPHICS," 1612
 
 (From
 
 "A
 
 Map
 
 of the Early Sixteenth Century" by Professor E. 1928.) Geographical Journal, Vol. LXXI, No. 5,
 
 Regional
 
 G. R. Taylor,
 
 May
 
 of cities with their latitudes and longitudes derived ultimately from AlKhwarizmi. That this material enjoyed wide popularity during our period and later is proved by the existence of a large number of manuscripts. One of the translations of Az-Zarqalfs Canons was done by the hand of the famous Gerard of Cremona. list
 
 In the fifteenth century Portuguese and Spanish shipping enjoyed the benefit of expert pilots schooled in the teaching which had been salvaged from the wreckage of the Moorish universities in the Peninsula. The growth
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 of the printing industry placed the fruits of this knowledge at the disposal of sea captains with less erudition. Simple instructions involving no elaborate could now be calculations like the "Regiment of the Pole Star" (Fig. 67) all who could read. An account of these early pilot books of into the hands put is given by Professor Taylor in an article {Geographical Journal^ 1931) from
 
 which the following passages are
 
 The
 
 earliest
 
 cited
 
 :
 
 type of Seaman's Manual was the Rutter or Pilot Book, con-
 
 taining details of landmarks, anchorages, shoals, bottoms, watering-places, and so forth, which goes back to the Ancient Greeks, and probably to their Phoenician predecessors. Such books belong to the period of coastwise sailing, when the lode-line was the sole navigating instrument other than the shipmaster's eyes. Pilot Books have never been superseded, but from time to time as the of Navigation developed, they have been supplemented. The earliest supplement was the Pilot Chart, and the date of its introduction is quite unknown: the oldest extant example, drawn about A.D. 1300, is so perfect and so stylized The same period brought that it must have had a very long past history. a further innovation: the astronomers of the Western Mediterranean devised simple instruments and simple methods whereby the Stella Maris or Tramon-
 
 These art
 
 .
 
 .
 
 .
 
 tane could be employed to fix the ship's position in latitude in addition to indicating the North. The development of this aspect of navigation, and the progress of exploration across the equator, led eventually to the introduction of the determination of position by the noon-tide altitude of the sun, which demanded a calendar and a set of tables, and thus an elementary forerunner of the Nautical Almanac became part of the Seaman's Manual. Even the
 
 simplest instrumental fixing of the ship's position, however, required some knowledge of astronomy, and consequently a fourth section was added to the Manual, which took shape as a preface dealing with the Earth as a Sphere and the Heavenly Bodies. By the early sixteenth century it had become usual for the Theory of the Sphere and the Tables and Rules for fixing position to be bound up together as the Navigating Manual proper, while the shipmaster or pilot provided himself with the particular Pilot Book or Rutter, and the particular Chart which he needed. There were, however, interesting and a remarkable work on Navigation of the exceptions to this rule. . Fourteenth Century is extant which contains the rudiments of all four part of the complete Manual in a single volume. This is the rhyming Florentine example, known by the title of its first section on the globe as "La Sfera," which is ascribed to Gregorio Dati. The second part, dealing with the rules for navigation and finding position, is naturally very crude at this date, while the chart (the third part) is drawn in sections, which are placed in .
 
 .
 
 the margins of the appropriate portions of the Rutter (the fourth part). . The Italian manuscript entitled "Brieve conpendio de larte del navegar," in the Society's Library, contains three out of the four parts of the complete Manual, namely, the section on the Sphere, the Rules and Tables, and the Chart; only the Rutter is absent, and certain supplementary notes and tables .
 
 .
 
 ... It was written by an Italian pilot, Battista Testa Rossa, whose patron was El Magnifico Marco Boldu, a member of one of the great ruling families of the Republic of Venice. It is dated 1557, when Battista had settled in London. . . . The section on the Sphere is of the simplest possible type, consisting of necessary definitions only, namely, of
 
 are inserted instead.
 
 altitude, degree, horizon, zodiac, equinoctial line, declination, Circles, Poles, Tropics, seasons, longitude, latitude, parallels, meridians, hemisphere, zenith
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 THE REGIMENT OF THE NORTH POLE
 
 off the true pole today. In mediaeval times Polaris revolved star Polaris is only in a tiny circle 3 from the celestial pole as did a Draconis, when it was the guiding star of the Pyramid builders. Hence latitude by the altitude of the Pole Star might exceed or fall short of the true value by 3. The pilot books gave instructions for making the necessary correction by noting the hour angle of the star f$ in the Little Bear. The positions of Polaris relative to the true pole were charted for eight positions of the "guards" 0? and y) 3 so that naked eye observation sufficed to make a correction with an error less than half a degree. 1
 
 (Reproduced with Professor E. G. R. Taylor's permission, from her 1
 
 485-1583 (Methueri).)
 
 Tudor ^Geography,
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 A brief exposition
 
 of the changing altitude of the Pole Star as the its explanation in terms of the rotundity of the Earth, concludes the section. The second section, on Rules and Tables, opens with the Regiment of the North Pole, i.e. the number of degrees (from 4 to 3 ) which must be added or subtracted from the observed altitude of the Pole Star, according to the position of the "guards," in order to obtain the latitude. "The guards" was the seaman's name for part of the constellation Ursa Minor, the two significant stars used as indicators being j8 and 7 when the guards are in the east and the forward star (of the guards) is east of the North Star, then the Pole Star, as it is called, will be 1J below the Pole, and this must be added to the altitude, when the sum will be the height of the Pole above your horizon: when the guards are in the north-east, and the two stars of the guard, one with another by east, then the Pole Star will be 3 The "forward" or "fore" guard was the brighter of the below the Pole. two (i.e. )3 Ursae Minoris), and was sometimes called the "clock star," since it could be used to tell the time at night. Directions for making and using the balestilha or Jacob's Staff for these stellar observations are given, with a diagram to show how to add the scale to the Staff, while the quadrant and astrolabe are also mentioned. This Regiment of the North Star is one of the stereotyped Rules found in every Manual. Here it is followed, as in many other examples, by a rule to tell the time at night by the guards during each month Now this makes it clear that the degree was taken by seamen of the year. as 70 Roman miles, equivalent to 64-4 English statute miles, a much less faulty figure than the 62 J miles (of 5,000 feet), or alternatively 60 miles, adopted by cosmographers. The method of derivation, too, is made plain. Battista gives 25,200 miles as the circumference of the Earth, which is clearly derived from Eratosthenes's measure of 252,000 stadia (made widely known to navigators through Sacrobosco's Sphera which was prefixed to the early Portuguese Manuals), by taking the equivalent of 10 sea stadia to a Roman mile. The Portuguese league of 4 miles was adopted by all seamen, as Columbus mentions, and as Jean Rotz, too, makes clear; but in Spain the degree of 11 \ leagues was presently superseded by that of 1 6 leagues, reckoning according to The next section of the Italian Spanish use, only 3 miles to a league. Manual consists of a couple of pages and a diagram on the Regiment of the Southern Cross, and then follows the most important part of all, which finds a place in every book of Rules and Tables. This is the Regiment of the Sun, that is to say, the rules for taking the noon-tide altitude, and for using the accompanying Table of Declinations, which are given for four years, the last Calendar was combined with the tables for the First being the Leap Year. few examples of latitude determination are worked out, and it Year. ... may be noted that for solar observations the use of the astrolabe and not the balestilha is proposed. ... It was probably in 1558 that Stephen Burrough centre.
 
 traveller passes
 
 from Alexandria to Iceland, and
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 A
 
 A
 
 be greatly impressed by were trained and examined. So far as chart-making is concerned, Tudor England had nothing to set against the magnificent achievements of the Portuguese, Spanish, Italian, and French visited the
 
 Casa de Contratacion in
 
 the meticulous care with
 
 Seville, there to
 
 which Spanish
 
 pilots
 
 .
 
 .
 
 .
 
 school of Cosmographer-Pilots.
 
 A simple recipe analogous to the Regiment of the North Pole for use in southern latitudes is given in Hakluyt's Voyages. It refers to the Southern Cross, and is written by the mariner Edward Cliffe, who accompanied the consort ship of Drake in the 1577-9 expedition to the Strait of Magellan:
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 And thence we came along the coast being low sandie land till wee arrived at Cape Blanco. This Cape sheweth it selfe like the corner of a wall upright from the water, to them which come from the Northwardes where the North Pole is elevated 20 degrees 30 min. And the Crociers being the guards of the South Pole, be raised 9 degrees 30 min. The said Crociers be 4 starrs, representing the forme of a crosse, and be 30 degrees in the latitude from the South Pole; and the lowest starre of the sayd Crociers is to be taken, when it is directly under the uppermost; and being so taken as many degrees as it wanteth of 30, so many you are to the Northwardes of Equinoctial and as many degrees as be more than 30, so many degrees you are to the Southwards of the Equinoctial. And if you finde it to be just 30 then you be directly under the line. :
 
 :
 
 THINGS TO MEMORIZE Z.D. of star. North Polar Distance = Z.D. of Pole N.P.D. Declination = 90 Z.D. of Pole. Latitude = altitude of Pole = 90 Declination = Z.D. -f Latitude. Z.D. Latitude = Declination
 
 1.
 
 2.
 
 Zenith distances south of the zenith, and latitudes and declinations south of the equator are negative.
 
 3.
 
 Sundial time
 
 4.
 
 Star's
 
 R.A.
 
 Star's
 
 R.A.
 
 =
 
 Equation of Time = Greenwich Mean Time. time of transit of star = (approximately) solar time of star's transit time of transit of Sun's R.A. = local (solar) time of transit (approximately).
 
 +
 
 sidereal
 
 T
 
 See also Figs. 24, 43, 45 and 50.
 
 5.
 
 EXAMPLES ON CHAPTER Use
 
 .
 
 II
 
 the graph in Fig. 32 for the "equation of time" correction.
 
 What
 
 are the sun's declination and right ascension on March 21st, September 23rd, and December 21st? 2. What approximately is the sun's R.A. on July 4th, May 1st, January 1st, November 5th? (Work backwards or forwards from the four dates given. Check 1.
 
 June
 
 21st,
 
 by Whitaker.) 3. With a home-made astrolabe (Fig. 22) the following observations were made at a certain place on December 21st: Sun's Zenith Distance Greenwich Time (South)
 
 (p.m.)
 
 12.18
 
 74J 74 74
 
 12.19
 
 12.20 12.21
 
 73J 73J 74
 
 What 4.
 
 74J was the latitude of the place? (Look
 
 12.22
 
 12.23
 
 12.24
 
 up on the map.) Find the approximate R.A. of the sun on January 25th, and hence it
 
 at
 
 what
 
 time Aldebaran (RJV. 4 hours 32 minutes) will cross the meridian on that night. If the ship's chronometer then registers 11.15 p.m. at Greenwich, what local
 
 is
 
 the longitude of the ship? Examples continued on page 130
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 (Ahwc
 
 tf,i'k
 
 >nun
 
 sin
 
 BO
 
 R=
 
 A
 
 AO AI
 
 i
 
 AOB =
 
 AT? -^=z
 
 ^ OB
 
 and
 
 IB r are
 
 very small, so that
 
 real
 
 depth apparent depth
 
 1 J so that the apparent depth is three quarters of the real depth. This the reason why a spoon appears to be bent when half immersed in water. Every point immersed in the water appears to be only f as low down as we expect it to be.
 
 For water is
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 the two opposite faces are also parallel. If the faces are inclined, like those of a prism, the emergent ray is bent inwards. For reasons shown in Figs. 80 and 81 is related in a simple way to the inclination of the two faces the value of through which the beam of light passes, and to the angle D, which the emergent ray makes with the ray entering the prism when both are inclined at the same angle (x) to the faces from which they respectively emerge or at which they enter the prism. This relation is
 
 A
 
 R
 
 :
 
 sin
 
 _
 
 KA sin
 
 -I-
 
 P)
 
 JA
 
 FIG. 80 Refraction of pure light of one colour through a prism of 60. (R) of the glass is 1 5. So if the incident ray (in air) is 45% sin r
 
 Since sin 28
 
 To ment
 
 =
 
 =
 
 sin 45
 
 -:-
 
 1
 
 5
 
 =
 
 707
 
 -f-
 
 0-47, the angle of refraction at the
 
 D
 
 1
 
 first
 
 6
 
 =
 
 face
 
 The
 
 refractive index
 
 47. is
 
 28.
 
 find the angle for a prism with faces inclined at an angle called a spectrometer is used. This consists of a source of
 
 A an instrulight,
 
 which
 
 projects a thin beam on to the prism and telescope, both capable of revolving on a turntable with a graduated scale to record the angle. All that is necessary is to find the position in which the telescope and the source of light point at equal angles to the two prism faces while the telescope receives the beam. To find the refractive index of a solid substance, a prism made of it is used.
 
 Spectacles and Satellites To
 
 find that of a liquid a hollow prism with thin glass sides
 
 The precision of the law can be tested by the consistency of when prisms with faces inclined at different angles are used.
 
 is filled
 
 with
 
 it.
 
 results obtained
 
 180
 
 ACCURATE DETERMINATION OF REFRACTIVE INDEX. DIAGRAM OF SPECTROMETER
 
 FIG. 81.
 
 A
 
 The prism
 
 are equally (upper figure) is set so that the two faces which enclose to 180 on the scale. The source of light and the telescope inclined to the line joining are moved till the telescope receives the beam while they are inclined at equal 2a angles a to this line. The angle of deviation (D) is then 180
 
 The beams
 
 entering and leaving the prism, then make equal angles (x) with the two x which enclose the angle A a and i = 90 the sum of the two interior opposite angles^ each (i Since the / D r)
 
 faces
 
 D= Since the /_ angles
 
 A
 
 2(i
 
 -
 
 /.
 
 r)
 
 i
 
 = 4D +
 
 r.
 
 and the two base angles^ each equal to x .'.
 
 /.
 
 A
 
 A -f
 
 -f-
 
 2(*
 
 2(90
 
 +i-
 
 r)
 
 *
 
 sinr
 
 sinj(A sin
 
 (i
 
 r),
 
 make up
 
 2 right
 
 2(90)
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 + D) A
 
 DESIGNING MIRRORS
 
 The social conduct for which the laws of reflection and refraction provide us with guidance includes designing mirrors for shaving, or as reflectors for lamps, for searchlights, for telescopes and for periscopes; prescribing lenses for spectacles ; or combining lenses in cameras, in magic lanterns, in telescopes, in microscopes, and in various surgical devices like the laryngoscope and
 
 152
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 auroscope; also designing prisms for spectroscopes, for periscopes and for binoculars. Designing lenses of the right curvature to produce magnification involves a knowledge of refraction at curved surfaces, in contradistinction to refraction at a plane surface described in its simplest form by SnelTs law.
 
 The nature of refraction at curved surfaces is more easily understood when we know how magnification can be produced by reflection at curved surfaces.
 
 The image produced by is
 
 a virtual image.
 
 a plane mirror cannot be caught
 
 on a
 
 screen. It
 
 To represent it in a scale diagram we have only to remember
 
 FIG. 82 the virtual image of the object O, because it merely represents the point from which the reflected rays entering the eyeball appear to diverge. This point lies as far behind the mirror as the object does in front of the mirror. virtual image cannot be caught on a screen. real image (pp. 156, 157) can. I is called
 
 A
 
 A
 
 that the only "rays" of light visibly reflected from any point on an object (Fig. 68) are those which do not diverge by more than the width of the
 
 pupil where they enter the eye. This means that to represent the image of any point of an object placed before a mirror we only need to follow the path of any two rays which enter the eye and trace them backwards to the point from which they appear to diverge. Using this method (Fig. 82) shows us that the image of a point at a certain distance in front of a mirror is situated
 
 same distance behind it. By tracing out the course of two rays from each of the three corners of an L-shaped figure, as in Fig. 83, we also see that the virtual image is upright and reversed from left to right. To put the
 
 at the
 
 Spectacles and Satellites issue in another way, the
 
 153
 
 image of a page of print seen in a mirror resembles
 
 we should see if we were looking at the script through a page. The method of reconstructing the image by representing
 
 the appearance
 
 transparent small beams of light or "rays" reflected from its edges as geometrical lines therefore agrees with the three most familiar characteristics of reflection
 
 from
 
 a flat surface like a hand mirror or a pool of water. In applying the same device to mirrors with curved surfaces such as form a slice from the surface of a sphere, the Alexandrian astronomers used the reasoning which they had learned to use in dealing with the observer's horizon. We can look on the immediate neighbourhood of the place where a
 
 FIG. 83
 
 By considering the points from which any pair of rays appear to diverge when an angular object is placed before a mirror we can see why the image is reversed from left to right. (The rays as drawn diverge more than would be possible for any pair of rays entering the pupil unless the object were very small compared with the eye placed very close to the object. The exaggeration is necessary to make the relations between object and image
 
 clear.)
 
 ray of light strikes a spherical surface as a little patch of flat earth. That is to say, the ray is reflected as it would be if it struck a flat mirror placed in the
 
 plane which is tangential to the surface at the point where it strikes. A line joins the point where the tangent plane grazes the surface to the centre of the imaginary sphere from which a concave or convex mirror is supposed to have been sliced off as in Fig. 84 must strike the tangent plane at right
 
 which
 
 angles. If a ray does so, the angles of incidence and reflection are equal. So a ray passing along the line which joins any point on an object to the "centre
 
 of curvature" of a spherical mirror is reflected back on its own path. Any other one is reflected in the same plane so that the angle the reflected ray makes with the line joining the point, where it strikes to the centre of curvature, is equal to the angle which the incident ray makes with the same line. Rays that fall parallel to the line which joins the centre of the mirror to the centre of curvature are reflected so that they either converge towards (concave
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 FIG. 84
 
 A
 
 concave or convex mirror can be looked on as a slice from a sphere silvered or polished on the inside or outside respectively. The line joining a point on the surface of a sphere to its centre is perpendicular to the tangent. So the incident and reflected ray make equal zenith angles with the line which joins the centre of curvature to the point from which the incident ray is reflected.
 
 Convex
 
 Ccnica,\ FIG. 85
 
 The two
 
 which suffice for representing the image formed by an object placed before a concave and convex mirror are (1) A ray (a) which strikes the mirror so that it passes through or is directed towards rules
 
 :
 
 the centre of curvature is reflected back along its own path. (2) ray (b) which runs parallel to the optical axis of the mirror is reflected back so that it passes through (concave mirror) or appears to come from (convex mirror) the focus. Conversely, a ray (d) coming from the focus (concave mirror) or proceeding towards it (convex mirror) is reflected parallel to the optical axis. The optical axis is the line which joins the centre of curvature to the centre of the mirror.
 
 A
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 surface) or appear to diverge from (convex surface) the neighbourhood of a point called the Focus between the centre of curvature and the mirror itself.
 
 If the distance between the centre of curvature and the mirror is large compared with the diameter of the latter, the distance of the focus from the mirroy (the focal length) is approximately half the distance (radius of curvature) from the mirror to the centre of curvature as in Fig. 85. If the curvature of a concave or convex mirror is measured we can therefore reconstruct the position of the image when the object is placed at a measured distance from it by tracing the path of two rays from each of several points at the boundary of the object. For practical purposes the two
 
 end points are enough. One ray from each point which joins it to the centre of curvature. This
 
 own
 
 path.
 
 The
 
 other
 
 is
 
 is is
 
 parallel to the optical axis
 
 in the
 
 same
 
 straight line
 
 back along its reflected back so
 
 reflected
 
 and
 
 is
 
 FIG. 86 parallel to the optical axis converge to the focus of a concave mirror which can therefore be used like a lens as a burning-glass. Rays which come from the focus are reflected parallel to the optical axis. If they come from a point between the focus and the mirror they diverge on reflection. This is how mirrors are used on lamp reflectors or in headlights to produce a diverging beam of light.
 
 Rays
 
 it diverges from (convex mirror) or converges towards (concave mirror) the focus (Fig. 86). The image produced by a convex mirror has the same general charac-
 
 that
 
 wherever the object is put. It is an upright virtual image reversed the image formed at a plane surface, differing only in so far as it is always smaller (Fig. 87, a) than the object. This compresses a larger visible field into a smaller space. So such mirrors are used as reflectors for motor-cycles and cars to display objects approaching from behind. If an object is placed between the focus and surface of a concave mirror (Fig. 87, t) an upright virtual image reversed from right to left is also obtained. Instead of being diminished the image appears to be larger than the object. Everyone who has used a shaving mirror, which belongs to this class, knows that the image enlarges as the face recedes till a certain distance is reached when no clear image is seen. This point is the focus. If an object (Fig. 88) like a candle burning in a darkened room is placed beyond the focus of a concave lens tilted a little, we can focus a real and inverted image on a screen, e.g. a teristics
 
 from
 
 left to right like
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 piece of paper. If the object is between the focus and the centre of curvature a clear enlarged image is obtained when the paper is placed a certain distance
 
 beyond the centre of curvature. If the object itself is placed beyond the centre of curvature the screen must be held in some position between the centre of curvature and the focus to get a clear image, which is then seen to be smaller than the object. Concave mirrors are used in astronomical telescopes. The object is at a great distance. So an image is formed very near the focus, where it is studied with a lens combination called an eyepiece.
 
 C-
 
 -"'
 
 P,
 
 (a)
 
 FIG. 87
 
 The
 
 virtual upright diminished image produced by putting an object before a (a) convex mirror as in using one for sighting objects in the rear of the motor-cycle. (b) The virtual upright enlarged image when an object is placed within the focal
 
 distance of a concave (e.g. shaving) mirror.
 
 By applying the two simple rules given in the legend of Fig. 85 we can make a scale diagram (Fig. 89) of the position of the real image and the object, and thus calculate the centre of curvature of the mirror or its focal distance. Having done this we can make a scale diagram for the size and
 
 when the object is placed in another position. The can readily be checked. Having justified the method we are not bound down to drawing a scale diagram to get similar results. The geometry of the scale diagram shows us how to calculate the magnification and position of the image by the simple formulae explained in Fig. 90. From these formulae we can deduce what curvature is necessary in designing a mirror to give a suitable magnification at a convenient distance for shaving. position of the image results
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 FIG. 88
 
 The
 
 real inverted
 
 be enlarged
 
 if
 
 image of an object placed beyond the focus of a concave lens may is within the radius of curvature, or diminished if beyond.
 
 the object
 
 FIG. 89
 
 The
 
 image produced when an
 
 object is placed between the focus and centre of curvature of a concave mirror. If the arrows are reversed the figure also illustrates the case where the object is placed beyond the centre of curvature. Most optical diagrams are reversible in one way or another. real
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 B
 
 FORMULA FOR MAGNIFICATION AND POSITION OF IMAGES
 
 FIG. 90.
 
 In this diagram C is the centre of curvature and F the focus of a concave mirror. Its radius of curvature r is equivalent to OC and its focal length is equivalent to OF. When the object is between O and F a negative sign which precedes the numerical value of v indicates that the distance v is measured to the left of O.
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 OF
 
 If the mirror is convex is measured to the left of O, and a similar figure shows that formula (iii) holds when a negative sign is attached to the right numerical value for/.
 
 COMBINING LENSES
 
 The
 
 which have been given for finding what sort and size of image produced by an object placed at a known distance from a mirror, or where the image is situated, can all be demonstrated by means of a simple optical is
 
 rules
 
 Spectacles and Satellites
 
 159
 
 bench (Fig. 91) which can also be used to make similar experiments with lenses. lenses used in optical instruments are of two general classes (Fig. 92), axis diverging lenses, which direct the path of a beam parallel to the optical
 
 Most
 
 U%kt or lamp (Object)
 
 Holder far lens or mirror
 
 FIG. 91
 
 Home-made bench
 
 for measuring position and size of real image formed converging lens or (with holder and lamp reversed) concave mirror.
 
 by
 
 FIG. 92
 
 F
 
 is
 
 Diverging lenses: (a) planoconcave; (6) biconcave." Converging lenses : (c) planoconvex; (d) biconvex. the focus in each case.
 
 called the focus situated on the same side of the lens as the source of light, and converging lenses, which bring the rays to a focus on the side remote from the source, as when we use a lens to burn a hole
 
 away from a point
 
 i6o
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 in a piece of paper. One aspect of a converging lens is always convex. The other aspect may be convex, flat, or concave. If concave, the curvature of the concave side is less than the curvature of the convex. One side of a
 
 FIG. 03
 
 A
 
 simple reflects
 
 Search-light. The lamp is at the a parallel beam on the inner face
 
 focus of the concave mirror which hence of a diverging lens whose focus is at F.
 
 FIG. 94
 
 Above, the short-sighted (myopic) eye rectified by means of a diverging lens. Below, the long-sighted eye (hypermetropic) rectified by means of a converging lens. third common defect "astigmatism" is due to unequal curvature of the refractive surfaces in different planes. This is corrected by a cylindrical lens, i.e. a lens cut from the side of a cylinder, so that it produces convergence in one plane, but not in the plane at right angles to it.
 
 A
 
 diverging lens is always concave. The other curvature less than that of the concave side.
 
 may be
 
 flat
 
 or convex with a
 
 Converging lenses, as their name suggests, make the rays of a beam con-
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 verge as they emerge. Diverging lenses do the opposite. The eye, as Al Hazen was first to recognize, is a tiny camera with a translucent lens which produces an image on the sensitive layer or retina. When it functions properly it can be focussed for near and far objects by muscles which change the curvature of the lens. This adjustment is rarely perfect, and most people are a
 
 little
 
 from a
 
 "short-sighted" or "long-sighted." In short-sighted people light is brought to a focus in front of the retina, and a
 
 distant source
 
 FIG. 95
 
 This shows that a ray striking the edge of a convex surface is bent towards the optical axis (converging lens) after refraction. To make the construction all we need to know is the "refractive index" (R) of the glass. This is taken to be 1 5. Thus if the incident angle in air
 
 is
 
 45, sinr
 
 Hence
 
 =
 
 sin 45
 
 ~
 
 1-6
 
 =
 
 0-7071
 
 -r
 
 1-5
 
 found to be 28 from tables of
 
 sines. Notice that the direction of the ray r is which strikes the centre of the surface of the lens is unchanged when it emerges. If the lens is thin, with a large radius of curvature, this ray which strikes the centre
 
 of the surface lens itself.
 
 may be
 
 considered to pass approximately through the centre of the
 
 make
 
 the rays converge more gradually as in whose difficulty does not arise from the common failure of accommodation at an advanced age, the reverse is true. The eye is too short, and a suitable converging lens makes rays which enter it converge on the retina.
 
 diverging lens
 
 is
 
 necessary to
 
 Fig. 94. In long-sighted people,
 
 Why
 
 light is bent in this
 
 way, when
 
 it is
 
 refracted at a curved surface,
 
 A
 
 seen in the next two figures (Figs. 95 and 96). geometrical device similar to that for curved mirrors can be used to trace out the path of a ray through a lens. The angles of incidence and refraction are measured from the line is
 
 F
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 drawn perpendicular to the tangent at the point where the ray strikes the curved surface. The use of a lens as a burning-glass shows that parallel rays are brought to a sharp focus by a good lens of small curvature, and Figs. 95 and 96 show that the direction of any ray which strikes the centre of a lens is not changed when it emerges. If we know the focal distance of a lens the position and size of an image can be reconstructed by tracing the path of two rays from any point on the object. One is a ray which is parallel to the optical axis of the lens before it strikes the latter. This ray passes
 
 FIG. 96
 
 This shows why a ray striking the edge of a concave surface is bent away from the optical axis (diverging lens) after refraction. The construction is made in the same way as that of the previous figure.
 
 of the lens if the latter belongs to the converging type. appears to diverge from the focus. The other ray passes through the centre of the lens. Its direction remains unchanged. throitgh the focus
 
 Otherwise
 
 it
 
 Diverging lenses are like convex mirrors. The image (Fig. 97) is always upright, and diminished in size. It is a virtual image. That is to say, it appears to be on the same side of the lens as the object and cannot be focussed on a screen.
 
 An upright virtual image is
 
 also obtained with a converging lens if the
 
 distance between the object and the lens is less than the focal distance of the latter. Instead of being diminished it is then magnified. This is what happens
 
 when we
 
 look at small print with a "magnifying glass." If an object is placed side of a converging lens, we can also focus a real image of it on a screen placed on the other side of the lens when the distance of the object from the lens is greater than the focal distance. As with a concave mirror, the real image
 
 on one
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 inverted, enlarged if the distance of the object is less than twice the focal distance and diminished if the distance of the object is more than twice the focal distance (Fig. 98). camera is simply a box with a converging lens placed at the correct distance to focus a real image of distant objects on a
 
 is
 
 A
 
 *:..
 
 V FIG. 97
 
 Above, the image formed by a diverging lens. This is always virtual, erect, and diminished. Below, the image which is formed by a converging lens when the object is not further away than the focal distance of the lens. The image is then virtual erect, and enlarged.
 
 FIG. 98
 
 When the object is separated from a converging lens by a distance greater than the focal distance, an image is formed on the opposite side of the lens and can be caught on a screen suitably placed. This real image is always inverted. If the object lies beyond 2F the image is diminished. If the object lies between F and 2F the image is enlarged. This is the principle on which the "magic-lantern" or cinema works. photographic plate. For landscapes, the distance of the lens need not be adaptable. All rays from a very distant source are practically parallel, and converge so that the image is formed very slightly beyond the focus of the lens.
 
 So the distance between
 
 lens
 
 and plate
 
 is
 
 practically equivalent to the
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 To find the focal distance of a convex lens, we only have to find where a screen must be put on one side of it in order to get the clearest image of a very distant object. Having found the focal length of a lens we can calculate the position and size of the image from that of the object, or conversely we can find the focal length of a lens by measuring the position and size of an object and its real focal distance of the lens.
 
 FORMULAE FOR MAGNIFICATION AND POSITION OF LENS IMAGE
 
 FIG. 99.
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 _
 
 easier to recall, if written
 
 is l
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 u
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 :
 
 A
 
 f or,
 
 from
 
 (ii),
 
 ~
 
 -
 
 -
 
 image, by a simple scale diagram like the ones shown in Figs. 97 and 98. Alternatively, the calculation can be made from a formula which can be simply deduced from the geometrical relations of the diagram, as shown in Fig. 99.
 
 The
 
 truth of the rules applied in either way can be easily established by simple experiments with an optical bench like the one in Fig. 91. Their practical use lies in finding what magnification can be got from combinations of
 
 lenses in instruments like the telescope and microscope.
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 distant object
 
 (Lamp)
 
 of Optical Bcnc?r fc> slicw \\&w
 
 TsJcplcrs teles-cope
 
 "Y
 
 KEPLER'S TELESCOPE
 
 FIG. 100.
 
 Rays coming from the distant object converge to points on the real inverted image which would be seen if a screen were placed between the objective and eyepiece.
 
 From
 
 each of these points a cone of rays then diverges again.
 
 From
 
 these
 
 we can
 
 two for graphical representation, one going through the centre of the eyepiece unbent, one parallel to the optical axis so do not be misled into thinking that the rays drawn from the objective to the first image are bent at the latter. The ray passing through the centre of the eyepiece would not exist in a telescope having the precise proportions shown. It is put in as a sample to find the apparent origin of the rays that do exist, i.e. the virtual image. The focus of the objective is F That of the eyepiece is Fe. In the figure the object is not very distant and the real image is formed beyond Fe. Where the object is at a considerable distance the real image falls almost at F and the lenses are brought together so that F and practically coincide. The select
 
 ;
 
 .
 
 K
 
 magnification as stated
 
 on
 
 is
 
 the ratio of the angular diameters
 
 :
 
 =
 
 -.
 
 If the angles are small,
 
 p. 138,
 
 tan
 
 \a
 
 When F
 
 tan \a
 
 and F* are very
 
 close, so that the first image is only just beyond the focal distance of the objective and just inside the focal distance of the eyepiece (lower figure)
 
 tanjfr ~~ tan \a i.e.
 
 the magnification
 
 AB ^ AB = ~ BY BX BY BX* *
 
 is
 
 Focal distance of objective '
 
 Focal distance of eyepiece
 
 Science for the Citizen
 
 166 The
 
 simplest combination of lenses to form a telescope
 
 is Kepler's made of two One This is lenses. makes the (Fig. 100). rays of a converging distant object converge very slightly beyond the focus. The inverted real image which can be seen if a semi-transparent screen is placed in a suitable position between the two lenses is formed in front of the eyepiece at a
 
 A wldch fanned if
 
 the,
 
 oyepvzcz
 
 not placed between the. oyo, were,
 
 Virtual
 
 &
 
 hnage
 
 the,
 
 cutfuatty
 
 seen FIG. 101.
 
 V (focus of eyepiece) Z
 
 x
 
 GALILEO'S TELESCOPE
 
 _-
 
 Tc
 
 FIG. 102.
 
 THE MICROSCOPE WITH SIMPLE EYEPIECE
 
 distance slightly less than its focal distance. Where the rays would converge form an image if a screen were present, they diverge again in all directions,
 
 to
 
 from the edges of an illuminated object. So the result is the same as if a were placed within the focus of the eyepiece, i.e. a magnified virtual image is produced. Kepler's arrangement therefore gives an inverted image. Hence though useful for astronomical purposes it is not suitable as
 
 real object
 
 Spectacles and Satellites for viewing landscapes or the actors on a stage. For the reasons illustrated in Fig. 100 the magnification is the ratio of the angular diameter (fc) of the virtual
 
 image and the angular diameter
 
 the telescope. This the eyepiece.
 
 The
 
 is
 
 (a) of the object as seen without the ratio of the focal distances of the far lens and
 
 simplest type of combination which gives an upright image is Galileo's This is the type of arrangement used in opera-glasses. The eye-
 
 (Fig. 101).
 
 piece is a diverging lens. In ordinary circumstances a diverging lens produces a diminished upright image which appears to be situated on the same side
 
 of the lens as the object. This
 
 is
 
 because rays diverging from the object are
 
 KrcaZ (virtual
 
 & erectr)
 
 Object*
 
 FIG. 103.
 
 THE INVERTING EYEPIECE
 
 A telescope
 
 made of converging lenses can be made to give an erect image by using a third lens. If the first real image formed near F 15 the focus of the objective, is made to fall at a distance equivalent to twice its focal length from the second lens, a real image which is an inversion of the first image, equivalent in size to it, is formed at the same distance from the second lens on the opposite side. This image is, therefore, the same way up as the object. If it is formed at a distance just a little less than the focal distance of the third lens, a magnified virtual and erect image is seen by the eye.
 
 made
 
 to diverge
 
 more
 
 so that they
 
 seem
 
 to
 
 come from nearer the
 
 lens
 
 In the telescopic arrangement the diverging lens is placed between the converging lens and the position where the real image would be formed if the eyepiece were not there. These rays, converging to the focus of the (Fig. 97).
 
 made to diverge so that they appear to come from a image larger than the real image which would otherwise be formed. This virtual image is an inversion of the latter, and since the latter is itself inverted, the result is an upright image of the object seen. converging lens, are
 
 virtual
 
 (Fig. 102) is essentially like Kepler's telescope. The at a distance from the "objective" greater than but less placed twice the focal distance of the latter (see Fig. 98), So a real, enlarged,
 
 The microscope object
 
 than
 
 is
 
 and inverted image
 
 is
 
 formed in front of the eyepiece at a distance less than The real image produced by the objective
 
 the focal distance of the eyepiece.
 
 i68 is
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 seen as a virtual image which
 
 different focal distances
 
 is magnified still further. Any two lenses of can be used as a microscope or telescope according
 
 we
 
 use the lens of greater or smaller focal distance as the eyepiece. microscope of two converging lenses like a telescope of the same type produces an inverted image. One way of avoiding this is the use of a compound eyepiece (Fig. 103) consisting of two lenses. If one is placed so that the focus of the objective is separated from it by a distance equivalent to twice its focal distance, the first or real image is replaced by a second reversed real image of the same size. The lens nearest the eyepiece gives a magnified virtual image of the second real image. If the first real image is formed in front of the second lens at a distance greater than, but less than twice, its focal distance, the second real image will be larger than the first, so that it will be magnified successively by the two lenses of the eyepiece. as
 
 A
 
 COLOUR FRINGES If you make a simple Kepler's telescope or a microscope by combining two cheap lenses of different focal distance, as explained, you will have no difficulty in discovering why scientists were forced to bother about the nature of colour, when instruments to produce high magnification began to be manufactured. Any image formed by a combination of ordinary lenses is surrounded by a coloured fringe which blurs the outline. The higher the magnification, the more troublesome is the distortion which this coloured fringe produces. People had long been familiar with the rainbow effect which
 
 seen when light shines through pieces of glass cut in the shape of a prism, as in Venetian chandeliers and the like. phenomenon which had hitherto is
 
 A
 
 been accepted thankfully as an ornament now became a social nuisance. Men who were active in advancing the study of astronomy, among whom Newton was foremost in the seventeenth century, were compelled to investigate colours. For the observations which led Newton to advance the views now accepted no technique which was not available to the scientists of the Hellenistic age was necessary. What was new was a new social need. To make good telescopes it was essential to get rid of the coloured fringe. Nature, as Bacon taught, can only be commanded when we have first learned to obey her. To get rid of the coloured fringe we have to understand in what circumstances it is produced. If a parallel beam of sunlight shining through a slit (or of a lamp focussed with a converging lens) strikes the face of a glass prism, one of two things may happen. It may be bent so that it strikes a second face, making an angle with the vertical greater than the critical angle, so that it is totally reflected as in Fig. 76. Otherwise it passes through the prism, without reflection at one of its faces, as a beam with diverging edges. If this diverging beam falls on a plane surface it produces a spectrum, a series of bright colours: violet, blue, green, yellow, and red (Fig. 104). If part of this coloured beam is allowed to pass through a second prism, the only colours which appear in the second spectrum will be those to strike the second prism. The spectrum cast by a prism can be recomposed into white light by passing it through a second inverted prism (Fig. 106) or by bringing the rays to a focus with a lens.
 
 which are allowed
 
 Spectacles and Satellites
 
 169
 
 Such simple experiments show
 
 that ordinary white light can be decomwe recognize by their colour. What of which sorts into different light, posed our senses recognize as white light is not merely complex. It is not neces-
 
 up in the same way. It can be produced by combining the pure coloured lights of the spectrum in various ways. Superimposing the pure coloured lights of the spectrum (with the right degree of brightness) leads to surprising results. The combination of blue and yellow gives white. So sarily built
 
 what we recognize
 
 as white light
 
 may be made
 
 of
 
 all
 
 the coloured lights of Green and red give
 
 the spectrum, or of a mixture of blue and yellow alone. yellow.
 
 So what we recognize
 
 as yellow
 
 may be
 
 either
 
 pure spectral
 
 light
 
 Second ~Prisin
 
 Tirsf Prism,
 
 Tirst Screen,
 
 Slit to
 
 I
 
 withstit&r r s
 
 admit
 
 yM
 
 rtticus sunliglit r* 7 G or lens-
 
 &
 
 FIG. 104
 
 Newton's classical experiment in which a spectrum was formed on a screen with a which could be adjusted to admit only light of a particular region (e.g. yellow) of the spectrum. The colour of the pure "monochromatic light" which passed through the slit could not be changed by a second prism. slit,
 
 which cannot be decomposed, or a mixture of green and red, which can be split into its constituents with a prism. Blue and red give magenta. Magenta and green give white. These combinations are not what we should expect from the visible results of mixing paints. For instance, blue and yellow dyes usually produce green when mixed. If we let light pass through a solution of blue dye before it
 
 prism it is nearly always found that the spectrum consists of a certain proportion of green rays as well as of blue. The dye fails to transmit, i.e. it "absorbs," red and yellow rays. convenient arrangement for examining strikes a
 
 A
 
 through a prism is called a spectroscope. A yellow dye need not be yellow because it absorbs all light except spectral yellow. It may be yellow because it transmits red and green, absorbing all other colours. When such a yellow is mixed with blue the blue half of the mixture absorbs yellow and red rays. The yellow half absorbs blue rays, leaving nothing but green to be transmitted. In the same way a visibly red substance may be red, like light transmitted
 
 F*
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 the ruby lamp of the dark-room, because it absorbs all rays except those at the red end of the spectrum, or it may also be red because, like blood, it
 
 absorbs green light. Of the four principal colours we have left blue, yellow, and red when green is eliminated. Since blue and yellow give white, the effect is red.
 
 The spectroscope is used in modern chemistry to detect differences which are not recognizable by the eye, and so to distinguish substances which at first sight seem to be physically alike in spite of their different chemical properties. If a man poisoned with strychnine or cyanide were afterwards placed with head in a gas oven, the examination of a single drop of his blood would whether he had committed suicide. The spectrum of blood, i.e. light first passed through blood and then through a prism, has a black patch in the green region. Carbon monoxide, the poisonous constituent of coal gas, comhis
 
 settle
 
 FIG. 105
 
 An
 
 arrangement
 
 for superimposing two spectra to show the effect of different kinds of pure coloured light.
 
 combining
 
 bines with the red pigment of blood, driving out oxygen. The resulting combination is also red, but the size and position of the black patch in the
 
 green region of its spectrum are not the same as for healthy blood. You will see from Fig. 104 that when white light passes through a prism the rays at the red end of the spectrum are bent less than the rays at the blue end. Consequently magnification with a simple lens must always produce an image with a coloured fringe, where rays of complementary colours do not overlap and neutralize each other. When Newton set out to investigate the formation of coloured fringes, glass of quality sufficiently good for making lenses was a rarity. Italian glass-makers came to England in the middle of the seventeenth century, and flint glass, the best glass suitable for making the simple optical instruments used in Newton's time, was evolved in England about the same time. Since a lens of one and the same material must necessarily produce coloured fringes, the first effect of Newton's discoveries about the spectrum was to discourage further attempts to improve the magnifying power of the telescope by combinations of lenses. Newton designed a lens-mirror combination with which he could see the moons of Jupiter and the horns of Venus, and for a generation astronomers relied on further improvement by grinding good concave mirrors. During the eighteenth century the variety and quality of glass improved. The problem
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 which defeated Newton was solved by practical instrument manufacturers, of whom Dollond was the successful competitor for the patent rights issued in the latter half of the eighteenth century. This was possible, because another good quality glass was now available. The length of the spectrum produced by prisms of different kinds of glass varies considerably. For instance, if made of "crown glass" (calcium with potassium or sodium silicates), a prism of some particular size and shape produces a much shorter spectrum than one of the same dimensions made from "flint glass" (lead and potassium silicates). On the other hand, the magnifying power of lenses made of glass of two different kinds does not vary very much. This fact makes it possible to get high magnification without "chromatic
 
 Correcting chromatic aberration of lenses. A second prism placed as in figure neutralizes the dispersion of white light produced by the first. If the first prism is of crown glass, a flatter prism of flint glass suffices to neutralize the dispersion. In the same way a diverging lens of flint glass can neutralize the coloured fringe (RV) proflint glass lens which does this will be duced by a converging lens of crown glass. one of low diverging power as compared with the converging power of the crown glass lens. Hence the combination is itself a converging lens.
 
 A
 
 i.e. formation of coloured fringes which blur the outline of the a telescope or microscope. Modern instruments use seen through image Dollond's "achromatic" lenses formed by sticking together a crown glass converging lens of high curvature and a flint glass diverging lens of low
 
 aberration/'
 
 The
 
 curvature of the
 
 flint glass lens is sufficient to neutralize the of the crown glass lens in the same way as one prism spectral "dispersion" can neutralize another (Fig. 106), without being sufficient to neutralize the magnifying power of the combination.
 
 curvature.
 
 INTENSITY OF LIGHT
 
 So soon as people were forced to an active interest in the nature of colour, the problem of measuring the intensity of a source of light acquired a new importance. If we match things by daylight our judgments do not agree with the result of matching the same things by artificial light. Nowadays
 
 IJ2
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 we
 
 explain this by saying that electric light or gas light contains more red or yellow light than sunlight. The conditions of urban life in northern climates, the multiplication of sources of illumination and artificial dyes
 
 have compelled us to set up a standard of measurement by which we can tell how much light we get for the money we spend on illuminating our streets and dwellings, and how different shades of pigment harmonize. The principle used in determining the candle power of an electric light bulb is a simple application of Alexandrian optics. The only evident reason why antiquity did not bother to measure light is that antiquity had no need to do so. Intensity of ordinary white light is measured nowadays by comparison with a standard source of illumination. The first standard set up was a candle of particular dimensions and composition. The British standard was a sperm wax candle weighing six to the pound and burning 120 grams per hour. There are far more reliable sources of light today, and though we use the
 
 FIG. 107
 
 A beam
 
 of light which diverges from one and the same source illuminates four times the area at twice the distance, nine times at three times the distance, and so forth. Hence the intensity of illumination or quantity of light falling on unit area is inversely proportional to the square of the distance.
 
 term candle power, the actual physical standard used is not a candle. One of the best is a specially constructed burner for a constant mixture of air and pure pentane (the chief constituent of gasoline) arranged to give a flame of fixed dimensions. This is defined as a candle power often. To find the candle power of any other source of light by comparison we compare the distances at which the standard and the source of unknown candle power produce the same brightness. One way is to place them on opposite sides of a paper screen with a grease spot which makes the paper translucent in the middle. When the amount of light reflected from the opaque part and transmitted through the grease spot is equal on both sides, the outline of the grease becomes invisible. Another way is to compare the distances at which two shadows cast by the same object on the same screen, when the two sources of light are not quite in the same straight line with the object, look equally dark.
 
 From
 
 the elementary principle that "light travels in straight lines," it follows of a source of light, i.e. the amount of light
 
 (Fig. 107) that the brightness
 
 falls on the same amount of surface, is inversely proportional to the square of the distance. So, if the distance of the source from the grease spot or shadow-screen of the "photometer" is three times the distance of the other, and the grease spot is invisible or the shadows are matched, its candle
 
 which
 
 power
 
 is
 
 nine times as great.
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 INVISIBLE LIGHT
 
 One of
 
 the earliest optical
 
 phenomena which
 
 attracted interest
 
 intense heat produced at the focus of a concave mirror
 
 of sunlight
 
 strikes
 
 it.
 
 One
 
 when
 
 was the
 
 a parallel
 
 beam
 
 legend credits Archimedes with applying the attempting to set fire to enemy ships with large
 
 principle in naval warfare by metallic mirrors. The analogous experiment for setting fire to a dry leaf or a piece of paper with a magnifying glass is one which most of us have carried
 
 out in our schooldays. The most celebrated burning-mirrors were made about the time of Newton's work on the spectrum by Tchirnhausen, who, with a large copper concave mirror, to melt a hole in a coin.
 
 used the sun's rays to boil a kettle of water and
 
 examine more closely what we mean by light beam of light by its effect on our eyes. The spectrum teaches us that unaided vision does not distinguish between colours which are found to be different when examined with a prism. Our eyes are not perfect instruments for recognizing when things are alike and when they are different. So we have to look for a new way of defining colour. The physicist says that things are of the same colour when they absorb rays of the same part of the spectrum. If our eyes are faulty as a means of recognizing colour, our judgments may also be faulty when we say that a beam of light
 
 Such phenomena force us
 
 rays. Ordinarily
 
 we
 
 to
 
 recognize a
 
 can boil a kettle or blur a photographic plate.
 
 Some
 
 people are colour-
 
 blind in the sense that they cannot distinguish between green and red. It is easy to show that the distinction which the rest of us recognize is a real one. White light shining through a piece of red glass which absorbs all rays except red, as does the ruby lamp of the dark room, will not spoil a photographic plate. White light shining through a piece of green glass does so. Just as the effects which we observe in mixing colours cannot be explained sticking to the belief that two colours are the same if the eye detects no difference, so the physical effects which we ascribe to "light" do not correspond perfectly with what we are able to recognize at first sight. In a certain sense we are all colour-blind.
 
 by
 
 The
 
 discovery that this is so was not made till more than a hundred years Newton's work on the spectrum, when the blackening of silver chloride in sunlight was first studied. This effect of a visible source of light on silver salts is the basis of modern photography. We thus know of two physical effects other than what we see directly when light shines. A source of light can be used to produce heat or to produce chemical change. Neither of these effects corresponds exactly with what we usually recognize as light, i.e. the visible limits of the spectrum at the red and violet ends. If we move a sensitive thermometer along a spectrum thrown on a screen it detects heat above the visible limit of the red end of the spectrum and registers very little after
 
 An ordinary photographic plate is affected very and is red blurred beyond the limits of the visible violet the by rays, end of the spectrum. If the spectrum is thrown on the screen vertically, the effect in the visible violet.
 
 little
 
 thermometer registers no heat when moved sideways beyond the visible which are sharply defined. This points to the conclusion that the photographic plate can be affected by light which is more highly refracted limits,
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 174 than light which
 
 we
 
 see directly,
 
 and that heating can be produced by
 
 light
 
 highly refracted than light which we see directly. To avoid using the word light in an unfamiliar sense, you may prefer to speak of three kinds of "radiation," visible radiation, invisible "infra-red" radiation which is recognizable by its heating effect, and "actinic" or ultra-
 
 which
 
 is less
 
 which is recognizable by its chemical effect on silver salts. All three sorts of "radiation" have four characteristics of visible light. First, they can be communicated through empty space. That is to say, the effects violet radiation
 
 which we describe the source
 
 is
 
 as characteristic of a certain kind of radiation occur
 
 separated by
 
 vacuum from the thing
 
 a
 
 it
 
 influences.
 
 when
 
 Second,
 
 If a taxik of wotcr, or slab of thick her? glass is pl&cecL ,
 
 no result
 
 practLCalL/is obtain&d.
 
 FIG. 108
 
 A
 
 hot metal ball is placed at the focus of a concave metallic mirror. The black bulb of a sensitive thermometer placed at the focus of a second mirror registers a rise of temperature. In the type of thermometer shown (an "air thermometer") the two blackened bulbs contain air. The expansion of the air in one bulb forces the fluid in the corresponding limb downwards. Unless the metal ball which is the source of radiation is nearly incandescent, no effect will be registered while a slab of glass is held between the two mirrors.
 
 they display the phenomenon of refraction, as the spectrum experiment shows. Third, they are reflected according to the same laws as light (see Fig. 108). Finally, they are obstructed by a black surface. If actinic rays fall on a black surface they are not reflected or scattered. Hence the image of a black object does not darken silver salts. That is why the photographic plate is a "negative." The absorption of heat rays is illustrated by the arrangement on the left-hand of Fig. 109, which also shows (right-hand) that a black surface emits heat radiation better than a white one.
 
 The
 
 absorption or obstruction of radiation by a black body is always accompanied by rise of temperature, the effect being specially pronounced
 
 end of the visible spectrum and the region of the radiations which call the infra-red rays heat rays when the proare less highly refracted. duction of heat is their most striking effect. Nowadays, we know chemical
 
 in the red
 
 We
 
 Spectacles and Satellites reactions
 
 which are
 
 sensitive to these rays, just as the silver
 
 175 bromide of the
 
 ordinary photographic plate is sensitive to actinic rays and to visible rays in the blue end of the spectrum. Such reactions form the basis of infra-red photography. Aside from the specific physical effects mentioned, and the extent in which they are refracted, different sorts of radiation differ considerably in the ease with which they pass through different substances. Some kinds of glass are comparatively opaque to the invisible ultra-violet rays, which affect the photographic plate. This fact is of biological importance because some chemical reactions which occur in the animal body depend on ultra-violet light. The invisible heat rays of the infra-red spectrum pass through glass, otherwise we should not be able to recognize them. There
 
 Q
 
 FIG. 109
 
 A metal box filled with
 
 boiling water can be used as a source of heat radiation. If the uniformly white, the black bulb of an air thermometer of which the other bulb is unblackened registers greater absorption of heat. If one face of the box is
 
 box
 
 is
 
 black
 
 more heat
 
 is
 
 radiated
 
 from
 
 it.
 
 A
 
 are other heat rays which do not pass through glass. body which is heated to incandescence soon ceases to give off heat rays which pass through glass
 
 when
 
 it cools beyond the temperature at which it just ceases to be visible, although (as the experiment of Fig. 109 shows) heat rays can be detected from a metal box filled with boiling water. Thus a greenhouse is a heat trap. It admits all radiations which pass through glass. These are absorbed, producing a rise in temperature, which leads to the production of heat rays, which cannot pass through glass. Dry air is highly transparent to the heat
 
 rays. Water which permits visible light to pass through it with hardly any loss is relatively opaque to invisible heat rays, especially if a little alum is
 
 dissolved in
 
 it.
 
 Some
 
 substances which obstruct visible light are readily The X-rays of medical diagnosis are ultra-
 
 penetrated by invisible radiation. violet rays well to act
 
 which can penetrate the tissues of the human body upon an ordinary photographic plate.
 
 sufficiently
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 EXAMPLES ON CHAPTER
 
 III
 
 (These can be answered by making scale diagrams on graph paper)
 
 A
 
 concave mirror is 10 inches wide and } inch deep in the centre (neglecting 1. the thickness of the glass). How far away must the chin be held to obtain the best magnification for shaving?
 
 An
 
 extensible camera gives a clear image of a distant landscape when the from the ground-glass screen. far must the screen be extended to get a good photograph of the page of a rare book placed 2 feet 2.
 
 lens
 
 is
 
 How
 
 8 inches
 
 from the lens?
 
 At what distance from the
 
 3.
 
 duction of exactly the same
 
 book be placed what extension of the
 
 lens should the
 
 size,
 
 and
 
 at
 
 to get a reproplate
 
 from the
 
 lens?
 
 To make
 
 4.
 
 from the
 
 lens
 
 a lantern slide of the same object quarter size at what distance must the book be placed, and how far must the plate be from
 
 the lens ?
 
 A
 
 5. camera extends so that when the lens is 1| feet from the screen it gives a life-size image of a bird's egg in the nest. At what length must it be focussed to snap a hawk hovering high overhead?
 
 A
 
 6. headlamp consists of an electric light bulb placed at the focus of a concave mirror, and a diverging lens 9 inches in diameter and of focal distance 12 inches placed 4 inches in front. By how much will the angular divergence of the beam be diminished if the lens is shifted forwards by 2 inches ?
 
 7. Make a diagram to show the images of a point placed midway between two mirrors, and confirm your conclusion by standing between two. How is it that the moon's image is replaced by a band of light when the sea is covered by ripples? Find the distance between the third and fourth image seen in each of two mirrors 10 feet apart with an intervening object 7 feet from one of them.
 
 8. Draw a diagram of the images formed by an object equidistant between two mirrors inclined (a) at 90, (b) at 60. How many images are formed in
 
 each case? 9.
 
 A (a)
 
 deep is filled with methyl alcohol, whose index of refraction
 
 glass vessel 8 inches
 
 is
 
 1-332.
 
 carbon bisulphide, whose index of refraction is 1-63. (c) Canada balsam, whose index of refraction is 1-52. (d) ethyl ether, whose index of refraction is 1 352. (b)
 
 What 10.
 
 is
 
 the apparent depth in each case?
 
 What
 
 is
 
 the apparent
 
 visible to a fish in the River
 
 maximum Thames
 
 north polar distance of any star ever
 
 (Lat.
 
 51)?
 
 11. If the index of refraction from empty space to air is 1*0003, find the true elevation of the sun above the horizon plane when the observed altitude is 45. (Assume that the earth is approximately flat.)
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 person cannot see objects nearer than 50 cm. disthe focal length of a spectacle lens which will enable him to see objects as near as 25 cm. (clue the lens must be capable of forming an image at 50 cm. of an object placed 25 cm. from it). Will the lens be converging or 12. If a long-sighted
 
 tinctly, find
 
 diverging?
 
 A
 
 13.
 
 short-sighted person cannot see clearly beyond 30 cm. from the eye. of lens must be used to enable him to see distant objects, and
 
 What kind what
 
 will
 
 be
 
 its focal
 
 length?
 
 A
 
 14. myopic patient can see print best at 12 cm. Find the focal length of a spectacle lens to extend his range to 30 cm.
 
 In the practice of the optician the power of a lens of 1 metre focal length one diopter, that of a lens of 50 cm. focal length 2 diopters, etc. The -f sign indicates a converging, the sign a diverging lens. Give the results of the three last examples in diopters with the appropriate sign. 15.
 
 is
 
 said to be
 
 16. Explain why the sun looks red in a fog. How would the penetration of an arc lamp be affected by enclosing it in red glass? 17. If a prism is made of crown glass whose refractive index what angle must it be ground to give a minimum deviation of 25?
 
 is
 
 1-523, to
 
 18. With the spectrometer method of Fig. 81 the minimum deviation for sodium light is 29 32' with a prism whose angle is 44 46'. Find the refractive index of the glass for sodium light. 19. White light falls at right angles to one face of a prism whose vertex is 25. For the end rays of the spectrum the glass of which it is made has refractive indices 1-61 and 1-63. What is the angle of divergence between the visible
 
 limits of the
 
 spectrum?
 
 20. If the light of the sun is passed through a small hole on to a screen, an image of the sun is formed, but if the aperture is a large one, an image of the aperture is formed. Make a diagram to explain this. In a pinhole camera the screen is placed 6 inches from the hole. If the camera is at a distance of 50 feet from a tree 20 feet high, and is on the same level as a point half-way up the tree, what will be the height of the image? 21. Find the number of candles which at a distance of 420 cm. will give the same illumination as one candle of the same make placed at a distance of 60 cm. 22. If
 
 two
 
 electric
 
 glow lamps of 30 and 16 candle power are placed 120 cm. on the line through their centres do they
 
 apart at the same height, at what points give the same illumination?
 
 23. By means of the grease-spot photometer (p. 172) the intensities of two glow-lamps are compared. The outline of the grease spot disappears when the photometer is 83 cm. from one lamp and 53 cm. from the other. On interchanging the lamps, and adjusting the photometer till the grease spot disappears, the distances are now 50 cm, and 77 cm. Find the ratio of the intensities
 
 lamps.
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 24. The illumination produced by the light of the full moon falling perpendicularly on a screen is the same as that of a standard candle at a distance of 4 feet. What is the candle power of the moon, its distance from the earth being 240,000 miles?
 
 1.
 
 THINGS TO MEMORIZE Law of Reflection. Angle of incidence = Angle of reflection.
 
 2. Snell's
 
 3.
 
 Law
 
 of Refraction. Sin
 
 Spherical Mirrors.
 
 I
 
 1
 
 Lenses.
 
 v
 
 _
 
 sin r
 
 - =-
 
 u
 
 f
 
 r
 
 .
 
 u
 
 1
 
 -7. it
 
 R
 
 1112 + ~
 
 v
 
 Linear magnification
 
 4.
 
 i =-
 
 f
 
 Magnification
 
 =
 
 v
 
 -
 
 u
 
 CHAPTER
 
 IV
 
 CHILDREN OF THE SUN The Decline of Mere Logic THE
 
 year 1543 was notable in the history of human knowledge for the publication of the De Revolutionibus by Copernicus and the De Fabrica Humani Corporis by Vesalius. One marks the beginning of a new epoch in man's
 
 understanding of inanimate nature, the other marks the beginning of a new epoch in man's understanding of his own nature. There were abundant reasons why the opening years of the sixteenth century of our own era should have been signalized by a great advance in the study of the heavens. In the threequarters of a century which preceded the work of Copernicus, navigation had rapidly attained a level far above any of the achievements of antiquity. Mechanical clocks were becoming available for astronomical observatories. Printing made possible the distribution of new information and old sources. In this situation a more exact knowledge of the position of the planets had an immediate practical importance which has been explained in Chapter II (p. 106). Although mechanical ingenuity had solved the problem of making standard (e.g. Greenwich) time portable in countries where sunlight is and was to remain for a long time to come scarce, the clock was as yet incapable of recording standard time over a long voyage. So measurement of longitude was still contingent on more precarious sources of information, as, for instance, the occultation of a planet by the moon's disc, symbolically represented by the Turkish national emblem. The view which put the sun at the centre of the solar system was not new. It had been anticipated by Aristarchus perhaps likewise by the Pythagorean brotherhoods a century earlier. It had been rejected by Hipparchus because there was no direct evidence for the annual parallax of a fixed star or for the earth's diurnal rotation. The parallax of a fixed star was not detected till three hundred years after the death of Copernicus, and the retardation of the pendulum at low latitudes (see p. 288), the first terrestrial experience pointing to the earth's axial rotation, was not recorded till fifty years after Kepler's successful exposition of the heliocentric doctrine. In this chapter and the next one we shall see why the Copernican view was bound to engage a sympathetic hearing among those equipped to understand it, in spite of the absence of new evidence to meet the seemingly decisive objections which could still be urged against it. The invention of wheel-driven portable clocks made the determination of longitude at sea a technical possibility which began to be recognized in the fifty years that preceded the work of Copernicus and became a topic of absorbing interest in the half century which followed its publication. Before the modern chronometer came into use the two most simple methods were the observation of eclipses and occultations of the planets by the moon's disc. Aside from occultations, when the decimation as well as the R.A. of the
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 i8o moon and
 
 a planet are identical (within about a quarter of a degree), the astrological lore of the medieval world attached considerable importance to
 
 the times
 
 when
 
 the R.A. of a planet
 
 (conjunction) and
 
 when they
 
 the same as that of the moon or sun by 180 (opposition). The times of
 
 is
 
 differ
 
 conjunctions and oppositions were therefore recorded in all ephemerides in almanacs, before tables giving the daily variation of the moon's R.A. at a given station were available for the method of lunar distances.
 
 and
 
 Amerigo Vespucci (Fig. 110) is said to have found his longitude when his ship was in latitude 10 N. from the following observations. At 7.30 p.m. by local time, i.e. 1\ hours after local noon, the moon was 1 E. of Mars.
 
 At midnight (local time) it had travelled to 5| E. of Mars. Thus the moon had moved through 4| in the same number of hours. So it would have been in conjunction with Mars at approximately 6.30 p.m. local time. On the ^->-
 
 /
 
 -/-
 
 MOO7V
 
 12 p.m. NwvniTxrg
 
 ^-T^ ^
 
 5Q
 
 time
 
 Sun
 
 r
 
 j '
 
 6.30p.m. Ships iunc '
 
 FIG. 110.
 
 How
 
 found, his Vespucci ' -o I
 
 AMERIGO VESPUCCI FOUND His LONGITUDE BY A CONJUNCTION OF THE MOON AND MARS
 
 When the R.A. of the moon is the same as that of a planet they are said to be in conjunction. If their declination is also the same 3 the planet will be occulted by the moon's disc. If the declination differs by a small angle it is still possible to gauge when the R.A. of the two is the same by the naked eye. The exact moment of the conjunction can be determined by successive observations of their local co-ordinates (azimuth and zenith distance). From these the R.A. can be calculated by the spherical triangle formula given on page 195.
 
 same date
 
 almanac prepared by Regiomontanus recorded a midnight at Nuremberg. So when the time at Nuremberg was of Mars conjunction 12 p.m. it was 6.30 p.m. at the ship's position. Local time was 5| hours behind Nuremberg. Hence, he calculated that the ship was 5| x 15 82J west of Nuremberg. In addition to this example, Marguet (Histoire de la his
 
 =
 
 Longitude de la Mer, etc.) cites others. Columbus sought a port to observe the time of opposition of Jupiter and the moon in the 1493 voyage. In February and April of 1520 Andres de San Martin, the "best trained pilot" of
 
 Magellan's expedition, observed conjunctions of planets "according to the instructions of Faleiro who had composed a treatise on longitudes for the special use of this expedition." The words in italics show that
 
 mapping out the track of the planets was was a substantial problem of technology navigations. So the announcement of the doctrine of
 
 no longer a merely academic in the age of the great
 
 issue. It
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 an immediate social need. Not less important is the of spectacles proved to be the midwife of an instrument which weakened the inherent plausibility of the opposing view. The telescope revealed the planets as bodies with phases like the moon (Fig 111), shining with reflected light like ourselves, enjoying night and day as we do, and having moons revolving round them like our own. Observations on the sun's spots showed that the sun rotates about its own axis. So there is nothing outrageous in supposing that we may do the same. Copernicus
 
 fulfilled
 
 fact that the invention
 
 FIG. ill.
 
 THE
 
 PLANETS' PHASES,
 
 MARS
 
 ABOVE, VENUS BELOW
 
 Hitherto very little has been said about the motion of the planets. The account of the heavenly bodies given in the first two chapters was mainly concerned with the apparent motion of the sun and the fixed stars. While observing the stars, which seem to maintain the same relative positions in the uniform rotation of the heavenly sphere, the priestly astronomers of
 
 Egypt and Sumeria, and,
 
 it may be added, those of the calendar civilizations of Central America, recognized other bodies which do not have a fixed position in the celestial sphere, nor retreat steadily among the fixed stars in one direction like the sun and moon. Five of these bodies, Mercury, Venus, Mars, Jupiter, and Saturn, were known to the ancients. The extreme
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 sufficiently explains the brilliancy of two of them Jupiter and Venus attention which their vagaries attracted. Three of them might be seen at some periods on the meridian in the course of the night. At such times
 
 nightly comparison showed that they seemed to be retreating slowly in the direction opposite to the sun's annual or the moon's monthly motion. The other two, namely Mercury and Venus, are never seen throughout the whole
 
 of any night. Each may be seen alternately as an evening star setting within three hours after sunset or as a morning star rising shortly before daybreak. The brightness of Venus makes it conspicuous in the twilight almost as soon as the sun sets and long before the brightest fixed stars are visible. Owing to the brightness of the planets it is easy to recognize in fact, difficult to
 
 avoid noticing
 
 that their position
 
 among
 
 the fixed stars
 
 changes. During one month a planet may be east of a particular star, and may rise or set farther south. Next month it may be seen west of the same star, rising or setting perhaps farther north. Thus the R.A. and declination of a planet can be seen to change without recourse to measurement. The same times of rising and setting or of the meridian transit of any fixed star recur after a year. So the history of any fixed star in the course of one year is the same as its history in the preceding or succeeding year. This is not true of the planets. For instance, if you had watched for Venus month by month during 1934 and 1935 with the naked eye, you could have recorded its history as follows. In January 1934 Venus was a brilliant object setting in the early evening sky. At the beginning of February it was invisible. By the beginning of March it was a morning star rising within an hour before sunrise. In May it was still a morning star rising just before daybreak, and might be just visible before daybreak in June, July, August, and September. In October and November it was not visible. At the end of December it was visible just after sunset, as also in January 1935. In February 1935 it was a bright star in the evening sky for about two hours after sunset, remaining a conspicuous evening star till August, and in September again invisible (see also Fig. 63). The history of Mars during the same period was briefly (Fig. 112) as follows in January and February 1934 Mars might be just visible for a short while after sunset. During March, April, May, and June, it would be hardly visible at any time. In July it would be visible before sunrise in the early hours, rising soon after midnight from August to December, but never on the meridian before the morning twilight. In January 1935 it rose before midnight and crossed the meridian before morning twilight. By April it was rising before sunset, crossing the meridian about midnight. By the end of June it was setting just before midnight, and had passed the meridian at sunset. It remained an evening star, being still just visible in twilight after sunset from September to December. Each planet has its own cycle or synodic period in which it gets back to the same position relative to the earth and the sun. That of Venus is 584 days. If you look up Whitaker's Almanack for 1934 and 1935 you will see that on March 12, 1934, the R.A. of Venus, then at greatest brilliance, was 2 hours 37 minutes behind the sun, and it was then a morning star. Its R.A. was 2 hours 30 minutes behind the sun on October 13, 1935, 2 hours 38 minutes on October 18th, and 2 hours 43 minutes on October 23rd. So it had :
 
 Children of the Sun returned to its original position with reference to the earth and sun (see Fig. 63) on October 17th, 584 days later. The interest which was excited by the cycles of the planets in the priestly cultures of antiquity is illustrated
 
 from a recent account of the calendar of the extinct of Central America. The Maya calendar contained five different long cycles, a year of 365 days, a year of 360 days, a period of 260 days, a lunar year based on the lunar month, and the Venus cycle.
 
 by the following
 
 Maya
 
 citation
 
 civilization
 
 According to the source cited:*
 
 XXTV
 
 XVUT
 
 XII FIG. 112.
 
 THE TRACK OF MARS
 
 IN 1934-35
 
 The planet Venus was the object of an important cult. The revolution of Venus occupies a little less than 584 days; five of these Venus years equalled eight mean solar years (584 x 5 = 2,920, 365 x 8 = 2,920). The Mayas, however, were well aware that the Venus year was actually less than 584 days. They knew its length to the second decimal point. The actual period is 583 92 days, and to correct this error the Mayas dropped four days at the end of every sixty-one Venus years, and at the end of every three hundred Venus years eight days were dropped. This system was so accurate that had the Maya Venus calendar continued to function uninterruptedly up to the present day, the error over this period of over a thousand years would not have amounted to more than * Field
 
 Museum
 
 of Natural History,
 
 leaflet
 
 No.
 
 25, pp. 57-8.
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 a day. Such an accurate knowledge of the cycle of Venus, the revolutions of which are by no means regular, points to centuries of sustained observations. Up to the present, no deity in the Maya pantheon has been satisfactorily identified with Venus. In Mexico^ however, Quetzalcoatl was closely associated with Venus as the Morning Star. In addition to Venus, the planets Mars, Mercury, and Saturn, were closely observed, and their phases accurately calculated. When one recollects that the Mayas were dependent solely on the naked eye for
 
 ^jV5un~
 
 V" \
 
 \ r
 
 enus m,
 
 Venus in \i^ V| tins posi&m~ rises before
 
 \
 
 this position sets after
 
 \^
 
 sunset
 
 /
 
 Abtids Vervuus in, position,
 
 A
 
 *At this
 
 is
 
 in,
 
 sun,
 
 IcmMude
 
 position
 
 risen
 
 B
 
 is atitke
 
 th& nob yet setr.
 
 trot "?ias
 
 Mars opposition crosses meridian zt rnidnwhtr' izi
 
 FIG. 113 inferior planets, Mercury and Venus, have always passed the meridian when they become visible or have not yet reached it when they cease to be visible. Since it is customary to represent east on the right-hand side of a map, and also because the horizon plane rotates eastwards to meet the sun, the figure is drawn so that the South Pole is nearest to the reader. Venus is seen at maximum elongation west of the sun as a morning star, and at maximum elongation east of the sun as an evening star.
 
 The
 
 their observations, one is astounded at the grasp they had on the movements of the heavenly bodies. In various cities regular lines of sight existed for the observation of the equinoxes, solstices, and other important points of the
 
 tropical year, notably at
 
 Uaxactun, Copan, and Chichen
 
 Itza.
 
 The precise positions of the inferior planets Mercury and Venus, which are only visible as morning or evening stars^ cannot be gauged by the methods which we have mentioned in Chapter II. Since they never cross the observer's meridian by night (Fig. 113),
 
 we cannot
 
 find the R.A. or declination of either
 
 Children of the Sun of them by recording the time and zenith distance at meridian transit. trace out the motions of the planets we have to right ascension or declination of a heavenly body
 
 know how
 
 To
 
 to calculate the
 
 from observations upon its not on the meridian. Even for mapping daily the entire course of the moon's monthly cycle, the methods which we have used so far are not wholly sufficient, because on several days the moon will not be visible at its time of transit. It is not necessary to watch for the time of transit
 
 position
 
 of a
 
 when
 
 it is
 
 body to determine its co-ordinates in the celestial sphere (R.A. declination). With the help of spherical trigonometry we can find the R.A. and declination of a heavenly body, if we know the local time and the local co-ordinates (azimuth, altitude, or zenith distance) and latitude. Concelestial
 
 and
 
 LOCAL CO-ORDINATES OF A STAR
 
 FIG. 114.
 
 The horizon bearing or altitude the arc TZ or the flat angle
 
 is
 
 azimuth is the arc the meridian plane
 
 NQ
 
 z.d. The zenith distance z.d. is measured by in the azimuth plane. The meridian bearing or
 
 90
 
 ZOT
 
 which in degrees is the flat angle and the azimuth plane ZOQ.
 
 NZS
 
 NOQ or the
 
 angle between
 
 versely, the navigator need not wait for a heavenly body to cross the meridian to find his latitude provided that he has a star map, or an almanac giving
 
 tables of the declination of the stars.
 
 The local co-ordinates of a star when it is not on the meridian have already been defined on page 48, and will be understood with the help of Figs. 114 and 115. In Chapter II we have seen how to represent the position of a star in the heavenly sphere by small circles of declination parallel to the celestial equator and great circles of R.A. intersecting at the celestial poles. Such a map is true for all places, and relevant to any time of the year. At any fixed moment at a particular place we can represent the position of a star by small circles of altitude parallel to the circular edges of the horizon and great circles of azimuth intersecting at the zenith (Fig. 114). The altitude circles are numbered by their angular elevation above the horizon plane, just as declination
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 numbered by their elevation above the equator plane. numbered in degrees off the meridian by joining to the observer the ends of an arc on the horizon plane intercepted by the meridian and the azimuth circle, in just the same way as a circle of longitude is numbered by the angle between the end of an arc of the equator intercepted by it, the centre of the earth, and the point where the equator is cut by the or latitude circles are
 
 An
 
 azimuth
 
 circle is
 
 Greenwich meridian. The azimuth of a star is therefore its east/west bearing with reference to the meridian. If you have mounted your home-made astrolabe or theodolite of Fig. 115 to revolve vertically on a graduated base
 
 North,
 
 FIG. 115.
 
 HOME-MADE APPARATUS FOR MEASURING AZIMUTH OR ALTITUDE OF A STAR
 
 AS
 
 WELL
 
 AS Z.D.,
 
 materials are three blackboard protractors (you can make these with a fretset), a piece of iron tube (gas pipe), and a plumb-line. The object at which the instrument points has azimuth 70 East of North.
 
 The
 
 work
 
 set so that points due south or north., the azimuth of a star is the angle through which you have to turn the sighting tube (or telescope) on its base, and the altitude is obtained by subtracting from 90 the zenith distance. to 90 and 90 to 0, you If the protractor is numbered reversibly from can, of course, read off the altitude at once. In a modern observatory the declination or R.A. of a heavenly body can be found when it is not on the meridian with an instrument called an equatorial telescope. A simple type of equatorial telescope can be made by fixing a shaft pointing straight at the celestial pole and mounting a telescope (or a piece of steel tube) so that it can rotate at any required angle about the shaft itself as axis (Fig. 116). If the telescope is now clamped at such an angle as to point to a particular star, we can follow the course of the
 
 Children of the Sun star throughout the night by simply rotating it on its free axis without lowering it or raising it. If it is set by very accurate modern clockwork so that it can turn through 360 in a sidereal day (i.e. the time between two meridian transits of any star whatever), it will always point to the same star. Since it
 
 rotates about the celestial axis the
 
 of the
 
 star,
 
 and
 
 if the clock is set at
 
 tilt
 
 of the telescope hours
 
 (= XXIV)
 
 is
 
 the polar distance the First Point
 
 when
 
 eel.
 
 FIG. 116
 
 A
 
 simple "equatorial" made with a piece of iron pipe and wood. The pipe which fixed at an angle serves for telescope rotates around the axis (latitude of the place) due north. When it is clamped at an angle (the "polar distance" of the star or 90 as the star (S) revolves, keeping S Declin.) you can rotate it about always in view.
 
 A
 
 L
 
 PD
 
 A
 
 of Aries crosses the meridian, the R.A. of the star is the sidereal time at which the telescope lies vertically above its axis of rotation. If you compare Figs. 116 and 117 you will therefore find little difficulty in seeing how it is possible to measure the celestial co-ordinates of a heavenly body at times when its transit is invisible, and if you are satisfied that it can be done, the next few pages can be deferred till you have read the ensuing sections on the hypotheses of Copernicus and Kepler. On the other hand, you will find
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 beneficial to
 
 understand the
 
 work through final
 
 it,
 
 when you have done
 
 section of this
 
 so, if you wish to on the dating of ancient chapter
 
 monuments. THE SPHERICAL STAR TRIANGLE In the time of Copernicus and Kepler sufficiently reliable for the construction
 
 was not possible to make clocks of an equatorial instrument, and
 
 it
 
 Zcrdtk
 
 Pole
 
 Horizon
 
 FIG. 117.
 
 boundary /Western)
 
 APPARENT ROTATION OF THE CELESTIAL SPHERE
 
 The
 
 position of a star (T) in the celestial sphere may be represented by a point where a small circle of declination which measures its elevation above the celestial equator intersects a great circle of Right Ascension. All stars on the same declination circle must cross the meridian at the same angular divergence from the zenith and are above the observer's horizon for the same length of time in each twenty-four hours. or flat angle measures the angular divergence of the star from the The arc Declin. All stars on the same great circle of pole (polar distance) and hence is 90 R.A. cross the meridian at the same instant. The angle between two R.A. circles measures the difference between their times of transit. The angle h measured from the meridian westward between the plane of the meridian and the R.A. circle of the star is the angle through which it has rotated since it last crossed the meridian. If the angle is 15 it crossed the meridian one hour ago. So // is called the hour angle of the star. If the hour angle is h degrees, the star made its transit h ~- 15 hours previously. The hour angle is usually expressed in time units.
 
 PT
 
 POT
 
 the determination of Declination or R.A. from measurements off the meridian could only be accomplished by a more devious method which calls for some
 
 knowledge of spherical trigonometry. This will now be explained. Figures traced out on the surface of a sphere are called spherical figures. Thus two parallels of latitude and two meridians of longitude enclose a spherical quadrilateral. The peculiarity of such figures is that all their dimensions are in fractions of the circumference of a circle, i.e. in degrees. If three
 
 measured
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 INTERSECTING FLAT PLANES ON WHICH THREE GREAT CIRCLES OF A SPHERE LIE
 
 This shows a globe in which three flat planes have been sliced through two meridians of longitude (along PA and PB), and through the equator (AB). Each of these planes cuts the surface of the terrestrial sphere in a complete circle, the centre of which is the centre of the sphere. Where they intersect on the surface they make the corners of a three-sided figure of which the sides are all arcs of great circles^ i.e. circles with the same centre and the same radius as the sphere itself. Such a figure is called a spherical triangle. It has three sides, PA, PB, and AB, which we shall call b (opposite B), a (opposite A), and p. It has also three angles B, A, and P (PBA, PAB, and APB). What you already know about a map will tell you how these angles are measured. The angle APB is simply the difference of longitude between the two points A and B marked on the equator, and it is measured by the inclination of the two planes which
 
 cut from pole to pole along the axis of the globe. You will notice therefore that, since the earth's axis is at right angles to the equator plane, the plane of AB is at right angles to the plane of PA and of PB; and since we measure angles where two great circles traced on a sphere cut one another by the angle between the planes on which the great circles themselves lie, the spherical angle PAB is a right angle, and so is PBA. Thus the three angles of the spherical triangle are together greater than two right angles, an important difference between spherical triangles and Euclid's triangles. In practice, of course, it is a lot of trouble to draw a figure like this. So we measure the angles in one of three other ways which only involve flat geometry, which we have already learnt. These are : (a) is
 
 angle BPA between the spherical sides PB and between the tangents RP and QP which touch point, i.e. the "pole" P of the equatorial circle.
 
 The geometry method The
 
 PA
 
 RPQ
 
 PB
 
 :
 
 the same as the flat angle
 
 and
 
 PA
 
 at their
 
 common
 
 (b) The geography method: Remembering that BPA is simply the number of and B, you will see that it is simply the number of degrees of longitude between degrees in the arc cut off where the great circles on which PB and PA lie intersect any circle of latitude, i.e. any circle of which the plane is at right angles to the line joining the two poles where the great circles intersect above and below.
 
 A
 
 (c)
 
 The astronomy method This :
 
 is
 
 illustrated in the next figure.
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 intersecting great circles, i.e. circles of which the centres coincide with that of a sphere, are traced out on its surface, the figure bounded by three of is called a spherical triangle. Its three sides (A, B, C) are measured in degrees, analogous to degrees of latitude along a meridian of longitude. Its three angles (a, 6, c) are measured like the angular differ-
 
 their circular arcs
 
 ence between meridians of longitude. The arc which measures the angle between them is the arc cut off by the two great circles from the equator where the sphere meets the plane drawn midway at right angles to the axis
 
 through the points where the great
 
 circles intersect.
 
 This
 
 is
 
 explained in
 
 FIG. 119
 
 The angle QES between the arcs secting planes, and
 
 QE
 
 and SE
 
 QOS = POZ =
 
 So the angle between two spherical arcs on which they lie.
 
 is
 
 90 90
 
 is
 
 the angle
 
 QOS
 
 between
 
 their inter-
 
 - QOZ - QOZ
 
 the angle between the poles of the great circles
 
 Figs. 118 and 119. You will not find it difficult to visualize the meaning of a spherical triangle if you think about one of the most elementary problems of navigation, calculating the shortest course of a ship between two ports. The shortest course on the earth's spherical surface is the flattest arc places. The flattest arc is the arc of the of largest radius, i.e. that of the sphere itself. Hence the shortest course is the arc of a great circle. This forms one side (Fig. 122) of a spherical also great triangle of which the other two arcs are two meridians of longitude circles. The length of these two arcs (Fig. 122) is known if the latitude of each port is known, and the angle between them is the difference of longitude. So finding a ship's course is finding the length of the third side of a spherical
 
 which can be traced between two circle
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 FIG. 120 aid of the key shown in the next figure the two fundamental formulae for in this one can be deduced from the the solution of spherical triangles such as formulae for solving flat triangles given in Fig. 56, Chapter II. 2 2 2 P Q2 . cos a 2 2 2 2PA . cos -f 2 2 2 2 2PO 2PA . cos a cos /. ) ) (QO 2 (PO 2AO -f- 2PA . 2PO . cos's cos /.
 
 With the
 
 ABC
 
 = PO + QO _ po QO = PA QA PQ - QAQA- PA + QO = A QA QO
 
 A
 
 +
 
 .
 
 Divide through by
 
 2PO
 
 QA
 
 A-
 
 QO then AO AO PA QA .
 
 3
 
 ,
 
 = =
 
 POA
 
 POA
 
 QOA
 
 A
 
 QOA
 
 cos cos sin cos -f sin sin b sin c cos cos b cos c The formula for getting the third side (a), when you know the other two (b and c) and the included angle 3 is, therefore : cos a cos b cos c -f sin b sin c cos (i)
 
 +
 
 A
 
 A
 
 =
 
 A
 
 =
 
 cos A sin b sin c cos b cos c cos a 2 cos a cos b cos c -f cos* a cos 2 sin 2 b sin 2 c cos* b cos 2 c 1 Now make the substitution cos 2 sin 2 A> etc. sin 2 b) (1 sin 2 c) sin 2 A) sin 2 b sin 2 c (1 (1 2 cos a cos b cos c sin 1 a) (1
 
 A
 
 -
 
 =
 
 2
 
 A sin
 
 A= -
 
 -
 
 +
 
 1 b sin c sin 2 b sin 2 c 2 2 2 cos a cos b cos c -f 1 sin* a -f- sin b sin c After taking away sin 2 b sin s c from both sides this becomes 2 2 2 8 2 2 2 cos a'cos b cos c sin sin b sin c sin c sin a sin* b Just by looking at this you can see that the right-hand side would be the same we had started with cos c cos a cos b -f sin a sin b sin C in which case we should have found 2 2 2 2 2 cos a cos b cos c 2 sin a sin b sin 2 b sin sin 2 a sin c .'.
 
 sin 2 b sin c
 
 sin
 
 2
 
 2
 
 2
 
 A
 
 =
 
 =
 
 C
 
 Hence we can put Dividing by
 
 C
 
 sin 2 sin*a sin 2 b sin 2 b y we get sin 2 a sin 2 sin sin a
 
 C C
 
 =
 
 .
 
 or
 
 =
 
 _
 
 sm C
 
 sin 2
 
 A sin
 
 2
 
 b sin 2 c
 
 A
 
 sin 2 sin 2 c sin sin c sin sine .
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 triangle if we know two others and the angle included between them. This can be done by using the first formula in Fig. 120. Flat trigonometry gives us rules for finding any of the other three dimensions (A, B, C, a, b, c) of an ordinary triangle, if we know one side (a, i, or c) and any two of the remaining dimensions (two other sides, two angles or an angle and a side). There are analogous rules for the solution of spherical triangles. The fundamental rule is
 
 cos a
 
 This
 
 is
 
 =
 
 cos b cos c
 
 +
 
 sin b sin c cos
 
 analogous to and derived from the
 
 flat
 
 A
 
 triangle formula
 
 (1)
 
 shown
 
 in
 
 Fig. 56: a~ =^ b 2
 
 Fig. 56 also
 
 ~\-
 
 c2
 
 2bc cos
 
 shows a second formula for sin
 
 A=
 
 a
 
 sin
 
 flat
 
 C or sin
 
 A
 
 triangles
 
 C=
 
 c sin
 
 for spherical triangles
 
 ^
 
 sinC-
 
 sin c sin
 
 A
 
 a
 
 c
 
 The corresponding formula
 
 :
 
 is
 
 A (2)
 
 :
 
 sin
 
 a
 
 With the aid of a paper model as directed in Figs. 120 and 121 you will be able to overcome the difficulties of envisaging figures drawn on a sphere, and to see how the formulae for solution of spherical triangles follow from those for flat triangles. To apply them correctly you will need to recall some of the more elementary formulae in flat trigonometry* and the convention that angles measured east of a line of reference are negative. You will probably find it helpful to practice the use of the first formula by examples like the one shown in Fig. 122. Most atlases give the length of the ship's course between large ports, and you can therefore check your answer. The distances are usually given in sea miles (1 of the earth's circumference, i.e. a great circle of the terrestrial globe is 360 x 60 sea miles). To find the R.A. of a star off the meridian it is first necessary to find its declination with the cosine formula (1). The local position of every star at any instant can be placed at the corner of a spherical triangle (Fig. 123) like the Bristol-Kingston triangle of Fig. 122. One side (b) y like the polar distance of Kingston, is the arc between the celestial pole and the zenith along the prime meridian. The elevation of the pole is the latitude (L) of the 90 L. One side (c) 9 like the polar distance of Bristol, observer. So b is the arc between the star and the zenith on its own great circle of azimuth. This arc is its zenith distance (c z.d.). The angle A between its azimuth circle and the prime meridian which cuts it at the zenith is its azimuth (A azim.). Between the ends of these two arcs passes the great circle of '
 
 =
 
 =
 
 =
 
 A = cos (90 - A), cos A = A = sin (A) =* sin (180 cos A = cos (A) = cos (180
 
 * sin
 
 sin (90
 
 sin
 
 cos (180
 
 A)
 
 =
 
 -cos A;
 
 sin (180
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 A) A)
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 =-
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 FlG. 121
 
 Paper model key
 
 to the geometrical relations of the previous figure (Fig. 120)
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 right ascension which joins the star to the celestial pole, and the length of the arc between the star and the pole on its R.A. circle is its polar distance. Since
 
 the celestial pole
 
 is
 
 90 from the
 
 celestial equator, the star's polar distance.
 
 FIG. 122
 
 The
 
 latitude of Bristol
 
 51
 
 is
 
 U
 
 2
 
 7
 
 N. of the equator, and therefore 38 34' from the
 
 pole, along the great circle of longitude 2 35' W. The latitude of Kingston is 18 5', i.e. it is 71 55' from the pole along the great circle of longitude 76 58' W. The arc joining the pole to Bristol (c\ the arc joining the pole to Kingston (ft), and the arc (a) of the great circle representing the course from Bristol to Kingston form a spherical triangle, of which we know two sides (b and c), and the included angle A, which is 2 35' 74 23' between the two places. So the difference of longitude 76 58' we can find a from the formula (i) in Fig. 120 by putting
 
 ~
 
 cos a
 
 From
 
 =
 
 the tables cos a
 
 = =
 
 cos 71
 
 55' cos 38
 
 34'
 
 +
 
 sin 71
 
 55' sin 38
 
 34' cos 74 23'
 
 :
 
 0-3104 X 0-7819 0-4022
 
 -f
 
 0-9506 x 0-6234 x 0-2692
 
 Thus a is approximately 66 of a great circle, i.e. a circle of the earth's complete circumference. The length of one degree of the earth's circumference is approximately 69 miles. So the distance is approximately 66 J x 69 4,577 land miles (3,980 sea miles)
 
 =
 
 which
 
 is
 
 the third side of our spherical triangle, is the difference between one and its declination (a 90 declin.). Applying the formula
 
 =
 
 right angle
 
 we have cos (90
 
 declin.)
 
 cos (90
 
 lat.)
 
 +
 
 cos z.d.
 
 sin (90
 
 lat.) sin z.d.
 
 cos azim.
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 written sin lat. cos z.d.
 
 sin declin.
 
 +
 
 cos
 
 lat.
 
 sin z.d. cos azim.
 
 In applying this you have to remember that we have reckoned azimuth westward from the north point. The azimuth is reckoned positive west and negative east of the north point. If the star transits south of the zenith, the azimuth A reckoned west or east of the south point is equivalent to 180 A cos A, cos (azim.) is always from the north point. Since cos (180 A)
 
 ^
 
 =
 
 i
 
 (Pole)
 
 FIG. 123.
 
 of the opposite sign,
 
 becomes
 
 if
 
 THE STAR TRIANGLE
 
 reckoned from the south point, and the formula
 
 :
 
 cos
 
 sin lat. cos z.d.
 
 sin declin.
 
 lat.
 
 sin z.d. cos azim.*
 
 This means that if you know the azimuth and zenith distance of a heavenly at one and the same time, you can calculate its declination without waiting for it to reach the meridian. You cannot get the latitude of the place from an observation on a star of known declination directly by using the same formula; but if you have the z.d. and azimuth of any two stars taken at one
 
 body
 
 *
 
 When 1
 
 a star
 
 is
 
 crossing the meridian
 
 and cos 180
 
 Since sin (A
 
 B)
 
 =
 
 1,
 
 sin
 
 sin declin.
 
 A cos B sin declin.
 
 This
 
 is
 
 the formula given in Fig. 41
 
 cos
 
 azimuth
 
 its
 
 =
 
 is
 
 zero or 180 and since cos
 
 sin lat. cos z.d.
 
 cos
 
 lat.
 
 sin z.d.
 
 A sin B
 
 sin (lat.
 
 when no
 
 sign
 
 z.d.) is
 
 attached to the z.d.
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 196 and the same
 
 place,
 
 you can
 
 calculate its latitude provided
 
 you have an
 
 to give the declination of the stars. In general the arithmetic takes less time than waiting about for one bright and easily
 
 almanac or
 
 star
 
 map
 
 recognized star to cross the meridian. Another application of the formula just derived gives the direction of a heavenly body when rising or setting at a known latitude, or conversely the latitude from the rising or setting of a star. At the instant when a heavenly sin
 
 rising or setting its zenith distance
 
 is
 
 body
 
 =
 
 90
 
 1,
 
 sin declin.
 
 On
 
 the equinoxes
 
 when
 
 =
 
 lat.
 
 cos azim.
 
 lat.
 
 90. Since cos 90
 
 =
 
 and
 
 cos azim. is
 
 0,
 
 =
 
 cos azim. =*
 
 .*.
 
 /. is
 
 cos
 
 the sun's declination cos
 
 That
 
 is
 
 the formula then becomes
 
 azim.
 
 =
 
 90
 
 sun rises due east and sets due west in all parts of the world find the direction of the rising or setting sun at latitude 51 1 N. June 21st, when the sun's declination is 234 N., we have only
 
 to say, the
 
 that day.
 
 To
 
 (London) on put
 
 to
 
 sin 23|
 
 From
 
 =
 
 cos 51|
 
 cos azim.
 
 the tables, therefore:
 
 = 0-6225 cos azim = 0-6405 azim. = 50J
 
 0-3987 /.
 
 cos azim.
 
 Thus the sun
 
 rises and sets 50J from the meridian on the north side, or 50 J 90 39f north of the east or west point. Conversely, of course, you can use the observed direction of rising and setting to get your latitude.
 
 =
 
 If you look at the star triangle shown in Fig. 123, you will see that the between the arc which represents the star's polar distance and the angle arc by which is the angle (90 lat.) between the observer and the earth's pole,
 
 C
 
 the angle through which the star has rotated since it was last on the meridian. Since the celestial sphere appears to rotate through 360 in 24 hours, i.e. 15
 
 is
 
 an hour, this angle C is sometimes called the hour angle of the star, because you can get the time (in hours) which has elapsed since the star made its transit by dividing the number of degrees by 15. If you know when the star crossed the meridian by local time, you also know how long has elapsed since the sun crossed the meridian because time is reckoned that way, and if you know the sun's R.A. on the same day, you know how long has elapsed since T crossed the meridian. Thus all you have to do to get the star's R.A. is to add the sun's R.A. to the star's time of transit. So to get the star's R.A. from its altitude and azimuth at any observed time, we need to determine one of the other angles of a spherical triangle of which we already know two sides and the angle between them. This is done by the second formula which tells us that :
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 In our original triangle of Fig. 123,
 
 and a the polar distance (90
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 A is the azimuth, c is the zenith distance,
 
 declin.) of the star,
 
 i.e.
 
 sin
 
 a
 
 =
 
 cos declin.
 
 Hence sin azim. sin z.d.
 
 =
 
 hour angle
 
 sin
 
 cos declin.
 
 As
 
 stated already, the azimuth is reckoned positive west and negative east of the north point. Since sin ( sin A, the sine of the azimuth is A) if the star has the not reached meridian. If it transits south of negative yet the zenith its azimuth A east of the south point is equivalent to (180 -f A) measured west of the north point. Since sin (180 sin A, the sine A) of the azimuth is also negative if measured east of the south point. Suppose that the star Betelgeuse in Orion is found to have the hour angle 10 when it is west of the meridian at 8.40 p.m. local time. It crossed the 40 minutes before, i.e. at exactly eight o'clock, and its meridian xf hour R.A. is greater than that of the sun by 8 hours. If the sun's R.A. on that day were 21 hours 50 minutes, the sun would transit 2 hours 10 minutes before T, i.e. would transit at 2.10 p.m., and Betelgeuse 8 hours minutes 2 hours 10 minutes 5 hours 50 minutes after T. So its R.A. would be 5 hours 50 minutes. The same formula also tells you how to calculate the time of rising and setting of stars in any particular latitude. At rising or setting the z.d. of a
 
 =
 
 +
 
 =
 
 =
 
 T
 
 =
 
 heavenly body
 
 is
 
 90, and
 
 sin
 
 90
 
 =
 
 1.
 
 So the formula becomes sin azim.
 
 sin
 
 The azimuth of a given,
 
 hour angle -=
 
 rising or setting star can
 
 i.e.
 
 cos azim
 
 .
 
 cos declin.
 
 be found from the formula already
 
 --
 
 = sin declin. :
 
 cos
 
 lat.
 
 As an example we may take the time of sunrise on the winter solstice in London (Lat. 51). By the last formula the azimuth of the rising and setting sun is 50 from the south point on the winter solstice. So at sunset .
 
 .
 
 .
 
 Smhourangle==
 
 Cos(-23F)
 
 0-7679 ~~
 
 0-9171
 
 = 0-8373 For sunrise the azimuth will be east, therefore of negative sign, and the 0-8373. Since 0-8373 is the sine of 56 51', the time which elapses between setting or rising and meridian transit (i.e. noon, since it is the sun with which we are dealing) is (56| -f- 15) hours, i.e. 3 hours 47 minutes. Thus result is
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 198 sunrise
 
 at 8.13 a.m., and sunset at 3.47 p.m. Daylight lasts hours. This calculation differs by about 6 minutes from the value
 
 would occur
 
 roughly 7-|~ given in Whitaker. This
 
 is partly due to approximations made in the arithmetic, and partly due to other things about which you need not worry, because you will not find it difficult to put in the refinements when you
 
 understand the basic principles. The same formula would apply to calculating the times of sunset or sunrise on June 21st, when the lengths of day and night are reversed. Since sin C 56 51'), sin (180 C), 0-8373 may be either sin 56 51' or sin (180 124 i.e. sin (123 shows at once value take. An which to you equa9'). Fig. torial star rising due east passes through 90 in reaching the meridian. A star south of the equator passes through a smaller and a star north of the equator through a larger arc. So if the declination of a heavenly body is north (like the sun on June 21s/), we take the solution as sin (180 C), and if south as sin C. Thus the hour angle of sunrise and sunset on June 21st would be (123 \ -f- 15) 8 hours 13 minutes, i.e. sunrise would be at 3.47 a.m. and sunset hours
 
 =
 
 =
 
 at 8.13
 
 p.m. solar time.* following data, determined by a home-made instrument like the one shown in Fig. 115, illustrate how you can find the position of any star on the star map or make your own star map from observations off the meridian. At 9.5 p.m. (G.M.T.) near Exeter (Lat. 51 N. Long. 3J W.) the bright star Procyon in Canis Minor was seen on February 10th at 49 below the zenith and 28| east of the south point. The star transits south of the zenith, so we use the difference formula. From tables of sines and cosines we get
 
 The
 
 = sin 51 cos 49 cos 51 sin 49 cos 284 = 0-7771 x 0-6561 0-6293 X 0-7547 x = 0-0925 declination = 5 18' sin declin.
 
 /.
 
 Since the star
 
 is
 
 east of the meridian
 
 its
 
 hour angle sin
 
 sin (hour angle)
 
 is
 
 0-8788
 
 negative,
 
 and
 
 49 sin 28 J
 
 cos (5
 
 0-7547
 
 18')
 
 x 0-4772
 
 0-9957
 
 Hour
 
 angle
 
 =-
 
 - 21i
 
 In time units 21^ is 1 hour 25 minutes, and since the sign is negative, this that the star will transit 1 hour 25 minutes later. On February 10th (39 days before March 21st) the sun's R.A. is about 21 hours 35 minutes. Under "equation of time" Whitaker states that we must add 14^ minutes to apparent (sundial) time to get mean time. Hence the time of observation was ~8 hours 50 minutes Greenhours 14J minutes) (9 hours 5 minutes wich sundial time. Since Exeter is 3 W., the Exeter time is 13 minutes slow by Greenwich (i.e. it is 11.47 a.m. at Exeter when it is noon at Greenwich).
 
 means
 
 =
 
 * The remarks here made apply to the northern hemisphere 3 where the bulk of the world's population lives at present. Australians and New Zealanders will not need to be told how to make the necessary adjustments.
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 Hour angle of
 
 April 15
 
 X
 
 >f%vSun 4-
 
 FIG.
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 s //our a^ 7
 
 RELATION BETWEEN R.A., HOUR ANGLE OF A STAR, AND LOCAL TIME
 
 124.
 
 sun's declination is a little less than 10 N. and 103. The shaded area is the arc of the sun's path hour angle of rising and setting is below the horizon on the earlier date when its R.A. is 1 hour 30 minutes. The time is 10 hours. (April 15th) 2 a.m. (14 p.m.). So the sun's hour angle is -f 14 hours or The sun will transit 10 hours hence; nr will transit 10 hours 1 hour 30 minutes or x hours 30 minutes hence. Vega's R.A. is 18 hours 35 minutes, hence it transits 18 hours 35 minutes after 
 
 r-l-i
 
 ~
 
 d FIG. 155.
 
 THE LEVER
 
 keep slaves on the move. Only freemen are capable of sustained maximum effort. While slaves were abundant the mechanical ingenuity of the ancient world was mainly focussed on devices of this sort, and what mechanical principles were recognized as such were chiefly concerned with them. The two broad generalizations of mechanics in the ancient world arose respectively on the one hand from the practice of architecture, navigation,
 
 and mining (stresses, lifting stone blocks, cargoes, and ore), and on the other from irrigation (water level) and assay. The principle of the lever and the principle of buoyancy are both set forth in the works of Archimedes, and circumscribe the theoretical basis of mechanics in Alexandrian civilization. bearing of the latter on other problems which arose in artillery warfare will be touched on in Chapter VIII. The principle of the lever, which can
 
 The
 
 be used to measure the mechanical advantage of the "simple machines" referred to in the last paragraph, in all probability emerged directly from the practice of warfare. Powerful catapults were first used in the campaigns
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 3ft.
 
 Two WAYS
 
 FIG. 156.
 
 OF USING THE LEVER PRINCIPLE
 
 of Alexander and became an important item of military equipment in the hands of his Roman successors. Archimedes who in addition to his other varied mechanical interests occupied part of his time in devising catapults,* was probably led to investigate the properties of levers to account for their action. * Archimedes' part in the defence of Syracuse in 2 15-2 14 B.C. is described by Polybius in the following passage from his Histories "The city was strong. Taking advantage of this, Archimedes had constructed that the garrison would have everything at hand which they might such defence The attack was begun by Appius bringing his pent require at any moment. houses, and scaling ladders, and attempting to fix the latter against that part of the wall which abuts on Hexapylus towards the east. At the same time Marcus Claudius Marcellus with sixty quinqueremes was making a descent upon Achradina. Each of On these double these vessels was full of men with bows and slings and javelins. vessels, rowed by the outer oars of each of the pair, they brought up under the walls some engines called 'Sambucae* [large scaling ladders for use from ships]. . But Archimedes had constructed catapults to suit every range; and as the ships sailing up were still at a considerable distance, he wounded the enemy with stones and darts, from the tighter wound and longer engines, as to harass and perplex them to the last degree; and when these began to carry over their heads, he used smaller engines graduated according to the range required from time to time. ... As often too as they tried to work their Sambucae, he had engines ready all along the walls, not visible at other times, but which suddenly reared themselves above the wall from inside, when the moment for their use had come, and stretched their beams far over the battlements, some of them carrying stones weighing as much as ten talents, and others great masses of lead. So whenever the Sambucae were approaching these beams swung round on their pivot the required distance, and by means of a rope running through a pulley dropped the stone upon the Sambucae, with the result that it not only smashed the :
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 Wheel, Weight, and Watchspring --- t/sru.
 
 45 Ib.
 
 245
 
 >
 
 beam,
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 Ib.
 
 Total
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 J '2 ft,
 
 this side,
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 = 45ft-lb. THE LEVER
 
 FIG. 157.
 
 AVERAGING Our THE WEIGHT OF THE BEAM
 
 The Law
 
 of the Lever states the distances from the fulcrum at which must be attached if they are to balance. The rule given by Archimedes is that the load is inversely proportional to the distance. That is at a distance D, and w at a distance d from the fulcrum to say, two weights, different weights
 
 W
 
 when*
 
 balance
 
 :
 
 WD = wd.
 
 machine itself to pieces, but put the ship and all on board into the most serious danger Other machines which he invented were directed against storming parties. Against these he either shot stones big enough to drive the marines from the prow; or let down an iron hand swung on a chain, by which the man who guided the crane, having fastened on some part of the prow where he could get a hold, pressed down the lever of the machine inside the wall; and when he had thus lifted the prow and made the vessel rest upright on its stern, he fastened the lever of his machine so that it could not be moved; and then suddenly slackened the hand and chain by means of a Such was the end of the attempt at storming Syracuse by rope and pulley. So true it is that one man and one intellect, properly qualified for the parsea. .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 .
 
 ticular undertaking, is a host in itself. ..." * In this equation all the quantities are positive. It
 
 is, however, sometimes convenient to represent co-ordinates (i.e. distances with a sign attached) to the left of the pivot as negative, whilst those to the right are still considered positive (or vice will be a negative quantity, so that we must write the equation verso). If this is done, = wd. Though the left-hand side of this equation has a negative sign as attached, it is really positive. The quantity wd measures the turning-power of the weight w y called its moment^ about the pivot. In our example the moment is positive if it tends to turn the beam clockwise about the pivot and negative if it tends to turn should be a negative quantity. it anti-clockwise, so it is evident that
 
 WD
 
 D
 
 WD
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 A familiar application of the principle in the everyday life of our own time the type of scales used on railway stations for weighing luggage, or in the human body (Fig. 156). Its hospitals and chemists' shops for weighing bearing on the catapult is interesting, because it involves an important is
 
 consequence which was not fully grasped till the displacement of human by machinery made it necessary to measure work. We all know that the pans when two weights are balanced practically no effort is required to tilt on a scale. If the pulling power or Force which your own arm can exert is the end of a capable of raising a hundredweight, it can also balance a ton at effort
 
 FIG. 158.
 
 lever,
 
 when
 
 WEIGHING MACHINE BASED ON THE PRINCIPLE OF THE LEVER
 
 the
 
 hand is applied to the opposite end at twenty times the from the fulcrum. A negligible additional effort is then
 
 distance of the load
 
 required to jerk the load upwards.
 
 Not being concerned with machines which
 
 are driven without
 
 human
 
 Archimedes did not recognize that his principle gives us a clue to the right way of measuring work, so that we know when we are working economically. If you think of one of the earliest mechanisms devised to facilitate human labour, you will see that the modern way of measuring work is a matter of common sense. The first Magdalenian man who drew a sledge, must have been fully aware that a day's work could be reckoned by the pull exerted and the distance covered. Using E for work, p for pull and h for distance, we should say effort,
 
 :
 
 x
 
 h
 
 Wheel, Weight^ and Watchspring If
 
 we
 
 call
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 a unit of work, work done in traversing a unit of distance with a unit
 
 of pull
 
 E
 
 = pA
 
 The law of
 
 the lever tells us that this way of measuring work in so many and so many feet (foot pounds weight) is in general a satisfactory way of measuring work. When two weights are balanced Ib. wt.
 
 WD = wd
 
 H!
 
 FIG. 159.
 
 If
 
 we now
 
 tilt
 
 the
 
 beam
 
 a
 
 little,
 
 h y and the large ascends through
 
 so that the small weight descends through 155 shows that
 
 H., Fig.
 
 D It follows, therefore, that
 
 THE PULLEY
 
 H
 
 WH = mh
 
 i.e. one load gains in power to do work to the same extent as the other loses power to do work. So if we measure work by the product of the weight lifted and the distance covered, no work is done in tilting a lever when it is just balanced. That we know this to be true shows that this is a satisfactory way of measuring the work of a machine as well as the day's work of Magdalenian man. The same principle can be applied to another ancient device, balancing weights by means of a pulley. If a cord is suspended over a simple pulley shown in the left of Fig. 159, two equivalent weights attached to its ends balance. If a weight is attached to the free end of the cord in a compound pulley like that shown on the right, experiment shows that it will balance two
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 equivalent weights attached to the second pulley. The principle of the lever leads to the same conclusion as experiment. If the smaller one (w) falls h> the pulley is raised through a distance \h. through a small distance With the usual convention of signs, it therefore falls through |A. If no
 
 +
 
 work
 
 is
 
 required, the total
 
 +
 
 work done
 
 wh
 
 in a small shift
 
 is
 
 :
 
 - JWA =
 
 Yet a third "simple machine" for getting the same task done in a more leisurely way without reducing the total effort expended was the "screw and cogwheel," the name of which is self-explanatory. In a work which has come down to us in an Arabic translation, Hero, who was the most voluminous writer on mechanics in the Alexandrian age, describes a hypothetical combination of lever and multiple pulley with screw and cogwheel for raising weights. How scant was the encouragement for mechanical ingenuity in the modern sense is illustrated by another remarkable device which is described in his Pneumatica. The expansion of air in a hollow altar during the sacrificial fire is made to force water out of a closed vessel into buckets. The descent of the latter, when full, is used to pull open the doors of the temple where profane labour was precluded.
 
 WEIGHT AND MASS fifteenth century the elementary principles of balancing as they had been expounded in the Alexandrian schools became weights known in Italy, especially through a treatise of Leonardo da Vinci, who described his own experiments on gliders and a hypothetical man-driven
 
 During the
 
 aeroplane. What proved to be an important bridge between the mechanics of the old world and modern science was the extension of the Archimedean principle to one of the oldest devices for producing mechanical advantage. Stevinus of Bruges, a quartermaster in the army of William of Orange, carried out experiments
 
 on the equilibrium of a load hanging
 
 vertically
 
 with
 
 a load resting on a smooth slope. Like Archimedes, Stevinus attempted unsuccessfully to improve the numeral system of his time, and like Archimedes specially interested in the mechanics of warfare and navigation. He designed "machines" for lifting the Dutch fishing boats above high-water
 
 he was
 
 mark, and was an expert in the art of fortification. In applying the principle of the lever to other situations, it is necessary to add a very important qualification, which has not been clearly stated so far. In all the cases we have so far considered, the body has moved in the direction in which the force applied acts, either forwards, giving positive work which we do ourselves, or backwards, giving negative work which is done for us. For the sledge, the direction was horizontal, and for the lever and compound pulley, vertical. If we roll a truck up several hills, we soon find out that more work is needed to push it up a steep hill than is needed to push it through the same distance up an easier slope. If we forget about frictional resistance, the amount of work needed depends only on the total gain in height above the original level.
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 This suggests the law of balancing weights when one (w) hangs
 
 and the other (W)
 
 rests
 
 vertically 3 at a fixed angle (B) to a vertical distance in
 
 on a smooth slope inclined
 
 D
 
 the horizontal. If the weight w descends through ascends through the same distance Fig. 160^ the weight along the inclined surface. Since sin B h sin B. If D> its vertical displacement h
 
 W
 
 D
 
 =
 
 we measure
 
 -
 
 the work done on
 
 W in
 
 =D
 
 rising through the vertical distance h and the work done by w in falling through the vertical distance as we have done in the treatment of the lever and pulley (i.e. by the products of the
 
 D
 
 FIG.
 
 160.
 
 REST (BALANCE OF
 
 Two
 
 OPPOSED MOTIONS) ON THE INCLINED PLANE
 
 The Law of the Inclined Plane is that if a weight found to be w times some standard times the same weight by the balance when hanging vertically just supports a weight standard lying on an inclined surface of elevation B,
 
 W
 
 w= Weight hanging
 
 W
 
 sin
 
 B
 
 vertically
 
 Balanced weight on slope
 
 -
 
 sinB
 
 weights and their corresponding vertical displacements) the total work done W/z wD. So if no work is done in shifting them when by both weights is the weights are balanced
 
 +
 
 + wD = W/* = wD WD sin B = wD w = W sin B
 
 W/z .'.
 
 Science for the Citizen
 
 250
 
 According to this the weight required to balance a 10 an inclined plane of 30, when it hangs vertically is 10 i.e.
 
 5
 
 Ib.
 
 is
 
 just over 7 Ib.
 
 90
 
 sin
 
 30=
 
 10
 
 If the angle of the sloping surface
 
 10 i.e.
 
 x
 
 the system
 
 weight required
 
 x
 
 sin
 
 10
 
 is
 
 load resting on
 
 Ib.
 
 45 the weight required
 
 X 0-707
 
 is
 
 Ib.
 
 The is
 
 hypothesis is evidently true at the limits. If the slope equivalent to the simple pulley of Fig. 159, and the
 
 is
 
 10
 
 The law of
 
 45=
 
 X 0-5
 
 Ib.
 
 x
 
 sin
 
 90
 
 =
 
 10 Ib.
 
 the inclined plane raised a distinction which had never been mechanics of antiquity. For the purposes of
 
 clearly disentangled in the
 
 metallurgy or merchandise, two weights are equivalent when they balance one another on a pair of scales, i.e. when they are in equivalent positions relative to the fulcrum. As far as their pulling power is concerned they are only equivalent when this condition is realized. In speaking of weights, we
 
 must therefore distinguish between mass which we "weigh" on a pair of and pulling power or force which depends on something else.* The scales mechanics of antiquity stopped short at identifying this something else with the position in which a body was placed when it balanced another body at rest. This provided a satisfactory explanation of what you need to know in designing the best Archimedean catapult. It did not throw any light on the propelling power behind a cannon ball, or the pull of the earth's magnetism on the mariner's compass needle. In Alexandrian mechanics pulling power or force always implied some tangible link, a common surface on which two weights rested, or a string connecting them. The phenomena of magnetism, as set forth in Gilbert's De Magnete (1600), defied all the accepted conventions. Here was pulling power with no support and no attachment.
 
 FORCE AND MOTION
 
 The experiments of Stevinus suggested the clue to a new technique of measurement. Besides being able to balance another weight at rest in virtue of its mass and position, a weight can also generate motion, as when a load attached to a cord wound about the axle of a wheel is allowed to descend.
 
 We
 
 all know that we slide down a slope more quickly if it is steep; that is, the weight of our bodies can generate more motion if the angle of descent is increased. So, too, the balancing power of a weight also increases if the elevation of the slope on which it rests is increased. Hence the principle of
 
 the inclined plane suggests two new possibilities. One is that the pulling power of a load in different positions simply depends on the fact that its power to generate motion also depends on its position. The other is that two weights balance when their power to generate motion is equally great and exercised in opposite directions. The obstacle to pursuing this plausible clue in the sixteenth century was the fact that no one had yet attempted to measure the way in which things fall. According to the Aristotelian world is
 
 * See also p. 292.
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 and motion an exceptional state of affairs. The motion at a deadlock had little to commend it in the ancient world. Before the introduction of gunpowder there was no pressing social necessity to compel anyone to make exact measurements of the rates at which bodies fall. Indeed, it is not likely that Aristotle's doctrine would have been contested, if range-finding had not come to the aid of curiosity in an age when the fate of a new civilization depended on a new technique of war. Aristotle had taught that a "body is heavier than another which in an equal bulk moves downward more quickly." The belief that the vertical motion of a body is proportional outlook, rest alternative
 
 was the
 
 view that
 
 rule
 
 rest is only
 
 to its density (mass per unit volume) is not intrinsically unlikely. Our common can see leaves falling experience of falling objects seems to confirm it. from a tree, or a cup falling when it leaves our hand, but we cannot see a
 
 We
 
 We
 
 have blown up paper bags or toy balloons as with air were part of the medieval jester's equipment. The behaviour of all these familiar objects seems to agree with Aristotle's teaching, and the simple discovery which enabled Galileo to lay the foundations of scientific artillery therefore ranks as one of the most daring achievements in science. Apart from the last passage cited, Aristotle had not committed himself to any very definite statement about the way in which things fall. His discussion of physical problems, like his political philosophy, is mainly concerned with justifying, defending, and making a lawyer's case in favour of, the world as it is. In his doctrine of the state every individual had a fixed social class which was right and proper in the nature of things. In his natural philosophy every material object also had its proper place; and if it got out of its proper place, nature personified as the strong arm of the law put it back
 
 cannon
 
 ball in its course.
 
 children,
 
 and bladders
 
 inflated
 
 sooner or later. Unhappily for his influence as a philosopher Aristotle committed himself to one assertion which is easy to test by dropping a cannon ball and a croquet ball of the same size from the top of a building. Although it is obviously true that some very light things like toy balloons and some objects with a large surface relative to bulk, like feathers, leaves, or wood cut in fine shavings, do fall more slowly than cannon balls, it is also true that most compact objects fall from the same height in approximately the
 
 same time. That surprising
 
 new
 
 this is so within
 
 wide
 
 limits of relative heaviness
 
 was the
 
 truth which Galileo established.
 
 Mach says that Galileo's outlook was essentially modern, because he asked how things fall instead of why they fall. There is nothing specifically modern in this except in so far as the ceremonial and priestly outlook is losing ground, while the attitude of the artisan exercises an increasing influence on our social culture. Galileo was modern only because he was workmanlike. The history of science has been a long struggle between the same two conflicting inclinations. Priestly and ceremonial speculation is content on the world, or attempts to propitiate an unseen supposititious in things personified explicitly as deities or implicitly in the "explanapurpose tions" of the unofficial theologians who teach philosophy. If you follow to its logical conclusion Aristotle's doctrine that everything has a place to which to reflect
 
 it
 
 belongs you end in an act of special creation.
 
 Any
 
 question which begins
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 with why leads you back to an assumed design by an individual who cannot be identified but may possibly be bribed. The artisan or technician looks at things as they are, and finds out how they can be changed in accordance with human needs. The influence of their world view expands as the satisfaction of man's common needs becomes the common business of mankind. A workmanlike or truly scientific explanation gives you a recipe for doing something. The distinction between a real or scientific explanation and a philosophical one is easier to see nowadays because few people believe that prayer can control meteorological events. So long as they did, teleological "explanations" were intelligible. A cannon ball or a croquet ball dropped from the top of a three-story building, say 36 feet high, reaches the ground in about a second and a half.
 
 Even from the top of the highest New York skyscraper the drop would be over inside nine seconds. It goes without saying that direct measurement of how bodies fall vertically cannot be precise, unless there are very good recording instruments to use. Stop-watches, electric signals, metronomes, kymographs (Fig. 196), had not been invented in Galileo's day. He had to tackle the problem by an indirect method which involved two kinds of measurement. He first established a simple rule connecting the distance (d) traversed and the time (f) of the descent of a ball (see Figs. 161 and 162) on a smooth gentle-sloping surface. Then he sought for a rule connecting the time taken to traverse a given distance with the angle at which the surface is tilted.
 
 The
 
 limiting angle
 
 is
 
 90, when the
 
 ball falls vertically.
 
 The
 
 time taken for a ball to descend from different levels on a gently inclined surface is not difficult to measure. Having no stop-watch, Galileo let water drip steadily into a vessel during the interval occupied by the descent, and weighed the water to get an estimate of the time. A table of results obtained in an experiment of this kind discloses a simple numerical rule which is at once recognized when a graph of the distances traversed and time taken is plotted. The graph answers to the textbook parabola y =-- px 2 , and an examination of the figures shows that the ratio of the distance traversed to the square of the time taken is fixed, i.e.
 
 d
 
 p If
 
 there
 
 we now is
 
 more
 
 =
 
 k
 
 or
 
 d
 
 =r kt*.
 
 look at the motion of the ball from a different point of view, in this than meets the eye at a first glance. Galileo did so. He
 
 is now a familiar but was then an entirely novel criterion of motion. Crude estimates of speed (or velocity as we shall now say when speaking of motion in a particular direction along a straight course) had probably been made from the first experience of travel, route marches, and public games. Hitherto there had been no occasion to measure how motion grows. Galileo adopted the modern measure of acceleration, or velocity gained
 
 introduced what
 
 flavour in the word, though we used loosely in everyday speech and that the terms speed and velocity, used interchangeably when we are describing motion in a straight path, have to be restricted when we are describing motion in unit time.
 
 There
 
 shall see later that
 
 is
 
 no longer an unusual
 
 it is
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 round a bend. For the present we need only concern ourselves with the ordinary use of the term. If the speedometer reading of a car increases steadily during 10 seconds of a straight course from 30 miles per hour
 
 2-50
 
 2-24
 
 FIG. 161.
 
 A SMOOTH
 
 BALL RUNNING
 
 DOWN A VERY SMOOTH
 
 SLOPE AT 30
 
 UNDER GRAVITY z If acceleration is constant, the acceleration calculated from the formula d lat will be the same whether the distance (d) fallen is large or small. The figures in the horizontal row give the total interval of time from the start at each 10-foot stage in a 50-foot journey. The results tabulated as follows give a numerical illustration of the reasoning in the text. The velocity gained per second, i.e. the acceleration, at different stages in the descent is given to the nearest unit, and does not vary
 
 consistently in either direction
 
 from an approximately constant
 
 figure of 16.
 
 Distance
 
 Time
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 feet per second) to 45 miles per hour (or 66 feet per second) it has feet per second gained in velocity 22 feet per second in 10 seconds or in 1 second. Its mean acceleration is -f 2-2 feet per second per second.
 
 (or
 
 22
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 If the reading falls from 45 to 30 miles per hour,, it has lost 2-2 feet per 2-2 feet per second per second in one second. Its mean acceleration is second.* If a thing moves with a changing velocity., its mean velocity is the fixed velocity at which it would have to move in order to cover the same distance ~- 1. If it gains the same (d) in the same time (f). Thus its mean velocity is d velocity in equal intervals of time., this is half the sum of its initial and final So if it starts from rest (i.e. zero velocity) and has reached a velocities. i v. v) velocity v at the end of t seconds, this is i(0
 
 +
 
 =
 
 2d
 
 2 ft.
 
 13 -ft.
 
 Seconds
 
 J
 
 4
 
 ^
 
 FIG. 162.
 
 1 1\ MOTION ON THE INCLINED PLANE
 
 1*2
 
 $4
 
 The
 
 final velocity v is then the velocity it has gained in the time acceleration (a) is the velocity gained in one second,
 
 it
 
 moves from
 
 rest
 
 with a constant
 
 Since
 
 its
 
 2d
 
 v
 
 If
 
 t.
 
 acceleration.,
 
 the ratio of the distance to
 
 the square of the time taken is therefore fixed. Galileo's experiments showed that when a ball rolls down a smooth slope, the distance traversed bears a fixed ratio to the square of the time occupied by the descent. They therefore showed that the ball rolls down the slope with a constant acceleration. So long as the slope is the same, this is true within wide limits for the
 
 acceleration of balls of different weights * "Per second per second"
 
 is
 
 and
 
 densities.
 
 The
 
 often written "per sec. 2
 
 next thing '
 
 2 .
 
 is
 
 to
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 the angle b which the surface makes with the horiThis is done by varying the slope and
 
 acceleration.
 
 measuring the time taken to traverse a fixed distance. We get a clue to the kind of relation which exists from the fact that a body moves most quickly when it falls straight down (i.e. b == 90), and remains still when the surface is quite flat (i.e. b 0). So the acceleration depends on something about an angle which is greatest when the angle is 90, and is zero when the angle itself is zero. This is true of the sine of an angle., and experiment shows that the acceleration is directly proportional to the sine of the angle of slope, i.e.
 
 =
 
 a oc sin b or putting
 
 it
 
 in the
 
 form of an equation, a
 
 g
 
 which g
 
 in
 
 is
 
 a constant
 
 sin b
 
 Experiment shows that if the slope is 30 the acceleration is approximately 16 feet per second per second, i.e. the velocity along the slope increases every second by 16 feet per second. So 16
 
 Since sin 45
 
 16
 
 .*.
 
 g
 
 - g sin 30 = Xi 32 (approximately)
 
 707, if the slope were
 
 =--
 
 32 If the angle b
 
 .'.
 
 is
 
 x
 
 0-707
 
 45, the
 
 acceleration
 
 would be
 
 = 22-6 feet per second per second.
 
 90 the body
 
 falls vertically (Fig. 163),
 
 and since
 
 sin
 
 90
 
 1
 
 the acceleration with which a heavy body falls vertically. Galileo was so by finding the time taken by heavy objects to fall from the top of a tower to test the rule in the limiting case. The acceleration can be found as before by using the rule
 
 i.e.
 
 g
 
 is
 
 showed
 
 this
 
 2d
 
 So if the rule holds good, when d is the vertical height of the tower, and the time between dropping the body and seeing it strike the ground,
 
 = Thus
 
 t
 
 I6t z (approximately)
 
 dropped from the top of a lighthouse 100
 
 feet high would 16 =. 2| seconds later. In this way Galileo established two conclusions which Newton used in his theory of universal gravitation. The first, called the law of terrestrial gravita-
 
 a pebble
 
 strike the
 
 water A/100
 
 tion, is that
 
 when
 
 -f-
 
 bodies
 
 fall vertically (i.e.
 
 along the
 
 plumb
 
 line
 
 which points
 
 towards the centre of the earth) they move with a constant acceleration. Near
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 the earth's surface this is approximately 32 feet per sec. 2 In air it is independent of mass or density within wide limits. The second conclusion is that .
 
 MOTION DOWN AN INCLINED PLANE
 
 FIG. 163.
 
 The
 
 law of Motion
 
 is
 
 :
 
 Acceleration (A) along slope Acceleration (a) of free vertical fall
 
 The law
 
 of rest (F?.
 
 1
 
 60)
 
 is
 
 suspended mass (m) Balanced mass on slope (M)
 
 A
 
 or, in this case,
 
 MA = mg.
 
 sin b
 
 :
 
 Vertically
 
 Hence
 
 =
 
 a
 
 MA
 
 =m
 
 -~
 
 =
 
 sin b
 
 M
 
 ma
 
 the pulling powers exerted by two masses in different situations are equal when the product of one mass and the acceleration with which it would move if not constrained by the second is the same as the product of the second mass and the acceleration with which it would move if it were not posed against the first.
 
 Thus
 
 the law of equilibrium of solid bodies at rest is only another way of stating the same law of motion. The mechanics of antiquity had shown that equili-
 
 brium of
 
 solid bodies at rest involves (p. 250) position as well as mass.
 
 The
 
 Wheel, Weight^ and Watchspring inclined plane suggested that this might be
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 to the fact that in different
 
 positions heavy bodies do not always have the same power to generate motion. Galileo's experiments show us how the position of a body affects its motion, it is displaced. The law which describes how weights balance one another when one of mass rests on a smooth slope at an inclination b to the ground level, and the other of mass m hangs vertically, may be written
 
 when
 
 M
 
 m
 
 M = sin b The law of motion down
 
 a
 
 .
 
 smooth slope
 
 =
 
 -
 
 is
 
 sin b
 
 g Comparing both, we
 
 see that
 
 m
 
 a
 
 mg
 
 = Ma
 
 M=
 
 Thus our first suspicion is correct. Two loads balance on a smooth flat slope when the product of the mass of one and the motion it would generate if released is the same as the product of the mass of the other and the motion would generate if released. In other words, they remain at rest because power to generate motion is equal and opposite. Hence the mass-acceleration product is a way of measuring the pulling power (F) of a load, i.e. F m a. If one body is falling with a smaller acceleration than another it has less effective pulling power, unless its mass is proportionately larger. To hold a greater mass of one demands a greater mobility of the other. Thus a force has two aspects, one acceleration which measures the mobility of an object, the other mass which measures its sluggishness or inertia. To measure forces by the mass-acceleration product we have now to agree about the measurement of mass and of acceleration. When the unit of mass is 1 Ib, the unit of distance 1 foot, and the unit of time 1 second, the it
 
 their
 
 .
 
 unit of force
 
 the poundal, i.e. one poundal is the force required to 1 foot per second per second to a mass of 1 Ib. The force exerted by a 1 Ib. "weight" falling under gravity or the force required to prevent a pound "weight" from falling under gravity near the is called
 
 impart an acceleration of
 
 is approximately 32 poundals. Since g = 32 (approximately), when mg = 1. Hence one poundal is the pulling power of a half ounce weight when suspended in a vertical position. It is therefore the oz. pulling power of a spring balance when the scale reading is
 
 earth's surface
 
 m=
 
 3f2
 
 Ib.
 
 In the international metric system based on the reports originally drawn for the National Assembly of the French Revolution, the units of mass and length are respectively the gram and the metre. The former is conveniently chosen as the mass of 1 cubic centimetre of water at 4 C. (i.e. the density of water in grams per c.c. is 1 at this temperature, when its density is greatest). The unit of force, the dyne, is the pulling power which can make 1 gram move with an acceleration of 1 cm. per second per second. Since 1 British foot 30*48 cm., and 1 British pound
 
 up by the French Academy
 
 =
 
 i
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 =
 
 453-6 grams, 1 poundal is equivalent to 30-48 x 453-6 13,826 dynes. Since 32 feet == 975 cm., 1 gram hanging vertically exerts a pull of 975 dynes, and 1 Ib. exerts a pull of 975 x 453-6 442,260 dynes at a place where the shall see later that the value of g is exactly 32 feet per second per second.
 
 =
 
 We
 
 value of g
 
 is
 
 larger than 32 feet per second per second, and with latitude and altitude, being at sea-level 32-09 feet or
 
 generally a
 
 also varies a little
 
 little
 
 978 cm. per second per second on the equator and 32-26 feet or 983 cm. per second per second at the North Pole. Fifteen miles above sea-level at the equator, it is about 30*9 feet or 941 cm. per second per second. Before we go on, four simple rules which connect time, distance in a straight path, velocity, and acceleration when the acceleration is constant, should be committed to memory, so that you recognize them at once, when
 
 you come across them in what follows. They are as follows (1) If an object moves through a distance d in a time t with a velocity since v -= d -f- ty :
 
 v*
 
 an object
 
 is moving with a velocity v a at the beginning of an interval moving with a velocity v b at the end of it, its mean velocity, which is the velocity with which it is moving half-way through the time interval, is l(v a + z; 6 ), and the distance traversed in the interval t is the same as if it moved at its mean velocity throughout the whole of it, i.e.
 
 (2) If
 
 of time
 
 t
 
 and
 
 is
 
 an object gains a velocity a feet per second in each second, a is its and it will have increased its velocity by at in t seconds. If its velocity was va at the beginning of the interval t its velocity at the end of it va will be Va. at, so that its mean velocity is ^\v a (v a at}] \at. and the distance moved during the interval by rule (2) is (va \af)t. If the = 0, object starts from rest, so that v a (3) If
 
 acceleration;
 
 +
 
 +
 
 =
 
 +
 
 +
 
 +
 
 (or a
 
 = 2d +
 
 2 * )
 
 (4) The fourth rule which has not been used so far is illustrated in Fig. 164 and explained in the legend. If an object moves with a velocity v and an
 
 acceleration a along a line
 
 (AC in the figure) inclined at an angle b to a second (AB), an observer, who keeps his eye at right angles to the second line, watching its progress along the latter will see it move with a velocity v cos b and an acceleration a cos b. Ifax is the acceleration referred to a line inclined
 
 line
 
 at b to the
 
 path along which an object moves with acceleration ar
 
 a,
 
 = a cos b
 
 The first, third, and fourth should be memorized and tested with the aid of numerical illustrations and scale diagrams like Fig. 164. The velocity formulae should be tested from the numerical data in the boat diagram of Fig. 167. The last rule throws a new light on the measurement of force if we put it in a more active form. The same source of motive power which propels a with an a in one acceleration line it an acceleration a cos b along body gives
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 server
 
 s obizcb's' -progress' J *i_
 
 i
 
 along
 
 /
 
 7*
 
 its actual
 
 J?
 
 path,
 
 ^
 
 ^ AC/*
 
 'W s*
 
 '^,
 
 after
 
 2 sett (30 ft)
 
 Second >
 
 r 74 "seiT
 
 Observer
 
 Third Observer watches FIG. 164.
 
 it
 
 alcm&
 
 TRIANGLE OF VELOCITIES AND ACCELERATIONS
 
 This illustrates the rule that if a body moves with a velocity v or an acceleration a along a straight path, its velocity vx and its acceleration ax along a line of reference inclined at an angle b to the path can be found by using the formulae :
 
 DX
 
 ax
 
 =
 
 v cos b a cos b
 
 object shown moves from rest at A with an acceleration a (here 25) feet per second per second for t (here 2) seconds along AC. Its motion referred to the line AB is its motion as it would be seen by an observer looking along a line at right angles to AB at each stage in its course. This would be equivalent to watching its shadow projected on a ground glass screen at AB with a beam at right angles to the screen. Thus AB, AC, and the observer's sight line form a succession of right-angled triangles in which cos b = AB 4- AC. Its acceleration along AC is 2AC 4- r 2 , and its acceleration z = (2AB 4- r 2) 4- (2AC -T- r2) = AB 4- AC (a*) along AB is 2AB 4- t Hence ax 4- a = cos b. At the end of t seconds its velocity (v) along AC is at and its velocity (vx) ax 4- a = cos b. Along the line at right angles to along AB is ax t. Hence vx 4- v b to AC the acceleration (%) is a cos (90 AB a i.e. BC, inclined at 90 b) = a sin b, and similarly v y = v sin b. In the figure the ratio of the sides of the triangle is 5 4 3, so that cos b = 0-8 and sin b= 0-6. The figure If is approximate in the
 
 The
 
 .
 
 :
 
 More
 
 exactly
 
 it is
 
 V3.
 
 :
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 falls freely under gravity with an acceleration relative to a slope at b to its vertical line of b) to the ground) is g cos b or g sin c (since sin (90 &)
 
 a line inclined at b to the other. If a body acceleration a,
 
 its
 
 = (90 = cos b). So acceleration when moving down a smooth slope
 
 fall (or c
 
 its
 
 tion referred to the
 
 same
 
 line of
 
 is
 
 the accelera-
 
 motion by the same motive power which
 
 ^
 
 Observer rec&i'dirug
 
 trie
 
 progress of the, ball to
 
 soe op
 
 .....
 
 etc.
 
 FIG. 165.
 
 MOTION DOWN THE INCLINED PLANE AS FREE VERTICAL MOTION RESOLVED ALONG THE PLANE
 
 When
 
 a body falls vertically through a distance d (= %gt z ) its acceleration (#) under 2 gravity is 2d -r r . An observer (O) watching its progress along a line inclined at b b to the ground) would see it move through x 90 to the vertical (or c d cos & with an acceleration 2x -~- t 2 g cos ? or sin c. This is the value to which actual acceleration down the slope approximates when friction is negligible, and hence its acceleration down the slope is equivalent to its acceleration when falling vertically resolved along its path.
 
 =
 
 =
 
 =
 
 imparts an acceleration g in the vertical direction. The law of terrestrial gravitation may therefore be put in another way by saying that the mobility of falling bodies can be attributed to the same motive power which pulls
 
 them in the same line of action with a force proportional to their masses. Ib. is 32M poundals a and Thus the force of gravity acting on a weight of
 
 M
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 a force of 1 Ib. weight, i.e. the force with which a pound weight is pulled earthward, when it hangs from a spring balance, is 32 poundals. The view to which Galileo's experiments led therefore reduced Aristotle's logic to an absurdity. If the same motive power pulls all material bodies near the earth's surface in the direction of the plumb line, i.e. towards the earth's centre, the place to
 
 which
 
 all
 
 bodies "belong"
 
 is
 
 the centre of the earth. It
 
 how
 
 there can be enough room for them. Consequently there is no intelligible meaning in the question, where does a body "belong"? The only question for which we can hope to find an answer is: how do is difficult
 
 to see
 
 bodies actually behave? This
 
 making
 
 theories about
 
 we can
 
 how one
 
 only discover by observing them, observation is connected with another, and
 
 then testing them to see whether they are
 
 right.
 
 THE PATH OF THE CANNON BALL used more to destroy the enemy's morale than for it produced. To be effective in the latter sense it was necessary to know how to hit the objective. Accuracy of aim demanded a theoretical basis. Galileo's law of falling bodies provided it with one. A cannon ball when fired into the air has two movements. One results from the explosion, giving it an initial velocity in a certain direction depending on the angle which the muzzle makes with the horizon. The other movement is due to the fact that gravitation is pulling the projectile vertically downwards, so that it tends to gather velocity towards the earth. The result is that it travels along a curved path. The theory of the pendulum clock, and with it that of the earth's orbital motion, depends upon understanding how movement in one direction can be represented as the result of movement in Artillery
 
 was
 
 at first
 
 the material destruction
 
 two other
 
 directions.
 
 complicated form of movement into simpler not have realized that we have done so already. you may components The description of the sun's apparent course in the heavens as a diurnal rotation in a plane parallel to the equinoctial and an annual retreat in the ecliptic is a purely arbitrary trick to assist us (Fig. 166) in following its continuous apparent track through a closely wound closed spiral. The same trick was suggested by the practice of navigation in another way. To reach It is so natural to split a
 
 that
 
 when rowing or sailing in a steady current, you have to keep prow tilted away from the direct line of approach in the direction
 
 a destination the boat's
 
 opposite to the current (Fig. 154). The velocity of currents is easy to measure by the progress of corks floating away from a vessel at anchor, and experience gives you a fairly good estimate of your average working velocity when rowing in
 
 still
 
 water.
 
 To
 
 find your progress along the actual line of approach you have only to lay off the distance (AB) a cork would drift with the current, and the distance (BC) you would move in still water during the same interval of time
 
 along the direction of the boat's axis. These two lines form the sides of a triangle of which the third (AC) is the distance covered in the same time along the actual path of motion, or, what comes to the same thing, the two adjacent sides of a parallelogram whose diagonal through A gives the distance of the actual path. If the interval of time is one unit, and the velocity is fixed, the
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 component and resultant distances are numerically the same as the correspond ing velocities. The same construction holds for accelerations. Since = \a when t = 1, i.e. one unit of time after the motion starts, d \at*
 
 =
 
 accelerations are directly proportional to distances traversed in equivalent time intervals from rest.
 
 In dealing with several simultaneous movements
 
 it
 
 is
 
 much
 
 better to
 
 ivr
 
 Diurnal v^-^
 
 Single.
 
 Uoiwlz
 
 FIG. 166.
 
 SUN'S APPARENT
 
 MOTION
 
 IN THE CELESTIAL SPHERE
 
 The sun's apparent motion in the celestial sphere is continuous. Though we find it convenient to think of it as two separate motions, a diurnal rotation westwards over the horizon, and an annual retreat eastwards, a quick motion picture would reveal it as movement in a closed spiral with 365 turns. A closed spiral of five turns is here shown to simplify the issue. The figure would represent a continuous tableau of the sun's apparent motion through a year, if the earth took 73 of our days to complete a single revolution about its axis. follow the nautical plan
 
 by keeping a separate balance sheet of eastward
 
 (positive), westward (negative), or northward (positive), southward (negative), method is really, as it bearings, as explained in Figs. 168 and 169. The
 
 map
 
 is
 
 historically, the
 
 same thing
 
 as the graphical
 
 many ^-measurements and
 
 method of representing a
 
 many simultaneous ymeasurements. All you have to do is to add up all the east-west bearings or ^-measurements and all the north-south bearings or ^-measurements to movement,
 
 i.e.
 
 so
 
 so
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 Bruige
 
 ____ ll_ Ship 3 nv3verw2Tit (x)
 
 

 
 DISSECTION OF COMPLEX
 
 MOVEMENT
 
 During an interval t (here 3 ^ seconds) the boat moves with a fixed velocity 12 miles per hour (17 feet per second) through a distance 56 feet along a straight canal, while the man moves straight across the deck 14 feet wide with a fixed velocity of 3 miles per hour (4r feet per second). Relative to an observer at right angles to the line AC the :t
 
 ,
 
 man
 
 appears to pursue a steady path with a velocity v
 
 CD + AD 2
 
 So
 
 if
 
 we
 
 call
 
 the man's velocity relative to the bridge v }J bank v x t
 
 = AD
 
 relative to the
 
 V = 2
 
 His
 
 = AC
 
 -h
 
 t.
 
 Since
 
 AC = 2
 
 2
 
 ---
 
 CD
 
 -f-
 
 t,
 
 and
 
 his velocity
 
 v~ 4- vl
 
 resultant velocity along the actual path
 
 which he pursues in space (shown in an
 
 therefore V9 -f 144, or approximately 12 J miles per hour. Since tan b 12 or 0-25, the inclination of his 3 -r path to the bank is the angle whose tangent is 0-25, approximately 14 from tables of tangents. Knowing the angle we could deduce his velocity relative to the bank (boat's motion) and to the bridge (his own) from the cinema record taken from the air, from the fact that he moves through relative to the bank relative to the bridge and with his resultant velocity v. Since cos b during the time taken to move (AD t) (AC -f- 1\ cos b}= Vx -r- v and vx v cos b. Similarly v y v smb. air
 
 photograph with the boat blacked out)
 
 = CD
 
 AC =
 
 ~
 
 CD AC
 
 ~
 
 is
 
 AD =
 
 ~
 
 AD
 
 =
 
 =
 
 = AD
 
 walks Jm.p (relative to boat) this-
 
 olups motion 4-m.p.h. (relative to current)
 
 FIG. 168.
 
 RELATIVE MOTION IN THE SAME STRAIGHT LINE
 
 Distances traversed in the same time and hence velocities or accelerations can be added or subtracted according to direction. In the figure the resultant motion of the man 3 relative to the bank is 4 2| 1J miles per hour, using the positive sign for
 
 motion
 
 left to right.
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 get the x and y measurements (E-W and N-S bearings) of the resulting path. If all the distances in a chart of this kind correspond to the same unit of
 
 time, the final result does equally for velocity or acceleration, since the velocity of a moving object after moving for t units of time from rest is proportional to the distance through
 
 the velocity is 1
 
 it
 
 which
 
 has gained,
 
 it
 
 i.e. its
 
 has moved, and this is also proportional to acceleration. If the time interval from rest
 
 and acceleration are represented by the same number of and the number of units of distance covered is half as great.
 
 unit, velocity
 
 units
 
 FIG. 169.
 
 GRAPHICAL REPRESENTATION OF COMPOSITE MOTION
 
 method of making
 
 a scale diagram to find the direction or magnitude In the graphical of the resultant of several independent motions, we make use of the fact that motions along the same straight line are additive with due regard to sign. Each component motion is therefore split up into two at right angles like the N-S (;y measurements) and E-W (x measurements) bearings of a ship's moving course (which suggested the graphical method in the age when maps in latitude and longitude were first used extensively). We then add up (with due regard to sign) all the northerly and all the westerly items in the separate balance sheets of bearings, keeping the positive sign for or from to E and the negative sign for the converse. the direction from S to For example in (a), the motion OP can be split up into x and 3 and the motion and Y. Then by adding the E-W bearings together and the N-S split up into bearings together we are able to find the direction and magnitude of the resultant
 
 N
 
 W
 
 y
 
 X
 
 velocity
 
 Case
 
 OQ
 
 OR. (b) is similar,
 
 except that two of the bearings happen to be negative.
 
 In practice you will usually find it simpler to work in distances and use the graphical method of dissection which we shall first apply to an analogous but more pacific problem than the one which exercised Galileo. When a mail bag is dropped from an aeroplane it executes a path like a jet of water projected horizontally from a hose, the reason being the same. Its own of the motion of the plane, which we shall assume to be moving parallel to the ground, gives it a drift forwards as it falls. So in order inertia in virtue
 
 to
 
 know where
 
 to let
 
 go
 
 if it is to
 
 reach
 
 its
 
 proper destination
 
 it is
 
 necessary
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 to drop it before the aeroplane is directly over its destination, and to be able to calculate the distance between the position of the aeroplane at the correct time of dropping the mail bag and a point directly above the place where the
 
 bag
 
 supposed to land.
 
 is
 
 graphical representation of the descent of a mail bag dropped from an aeroplane moving horizontally with a velocity v at a height h in Fig. 170 is made by combining the principle of inertia with what we know about the
 
 The
 
 way x
 
 in
 
 which bodies
 
 fall.
 
 If the aeroplane
 
 moves through x
 
 feet in
 
 = vt. The mail bag would continue to move in this way if
 
 FIG. 170.
 
 is
 
 neglected, if the speed of the 'plane
 
 not also affected by gravity. While horizontal direction in virtue of its vertical height
 
 d
 
 = Igt
 
 2
 
 moves forwards through
 
 and
 
 since
 
 t
 
 seconds,
 
 motion were
 
 DESCENT OF A MAIL BAG FROM AN AEROPLANE CRUISING AT 60 MILES PER HOUR AT A HEIGHT OF 040 FEET ABOVE GROUND.
 
 Air resistance
 
 And
 
 its
 
 x
 
 = vt.
 
 under
 
 it
 
 is
 
 is
 
 not very great.
 
 moving through
 
 inertia, it is also
 
 vt feet in the
 
 dropping through a
 
 gravity. If it sinks to a height y, while a distance x, you will see from the figure that
 
 it
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 the mail bag reaches the ground
 
 and so
 
 y
 
 = vV2h Time (tecs
 
 2
 
 3
 
 128
 
 144
 
 -:-
 
 )
 
 (feet)
 
 \> the at rest
 
 hangs
 
 its
 
 +
 
 total force exerted
 
 by hand and weight must be balanced by an upward
 
 

 
 Periodic Time(T)
 
 MOTION OF A WEIGHT AT THE END OF A SPRING
 
 The
 
 time graph is shown as it would be given by snaps at successive intervals of equivalent length. The equation can be built up from the mechanical model of Figs. ] 82 and 195, which show that it has the general form (in circular measure): yt
 
 The is
 
 =
 
 r sin (2^1
 
 T)
 
 -f-
 
 the "amplitude" of the excursion, i.e. y, and the periodic time ~g. Hence the equation of the time trace is given in the text as 2-rrVx
 
 The
 
 constant r
 
 initial
 
 is
 
 T
 
 extension y does not affect the period. It only affects the excursion.
 
 tension of k(x
 
 + y)>
 
 When
 
 the hand
 
 is
 
 released, this
 
 upward pull is only downwards. The latter is not kx difference between them is k(x sufficient to y) = ky. Hence there is still an upward tension numerically equal to ky, and the a. The force required to load begins to move upwards with an acceleration ma, since the direction of motion impart this acceleration to a mass m is (upward) is opposite to the direction (downward) along which y is measured. offset
 
 by
 
 its
 
 own weight (mg neutralize it. The
 
 kx) pulling
 
 it
 
 +
 
 Hence
 
 ma /.
 
 a
 
 ==
 
 ky
 
 k = --Jv
 
 m
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 acceleration is therefore in fixed proportion to the displacement y from the resting position of the weight, and of opposite sign to this displacement. In other words, the acceleration is always towards the resting position. Hence (p. 282) the motion is to and fro, and its period is 2-77
 
 Since k
 
 = mg -~ x, this
 
 is
 
 Vm ~
 
 k
 
 the same as
 
 So, if as in the previous example a 2-lb. weight extended a spring through inch (jV foot) at a place where g 32, it would oscillate when jerked
 
 1
 
 out of
 
 its
 
 resting
 
 (approximately)
 
 A
 
 position with
 
 a
 
 period
 
 2 TT
 
 V>
 
 -f-
 
 32
 
 =
 
 32 second
 
 .
 
 spring escapement of which the teeth engage a hanging weight would
 
 naturally have the same disadvantages as a pendulum, because the period of the osculation depends on g. The advantage of the spring is that it can be
 
 used to produce periodic motion without a weight hanging vertically. For end of a spirally wound spring like Hooke's hairspring of watches can be fixed to a flywheel, the inertia of which does not depend on gravity. The law of Hooke applies with remarkable accuracy to small lateral as well as to lengthwise strains. So this type of escapement provides an escape from the limitations of the pendulum clock. Hooke, like Huyghens, hoped to make a perfect marine clock. He did not succeed because the expansion of metals (p. 577) by changes in temperature was not sufficiently understood at the time. Navigation waited three-quarters of a century for what Newton called "a watch to keep time exactly." The social importance of the issue is shown by the Act of 1714, when the British Government offered a reward of 20,000 for any method to enable a ship to get its longitude with an error not exceeding 30 miles at the end of instance, the
 
 a voyage to the West Indies. Twenty years after the Board of Longitude was appointed to act as umpire, Newton's words were still true "by reason of the Motion of a Ship, the Variation of Heat and Cold, Wet and Dry, and the Difference of Gravity in different Latitudes, such a Watch hath not yet :
 
 been made." In 1736 a Yorkshire carpenter made a clock with a grid of brass and steel bars (see Chapter XI, p. 576) to compensate for variations in the tension of the balance springs at different temperatures. Harrison's first clock was tested in May of that year on a six weeks* voyage to Lisbon and back, making the outward journey on the Centurion, later Anson's flagship. The official certificate reproduced by Commander Gould in a centenary article discloses that Harrison located the Lizard correctly when the official navigator, Roger Willes, believed that the ship had reached Start Point "one degree and twenty-six miles" east of it. The invention was not offered for the prize.
 
 With small subsidies from the Board of Longitude Harrison persevered for more than twenty years. His fourth model in a test voyage to Jamaica in 1761 led to an error of only one mile. The error was under ten miles in a second voyage to Barbadoes three years
 
 later.
 
 He was
 
 paid half the reward in
 
 Wheel, Weight^ and Watchspring 295 1765 and only received the other half after a long legal quibble settled by An exact duplicate of the fourth was made for the 450, and used by Captain Cook. A few years later Earnshaw, the inventor of the modern type, produced chronometers at less than a tenth of this price. a private Act in 1773. Admiralty at a cost of
 
 UNIVERSAL GRAVITATION
 
 began to present new problems for research age of the great navigations, when astronomy was still the queen sciences. In one way or another inertia, the fundamental principle of finding, impressed itself on speculations about planetary motion Artillery warfare first
 
 in the
 
 of the rangebefore
 
 Galileo actually applied it to physical measurements. If a pull is necessary to keep a stone revolving at the end of a cord in its circular path, and if a bullet keeps its own motion in a straight line when the marksman is riding,
 
 how
 
 does it happen that the planets move in closed orbits round the sun? In an earlier age the question would have been meaningless. In the generation of Galileo there was a special reason for asking it. The mariner's compass was one of the new wonders of the age of the great navigations. Here for the first time was something which pulled without cords and pulleys. Here for the first time was "action at a distance." At the Court of Elizabeth the theory of the mariner's compass had as much news value as the Peking Skull in post-war England. The queen herself and her naval commanders gathered to watch experiments by Gilbert, the queen's physician, who had likened the influence of the sun on the planets to the earth's magnetism. Kepler had endorsed the analogy before Galileo showed how to measure
 
 power by the motion it produces. The law of circular motion, which seems to have been discovered independently by Hooke and Newton as well
 
 pulling
 
 by Huyghens who
 
 first published it, made it possible to bring these to earth. If a body moves with constant speed in a circle its speculations 2 acceleration along the radius is also constant and is equal to (27r) 2 r -=-
 
 as
 
 T
 
 .
 
 Kepler had shown that the ratio of the square of the time of revolution of a planet (or satellite) to the cube of the radius of its approximately circular path is the same for all planets (or for all satellites of the same planet), i.e.
 
 ~=*
 
 or
 
 If
 
 we combine both
 
 rules, 2
 
 (27r)
 
 K
 
 That
 
 is to say, the acceleration along the radius of a planet's orbit is inversely proportional to the square of its distance from the sun round which it moves. Although this conclusion occurred to several people at the same time,
 
 the first to test it. He argued that if the same pulling power draws a stone to the centre of the earth and keeps continually deflecting the moon from a straight path in its frictionless motion through empty space, the acceleration of the stone and the acceleration of the moon along
 
 Newton was apparently
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 the line joining it to earth must be in an inverse ratio to the square of their distances from the earth's centre. So he calculated the vertical acceleration of a body at the earth's surface from the moon's motion on the assumption that the
 
 same pull
 
 acts
 
 on both. The moon's distance
 
 r
 
 from the earth
 
 is
 
 60
 
 times the earth's radius. So the acceleration of a body towards the earth's centre, if
 
 moving round the earth in the moon's course, should be
 
 ^
 
 times
 
 \y\)
 
 the vertical acceleration of a body on the earth's surface. Since the latter is 32 feet per second per second, it should require an acceleration of 32 -r 60 2 feet per second per second to keep the moon bent in a circular course. A
 
 simple calculation is sufficient to show that this is correct. The mean distance (r) of the moon from the earth is approximately 240,000 miles or (240,000 x 5,280) feet. The time (T) of a complete revolution is approximately 27 J days or (27 x 24 x 60 x 60) seconds. According to the principle of inertia, the acceleration required to keep the moon in its course is 47T
 
 2 '
 
 T^
 
 r
 
 2
 
 X 240,000 X 5,280 27? X 24* x 60* X 60*
 
 ^ 47T
 
 = 32 + ft
 
 6
 
 (a
 
 PP ro
 
 *0
 
 The result obtained agrees with the assumptions that the rules which describe the regular motion of the clock wheels can also be used to calculate the motion of the heavenly bodies. When Newton first thought of making this calculation at the age of 23, the estimated distance of the moon was not very accurate, and the value he obtained was only seven-eighths of what he expected. Recognizing that reasoning by impeccable logic from selfevident principles is no substitute for solid fact in science, he locked away his calculations for over ten years. Meanwhile much discussion about the meaning of Kepler's laws had taken place among men of science. Hooke had arrived at the same conclusion as Newton, but was unable to solve the mathematical difficulties which arise when the orbit is elliptical, and the acceleration directed to the focus. A prize was offered for the solution of the problem by Sir Christopher Wren. Under pressure of his friends, Newton repeated his calculations with a new and more accurate estimate of the moon's distance based on the Cayenne expedition. The result was now satisfactory. So he was able to show that if the principle of inertia is true, a body can only move in an ellipse if the acceleration directed to its focus is inversely proportional to the square of the distance. He also showed that a body which moves in an ellipse with an acceleration directed to the focus
 
 must describe equal
 
 areas in equal times.
 
 Thus Kepler's three laws, which contradict our first impressions of the way in which the celestial objects appear to move, were brought into harmony with the experience of motion in everyday life. As with Hipparchus, so with Newton, experience of nature demanded new rules of reasoning. To solve all the problems which arose, Newton was compelled to improvise a new mathematical technique, the differential calculus. Contemporary idealist philosophers, notably Berkeley, poured the utmost contempt upon the new logical instrument. Today stubborn fact has triumphed over Berkeley's logic. The hostility of the metaphysicians has been long forgotten by a world
 
 Wheel, Weight, and Watchspring 297 which prefers the comforts of science to the consolations of philosophy; and the belief that the rules of theory are exempt from the test of practice has been transferred from real science to political economy. Up to this point, Newton's contribution did little more than bring together
 
 own contemporaries with more mathematical ingenuity than they had shown, and it is a falsification of history to look on Newton's theory as the production of isolated genius. His genius worked on problems which were set by the social circumstances of his time. In Galileo's treatment of the path of the cannon ball and in Huyghens' treatise on the clock the problem of motion in curved tracks had emerged from imperative social needs of the time. Again and again Newton's speculations turn to one or the other. In the elementary treatment of the mail bag given on p. 265 and the analogous problem of a cannon ball (Figs. 171 and 172) fired in a the conclusions of his
 
 horizontal direction, we assume that the height and range of projection are take the earth as approximately flat for our purpose relatively small.
 
 We
 
 and the acceleration of gravity as approximately constant, and directed towards the earth's surface. In an age of progress in artillery warfare it was natural to speculate further about what would happen if a projectile were fired at a great height with an enormous velocity. We then have to reckon with a variable acceleration directed to the earth's centre instead of an approximately constant g directed to an approximately flat surface. In the Newton pictures the planets shot off from the sun at some time remotely past: following passage
 
 That by means of
 
 may be retained in certain consider the motions of projectiles. . . The greater the velocity by which it is projected the farther it goes before it falls to the earth. may thus suppose the velocity to be so increased that it would describe an arc of 1, 2, 5, 10, 100, 1,000 miles before it arrived at the earth, till at last exceeding the limits of the earth, it should pass quite by without touching it. ... If we now imagine bodies to be projected in the directions of lines parallel to the horizon at greater heights those bodies, according to their different velocity and the different force of gravity in different heights, will describe arcs either concentric with the earth or variously eccentric and go on revolving through the heavens in those trajectories; just as the planets do in their orbs (see Fig. 188). orbits
 
 we may
 
 centripetal forces the planets
 
 easily understand, if
 
 we
 
 .
 
 We
 
 .
 
 .
 
 .
 
 Newton's special contribution was the next step. He had satisfied himself on bodies at its surface extends as far away as the moon. What was the nature of this pull which Kepler had likened to the action of a magnet? The sun pulled on the planets which are smaller than it is; the earth pulled the moon which is smaller than itself; and the earth's pull or terrestrial gravity is proportional to the mass on which it acts. So the pulling power of the sun on the planets might be connected with the fact that their masses are different. If so, it seems that every piece of matter exerts on every other piece of matter a pull directed to its centre and proportional to its mass. The mutual attraction between any two pieces of matter of mass m and M, separated by a distance r would therefore be proportional to that the earth's attraction
 
 mX
 
 M-fK*
 
 r2
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 Putting this in the form of an equation, in which
 
 F=
 
 G
 
 is
 
 a universal constant
 
 G.^
 
 is true, it is possible to calculate both the absolute mass of the earth the relative masses of the earth and other heavenly bodies. The and itself, first can be done in a variety of ways, one of which is shown diagrammatically in Fig. 189. How to find the ratio of the mass of the earth to that of another that of the sun. iheavenly body may be illustrated by comparing its mass with In Newton's calculation of the falling stone and the moon,, E is the earth's mass and the force on unit mass of either is GE ~- r 2
 
 If this
 
 Aioimfcain,
 
 NEWTON'S PARABLE OF PROJECTILES FIRED WITH INCREASINGLY HIGH VELOCITY FROM THE TOP OF A VERY HIGH PEAK Note. The higher the initial velocity (see Figs. 171 and 172) the smaller the deflection towards the earth's centre in a given distance traversed. By increasing the velocity FIG. 188.
 
 of projection the motion therefore approaches a closed elliptical orbit, such as a rocket in empty space. Air resistance is projected beyond the stratosphere would pursue neglected.
 
 =
 
 and Since F ma, the acceleration ge of the stone at the earth's surface, 2 the earthward acceleration, gm , of the moon, are in the ratio r^ : r'e , and the earth's mass cancels out. The problem is different when we compare the size of the earth's orbit about the sun with the size of the moon's orbit about then have two different masses: S, the sun's pulling on the the earth.
 
 We
 
 earth at a distance distance
 
 r.
 
 The
 
 R; and E, the
 
 attraction
 
 G The
 
 attraction of the
 
 earth's pulling
 
 of the earth to the sun
 
 moon
 
 .
 
 SE
 
 -T-
 
 R2
 
 to the earth is
 
 G EM ~ .
 
 r2
 
 is
 
 on the moon's
 
 M
 
 at a
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 ratio
 
 of the two attractions (earth to sun) Sr
 
 If
 
 A
 
 is
 
 2 -f-
 
 MR
 
 :
 
 (moon
 
 to earth)
 
 the acceleration of the earth sunward along the radius of
 
 3 feat
 
 is
 
 2
 
 its orbit.
 
 to centre
 
 "
 
 'attractive
 
 force, of
 
 lead hall
 
 WEIGHING THE EARTH
 
 FIG. 189.
 
 The
 
 principle of weighing the earth by the deflection of the plumb line towards the mountain is the same as that used in the direct determination of the mass of the earth by Cavendish and later workers who have used a sort of microscope to measure the deflection of a suspended pellet Q towards a large mass. Gravity acts towards the centre of a spherical mass. If a pellet is deflected through a from the vertical when placed near a large mass, like a ton weight of lead, the ratio of the attractive forces of the lead and the earth itself is tan a (see legend to Fig. 167). According to Newton's hypothesis of universal gravitation, the attractive power of a body is directly proportional to its mass and inversely proportional to the square of the distance between its centre of mass and the body attracted by it. Hence if m is the mass of a body whose centre is r feet from the pellet, and is the mass of the earth whose radius is R,
 
 M
 
 tana
 
 = mR
 
 2
 
 Suppose in such an experiment (crudely diagrammatized 0-00000045 (i.e. tan a = 8 x 10~ Q) when m = 1 ton and r a
 
 in
 
 =
 
 1
 
 this
 
 figure)
 
 yard or TTV
 
 miles.
 
 x 10-9
 
 M
 
 1
 
 MX 16
 
 x
 
 X 8
 
 6* 5
 
 x
 
 (4,000)
 
 (1
 
 ~
 
 2
 
 4,000
 
 1,760)*
 
 176 2 X X 10-
 
 x
 
 M
 
 1,760*
 
 10 8
 
 10 21 tons approximately.
 
 the force pulling the earth to the sun is revolution of the earth round the sun,
 
 EA. And 2
 
 EA
 
 2
 
 -~ R = E 47T .
 
 .
 
 if
 
 Y is the time of a complete
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 GSE
 
 R*
 
 Similarly if earth
 
 Hence the S
 
 E
 
 L
 
 is
 
 ratio
 
 R8 L2 r3Y 2
 
 the time of a complete revolution of the
 
 moon round
 
 the
 
 of the sun's mass to the earth's mass or (93,000,000)
 
 (240,000)
 
 8
 
 3
 
 x
 
 x ^.7^2 2
 
 = 340,000 (approximately).
 
 (365)
 
 best determinations give 333,434. The large mass of the sun, that of any of the planets, is the reason for the fact that they all appear to describe orbits around the sun as focus. How-
 
 The
 
 compared with
 
 ever, their orbits do not absolutely correspond to Kepler's laws, because they exert attractions on one another. The great triumph of Newton's theory
 
 of universal gravitation was the fact that such irregularities can be calculated, the masses have been estimated in some such way as the example given illustrates. Just as the planets exert minor effects on the motion of their
 
 when
 
 neighbours, the sun, which is too far from the moon to affect the more obvious characteristics of its motion, produces various irregularities which had been quite unintelligible. From the ratio of the mass of the moon and the sun, and their distances from the earth, Newton was able to account for the variations of the tides with the phases of the moon (Fig. 190), for the inclination of the moon's orbit and the regression of its nodes. It is natural and proper for you to ask at this point whether Newton's
 
 theory provides any guidance for social practice. One, directly related to the focal problem of technology in the social context of Newton's time, is the increase in the period of a pendulum or the apparent decrease of a mass
 
 weighed in a spring balance when we ascend a mountain. If the law of inverse squares is right the value of the earth's pulling power on unit mass (i.e. g) must increase as we get nearer the earth's centre and decrease as we get farther away from it by a calculable amount. Taking the earth's radius as 4,000 miles at the surface, the ratio of g at the surface to g one mile above it 2 at the top of the mountain should be (4001) 2 (4000) , and if g were 32 at the bottom it would be 31 984 at the top. Hence at the bottom the period of :
 
 VL
 
 pendulum would be 2?rVL -f- 32 and at the top 277 the periods at the bottom and top would be in the ratio The clock would lose time in this ratio per second.* a
 
 -f-
 
 31-984, and
 
 V31-984
 
 ~
 
 V32.
 
 * in Huyghens rightly assumed that differences of sea-level measurements of different latitudes is not due to irregularities of this kind. The perfect sphericity of the earth was an accepted dogma, sufficiently justified by later measurements in low latitudes
 
 Wheel, Weight, and Watchspring 301 The application of Newton's theory was first made by Bouguer in one of the great scientific explorations of the eighteenth century. Bouguer compared the lengths of die seconds pendulum at sea-level and at the top of Pinchincha, a high mountain above Quito in Ecuador. The necessary reduction for the ascent calculated by the inverse square law was ri Ar>
 
 VEpm (low
 
 water)
 
 (high water)
 
 TEBT ldbON(Ugh tide at noon) tuiz 15
 
 W^W,
 
 a
 
 DAY AFTER XEft7 MOON" ZittZe
 
 ktcr each
 
 Wew
 
 FtiZi
 
 -o Moon
 
 Moon .
 
 d^r
 
 occur at New or Full Moon, of 5toL Tvfcorz, ax puZL ttigeilier ----- L era^lopa.
 
 &
 
 -->(Eartfi iid^s o<xiir a tlie first 6 Quarters, when th& pull of the Sun that of the Moon partly nzudralises
 
 FIG. 190.
 
 THE TIDES
 
 this proved to be larger than the observed value VT. What seemed to be a disappointing result led to a new vindication of the Newtonian theory. j
 
 Bouguer argued that a large mass such as a mountain must exert an appreciable sideways attraction. This was triumphantly confirmed by a simple device. He selected two stations on the same parallel of latitude, one close to
 
 302
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 Chimborazo, a mountain 20,000 feet high, and one some distance due westward, away from the influence. The inclination of a telescope to the plumbline, i.e. the zenith distance, should have been the same at meridian transit since the latitudes were identical. Owing to the attraction exerted by the mountain on the weight of the plumbline the zenith distance of the star at the near station was greater than it should have been. From this observation Bouguer calculated the density of the earth, and figures obtained in this way agree fairly well with results obtained by the direct method of Fig. 189. In the next chapter we shall see how the invention of an instrument which could measure time in very short intervals had more far-reaching results than any which we have discussed so far. One result of this was unexpected confirmation for the belief in the earth's orbital motion about the sun. Before leaving the story of clock-making we shall now summarize
 
 some terrestrial experiences which lead us to believe that the apparent daily motion of the celestial sphere results from the earth's axial rotation. Two have been mentioned, namely: (a) that pendulum clocks lose time as we travel from the poles to the equator, while spring clocks do not do so; (V) that the earth and other heavenly bodies are flattened slightly at the poles like a ball of soft clay on the potter's wheel. Three others will now be mentioned. EARTH'S DIURNAL ROTATION If a projectile is shot in any direction from the North Pole, it continues with uniform horizontal velocity while the object at which it was aimed is being carried round leftwards, owing to the counter-clockwise motion of the earth as seen from the standpoint of a polar observer. Hence the bullet will fall right of its mark. Conversely a projectile fired from the South Pole would fall left of its mark. If the projectile were fired at an object south of the equator from a situation at the same distance from the equator north of it, there would be no such displacement. In any other situation a bullet fired north or south would deviate slightly from its mark because the east-west velocity of the object and projectile would be different. The effect would be negligible if the distance between them were small. With long-range modern projectiles the distance is sufficiently large to
 
 make appreciable
 
 errors in
 
 marksmanship if it is neglected. In actual practice, the error is avoided by making an easily calculable allowance for the earth's axial motion. If rocket transmission, which is already used for postal services in a few remote places, became general, the reality of the earth's axial motion would become an ever-present feature of social communications. Rockets Through Space., Cleator tells us
 
 In his fascinating book,
 
 :
 
 After conducting a series of preliminary experiments, Schmiedl succeeded in establishing, in 1931, an officially recognized rocket postal service. He operated his service between the small towns of Schockel and Radegund, near
 
 Graz, Austria. Although the distance covered was only about two miles, the mountainous nature of the district enabled him to transmit letters from one town to the other in as many minutes as the ordinary postman required hours. The success of the Schmiedl service inspired Gerhard Zucker to perform a like experiment in Germany. And in 1933 he successfully transported letters
 
 Wheel) Weight^ and Watchspring 303 by rocket over the Harz mountains. A year later, as is well known, he brought one of his rockets to England where his experiments were a fiasco. Experimenters visualize the time when mail rockets will carry their cargo between London and New York, a distance which even the liquid fuels of today will enable the vessel to cover in less than an hour. .
 
 .
 
 .
 
 Another consideration is not so obvious. If a pendulum bob is suspended from a very long cord (e.g. 100 feet), free to rotate in any direction and set in motion, it should continue to swing in the same direction. If the direction of
 
 146 After
 
 on
 
 470 days 'Vetw.s
 
 /
 
 ioy
 
 /
 
 to
 
 a
 
 Swi Earth,
 
 ,
 
 Earth, after
 
 round after days J762
 
 "half
 
 jourruzy
 
 ,
 
 starting^ of trip FIG. 191. WILL THEORIES OF GRAVITATION BECOME NECESSARY FOR TRAVEL? The figure shows Dr. Walter Hohmann's project for a space trip by rocket transmission out of the first 50 miles of the earth's atmosphere. Beyond this distance air resistance becomes negligible and the space ship behaves like a planet moving in a curved path. The trip would take 762 days, including a stay on Venus of 470 days, or more than two Venus (225-day) years. The present cost would be about 20,000,000. Considering that we have not yet liquidated the social inconveniences resulting from the African slave trade which followed the discovery of America, this is not necessarily a dis-
 
 couraging
 
 fact.
 
 the swing
 
 is
 
 marked by
 
 a line
 
 on the ground, the pendulum swing
 
 will
 
 appear
 
 to twist slowly around it in a clockwise direction (in the northern hemisphere). No force has been applied to the pendulum to change its direction., and we
 
 ought therefore to say that the line has twisted in an anti-clockwise direction beneath the pendulum. You will have no difficulty in seeing that this is a necessary consequence of the earth's axial rotation if you suppose the pendulum to be suspended at the North Pole, in which case the line will perform # complete anti-clockwise rotation in 24 hours. At the equator the Hpe >vilj
 
 Science j or the Citizen
 
 304
 
 c
 
 WHY
 
 FIG. 192.
 
 THE PLANE OF THE PENDULUM SWING ROTATES
 
 Suppose that the pendulum is started swinging in the meridian at a, i.e. along the tangent ac, which meets the axis OP produced at c. A short time later the earth has rotated through a small angle aob, carrying the pendulum to the point b on the same parallel of latitude. The tangent be meets OP in the same point c. The pendulum is, however, still swinging in the direction ac, i.e. along bd} so that relative to the meridian it will apparently have changed its direction clockwise through the angle cbd = bca. Meanwhile the earth has rotated through the angle boa. The rates of rotation are proportional to the angles turned through in the same time. Hence rate of rotation of
 
 pendulum
 
 arc ab
 
 /_bca
 
 rate of rotation of earth
 
 _
 
 .
 
 sin aco
 
 ac
 
 So the time of rotation of * pendulum
 
 Thus
 
 in Foucault's
 
 experiment the
 
 .
 
 arc ab
 
 /Lboa
 
 =
 
 ~
 
 sin Lat.
 
 is
 
 48 50
 
 sin Lat.
 
 days. J
 
 pendulum swing
 
 or 1J days. Since the latitude of Paris J
 
 sm
 
 '
 
 3 -.
 
 rotated through 360 in 32 hours
 
 =
 
 -
 
 sin Lat.
 
 0-75 (approx.)
 
 = H.
 
 not rotate. At the South Pole the line will rotate completely in a clockwise direction in 24 hours. At intermediate latitudes, the time of rotation of the line is
 
 ~
 
 -
 
 sin Lat.
 
 days, as
 
 in Fig. 192.
 
 A
 
 large
 
 pendulum suspended from
 
 a
 
 dial was exhibited at the Paris Exhibition by Foucault to phenomenon to the public. Foucault's pendulum is now shown one of the great museums of the U.S.S.R.
 
 high roof above a
 
 show in
 
 shown
 
 this
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 THE GYROCOMPASS
 
 of a gyrostat turns freely at A, and round the axes BC and DE, so that can point in any direction in space. If no force is applied to the framethe axle will continue to point in the direction in which it was set when the work, the axle flywheel was started If, however, a turning force is applied to the framework, the axle turns, not in the plane of the force, but in a plane at right angles to it and continues to do so, until the plane of rotation coincides with the plane of the turning force. This is why is at first pointing the gyrocompass turns to the north. If, for example, the axle eastwards, it will tip upwards as the earth rotates. If the framework is provided with some kind of ballast (like the mercury tube in the figure) this will now exert a turning force on the framework. The axle will therefore turn at right angles to the plane of the force, until it points to the north. The axle will then return to the horizontal, and the turning force will cease to act.
 
 The framework
 
 FG
 
 FG
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 3 o6
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 (a) the value
 
 the same data to calculate the daily retardation of a (a) set at (&)
 
 set at
 
 (c)
 
 set at
 
 (d) set at
 
 pendulum
 
 clock
 
 Aberdeen and sent to Falmouth; Paris and sent to Cayenne; Philadelphia and sent to New Orleans; Edinburgh and sent to London.
 
 Using the same data calculate how slow or fast a London pendulum would be if taken to the top of Mt. Everest (5 miles high, Lat. 28 N.). 60. If a man standing at the North Pole fired a bullet with a range of 3 miles and a mean horizontal speed of 400 feet per second at an object 3 miles away, how far wide of the mark would it fall and on which side? 61. If a cyclist is riding at 14 miles an hour with a wind blowing at right angles to his path with a velocity of 10 miles an hour, show by a diagram or otherwise the direction of the wind relative to the cyclist. 62. A man is walking due west with a velocity of 5 miles an hour. If another man rides in a direction 30 west of north, what is his velocity if he always keeps due north of the first man? 63. A north wind is blowing at 10 miles an hour. If to a cyclist it appears to be an east wind of 10 miles an hour, find the direction and the rate at which he 59.
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 The Wave Metaphor
 
 VI
 
 WORLD VIEW of
 
 Modern
 
 Science
 
 WE
 
 can only find our way about in space when we have learned to find our in time., and the accuracy with which we can ascertain where we are depends on the accuracy with which we determine the time when we happen to be there. Our own generation has witnessed a revolution which may prove to have more far-reaching results than the invention of the clock. A ship's captain is no longer dependent on a chronometer set by Greenwich time at the beginning of a voyage. Standard time is transmitted from ocean to ocean by wireless signals, and the very word wave has come to have a new meaning in the everyday life of mankind. Today the complete narrative of man's conquest of time and space would have to tell how it has become possible to put any single being in instantaneous communication with anyone else on the planet which we now inhabit. At some future date it may even
 
 way about
 
 record space.
 
 how human
 
 We
 
 must
 
 beings learned to find their way across interplanetary way in which man has established the means of
 
 leave the
 
 till we come to the story of man's conquest of power. we do so, we shall have to come to grips with one of the most difficult concepts of contemporary science. The invention of wireless transmission was made possible by the theory of wave motion, which developed as a
 
 world communication Before
 
 by-product of Newtonian science. In man's earliest attempts to find his bearings in time and space the nature of light had already forced itself on his attention. The discovery of the telescope gave a new impetus to the study of optical phenomena. One result of this was Newton's discovery that white light is complex. Very soon after the invention of the telescope a Danish contemporary of Newton made the first telescopic maps of the moon's mountains. Romer also took up the study of Jupiter's satellites. Having determined their period of revolution when Jupiter and the earth are on the same side of the sun, he calculated their position when Jupiter is on the side opposite to the earth. An eclipse of one of Jupiter's moons occurred later than he expected. Being satisfied that this was not due to faulty instruments he concluded that light does not travel instantaneously. To put it less metaphorically, we do not see an event when it happens. A measurable interval of time elapses between a flash of light and the instant when we see it. This interval depends, like sending a message, on the distance between the sender
 
 and the receiver. At first sight it seems a far cry from the moons of Jupiter to the everyday life of mankind in seventeenth-century Europe. In its own context Romer 's work was not so remote from practical application as it would have been if it had been undertaken a century later, when clock technology had reached a higher level. The determination of longitude still remained a thorny problem. Judging from the prize they offered (p. 294), the method of lunar
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 distances which Newton advocated with appropriate corrections for parallax and atmospheric refraction required laborious calculations which did not commend themselves to the Admiralty. Others among Newton's contemporaries proposed to discard astronomy and use a co-ordinate based on
 
 the dip of the magnetic needle (see Chapter XIII). Failing a reliable chronometer, which was not available till 1760, the astronomer could only retain his privileged position as doyen of nautical science by devising a method as simple as the observations
 
 of eclipses or occultations.
 
 The
 
 only serious
 
 objection to this method is that celestial signals known before Galileo's observations on the moons of Jupiter did not occur very often. The objection could be met if other more frequent signals could be added. Whitaker's
 
 Almanack shows that
 
 fifty-six appearances or disappearances of Jupiter's could be seen at Greenwich after dark in 1936. There were only two visible eclipses and no planetary occultations in the same year. satellites
 
 Galileo himself seems (see p. 134) to have realized the practical importance of the discovery which brought him into conflict with the Inquisition. At the new Paris observatory where Romer worked with Picard, Richer, and others among the leading astronomers of the day, the Italian Cassini undertook the preparation of tables for calculating longitude by observations on the satellites of Jupiter, and his tables were used in the French Navy during the first half of the eighteenth century. In his book Histoire de la Longitude de la Mer au XVIHe si&Ie en France,, Marguet tells us :
 
 After 1C 90 the Connaissance des Temps gave the time of eclipses of the first calculated according to the tables of Cassini, and forty years later, from 1730 onwards, there were added to the ephemerides three other small moons of Jupiter known at this period. satellite,
 
 The determination of longitude by eclipses of Jupiter's satellites merely depends on the known fact that the same event (Fig. 37) does not occur at the same solar time in two places on different meridians of longitude. Romer's observations showed that one event seen before a second event at one and the same place may really have happened later. The full consequences of this startling conclusion which has since (p. 330) been estabby direct experimental proof in the laboratory is only beginning to be grasped. When we look at the moon we are really seeing what it looked like one and a half seconds before. Some nebulae are so far away that if our lished
 
 telescopes could bring them as near to us as the moon, we should only know what they looked like 140 million years ago. One result of Romer's discovery was to show how we can calculate the earth's distance from the sun by observations on the stars. The calculation based on the assumption that the earth moves round the sun like the other planets, agrees with the distance calculated from the parallax of a planet, as explained on p. 341, and thus
 
 established Kepler's doctrine more firmly than ever. During the latter half of the seventeenth century the Paris Observatory undertook extensive enquiries to adapt and improve the telescope for astro-
 
 nomical observations. In the latter half of the eighteenth century extensive improvements in the technology of glass renewed interest in the study of light. Some of the discoveries which resulted have been dealt with in a
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 previous chapter. Others which
 
 of progress in
 
 we shall now examine introduce a new feature
 
 scientific
 
 knowledge. So research into the nature of light received a renewed impetus from the star lore of the two centuries which witnessed a hitherto unparalleled growth of maritime communications and colonization. The way in which enquiry progressed was also influenced by the growth of another branch of knowledge. Side by side with the study of light, a different class of physical phenomena, in which some progress had been achieved in very remote times, began to arouse interest. The origins of music are buried in a very remote past. For some reason, doubtless inherent in the structure of our organs of hearing, a certain sequence of sounds, the octave scale, came into widespread use at a very early date. Aside from Ptolemy's experiments on refraction and the mechanics of Archimedes, the construction of musical instruments provides one of the rare illustrations of exact measurement applied to terrestrial
 
 in classical antiquity. Pythagoras (see p. 77, Chapter II) is have discovered the relation between the length of a vibrating
 
 phenomena
 
 reputed to
 
 string and the note emitted, when stretched at constant tension. If the length of the vibrating portion is halved the string gives out a note an octave higher. If diminished to two-thirds, it gives a note higher by an interval which musicians call a fifth* If diminished to three-quarters a note called a. fourth
 
 higher, and so on.
 
 The
 
 series
 
 of numbers called harmonical progressions in text books of
 
 algebra are a survival
 
 from the somewhat mystical
 
 significance
 
 which the
 
 Pythagorean brotherhoods attached to this early discovery in experimental science. Though there are few extant data concerning the way in which the production of sound was studied in ancient civilizations, there is no doubt that a keen interest in the improvement of musical instruments had prompted a clear understanding of the nature of the stimulus which excites our auditory organs. Thus Aristotle, whose views on other departments of physical knowledge are usually worthless, knew that sound is communicated from the vibration of the string to our ears by movements of the intervening air, and
 
 was
 
 also familiar with the fact that a vibration occupies
 
 double the time when
 
 From
 
 the everyday experience of the interval between lightning and thunder-clap, or the influence of winds and echoes in an age when people lived more in the open air and buildings were not designed for acoustical perfection, there was ample evidence for the fact the length of a pipe
 
 is
 
 doubled.
 
 from solid surfaces, that they are transmitted through the motion of the atmosphere, and that they travel with a finite speed. It is not difficult to recognize how a variety of features in the everyday
 
 that sounds are reflected
 
 of the middle ages conspired to revive interest in sound. In particular, may be mentioned. The first was a noteworthy improvement in musical instruments. The Alexandrian mechanicians Ctesibius and Hero are known to have designed a hydraulic organ. A similar model has been recovered from Carthage dating about A.D. 200. The daily ritual of the Christian Church encouraged the use of instruments suitable for choral accompaniment. From the church organ the device of the keyboard was extended to stringed instru-
 
 life
 
 three
 
 * Thus in the scale of C (CDEFGABC), the interval CC, is an octave. CG is a fifth, CF a fourth.
 
 both Cs,
 
 i.e.
 
 eight notes including
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 ments in the fifteenth century. Thenceforth the modern piano evolved from the clavichord, the virginal, and the spinet. During the sixteenth century the manufacture of musical instruments for secular use was developing into an important
 
 craft.
 
 In this milieu Galileo devoted himself to experiments on
 
 the vibrations of strings. The publication (1636) of Harmonic Universelley a treatise on the mechanical basis of pitch and timbre in stringed instruments, composed by his ecclesiastical disciple Mersenne, was the signal of
 
 renewed
 
 interest in acoustical
 
 phenomena.
 
 Two
 
 other innovations made a new instrument available for investigation into the theoretical issues arising out of the technology of stringed instruments. Hitherto no attempts had been made to find the speed with which
 
 FIG. 194.
 
 WAVE-LIKE MOTION TRACED BY A PENDULUM ON A REVOLVING LAMP BLACK SURFACE
 
 Just as the horizontal or vertical trace of a circular motion is a periodic motion of the pendulum type, the trace of the pendulum motion represented as a graph of displacements and time intervals is a simple wave-like motion such as can be propelled along a skipping rope. The periodic time of the wave motion is the interval between two crests or two troughs next to one another. In this case it is 2, i.e. the pendulum is a "seconds" pendulum (period 2 seconds).
 
 a sound travels.
 
 The
 
 introduction of
 
 gunpowder
 
 into warfare
 
 made
 
 the
 
 experience of lightning and thunder claps more tangible. By using the new seconds pendulum to time the lag between the flash and the explosion at a measured distance from a cannon, Mersenne and Gassendi found the speed of
 
 sound
 
 to be about 1,400 feet per second.
 
 More
 
 accurate
 
 modern determina-
 
 tions give approximately 1,120 feet at 15 C. Boyle, Flamsteed of the Greenwich Observatory, and Halley in England repeated the observations of
 
 Mersenne and Gassendi, obtaining results in closer agreement with the correct figure, as did also Cassini, Huyghens, Picard, and Romer of the Paris Observatory. Progress was made possible by the fact that the eighteenth century was equipped with what the ancients lacked. Musical technology could make use of a convenient device for measuring time in short intervals. Closely connected with this was another circumstance. Being without the
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 means of measuring short
 
 intervals
 
 of time, mechanics made
 
 little headway which in the design of principles developed
 
 The dynamical
 
 in antiquity.
 
 the pendulum clock were specially concerned with periodic, that is to say new logical technique drawn from wave-like, motions (Figs. 194, 195).
 
 A
 
 FIG. 195.
 
 CONNEXION BETWEEN ROTARY AND WAVE MOTION
 
 We can find a formula for the wave-like trace of the pendulum by a model. The wheel At the start the radius of the wheel from which a weight is hung makes an angle 45 to the peg with the horizontal and this angle decreases at the 45 or rate of 45 per second. That is, the angular velocity of the wheel is 77/4
 
 rotates at fixed speed.
 
 radians per second, if the positive direction of rotation is anticlockwise. After a time t t) with the horizontal (measured in seconds) this radius thus makes an angle 45 (1 and the weight is a height x t above its mean position (horizontal radius), where *t
 
 More
 
 =
 
 r sin
 
 -
 
 45(1
 
 r)
 
 generally, if the radius starts at an initial angle a with angular velocity b, then xi
 
 =
 
 r sin (a
 
 +
 
 bt)
 
 a and b are constants which can be measured in degrees or radians. We can make things simpler if we use a stop-watch and start it at the moment the radius is horizontal, i.e. measure t from the time when a = 0. Then r sin bt
 
 xt
 
 If the wheel revolves through 360
 
 in
 
 T
 
 sees.,
 
 T
 
 is
 
 the periodic time (i.e. the time fc, the angle through
 
 between two consecutive crests or two consecutive troughs) and which the wheel revolves in one second, is 360 /T, so
 
 xt
 
 r sin
 
 360r/T
 
 or measured in radians, 2ir to a revolution X{
 
 If the wheel
 
 =
 
 r sin 2;rr/T
 
 makes n revolutions a second, xg
 
 T=
 
 1
 
 /TT
 
 and
 
 r sin 2irnt
 
 contact with the mechanical amenities of everyday
 
 life
 
 supplied the guidance
 
 intellectual ingenuity had failed to devise, and successful the new mechanics to the elastic vibration of strings furnished
 
 which unaided
 
 application of the clue to new discoveries about the nature of light.
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 THE NATURE OF SOUND Nineteenth-century science inherited from the two preceding centuries a framework of metaphors drawn from a pre-existing technology. Navigation and water power have now ceased to play a prominent part in the daily experience of most of us. For that reason the analogy of "wave" or "current'* is liable to mystify us unless we firmly grasp the significance they had for an earlier generation of scientific workers. To understand the wave theory of light it is first essential to understand how sounds are produced and communicated to our ears. Sounds may be produced by the vibration of a string as with the violin and piano; by the vibration of a diaphragm, membrane, or metal plate, as
 
 Tuning Fork Cylinder with,
 
 smoked surface
 
 FIG. 196
 
 Simple apparatus for measuring frequency of a tuning fork accurately. The tip of a pendulum with a complete period of one half second just dips into the mercury making contact in the signal circuit every half period
 
 when
 
 it
 
 reaches the vertical position.
 
 with the drum, the gramophone, the bell or the telephone; by the vibration of a column of air as in a tin whistle or organ; or by concussion between solids or liquids as when an explosion or splash is heard. Common to all these sources of sounds is the fact that air is set in motion to and fro. If air is exhausted from a vessel in which an electric bell is suspended no sound is heard when the current is turned on. That different qualities of sound are produced by different rates of vibration is easily shown in various ways, of which the simplest is to fix a hair or thiii pointer of tissue paper to one prong of a tuning fork, and trace a wave-like image of its movements, when struck, on the smoked surface of a revolving cylinder (Fig. 196). If the speed of the cylinder is constant, two tuning forks which emit the same musical note will trace out the same number of crests on
 
 the same length of smoked surface, and tuning forks which emit different musical notes will trace out different numbers. The number of wave crests (or
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 troughs) traced out in a second is called the frequency of the tuning fork or the frequency corresponding to the note. It can be conveniently determined if a signal of essentially the same construction as an electric bell, designed to tick out seconds, is made to write on the revolving surface below or above the trace of the vibrations which the tuning fork executes. What are called pure musical notes correspond to a fixed frequency of some vibrating object like the prongs of a tuning fork, the air column of an organ pipe, the string of a harp, or the diaphragm of a gramophone. The frequency of middle C is 261
 
 vibrations per second.* Few bodies when struck vibrate as a whole. So most sounds are combinations of notes of different frequency, harmonizing or otherwise with our aesthetic preferences. Hooke's law of the spring shows how any body can be made to execute vibratory or periodic motion when
 
 stretched; and if you apply the argument on p. 293, you will see that the frequency of vibration of a string can be calculated from its length and mass, if Hooke's elastic constant k has been previously found. Halving the length
 
 frequency and increases the pitch by the interval an octave. Each vibration of a source of sound sets up an alternating sequence of
 
 at fixed tension doubles the
 
 that
 
 we
 
 call
 
 compression and rarefaction in the air immediately in contact, as illustrated Whenever the air is compressed, the air in its immediate vicinity is rarefied. So a train of alternate regions of compression and rarefaction spread out in all directions from the vibrating source, just as ripples spread out from the spot where a stone strikes the surface of the pond. At any position in the wave train the air is alternately compressed and rarefied with the same frequency as the vibrator which produces the sound. Thus a pure musical note corresponds to a particular frequency of vibration in the air between the instrument and the ear. The proof of this lies in the phenomenon of resonance, which is the basis of all reproduction of sound by instruments like the gramophone and telephone, or magnification of sounds by loud speakers. If a tuning fork is made to vibrate near another of the same frequency the latter takes up the note and is itself audible, when held close to the ear. This only happens if both tuning forks have the same frequency. The only way in which we can easily imagine how this could happen is that the air vibrates in unison with the two forks. A flat membrane or plate when struck emits a great variety of vibrations, and will consequently resonate to a great variety. This fact underlies the construction of the gramophone. The instrument used for making the record is essentially like the one used for playing it. A flat diaphragm transmits vibrations in unison with the frequency emitted by a neighbouring source of sound to the holder of a hard steel needle, which makes minute indentations on the blank record. When a needle similarly attached to a diaphragm moves in Fig. 199.
 
 over these minute notches,
 
 it forces the diaphragm to execute similar vibrawhich communicate motion to the surrounding air precisely similar to the air vibrations which were impressed on the blank record. The drum of the human ear is a resonator of a similar type to the diaphragm of the gramophone. It only responds to vibrations between a lower frequency of 18 per second and an upper frequency in the neighbourhood of 30,000 per * New Philharmonic pitch. The old value 256 is used in our numerical illustrations.
 
 tions
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 limits are not quite the same for all people. Some individuals shrill squeak of a bat. Others cannot hear notes of such high
 
 frequency. The limits also vary very greatly in different species of animals. Some animals can guide their movements in the dark, because their ears pick
 
 up
 
 vibrations
 
 which our own ears cannot
 
 detect.
 
 The
 
 vibration of the air between one tuning fork and another vibrating in resonance with it might be imagined to happen in one of two ways. First
 
 we might suppose
 
 a column of air surging to and fro like a piston rod fixed between the two prongs, or a column of water forced backwards and forwards through a tube. There are several reasons why this cannot be true, one being, that sounds do not travel instantaneously. The only alternative is that
 
 arm I
 
 FIG. 197.
 
 B
 
 I
 
 SIMPLE APPARATUS FOR SHOWING INTERFERENCE OF SOUND
 
 the vibrations are transmitted through the air in the
 
 way
 
 described, just thrown or a
 
 as ripples on a pond spread out from a region where a stone is stick is stirred in it. This alternative is supported by two other
 
 connected with the production of sound.
 
 One
 
 is
 
 interference.
 
 phenomena
 
 The
 
 other
 
 is
 
 the "Doppler effect."
 
 Generally speaking, the effect of hearing two identical notes played together is an increase in the volume of sound. In certain circumstances simultaneous notes of the same frequency from two different sources interfere. That is to say, neither is heard. One way in which the phenomenon is to strike a tuning fork, hold it near the ear, and rotate by the handle. It will then be noticed that in certain positions, at the same distance from the ear, the sound is intensified, and in other positions no sound is heard. A better demonstration which shows the nature of the phenomenon is to blow a whistle in the end of a tube with two arms (Fig. 197) leading to the ear. If the length of one arm can be altered by a sliding tube
 
 can be demonstrated it
 
 like that
 
 of the trombone, the sound of the whistle alternately increases to L
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 maximum and
 
 diminished or
 
 is
 
 silenced as the length of the adjustable tube is graduall greater. In this device there is only one vibrator. So
 
 made
 
 i
 
 the air surges to and fro as a single column in each of the two arms leadin to the ear, altering the length of one of them would not prevent the ai column in it from keeping in step with that in the other. The alternativ
 
 theory that sound travels in alternating regions of compression and rare makes it easy to understand what happens. If the lengths of the tw arms are not the same, a region of compression at the end of one arm ma; faction
 
 coincide with a region of rarefaction at the end of the other, and vice vers alternately (Figs. 199 and 200). To form a clearer picture of the nature of interference, it is necessar to recall that sound travels with a definite speed in a given medium. In ai at 15 C. this is about 1,120 feet per second. The time which elapse: between seeing the flash and hearing the noise of an explosion is directly proportional to the distance. For practical purposes we assume that th
T,
 
 i.e.
 
 560
 
 he passes over the building is a sudden increase of wave-
 
 -f-
 
 1,024 feet or approximately 6 inches.
 
 THE NATURE OF LIGHT Although the hypotheses which have been advanced in the study of sound involve difficult reasoning, they do not come into violent conflict with our
 
 which have been very of new knowledge about the nature of introduce us into a realm of bewildering paradoxes if we start with
 
 first-hand impressions of nature. Similar hypotheses, fruitful in leading to the discovery light,
 
 The Sailor's World View
 
 329
 
 wrong ideas about the nature of scientific enquiry. Science is not a photographic picture of the real world which exists independently of our views about it, and will continue to exist when we are no longer part of it. It is an ordnance map which guides us in finding our way in it. The mountain peaks are not painted brown because they really are of that colour. The brown is put there to show us where it would be waste of time to build a railway track or appropriate to erect a sanatorium. The enduring fact about the real world is that there is (at the time of speaking) a mountain peak in such and such a place. The colour is the hypothesis which is useless without the key provided by the colour scale at the foot of the map. If you grasp this firmly you will find no paradox in the statements that light travels in waves, and that there is nothing in which the waves travel.
 
 Much
 
 that
 
 is
 
 written about science for people
 
 who want
 
 to
 
 know more
 
 merely consists of a scaffolding of metaphors of this kind. To say that light travels in waves is a metaphor which means as much as the brown about
 
 it
 
 colour of the mountain peak. Everything depends on whether you know the colour scale which tells you the height. Useful and fruitful facts are the permanent contribution of scientific enquiry to the edifice of human know-
 
 and hypotheses are the scaffolding of metaphors. This may be illusby taking a useful and fruitful fact of great antiquity. To say that the obliquity of the ecliptic is approximately 23 J makes it possible for anyone
 
 ledge, trated
 
 to calculate his latitude, knowing the day of the year, or to find the day of the year if he knows his latitude. Its usefulness as a guide of conduct is not
 
 diminished in the slightest degree, even if we no longer accept the hypothesis which led the Babylonian priesthood or the Chinese astronomers to discover it
 
 about three thousand years ago.
 
 Romer's hypothesis, that light travels with a finite speed, followed about thirty years after the first determination of the speed of sound by Mersenne,
 
 who
 
 perfected the seconds pendulum. Four of the satellites of Jupiter revolve very nearly within the plane of its orbit, and are hidden in its shadow once in nearly every revolution. Romer had determined their periods and orbits accurately enough to know how much error could arise in calculating at what intervals eclipses will recur, and the calculation can be verified whenever the
 
 Earth and Jupiter are in the same position relative to the sun. On calculating the time of an eclipse when Jupiter was near conjunction from the time at which a particular eclipse occurred when it was in opposition, he found that the observed time was retarded by 16| minutes. There are several conceivable ways in which he might have modified his
 
 For instance, propinquity to the earth might exert some on the motion of the satellites. Alternatively the explanainfluence specific tion does not lie in their motion, but in the conditions for observing them. original hypothesis.
 
 The
 
 second possibility is suggested by our experience of sound. Suppose at one place we observe that a gun fires at exactly noon every day. If we set a watch accordingly, and move ten miles farther away from the gun, we shall not hear it when the dial points to 12 on the following day. The sound will reach us about 47 seconds after noon. This retardation is not the only physical fact conveyed by saying that sound travels with a certain finite speed. By itself it might be due to the fact that the time of firing changes every time I*
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 to move. This can be rejected for two reasons. One is that the same experience also happens to other people. The other is the measurable time which elapses between hearing a sound and its echo. According to Romer's observation,, an event which was timed for, let us say, midnight occurred at 16f minutes after. This retardation, which occurs
 
 we happen
 
 when
 
 the distance of Jupiter is increased by the width of the earth's orbit 93,000,000 miles), is one of the physical facts implied by saying that light travels at a speed of (2
 
 x
 
 2
 
 x
 
 93,000,000 -5
 
 Itojf
 
 However, there
 
 is
 
 X bO
 
 =
 
 more than
 
 186,000 miles per second this implied in the statement that light
 
 We
 
 can make various calculations "travels" at 186,000 miles per second. made in connexion with measurements of we have those which to analogous sounds, if we pursue the metaphor suggested by the track of bullets, as Newton did, or by a succession of ocean waves, as Huyghens preferred to do. Thus astronomical retardation agrees with measurements that can be made in the laboratory corresponding to measuring the retardation of an echo. It
 
 possible to measure the interval which occurs between the time a light leaves its source and is reflected back again. This interval
 
 is
 
 beam of
 
 depends, like the retardation of a sound echo, on the
 
 beam of light
 
 total
 
 path which the
 
 traverses.
 
 A
 
 simplified apparatus showing the essential features for measuring the of the distance to the retardation, i.e. the speed with which light ^travels," is seen in Fig. 202. Light falls from the source S on a semi-transratio
 
 parent mirror at A.
 
 Some of
 
 it
 
 passes through the latter, and some of it is some considerable distance
 
 reflected towards another mirror C, situated at
 
 (e.g. about 10 miles). Near A at B there is a toothed wheel between the notches of which the light has to pass on its way to C and on its return journey to the semi-transparent mirror A, where some of it passes through to be seen by the eye. If the wheel is rotated at a low speed the brightness of the beam which reaches the eye is first reduced until it eventually disappears when a certain is reached. Then it reappears and on doubling the speed it becomes further increase results in dimming and so on. If we compare bright again. the incident and reflected light to a shower of bullets bouncing back from a
 
 speed
 
 A
 
 must be a speed of rotation at which the through the middle of a notch has only just enough time to reach the mirror C, and get back to the wheel before the next tooth obstructs its path, so that all the light reflected from the first mirror is intercepted at its return journey. If n is the speed at which disappearance first occurs, the time taken for this to happen, when the wheel has x teeth, as shown in the legend of Fig. 202, is target along their original path, there
 
 light passing
 
 25 During
 
 this
 
 SeCS
 
 '
 
 time the light traverses twice the distance
 
 so the speed of light
 
 is
 
 2D
 
 ~ r = 4nxD 2nx
 
 D
 
 between B and C,
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 m
 
 If the speed is further increased to revolutions, the wheel rotates from the middle of a notch to the middle of the next tooth but one. This is the speed at which disappearance next occurs^ the speed of light being
 
 2D
 
 m
 
 Of course, to the facts,
 
 -r
 
 must be approximately three times n, if the reasoning and the two determinations should lead to the same
 
 applies result.
 
 Whad
 
 * CB
 
 is
 
 Ey&
 
 very great compared
 
 5
 
 FIG. 202. is
 
 SIMPLIFIED APPARATUS FOR FINDING THE SPEED OF LIGHT
 
 teeth and notches (6 in the figure for simplicity) and a the angle between the middle of a notch and the middle of the next tooth.
 
 If there are
 
 x equally spaced
 
 360
 
 i.e,
 
 a
 
 =
 
 30
 
 if there arc 6 teeth
 
 second 3 and
 
 and 6 notches.
 
 A
 
 wheel turns through 360 in one it goes through (360 X ri) in a
 
 rotates at n revolutions per second, through one degree in
 
 revolution. If
 
 it
 
 -
 
 seconds k
 
 300 x n 360
 
 and through a in
 
 1
 
 2x
 
 x
 
 360
 
 = n
 
 -
 
 seconds v
 
 2nx
 
 This is the time taken to rotate between the middle of a notch and the middle of the next tooth. To rotate between the middle of a notch and the middle of the next tooth but one, it must go through an angle 3a, i.e. 3 360 ,
 
 - x
 
 X degrees
 
 2i
 
 If the
 
 speed of revolution
 
 is
 
 then
 
 m
 
 per second, the time taken to do this -
 
 3 sees.
 
 is
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 it is best to take the average of the two. For instance, suppose the wheel B and the mirror C are 5 miles apart, the number of teeth 720 and the speeds of rotation at which disappearance occurs first and next are 13 and 38 per second. We have now two values for the speed of light
 
 Actually
 
 4 x 13 x 720 x 5 t X 38 x 720 x 5
 
 = =
 
 187,200 miles per second 182,400 miles per second
 
 in this case would be 184,800 miles per second. Terrestrial determinations of the speed of light agree with the astronomical estimate with an accuracy of one part in ten thousand.
 
 The mean
 
 According to the reasoning used in the design of
 
 this
 
 experiment and the
 
 calculation of results, the situations in which changes in the real world excite our organs of hearing and vision resemble one another in three ways. Using the customary abstract noun as a convenient metaphor, we say three
 
 things about light. First, light follows a definite path. The space between a source of light and the eye has local characteristics. If it is charged with dust particles a "beam" is visible to a second observer, and shadows are
 
 only cast where objects are placed in the region limited by the beam. Second, beam of light can be turned back on its own course, or as we say "reflected," like the echo of a sound. Third, the time at which an object appears to be visible depends on how far it is separated from the observer's eye. a
 
 But for one unfortunate circumstance there would be nothing remarkable about these similarities. Hearing is only possible if there is a substantial connexion, e.g. air or water, between the organ of hearing and the source of sound, or between any resonator which acts as a source of sound and another vibrator to which it responds (Fig. 201). This is not true of light. We can see objects separated from our eyes by space which is not filled by anything which we can weigh. If, for instance, an electric light bulb and an electric bell are suspended in a bell jar from which all the air is exhausted, the bell becomes inaudible till air is readmitted, while the light is just as visible throughout the experiment. This is a formidable objection to pursuing the analogy further. When we say that sound travels in waves, we mean two things. One is that at any region in the sound track, the air or other medium becomes successively more and less dense than it would otherwise be. The
 
 that at any instant of time a measurable distance separates successive the medium is more or less dense. The first is what we mean by where places frequency. The second is what we mean by wave-length, and the two are connected with the speed of sound in a definite way. Since light can pass where there is nothing weighable, its path cannot be mapped out in regions of varying density in a literal sense. Consequently the similarity seems to break down. In spite of this there are a variety of facts about light which encourage us to look for further similarities, and we may be less surprised to find this is so if we bear in mind the real nature of the similarity between a sound wave and a wave of the sea. The fundamental similarity is that the displacement of a particle of water in the track of a sea wave and the density of a thin layer of air in the sound track can be represented graphically in the same
 
 other
 
 is
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 form (Fig. 203). Measurements which involve the way these quantities vary from time to time can, therefore^ be expressed algebraically in the same form. The resemblance between two patches coloured dark brown on an ordnance map does not lie in the physical property of colour. Mountain peaks are
 
 FIG. 203
 
 The
 
 graphical representation
 
 on the
 
 variations of density in a
 
 sound track
 
 is
 
 a
 
 wave
 
 form. generally white. The key to the resemblance, implied in saying that sound a form of wave motion, lies in the sort of mathematics which is used in
 
 is
 
 connexion with sound measurements.
 
 A phenomenon
 
 which encourages us
 
 to search for similarity
 
 between the
 
 FIG. 204
 
 Obstruction of light by two crystals of Tourmaline placed with their long axes at right angles.
 
 kind of measurements which we can make in studying light on the one hand and sea waves on the other, is a change which sometimes occurs when a beam of light passes through a mineral crystal. This phenomenon called a polarisation was first studied by Huyghens. It is very well seen when beam passes through a crystal of tourmaline cut into two slices parallel to its long axis. If the slices are placed in line so that the long axes are not parallel (Fig. 204) a source of light can be seen through them., though
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 when the crystals are taken away. There is no visible change both halves are rotated simultaneously. If one is rotated slightly while the other is held in position, the source becomes dim. When the long axes of the two crystals are at right angles complete darkness results. Rotation through as brightly as
 
 if
 
 another right angle restores the original brightness. The crystal acts like a grating. It only allows some of the light to pass through, and the part of the beam which does so can pass through a second crystal in which, to use the same metaphor, the slits of the grating are parallel to those of the first. Though a hailstorm of bullets might seem a more appropriate parable for the experience that light passes through a vacuum, the analogy of waves is the only one which fits polarization (Fig. 205). Bullets could pass freely
 
 wherever the
 
 slits
 
 rope held between the
 
 FIG. 205.
 
 of the grating crossed. Waves sent along a skipping of a grating can only pass if they occur in the
 
 slits
 
 WAVES LIKE DISPLACEMENTS ALONG A SKIPPING ROPE OBSTRUCTED BY
 
 Two plane of the slits
 
 slits,
 
 SLITS AT
 
 RIGHT ANGLES
 
 and are completely obstructed by a second grating with
 
 at right angles to those of the
 
 first.
 
 The wave analogy was
 
 suggested by Huyghens, the bullet analogy by Newton. Newton's reputation was in the ascendant, and further theoretical interest in optical theory declined after Newton's work on the spectrum, till practical scientific instrument makers solved the problem of making achromatic lenses. The issue of Dollond's patent in the latter half of the eighteenth
 
 century prompted a commercial demand for large telescope lenses of highgrade glass, and the renewal of interest in the theory of light followed the invention of a process for making optical glass in thick homogeneous slabs
 
 during the closing years of the same century. There was steady progress during the first three decades of the nineteenth century, an enormous improvement in optical instruments, and with it a new drive to theoretical research. For example, the Committee of the Royal Astronomical Society
 
 commissioned Faraday in 1824 to investigate the chemistry of optical glass production; and Foucault, the French physicist, invented new methods for polishing large discs of flint glass. In England Young, and in France, where Laplace was the centre of an influential school of astronomers, Foucault and Fresnel, returned to the problem which had been neglected for more than a
 
 The Sailor's World View century, and elucidated the phenomena of interference and diffraction which had emerged already in Newton's work on colour fringes. You may say that Huyghens' hypothesis was merely reasoning from analogy. In our childhood and adolescence we are continually warned against the fallacies that beset this method of argument The truth is that analogy is a very powerful instrument of scientific reasoning, and most of the really fruitful known facts about nature have been discovered by reasoning from
 
 analogy, often analogy of a very crude kind. Analogy like any other instruin the technique of reasoning is helpful or harmful according as it is used to suggest further enquiry or to close the door to it. If, like a man of
 
 ment
 
 science or a craftsman, you want to get something done, you cannot afford run the risks of inexperience. So analogy will point the road to new dis-
 
 to
 
 coveries. If, like an economist, you want excuses for leaving things as they are, analogy will provide you with as many as you want. Among the class of fruitful facts which the wave analogy has stimulated
 
 people to discover, the
 
 FIG. 206.
 
 illustration
 
 phenomenon
 
 called interference provides the simplest
 
 INTERFERENCE BANDS FORMED BY
 
 Two
 
 MIRRORS ON A SCREEN
 
 of the way in which the same kind of mathematics can be used measurements of light or waves. We have seen in what cir-
 
 in calculating
 
 cumstances two sounds can combine to produce no audible effect. In analogous circumstances two beams of light can produce darkness. To demonstrate interference of sound directly we have to use sound tracks of the same wave-length, and this is generally done by forcing sound to reach the air by paths of different length from the same vibrator. The white light by which we usually see things is not pure. It is a mixture (p. 169) of several kinds of coloured lights, just as most of the sounds we hear are the result of simultaneous vibrations of different frequency. If two notes of a chord were sounded together in a tube like the one shown in Fig. 197 we should not get complete silence as the result of changing the length of one arm. An extension of the adjustable tube sufficient to produce interference of one note would not lead to extinction of the other. Increasing its length would result in hearing first one note alone, next the other note alone, then the complete chord, and so on. Many situations occur in which we see a region of brightness split up into bands corresponding to the complete chord of the spectrum alternating with coloured fringes like the spectra
 
 produced by prisms. You have probably seen
 
 this effect
 
 when
 
 the
 
 moon
 
 is
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 surrounded by clouds, and you can always observe it by looking at the sun between the gap of two fingers pressed close together. In the laboratory it can be produced in various ways, such as focussing light on a screen from a narrow slit through two edges of a prism simultaneously, or by reflection from two mirrors inclined at a very small angle. Another way is to make light pass through a very fine grating of parallel slits, like the fine slits between the hairs of your fingers. When pure spectral light, like the yellow glow produced when a pinch of common salt is thrown in the non-luminous flame of an oil cooker or blow pipe flame, is used instead of white light, bands of pure coloured light alternate with streaks of complete darkness. Obtuse
 
 FIG. 207.
 
 The
 
 distance
 
 Two
 
 ARRANGEMENTS FOR SHOWING INTERFERENCE BANDS
 
 which separates these interference bands has a
 
 relation to the conditions
 
 of the experiment.
 
 It varies
 
 definite
 
 according to the dis-
 
 tance of the source and screen from the prism, etching, or mirrors, the angle of inclination of the mirrors or prism faces, and the distance apart of the etchings in a "diffraction" grating. If the same conditions are reproduced the bands are the same distance apart so long as the same kind of pure light used. So we can associate a particular measurement with light of a particular colour, just as Pythagoras found that a particular length of a string is characteristic of a particular musical note. By itself, the discovery of Pythagoras
 
 is
 
 tell Ctesibius how long to make the pipes of his organ. So likewise, by themselves, the measurements which tell us how to get interference bands for a certain kind of light with two mirrors do not tell us how to get the same result with a prism. Before it was possible to calculate the dimensions of an
 
 could not
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 organ pipe, which will give a note equivalent to one produced by a string of known length, thickness, tension, and elasticity, it was necessary to find a number, which defines it independently of the nature of the instrument used to produce it. This number is its wave-length.
 
 FIG. 208.
 
 CALCULATING THE DISTANCE APART OF TLM Two IMAGES FROM THE SAME ARE INCLINED To ONE ANOTHER AT AN ANGLE 180 u -fc 3 b BEING SMALL
 
 WHEN Two MIRRORS
 
 SOURCE
 
 The image of the slit S in the upper mirror appears to be at A, the same perpendicular distance (AX.) behind the mirror as separates the mirror from the slit. The ray so also appears to come from at the same distance striking the mirror at its edge OS. The image of S in the lower mirror appears to be at B, irom as S, i.e. ^ =BY and OB OS. Hence OB and the two and for the same reasons SY r. and B, together with S the slit 3 lie on the same circle of radius OS images and ZXS are both right-angled with a common angle c. So the The triangles third angles b are equivalent The angle ASB ( &) stands on the same arc as AOB, and since the angle which an arc subtends at the centre (O) is twice the angle it 2b. If b is measured in subtends at any point (S) on the circumference, degrees;, the length of the arc AB is
 
 OA =
 
 O
 
 A
 
 A
 
 O
 
 = OA
 
 ZOY
 
 =
 
 =
 
 AOB =
 
 2-nr
 
 X 2b
 
 360 If b
 
 which
 
 is is
 
 4irrb r ~360~
 
 very small the arc AB differs by a negligible quantity from the chord the actual distance of one image from the other.
 
 AB
 
 So although a wave is merely a metaphor, a wave-length, if we care to use the same expression, is not. The number which enables us to make measurements on the interference of light embodies a physical truth about the way in which we succeed in making correct measurements of changes which occur in the real world. By pressing the analogy of wave motion farther we obtain a set of numbers which have a relation to different regions of the spectrum similar to the relation between the wave-lengths of notes in a
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 A
 
 musical chord.
 
 One of its
 
 wave-length in sound
 
 is
 
 a
 
 number
 
 applied to a distance.
 
 characteristics is that if the distance traversed
 
 by two sound
 
 tracks
 
 simultaneously reaching the ear from the same vibrator differs by half the distance called the wave-length of the note it gives out, no sound is heard. Clearly, there is no reason why we should not find a corresponding distance connecting the length of two beams of light which reach the eye from the same source. With two mirrors this can be done in the way shown in Figs. 207
 
 and 208.
 
 The
 
 mirror experiment depends on placing the source of single-coloured which is a thin slit (S), in such a position that the paths of any two rays light, reflected on the screen from the two mirrors are of unequal length. Light from a plane mirror appears to come from a point equidistant behind it. The paths of any two rays which meet at a point on the screen where they reinforce or interfere are equivalent to the distance of the point from the images (A and B) of the slit behind the two mirrors. If the mirrors are tilted towards one another through a very small angle b (i.e. the angle between them is 180 &), so that the distance of their common edge from the slit is r, you will see from Fig. 208 that the distance between the images (d) is related to their distance (r) from the source of light by the simple formula
 
 d
 
 4777*
 
 =
 
 -^-7-7
 
 (when
 
 b
 
 measured in degrees)
 
 is
 
 So to get the distance between the two images it is only necessary to measure the angle at which the mirrors are inclined and the distance of their common along the length of the illuminated edge from the slit. At any point P or
 
 Q
 
 patch where the two reflected beams overlap on the screen, the paths of the two reflected rays differ by a small distance which is calculable. If the difference at P is p and the difference at Q, separated from P by the distance PQ, is q, Fig. 209 shows that if the mid-point between the two images is separated
 
 from the screen by
 
 a distance
 
 D
 
 separated from the common edges of the two mirrors by a perpendicular, or nearly so, to the plane bisecting the angle s between the mirrors, r. According to what we have agreed to mean by a wave-length, if P is a point in the middle of a dark interference band, the If the screen
 
 distance
 
 s,
 
 is
 
 and
 
 is
 
 D= +
 
 difference in the length of the paths traversed by the interfering rays is either wave-lengths, or 2 wave-lengths and so on. For sim| a wave-length, or
 
 H
 
 31W. Interference will next occur if the difference of is the middle of the nearest interference band 21 or 4-iW. So if P the or 4| W. Whatever p is, from distance PQ, q is either 2 J separated by the difference between p and q is always W, i.e.
 
 plicity
 
 suppose
 
 the paths
 
 r or
 
 is
 
 it is
 
 Q
 
 W
 
 "~ W _-_
 
 360(5
 
 +
 
 r)
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 The
 
 distance (PQ) between the middle of adjacent streaks of darkness can be measured accurately with a microscope. It is then found that the value of for yellow sodium light (from common salt) is 0-0005893 millimetre (0-0000232 inch).
 
 W
 
 Source
 
 A %d
 
 *'M P^
 
 I
 
 y
 
 ^ f'^J '---4Q^-
 
 Source,
 
 FIG. 209.
 
 B^_._
 
 y^ _____
 
 DIFFERENCE BETWEEN THE LENGTH OF Two RAYS IMPINGING ON THE (P OR Q) OF A SCREEN EQUIDISTANT [FROM Two SOURCES OF LIGHT
 
 SAME POINT
 
 A
 
 AND B
 
 point P is separated by a distance x from O, the point vertically opposite the midto B. The distance of the sources from the screen is and point of the line joining from one another d. By Pythagoras' theorem
 
 The
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 This measurement, like the wave-length of a musical note, is independent of the instrument. By applying the law of refraction in the same way as we have here applied the law of reflection we can calculate the position (d and D) of the two images when yellow sodium light (from common salt) is passed
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 simultaneously through two faces of a prism. The same result is obtained = PQ(d D). from the measurement of the interference bands, i.e. are found. For With pure lights of different colour different values of describing wave-lengths in whole numbers it is now usual to express them in 10-millionths of a millimetre (called an angstrom). Each colour which the
 
 W W
 
 eye recognizes as distinct corresponds to a certain range of wave-lengths, extending between roughly 4,000 and 8,000 angstroms. The middle of the violet region of the spectrum corresponds to about 4,200 A. ; the middle of the blue to about 4^500 A.; the middle of the green to about 5,200 A.; the
 
 middle of the yellow to about 5,800 A.; and the middle of the red to about 7,000 A.
 
 Although the mathematics of wave motion is not particularly easy, it has one comparatively simple application which brings out the fruitfulness of the wave metaphor as an aid to measurement in a very spectacular way. This is the fact that we can calculate from measurements based on a phenomenon comparable to the Doppler effect, a value for the earth's distance from the sun in close agreement with the value obtained from the parallax of a near planet (p. 210). The spectrum of sunlight is crossed by fine dark lines. In the spectra of light from some of the stars similar lines appear. Measurement of where these lie by photographing their spectra side by side with that of a terrestrial source of light (like sodium light or the iron arc) shows that they undergo a slight shift in the course of the year, according as the earth is moving in its orbit towards or away from the particular star whose spectrum is studied. The pitch of sound is different when we are moving towards or away from the source. The shift in the wave-length of the dark lines in starlight is analogous. If the speed of the observer (v) is known, the shift can be calculated from the speed of light (S) by the Doppler formula 2z>T, in which T is the when the observer is at period of the vibrator (p. 328). If the wave-length is S. So that the shift from a wave-length rest, T x when the observer is moving towards the source to is when he moving away from it is 2 2z>W -f- S. The wave-length of the sound heard by an observer at rest may be taken as the mean of the wave-lengths (W1 and 2) of the sound when the observer is in motion. An analogous calculation may be made for the annual shift in the spectra of the stars. For a star suitably chosen the observer's speed (v) can thus be the rate at which the earth rotates in its orbit. If r miles is the mean distance of the earth from the sun, the circumference of the orbit is 2vrr miles, which it traverses in 365 days, or 365 x 24 x 3,600 seconds. Twice in the course of a year, at intervals of six months, a physicist examining the spectrum of such a star can do so when it is moving directly in the line of sight either towards or away from the source, with a speed
 
 W
 
 =W~
 
 W
 
 W
 
 W
 
 v
 
 = 27rr~ (365
 
 x 24 x
 
 3,600) miles per second
 
 Having found the wave-lengths of various sources of pure light, it is possible whole spectrum in wave-lengths. Hence the shift of a line (or the middle of a broad one) can be expressed as a wave-length. If we substitute the value of the shift, the speed of light (S), and the wave-length corresponding to the mean position of the band in Doppler' s formula for sound. to graduate the
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 we can get a value for z>; and from this r is found to be approximately 92| million miles, which agrees to less than one part in two hundred with the parallax value. The Doppler effect can also be used to calculate the rate at stars appear to be moving away from us. A readable account of recent speculations on the expanding universe is given in the 1935 edition of Whitaker's Almanack and in J. G. Crowther's Progress of Science. Researches of this kind may seem to be very remote from the everyday life of mankind. This is far from true. The initial stimulus which spectroscopic research received from the progress of glass technology, after the long period of inertia subsequent to Newton's work, was reinforced by the discovery of chemical regularities in spectra at a time when chemical manufacture was actively encouraging exploration into new fields of enquiry. How spectroscopy has helped us to build dirigibles and make the coloured lights of advertising signs will be explained later to be one of the crowning victories of man's
 
 which the fixed
 
 conquest of materials. How the extension of the wave metaphor led to the discovery of wireless transmission which has broken down so many social barriers of space and time will appear in the story of man's conquest of Power. The distinction between fruitful and useful facts which was made elsewhere is more superficial than real. Information that is fruitful in acting as a check on methods of discovery and a correct hypothesis leads in the long run to the kind of knowledge which can be used to provide more of the means of life and leisure.
 
 Tftc
 
 lrner 6caZc
 
 FIG. 210.
 
 THE VERNIER SCALE
 
 Invented by Pierre Vernier, a French mathematician, early in the sixteenth century, the vernier scale is an auxiliary movable ruler device, which permits great accuracy. On the lower ruler a distance equivalent to 9 divisions on the upper scale is divided into 10 parts. To measure an object the end of which is marked by the thin line between 3 2 and 3 3 in the figure, set the beginning of the vernier scale at this level and look for the first division on the vernier which exactly coincides with a division on the upper scale. In the figure this is the second division and the correct measurement is 3-22. The theory of the device is as follows. If x is some fraction of a division on the upper scale to be ascertained, the correct measurement is 3-2 -j- x. The first whole number a of the smaller divisions on the lower scale which coincides with the upper differs from a divisions on the upper scale by the distance x. Now 10 divisions on the lower scale is i of a division on the upper. Hence '
 
 (T
 
 (^>fl )
 
 + :.
 
 If a is 2, x scale is 0-1,
 
 x x
 
 =a = &a
 
 2 tenths of a scale division on the upper scale. If a division =- 0-02.
 
 x
 
 on the upper
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 THE "ABERRATION" OF LIGHT During the period which immediately followed Newton's work on colour fringes the only important advance in the study of light had been independent confirmation of Romer's view from an unexpected source by Bradley, the Astronomer Royal, in 1728. The confidence which Newton's theory conferred on the Copernican doctrine stimulated renewed attempts to obtain decisive evidence of the earth's orbital motion from the detection of a measurable displacement of the position of a fixed star at times when the earth is at opposite ends of a diameter of its orbit. In the early part of the seventeenth century accuracy of measurement had been greatly advanced by two inventions, the telescope and the vernier device shown in Fig. 210. If the earth revolves around the sun, there should be detectable differences in the R.A. and declination of any star at different seasons. The maximum displacement of R.A. (see Fig. 211) occurs when the star's R.A. differs from that of the sun by 6 hours or 18 hours. There is then no difference in declination. The maximum difference of declination should occur (Fig. 212) when the sun's R.A. differs from that of hours or 12 hours. There should then be no parallax in R.A. the star by From these seasonal differences we can calculate the star's heliocentric parallax,
 
 which is approximately the ratio of the sun's distance to the star's distance from the earth. These parallaxes are very small. For the nearest star (Fig. 213) of great brightness visible from the latitude of London Sirius the angle of parallax is only about one-third of a second of arc (0-37 1")., i.e. one ten thousandth of a degree; and there were no instruments sufficiently delicate to measure such small differences until the beginning of the nineteenth century, when the new patent of Dollond, improved manufacture of optical glass, Foucault's
 
 method
 
 for polishing lenses,
 
 and the theoretical researches into achromatism
 
 R.A.1SH.
 
 Mar.
 
 21'Sun enters T
 
 FIG. 211
 
 When
 
 the sun's R.A. differs from the star's by 6 hours or 18 hours, the parallax is in R.A. only, and there is no parallax in declination. If the star's distance from the solar system is dy and the radius of the earth's orbit r, tan tan />, The star chosen is y Draconis with R.A. 18 hours. It is not actually in the plane of the earth's orbit, but considerably north of it.
 
 p=^r~dord=r-
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 which accompanied the progress of scientific glass technology, bore fruit in great improvements of telescope construction and in the invention of the
 
 compound microscope. Pole of
 
 %
 
 'Z~-Y Draconis
 
 ,,/>v
 
 A^
 
 x "-T-PX->-
 
 t23
 
 21
 
 FIG. 212.
 
 RRADLEY'S OBSERVATIONS ON y DRACONIS
 
 (or differs by 12 hours), there is maximum and no parallax in R.A. The star drawn is y Draconis, which is parallax in declination taken to be near the pole of the ecliptic: it is actually about 15 away. Remember this figure that the earth is "in Capricorn" when the sun is (see Fig. 127) in reading "in Cancer" and vice versa. The R.A. of y Draconis is approximately 18 hours, i.e.
 
 When the sun's R.A. is the same as the star's
 
 lower transit is at midnight about December 2 1st, and its upper transit at midnight (the June 21st. On these dates its decimation should exceed its mean value declination of the star from the celestial equator with the sun as its centre) by the known to now be This is an or -| 0-17, p. angle minute parallactic angle p too small for Bradley to measure. On the contrary he found that the declination, d was no in less than be should there when 2 decimation, D, and parallax on March 1st, that the declination J 2 on September 23rd, when there should also be no parallax by one-third of a minute of arc (20 -5"). in declination, was greater than On March 2 1st the earth is travelling towards the direction from which the angle On September 23rd it is is measured, i.e. it is moving away from the celestial pole. is measured, i.e. it is travelling away from the direction from which the angle its
 
 D
 
 D
 
 D
 
 D
 
 moving towards the
 
 celestial pole.
 
 Among many other contemporaries of Newton, Bradley was engaged in the search for a detectable star parallax. He chose a star in the constellation of Draco. The star y Draconis lies about 15 from the pole of the ecliptic. For 212 and simplicity it is drawn as if it were at the pole of the ecliptic in Figs. 216, which more nearly describe the position of w Draconis, only 3 from the
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 of y Draconis is very nearly 18 hours. So it should ecliptic pole. The R.A. show maximum displacement of declination about June 21st and December 21st. Bradley could detect none with his instruments. On the contrary he
 
 BC SINES AND TANGENTS OF
 
 FIG. 213.
 
 VERY SMALL ANGLES
 
 BD ~ AD
 
 BD
 
 AB. When a is very and the tangent is The sine of the angle a is does not differ appreciably from the perpendicular BD, and the small, the arc r. So sin a does not differ appreciably from the radius of the circle base r. If the angle a is measured in degrees the arc -.- r and tan a (360 x 60 X 60). is a(277r) 4- 360. If it is measured in seconds of arc, it is 2-nra Hence sin a" and tan a" are each
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 The
 
 parallax of Sirius
 
 192
 
 is
 
 X
 
 192
 
 X 1Qn P
 
 0-371". Hence the distance of Sirius is = 52 x 10 12 or 52 billion miles. -7- 371
 
 10 14
 
 found a displacement which was greatest about March 21st and September affected by parallax 23rd, the dates on which the declination should not be at all. Bradley confined his observations to the measurement of declination. The difference in declination of two stars is simply the difference of the two
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 =
 
 z.d. 4- lat.) if measured at the same latitude. zenith distances at transit (D equivalent difference in R.A. is also found when the star's R.A. is the same as the sun's or differs from it by 12 hours, i.e. when there should be no difference due to parallax. According to Cajori the clue to this anomalous behaviour came to him from a class of everyday experiences which greatly helped to elucidate the laws of the combination of motions in different directions, when navigation was at the mercy of wind and current. "Accompanying a pleasure party on a sail on the Thames one day about September 1728," he noticed that the wind seemed to shift each time "that the boat put about, and a question put to the boatman brought the (to him) significant reply that the changes in direction of the vane
 
 An
 
 r..fl_j L &
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 FIG. 214.
 
 Iscc.
 
 THE TILT OF THE TELESCOPE
 
 To envisage the significance of Bradley's observations, imagine a train of bullets from a machine gun fired at the mouth of a cylinder with its opening pointed directly towards the oncoming bullets. If the cylinder is moved with a speed d ft. per sec. in a direction at right angles to the movement of the bullets., the latter will not pass straight down the middle of the cylinder. If the motion of the cylinder is sufficiently swift they will strike against the sides. To prevent this the cylinder must be tilted in its direction of motion. At a suitable tilt the bullets will pass straight along the middle of the cylinder. The propagation of a wave front of light along Bradley's telescope was analogous. That is to say, the object glass of the telescope has to be tilted slightly towards the direction of the observer's motion. at the top of the mast were merely due to change in the boat's course, the wind remaining steady throughout. ..." The significant fact about the shift called "aberration" which Bradley first observed was that the greatest displacement of the star's position is found at times when the earth is moving in its orbit either towards or away from the direction from which the angle is measured (Fig. 212). This fact receives a simple explanation from the fact that light travels with a finite speed. Hence the direction from which light reaches an observer is the resultant of his motion and that of the light. If the light is to pass down the centre of the telescope and be seen by the eye, the object-glass of the telescope must be tilted slightly in the direction of the observer's motion (Fig. 214). If the telescope is used to measure the angle between the star's direction and some direction of reference (e.g. a direction along the celestial equator in Fig. 212, or along the ecliptic plane in Fig. 215), then the angle is increased if the observer's motion is away from the direction of reference and
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 ABERRATION OF LIGHT
 
 FIG. 215.
 
 If the observer is at rest with his eye at B, light strikes the objective of his telescope is the elevation in x seconds. The angle A, and traverses the distance of the star above the plane of the ecliptic in which the earth is moving, i.e. the celestial latitude of the star. This is the true direction of the star. The observer is moving away from the source of light in the upper figure and towards it in the in x seconds. If he is lower figure, in the line BC, and traverses the distance moving away from the source and holds his telescope at the angle D, his eye reaches C when the light has traversed the distance AB. So he does not see the source. To see it, the telescope must be tilted upwards, i.e. in the direction of his motion, at an before he gets when he is at angle d 2 so that the light strikes the objective at to B, and does not reach B till he and his telescope have traversed the distance DB, x seconds later. Hence BC. If he is moving towards the source of light as in the lower figure the telescope must be tilted downward, i.e. in the direction of his motions, in x seconds, and the speed making an angle Jx Since light passes over a distance of light is -f- x #, the observer's speed is
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 motion is towards this direction. For example, in Fig. 212, measured from a line on the celestial equator plane, joining the sun to the R.A. circle of the star. On March 21st the earth is moving in this direction, and since the telescope must be tilted towards the direction of motion, the angle D is decreased. On September 23rd the earth is moving in the decreased
 
 if his
 
 declination
 
 is
 
 = distance irayeZIccZ
 
 in
 
 Observers
 
 modem Sept.
 
 23
 
 by observer
 
 umt time
 
 Observer's nuotiun March 21
 
 FIG. 216
 
 Since y Draconis is fairly near the pole of the ecliptic, its celestial latitude, L, may be taken as about 90. But on March 21st, tilting the telescope in the direction of the observer's motion decreases the observed latitude by a small angle, a, to / x Similarly on September 23rd, the angle is increased by a to / 2 .
 
 .
 
 Now tan a
 
 ~r^s
 
 and since a
 
 is
 
 a very small angle (see Fig. 213)
 
 = BD eartn?s orbital speed
 
 speed of light
 
 opposite direction, and tilting the telescope towards the direction of motion the angle. The plane of the earth's orbital motion is not the celestial equator, but that of the ecliptic. So the elevation of the star from the ecliptic, i.e. its celestial latitude (see p. 220) measures the inclination of the starbeam to the observer's motion. This can be calculated from its declination and R.A. by an application of the formulae in the appendix to Chapter IV. When increases
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 the celestial latitude is 90, i.e. when the star is at the pole of the ecliptic, the correct set of the telescope simply depends on the speed of the earth in its orbit and the speed of light, just as the correct angle for aiming at a pheasant flying directly overhead (p. 239) simply depends on the speed of the bird and the speed of the bullet. If r is the distance of the sun from the earth, the observer 44 is moving through 2-rrr 7 r miles in 365 days. His speed is therefore
 
 =
 
 44r 7
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 x
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 To three significant figures this is 92,800,000 miles, in close agreement with the sun's distance calculated from parallax or from the annual shift of the spectra of the fixed stars. THE SURVIVAL OF WORD MAGIC
 
 During the nineteenth century, when the phenomena of interference were fully investigated, the wave metaphor became firmly entrenched in scientific discussion. It was the fashion to speak of a supposititious allpervading ether, which remained when all weighable matter had been removed from a space. The plain truth is that this ether was less a description of what we encounter when investigating the world than a description of the kind of mathematics with which we calculate what happens in certain first
 
 circumstances. In the study of how chemical qualities of substances (like a pinch of common salt) are related to the spectra which they yield when made to glow in a non-luminous flame, recent discoveries have received less
 
 help from the wave metaphor and more from the analogy of the bullet. Consequently the ether is receding into the realm of word magic along with phlogiston (p. 422), the life force and the Real Presence. Science has nothing to lose from the decease of a metaphor. In a different from the one in which we live, the change might be regarded as a welcome release from reliance on the existence of something beyond
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 the range of our senses. If we wish to understand why the new outlook in physics is interpreted as a reason for rejecting the materialistic temper of the century which began with Diderot and ended with Darwin, we must not expect to find an answer in the progress of scientific knowledge. The story of man's conquest of Substance and of Power will make it clear that we have reached a situation in which social machinery can no longer accommodate rapid advance in discovering the material amenities which science confers. We are thus faced with two alternatives. One is to devise the social machinery which will ensure the further progress of science by finding social uses for new discoveries. The other is to discredit confidence in the fact-loving method of science. This can be done most effectively by surrounding the work of the scientific investigator with an air of mystery, so that he fulfils the role of the first men of science in human history. The ancient calendar priests were the first scientists and the first civil servants. They ceased to be scientists as they aspired to become masters. The world tires of its masters and finds a growing need for efficient civil servants. So we may hope that the adventure of human will survive all the efforts to reinstate mysticism in the present cultural of decay. period The phase of discovery which has been dealt with in this chapter draws attention to aspects of scientific method often overlooked, especially in the study of social institutions. There are two errors commonly held among people who study human society. The one to which the economist is prone is the use of facts to illustrate hypotheses based on seemingly self-evident principles, instead of the use of facts to test whether seemingly self-evident principles are a safe guide to conduct. At the opposite extreme is the school of historians who eschew all hypothesis and discourage "rash" generalization, apparently content to collect facts as an end in themselves. The truth is that scientific knowledge is not a mere collection of facts. It is an organized repository of useful and fruitful facts. Some of the most useful and fruitful facts have been found by using theories which seem utterly absurd in retrospect. What specially distinguishes the method of genuine science is that theory and practice, hypothesis and fact, work hand in hand. In a scientific experiment the investigator sets out to collect the facts that he expects to get. If they do not exist he fails to get them. If he fails to get them there must be something wrong with his expectations. So if he is a good investigator he will
 
 knowledge
 
 either discard his hypothesis or modify it and submit it to further test in its modified form. A scientific hypothesis must live dangerously or die of inanition. Science thrives on daring generalizations. There is nothing particularly scientific about excessive caution. Cautious explorers do not cross the Atlantic of truth.
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 EXAMPLES ON CHAPTER Take is
 
 VI
 
 the velocity of sound as 1,120 feet per second, except
 
 where another value
 
 indicated.
 
 1. What is the wave-length of a note if the velocity of the waves is 1,100 feet per second and the frequency is 440? 2. If the shortest wave-length a man can hear is about 18 cm. and the longest about 900 cm. calculate the frequency in both cases. Take the velocity of sound to be 33,000 cm. per second. 3. What is the wave-length of a pure note if the speed of propagation is 340 metres per second and its frequency is 256 per second? 4. steamer nearing the coast blows a whistle and after 10 seconds an echo is heard. When the whistle is blown five minutes later the echo is heard after 8 seconds. Calculate how far from the coast the steamer was when the second whistle was sounded, and her speed. 5. How far away is a thunderstorm, if a flash of lightning is seen 4 seconds before a clap of thunder is heard? 6. man standing in a ravine with parallel sides fires a rifle. He hears an echo after 1 J seconds and another 1 second later. After another 1^ seconds he hears a third echo. How do you account for these echoes, and how wide is the
 
 A
 
 A
 
 ravine? 7.
 
 The echo
 
 heard in 1J seconds. If the seconds after hearing the echo miles per hour, hits it?
 
 of the blast of a ship's siren
 
 reflection is caused
 
 by an
 
 iceberg,
 
 is
 
 how many
 
 be before the ship, steaming at IS-^jengine, blowing a whistle whose frequency is 500, passes a man in a signal box at a mile a minute. What does the frequency of the whistle appear to be to the man, before and after the engine passes? 9. When half a mile away from a tunnel through a hill, an engine blows its whistle, and an echo is heard by the driver 4 J seconds later. Taking the velocity of sound as 1,100 feet per second, how fast is the engine going? 10. A train rushes past a stationary engine, which is blowing a whistle of frequency 600, at 60 miles per hour. What value would the passengers in the train give to the frequency of the whistle before and after passing? 11. A bullet is heard to strike a target 2| seconds after it has been fired with a velocity of 2^000 feet per second. How far away is the target from the will
 
 8.
 
 it
 
 An
 
 marksman?
 
 A
 
 12. tuning fork has a bristle attached to one of its prongs which just touches a vertical smoked glass plate. When the tuning fork is sounded and the plate allowed to fall under the action of gravity a wavy line is traced on the
 
 N
 
 waves show that the frequency is NV2d~/g. plate. If a distance d marks off 13. Using the same apparatus as in Example 12, the plate is dropped from through a distance of 1-8 cm. In the next 10-2 cm. fall the fork makes What is the frequency of the fork? 14. What is the depth of a well, if a stone is heard to strike the water 2 seconds after it is dropped? (Take g = 32 ft. sec. 2 ) 15. When two vibrating bodies have not exactly the same frequency, there are times when the compressions or rarefactions from both sources pass a given spot simultaneously, and times when a compression from one neutralizes a
 
 rest
 
 35 waves.
 
 from the other. These alternate periods of much disturbance and then comparatively little disturbance produce a pulsating effect called beats. If two strings of frequencies 300 and 302 per second are bowed, how many beats are produced in a second? rarefaction
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 16. Two tuning forks., one of frequency 256 per second, are sounded simultaneously and produce 4 beats per second. When the other fork of unknown frequency is loaded with a small piece of wax the beats stop. Determine the frequency of this fork. 17. Two tuning forks of frequency 512 are taken. One of the forks has its prongs filed, so that when sounded with the other 5 beats per second are produced. Find the frequency of the filed fork. 18. noise is heard at three stations A, B and C. hears the noise 13-14 seconds before B and 8-89 seconds before C. If the rectangular co-ordinates of A, B, and C, are respectively (4,0), (0,0) and (0,2) on a map, a mile being the unit, by means of a geometrical construction find the co-ordinates of the source of the noise. Take the speed of sound as 1,100 ft. sec. 19. From Fig. 197 we see that sound waves from a can reach the ear by two separate paths. When one path is 16 cm. longer than the other no sound is heard. When it is 32 cm. longer a sound can be heard, and when 48 cm. longer no sound, and so on. Taking the velocity of sound to be 33,200 cm. per second, what is the frequency of the whistle? 20. As an engine, blowing its whistle, passes a station, the pitch of the whistle appears to a man on the platform to drop a minor third, i.e. to ths of its apparent frequency before passing. How fast is the train going? Take the speed of sound as 1,100 ft. sec. 21. If the greatest interval between successive eclipses of Jupiter's second moon is 42 hours 28 minutes 56 seconds, and the least interval is 42 hours 28 minutes 28 seconds, determine the speed of light (miles per second), given that the radius of the earth's orbit is 92-7 x 10 6 miles.
 
 A
 
 A
 
 22. Using Fig. 202 to determine the velocity of light, find the angular velocity in radians per second of the wheel for the third and fourth disappearto B is 10 km. and the wheel has ance of the image, when the distance from
 
 C
 
 720 teeth. 23. Using the same figure, let the distance from C to B be 15 km. and the wheel have 600 teeth. Given the speed of light ~ 3-0 x 10 10 cm. per second, how many revolutions in a second must the toothed wheel make so that light passing through a gap on one journey is stopped by the next tooth on the
 
 return journey? 24. beam of light on a revolving mirror is reflected by it and travels a distance of 750 metres to a mirror, which reflects the beam back along its path. The beam is then reflected again by the revolving mirror, and is found to make an angle of one minute with its original path. What is the angular velocity of the revolving mirror in revolutions per second?
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 PART The Conquest
 
 II
 
 of Substitutes
 
 But the mortallest enemy unto knowledge, and that which hath done the greatest execution upon truth, hath been a peremptory adhesion unto authority; and more especially, the establishing of our belief upon the dictates of antiquity. For (as every capacity may observe) most men, of ages present, so superstitiously do look upon ages past, that the authorities of the one exceed the reasons of the other. Whose persons indeed far removed from our times, their works, which seldom with us pass uncontrolled, either by contemporaries, or immediate successors, are now become out of the distance of envies; and, the farther removed from present times, are conceived to approach the nearer unto truth
 
 itself.
 
 Now
 
 hereby methinks we manifestly delude our-
 
 and widely walk out of the track of BROWNE'S Pseudodoxia Epidemica. selves,
 
 truth.
 
 SIR
 
 THOMAS
 
 CHAPTER
 
 VII
 
 THE THIRD STATE OF MATTER The Freeborn Miner specially distinguishes human beings from other change the nature of their environment. By selecting other organisms for their associates and collecting different sorts of lifeless matter from their surroundings, they provide themselves with the means of food, of shelter, of locomotion, and of adornment. Mankind has thus risen superior to the barriers of climate and situation limiting the distribution of other living creatures. In establishing himself as a species with a worldwide distribution, man's power to change his environment is circumscribed by two facts. A comparatively small number of plants and animals are suitable for cultivation or domestication, and a comparatively small number of substances which are found in nature are directly suitable for fabricating articles of use or amusement. Organisms and their products suitable to human requirements of one or the other sort myrrh and cedarwood, silk and
 
 ONE
 
 characteristic
 
 animals
 
 is
 
 their
 
 which
 
 power
 
 to
 
 had a very limited
 
 So likewise had and later to work. In the ages of scarcity, when the trade routes were of fundamental importance to the diffusion of culture, man had to discover how to find his way about a world in which the basic means of human satisfaction were sparse. Until the end of the eighteenth century of our era man's greatest intellectual achievements were associated with the survey of a world in which the good things of life were very unequally distributed. The story of how man learned to find his way about the world has been told in the preceding chapters. This stage in the growth of man's understanding of the universe reached a climax in the three centuries which witnessed the opening up of the resources of two new continents to European civilization. By the end of the eighteenth century the habitable world had been explored with the aid of the sextant and telescope, the theodolite and chronometer. An inventory of man's resources for continuing a mode of living which had changed very little since the construction of the Pyramids had been accomplished. So at this point we may fittingly take leave of the story of man's conquest of time reckoning and earth measurement. When the nineteenth century dawned progress in the knowledge of nature had assumed a different aspect. The ages of scarcity were drawing to a close. Space and Time were making way for the study of Matter, Power, and Health. If we consider the variety of substances available for human use and the resources of power which can now replace human effort, the gap separating us from the seventeenth century of our own era is far greater than that which separates the seventeenth century of the present era from the Mediterranean world of 1700 B.C. In the long period which intervened there had *een no radical additions to knowledge of the use of materials, nor any pearls
 
 the metals which
 
 man
 
 distribution in the ancient world.
 
 learned to treasure
 
 first,
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 radical improvement in mechanical substitutes for human labour. The knowledge of metals, of glass making, of pottery, of weaving, of dyeing, oi brewing, of irrigation, of enamels, and of cosmetics, had scarcely surpassed
 
 the achievements of the early civilizations in the Mediterranean. The plough, wind sail, and the water-wheel, were older than the hanging gardens oi
 
 the
 
 The
 
 Old Cathay. What material little more than a process of give and take. There had been no important new inventions, nor new industries, other than those to which reference has been made already That is to say, gunpowder, printing, spectacles, and mechanical clocks. Babylon.
 
 best silks were
 
 still
 
 the silks of
 
 progress had occurred in the world as a whole was
 
 Our
 
 task will
 
 now be
 
 to trace the story of
 
 to indicate the social prospect is
 
 which
 
 made up of rules
 
 it
 
 for
 
 man's conquest of materials, and
 
 unfolds.
 
 What we
 
 call
 
 the science
 
 oi
 
 making and recognizing the presence
 
 chemistry today of substances which have very definite physical properties, such as density, colour, crystalline form, melting and boiling points, odour, texture, and sc forth. So in textbooks of chemistry it is customary to begin with the definition
 
 of a pure substance. Perhaps it is better not to do so. There is no way ol capturing the meaning of a pure substance in a simple sentence. Any definition which we attempt to frame registers the stage we have reached in discovering reliable recipes for making things. Primitive man collected materials from rocks and springs, from animal tissues and plant juices, and used them to make metals, pigments and fabrics, perfumes, dyes, and medicines. His success and the quality of his products depended on local peculiarities ol the minerals, or on local species of plants and animals. All the early industries of civilization had the same local character. Sand was mixed with lime 01 potashes and various minerals found here and there. The quality of the glass of a particular locality became famous. The secretion of a Mediterranean sea-slug furnished the Tyrian purple of Phoenician trade. It was nobody's business to know why the glass of a particular place was better, or to make the dye which the sea-slug excreted. Man took the fruits of nature as the} came. What science he had was mainly used to get to the places where the} were to be found. In the new phase on which we are now entering the reverse is true. Ever} advance of science makes man less dependent on local materials. We kno\* the nature of the dyes and drugs which were once obtained exclusively frorr animals and plants, and we manufacture them from substances like coal which are more widely distributed. If we cared to do so, we could make them from substances which are universally distributed. We no longer depenc on the manure dumps of India for the nitrates used for making gunpowdei in medieval times, nor on the natural deposits of Chile for the nitrates whicl: were introduced for use as fertilizers in the nineteenth century. Nitrates car be made from the nitrogen of the air and the common salt of the ocean. Fo] metals of great hardness and strength we are no longer dependent on loca ores. We know innumerable ways of making alloys. Aluminium, which is th< most abundant and universally distributed of all the metals in the superficia layers of the earth's crust, is already beginning to displace the use of th( ViMVifM* m^talc wliirVi natmnc Viavi* ctnicrcrlp>r1 tr* mrmrmnliv** in tV/ r* and Glauber's salt enjoyed the sobriquet sal mirabile. A little later Nehemiah Grew described the uses of Epsom salts (magnesium sulphate) with the evangelical fervour of an all too familiar advertisement. From the practice of mining, ancient chemistry had learned the processes now called oxidation and reduction. The history of man's earliest attempts to
 
 pharmacopoeia with a
 
 extract metals from their ores is still largely speculative. Both gold and silver occur as metals in nature, and both could be shaped with the stone hammers which primitive man possessed. Native gold and native silver were treasured
 
 before the
 
 dawn of city
 
 life,
 
 and were
 
 first
 
 used for making simple ornaments.
 
 Metallic copper also exists in the regions where civilization began, and native copper seems to have been the source of the first hammered copper instru-
 
 ments. These are found along with chisels and adzes of gold, silver, and electrum (a silver-gold alloy), in the recent excavations at Ur. Little progress in the use of metals could be made when only gold and silver were known. Though native copper is soft, it is hardened by hammering. Rickard (Man
 
 and Metals, Vol.
 
 I)
 
 says
 
 :
 
 As soon as primitive man began to shape his finds of copper he must have observed this important fact, which was decisive in making the metal more serviceable for the fabrication of instruments. At once the red stone became more The use of native copper marks the beginnings of useful than the yellow. Perhaps two millennia separated the first use every ancient metal culture. of hammered copper from the beginning of true metal culture, when copper was smelted from its ores and cast in a mould. .
 
 .
 
 .
 
 .
 
 Elliott
 
 .
 
 .
 
 Smith has put forward reasons
 
 to support a plausible hypothesis
 
 momentous discovery. The green copper carbonate called malachite is readily converted by a dull red heat into copper oxide, which is reduced to the metal itself when roasted with charcoal. Over a long period of pre-history there is ample evidence that mankind used powdered malachite to account for this
 
 In pre-dynastic Egypt it was used for facial adornment. Whenever debris containing malachite was dropped among the embers of a charcoal fire, spangles of metallic copper would be formed. may well suppose that as a pigment.
 
 We
 
 was not a very rare occurrence. The use of bronze (a copper-tin alloy) came much later about 1500 B.C., and its discovery was probably due to the fact that ores of copper and tin often occur side by side. Though iron occurs with great rarity as a truly indigenous metal apart from its ores, the Jovian thunderbolt had familiarized man with it from early times. Fragments of meteoric iron are found with human remains long before the age of iron instruments began about 1200 B.C., and modern Esquimaux have been observed to make knives by inserting flakes of meteoric iron in grooved strips
 
 this
 
 of walrus bone. Several rich in iron.
 
 common
 
 pigments, the ochres such as haematite, are its ores may have been
 
 So the discovery of smelting iron from
 
 made by analogy with
 
 the pre-existing technique for extracting copper
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 Primitive metallurgy began with the reduction of the class of ores
 
 now called
 
 metallic carbonates or oxides, i.e. by heating them with charcoal in a closed space. This was all that was necessary for preparing the tin used in making
 
 bronze from its common ores. Many of the common ores are what we now know to be sulphides, i.e. combinations of a metal with the element sulphur. The next step in the progress of metallurgy was probably the discovery that some of the "sulphureous" ores, like those of lead, copper, iron, zinc, silver,
 
 and mercury, can be reduced "oxidized"
 
 if previously
 
 heated in air, or as
 
 we now
 
 say, if
 
 The
 
 discovery that the process is facilitated by keeping the air in motion probably led to the invention of the bellows and the first crude blast furnaces for oxidizing the more recalcitrant sulphureous ores like
 
 they are
 
 first
 
 mixed with fragments of mainly composed of the same substance (silica or silicon oxide) as quartz. The trick of heating the ore with some "flux" such as lime, to make it readily form a molten mass, may have been gleaned from the discovery of glass, or it may have led to it. These processes were practised more than three thousand years ago, and their nature remained an enigma till the end of the eighteenth century. The craft of the goldsmith and the silversmith offered great opportunities for chicanery, as a familiar legend about Archimedes reminds us. The artificers of Alexandria were apparently familiar with various devices for detecting and pyrites (iron sulphide). Natural ores are always
 
 sand, which
 
 is
 
 manufacturing fraudulent
 
 them from
 
 articles
 
 by dissolving metals in acids and reprecipi-
 
 According to a legend current in the alchemical works of the Middle Ages, Diocletian ordered the suppression of all the Alexandrian books on the art of chemistry for fear that the artificers would enrich themselves exorbitantly. An unduly sanguine interpretation of their achievements led to a futile search for the supposedly lost secret of transmuting lead into gold. Slowly Europe recovered the real secrets of Alexandrian chemistry, without recognizing them as such. The technique of preparing pure chemicals for medicinal use owes much to the very ancient industry of brewing. The formation of tartaric acid crystals in wine vats was already known to the Egyptians. This was possibly the origin of the preparation of pure substances by allowing them to crystallize out by cooling., and also of the practice of recognizing them by their crystalline form. Most important of all devices for separating substances with individual characteristics was the process of distillation., which is used in the preparation of alcoholic liquors. The retort had already become an important instrument of medical research in Alexandria. In the hands of the Arabs, to whom we owe the word alcohol,, it became the means of adding many new members to the known list of chemical species. The Moorish physicians made some advance towards classifying the nature of substances. They recognized solutions as acids, alkalis, or of salts, according to their effect on vegetable dyes, used in the preparation of fabrics. One of the dyes which was formerly used in this way is the familiar "litmus," which turns red when dipped in a mineral acid, or blue if dipped in the solution of an alkali (i.e. "bases" like sodium hydroxide and quicklime, or "carbonates" of sodium and potassium). The Arab chemists gave recipes for making the three chief mineral acids (nitric, sulphuric, and hydrochloric) of modern commerce by distilling off the vapours formed when various salts are heated. tating
 
 their salts.
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 The nature of distillation, like the nature of reduction and oxidation, remained an enigma. In the processes of the laboratory substances seemingly disappeared on heating. They became "spirits," and the art of chemistry was to make these spirits materialize. The spirits of the retort, which still remain in our vocabulary as spirits of wine, spirits of salt, and the like, are now recognized to be a third state of matter. In the ancient world what we now call gases and vapours were not recognized as a form of matter, and it was utterly impossible to see
 
 any
 
 common
 
 thread running through the familiar
 
 processes of distillation in medicine and reduction or oxidation in metallurgy. Although Greek materialism had proclaimed the robust doctrine on which rests, neither the experience of the physician nor the art of the metalworker seemed to support the belief that matter is indestructible. The ancient world recognized two classes of things which could be weighed
 
 modern chemistry
 
 Spirits'
 
 FIG. 217
 
 According to the ancient conception of chemical processes the fire of the furnace dissolved the matter contained in the retort into its earthy constituent and the "spirits" which escaped. That the spirits^ or as we now say gases, had weight was not recognized. solids and liquids. Aristotle's physics had rejected the possiair could have weight. that bility Before the middle of the sixteenth century there was no clear evidence that air is a form of matter in this sense, nor was there the least apprehension
 
 with scales
 
 of the fact that innumerable forms of matter exist like air in the gaseous state. So the distinction which we now draw between the two classes of pure substances called elements and compounds completely eluded the science of antiquity. What was neither liquid or solid was spirit. The discovery that air has weight, separating the theory of chemistry today from the practice of chemistry till the time of Galileo, Hooke, and Boyle, is one of the great dichotomies in the history of human knowledge. Circumstances of everyday life contributed in various ways to this discovery, which revolutionized man's command over the use of materials. In the great age of the sailing ship men of science were beginning to measure forces as matter in motion. This raised the question, Is the force of the wind also a manifestation of matter in motion? Galileo's experiments
 
 on the way in which heavy bodies fall prompted enquiry and far more important reason,
 
 into the material nature of air for another
 
 The Third State related to the
 
 immediate
 
 social context
 
 of
 
 Matter
 
 of his researches in a different way.
 
 Laboratory experience showed that heavy bodies gain speed
 
 when
 
 363 at the
 
 same
 
 through air. This seems (see p. 366) to be in flat contradiction to experience of everyday life. We shall now see how Galileo resolved the paradox, and how his pupils and successors proved the truth of
 
 fixed rate
 
 falling
 
 his solution.
 
 The
 
 made the study of air and its an issue of momentous importance about the same time, and it was of special significance in Britain, where the revival of the teachings of the Greek atomists was received by men of science with enthusiasm. Extensive development of deep-shaft mining took place in the sixteenth and seventeenth source from which Galileo got his clue
 
 characteristics
 
 centuries owing, among other things, to the wastage of iron in warfare after the introduction of artillery. Speaking of the change in Britain in a recent memoir (Econ. Hist. Rev., 1934), Nef remarks :
 
 the output of tin, unlike other metallic ores, was not increasing, mines technical problems assumed an entirely new importance, because the more easily accessible supplies of ore had been largely exhausted in the Middle Ages. During the reigns of Elizabeth and her two Stuart successors money was poured out lavishly in the construction of hundreds of adits and ventilation shafts and of hundreds of drainage engines driven by water. , The high cost of fuel began to check the expansion of the output of iron before the end of Elizabeth's reign. During the reigns of Elizabeth, Charles I, and James I, coal was successfully substituted for wood fuel in calcining ores
 
 Though
 
 even in
 
 tin
 
 .
 
 .
 
 .
 
 .
 
 .
 
 and
 
 .
 
 .
 
 .
 
 in nearly all finishing processes.
 
 The mere technique of deep-shaft mining was not a new development in human industry. Neuberger's book The Technical Art and Sciences of the Ancients
 
 tells
 
 us
 
 :
 
 Mining was at different stages of advancement among the various ancient was particularly developed among the Egyptians, who probably opened up copper mines on the peninsula of Sinai as early as the third millennium B.C. Besides these the vast quarries of Turra near Cairo have also been preserved; they prove to us that at that very early date open working had been given up in favour of shafts. The ancient Egyptians were thus not satisfied with merely removing the stones in the hill from the outside, but penetrated far into the interior. Wells of the same period, for example, Joseph's well at Cairo, descend up to 300 feet vertically into the earth. In view of the fact that peoples. It
 
 these shafts were constructed about 2500 B.C., it can hardly be doubted that similar ones were also dug out for mining purposes in some cases. The high standard of mining construction attained by the Egyptians is rivalled by the Indians and the Chinese, who likewise sank pits about five thousand years ago.
 
 the technique was not essentially new, there was an important between the conditions of deep-shaft mining in the seventeenth century and the practice of more ancient times. Mining in antiquity was made possible by abundant supplies of slave labour, which was used with what now seems to be almost an incredibly reckless disregard for human life. Neuberger goes on to state :*
 
 Though
 
 difference
 
 * See also A. Zimmern, The Greek Commonwealth, and B. Farrington, Diodorus Siculus (Univ.
 
 Wales
 
 Press).
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 There were no precautions against accidents. The galleries were not propped up, and therefore often collapsed, burying workmen beneath them. In ancient mines many skeletons have been found of slaves who had lost their lives in this way while at work. Nor were attempts made to replenish the supply of air or to take other steps for preserving health. When the air in the mines became so hot and foul that breathing was rendered impossible the place was abandoned and an attack was made at some other point. These conditions must have become still more trying wherever, in addition to the mallet and chisel, the only other means of detaching the stone was applied, namely fire. The mineralbearing stone was heated and water was then poured over it. There was no outlet for the resulting smoke and vapours. This method of constructing tunnels and galleries is described by Pliny somewhat as follows "Tunnels are bored into the mountains and carefully explored. These tunnels are called 'arrugiae,' little ways or little streets. They often collapse and bury many workers. When hard minerals occur one seeks to blast them with fire and vinegar. As the resulting steam and smoke often fill the tunnels, the workmen prefer to split the rock into pieces of 150 lb. or more, and for this purpose they use iron wedges and hammers. These pieces are removed from the galleries that have been hewn out, so that an open cavern is formed. So many of these caverns or hollows are made adjacent to each other in the mountain that finally they collapse with a loud noise, and so the mineral in the interior becomes exposed. Often the eagerly sought gold vein fails to appear, and the longsustained and arduous work which had often cost many human lives has been The miner of ancient times was nearly always either a slave in vain." or a criminal. This explains why the means used remained unchanged for thousands of years. The purpose of machines is to economize labour or time. It was not considered necessary to make the work easier for the slave, whose hard lot inspired no sympathy, although it kept him to the end of his days buried in the gloomy depths of the earth, suffering all sorts of torments and privations. There was mostly a superabundance of slaves. After campaigns there were usually so many that great numbers of them were massacred. So there was no dearth of labour. Time was as yet but little valued. And so it happened that in almost all the mines of the ancients only the simplest means were adopted. In the copper mines of Rio Tinto and Tharsis in the Spanish province of Huelva, which were worked by the Romans and the Carthaginians, the method of working was so simple that the slaves in the mines had to scratch off with their fingers the clay which covered the ore. The clay which is found nowadays in ancient mines still bears the impress of thousands of fingers. :
 
 .
 
 .
 
 .
 
 Quite otherwise were the social foundations of the mining industry when spread to northern Europe. Surface work on tin in Cornwall and Devon probably continued from the Bronze Age to early medieval times on an essentially tribal basis. According to Lewis (The Stannaries) the tin workers of twelfth-century England were associations of free men. In time these profit-sharing syndicates became transformed into share-owning companies, employing wage earners. Even so, labour was still scarce, and penecivilization
 
 tration to deeper levels in a
 
 humid
 
 climate was accompanied
 
 by constant
 
 flooding. Coal-mining, which encountered further difficulties on its own account, was a new industrial enterprise. Concerning the condition of the medieval coal miner, Nef (The Rise of the British Coal Industry) says :
 
 The modern organization of the coal industry, involving as it does the employment of a large industrial proletariat by absentee capitalists, makes it
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 easy to assume that the miner has always been a wage earner. When a labour leader in our day refers to the miners as the aristocrats of the labour movement . . what he almost certainly has not in mind, though it might well appeal to his audiences, is the position of the miners in the Middle Ages. In medieval England labourers in the metal mines were often granted special privileges and immunities of a kind rarely enjoyed by other manual workers. . Feudal lords in some cases turned over their minerals in return for a .
 
 .
 
 .
 
 share of the output, to small autonomous associations of working miners. In coal
 
 mining "many
 
 pits
 
 were worked by
 
 'associations charbonieres.
 
 9
 
 "
 
 Nef hints
 
 that coal, like gunpowder, paper, and (probably) the magnet, is possibly part of our cultural debt to Chinese civilization. The Chinese apparently knew its use before the Christian era, and Marco Polo mentions the
 
 who burned for fuel "black stone . dug runs in veins." In western civilization its use does not seem to have been known before about 1200, at which date a Liege chronicler refers to a "black earth very similar to charcoal" used by smiths and metal workers. Though export from Newcastle is recorded in the fourteenth century, coal was little used before the beginning of the sixteenth century, and then mainly from outcrops. By 1597 it was "one principall commoditie of this realme." By 1661 we are told that a "hellish and dismall strange practice of the natives
 
 out of mountains where
 
 .
 
 .
 
 it
 
 cloud of Sea-Coale hangs perpetually over London." Mine-owners could to throw away life with the recklessness of the Mediterranean
 
 no longer afford
 
 slave-owning civilizations.
 
 why some
 
 How
 
 air
 
 becomes
 
 unfit for
 
 human
 
 beings to
 
 inflammable and why explosions occur, were questions which demanded an answer, and engaged the attention of the best brains. Francis Bacon, generally more ready with advice than with remedy, proposed a scheme for raising water from "drown'd mineral works." Pumps were being introduced to drive fresh air into the tunnels as well as to draw water out of them. The wind was no longer blowing whither it listeth. When breathe,
 
 we know how
 
 air
 
 is
 
 we
 
 to control anything,
 
 cease to regard
 
 it
 
 as spiritual.
 
 This aspect of the social background of scientific discoveries which led to the rise of modern chemistry is discussed by Nef (The Rise of the British Coal Industry} in the following citation
 
 :
 
 Boyle's interest in experiments of this nature, and the constant discussion of the Royal Society concerning the means of increasing the output of various commodities, or of heightening the efficiency of different technical processes, show a trend of the utmost importance. These "natural philosophers" of the English Restoration were economists as well as scientists; and, beside their old religion, which they resolved should not stand in the way of their achievements, they had begun to erect a new religion the religion of production. It was one of Boyle's principal propositions, to which he reverted again and again, "that the Goods of Mankind may be much increased by the Naturalist's . There is a clear relation between the appearance Insight into Trades." . of the extremely influential British school of "natural philosophers," and the growth of the British coal industry. The proceedings of the Royal Society for the first thirty or forty years following the grant of its charter in 1660, are full of discussions which have a bearing, often direct and perhaps even more frequently indirect, upon problems connected with mineralogy, with the mining and the use of coal. Colliery owners like Lowther, who was a member, or .
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 Sir Roger Mostyn, who was not, send in accounts of explosions or of new methods of finding coal. Local naturalists send in samples of mineral fuel, or of strata resembling it, to be analysed and examined. Sir Robert Southwell reads a paper on the advantages of digging canals to supply London with
 
 cheaper coal. Boyle conducts experiments in order to determine the difference between coal and wood. The members meet to consider the projects on foot for smelting with coal. They puzzle over the causes for the strange fires which occur in the coal seams. Soon after the incorporation of the Royal Society the King signified his pleasure that no patent should be granted for any "philosophical or mechanical invention," until it had been approved by the Society. And the problem of invention in the seventeenth century was to a considerable degree directly related to coal. "Through necessitie, which is the mother of all artes," wrote Howe, in 1631, "they have of very late yeeres devised the making of iron, the making of all sorts of glasse, and the burning of bricke, with sea coal or pitcoale." In this case the necessity was the substitution of coal .
 
 .
 
 .
 
 wood; in other cases it was the more adequate drainage of the mines, or the cheaper carriage of fuel over ground (pp. 253-4). for
 
 THE MECHANICS OF FLUIDS Galileo's experiments on the way in which bodies fall overturned Aristotle's doctrine without providing any alternative explanation of the familiar experiences which seem to support it. Our everyday experience of falling bodies
 
 of leaves blown from a tree, or tiles falling from a roof suggests that the which bodies fall depends chiefly on their density or relative "heaviness." Galileo's experiments showed that this is not true about comparatively rate at
 
 through air. To resolve the paradox we have to reckon with other circumstances affecting the motion of falling bodies. Bodies fall under their own weight through liquids. We all know that a penny falls faster in water than in treacle, just as it falls faster in air than in water. We all know, too, that some
 
 heavy bodies of compact shape
 
 experience of everyday
 
 bodies liquid,
 
 life
 
 falling
 
 suggests that
 
 fall upwards, i.e. float., while others fall downwards, i.e. sink, in a and that bodies like a piece of tin which will sink in water may float
 
 on a heavier fluid like mercury. In other words, we have to take into account two facts which Aristotle rejected. One is that air has weight. The other is that weighty things it has inertia, i.e. it objects to being pushed to make for falling bodies (p. 375). Galileo's solution of the paradox was that if solid bodies are immensely heavy compared with air, the effect of the air on
 
 like other
 
 way
 
 fall must be negligible. So a croquet ball as large as a the other hand, a toy ball gathers speed at nearly the same rate. balloon as large as a cannon ball is mostly air. Its density is not very much
 
 the rate at which they
 
 cannon
 
 On
 
 greater than air itself. So it falls more slowly. Alexandrian science had already supplied the clue, without recognizing its worth. One good reason why Alexandrian science failed to take the step which would have made chemistry an exact science is suggested by the fact which
 
 led Galileo to conclude that the weight of air raises water in the same way as the weight of mercury (Fig. 230) does. Galileo knew what the miners of his
 
 time knew to their cost, since it compelled them to raise water by relays of pumps and cisterns (Fig. 218). The Greek word for vulgarity was pavavoia, which also meant handicraft, especially smithy work. It came from Paw6$> a
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 FIG. 218
 
 (From Professor Wolf's History of
 
 Science, Technology
 
 XVIth and XVIIth
 
 and Philosophy
 
 in the
 
 Centuries")
 
 This illustration from the Agricola Treatise shows pumps used in relays because the weight of the air is only sufficient to raise water about 33 feet. In Galileo's time it was respectable to know what every miner knew. The Greek materialists who taught that air has weight probably based their conclusion on the same experience of everyday life in mining areas. Aristotle, who despised manual work and advocated slavery for getting it done, devoted himself to refuting the materialist doctrine. His predilection for slavery helped to stop chemistry from further advance for about two thousand years,
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 Perhaps Aristotle himself would have known that water cannot be more than about 30 feet by a pump, if his intellectual powers had not been hampered by contempt for work which could be carried out by slaves. Those who accepted the Aristotelian teaching relied on the self-evident principle that "nature abhors a vacuum" to account for the way a pump works. As Galileo sceptically remarked, they could offer no reason why this abhorrence stopped short suddenly at a height of 30 feet from the ground.
 
 forge. lifted
 
 In Galileo's Dialogues concerning
 
 Two New
 
 Sciences the following passage
 
 explicitly refers to the way in which everyday experience compelled attention to the weight of the air
 
 of the world's work
 
 :
 
 Thanks to this discussion, I have learned the cause of a certain effect which have long wondered at and despaired of understanding. I once saw a cistern which had been provided with a pump under the mistaken impression that the water might thus be drawn with less effort or in greater quantity than by I
 
 means of the ordinary bucket. The stock of the pump carried its sucker and valve in the upper part so that the water was lifted by attraction and not by a push as is the case with pumps in which the sucker is placed lower down. This pump worked perfectly so long as the water in the cistern stood above a certain level; but below this level the pump failed to work. When I first noticed this phenomenon I thought the machine was out of order; but the workman whom I called in to repair it told me the defect was not in the pump but in the water which had fallen too low to be raised through such a height; and he added that it was not possible, either by a pump or by any other machine working on the principle of attraction, to lift water a hair's breadth above eighteen cubits; whether the
 
 pump
 
 be large or small,
 
 this is the
 
 extreme limit of the
 
 lift.
 
 We
 
 have seen (p. 243) that Alexandrian science had established what we the fundamental laws of static equilibrium for solids, that is to say, the conditions which must be satisfied when two or more weights are perfectly call
 
 The advanced development of irrigation
 
 in ancient times had also of general principles about the equilibrium of liquids. The basic principle of equilibrium for liquids depends on a fact of everyday observation. If two columns of the same liquid are in direct connexion and both open to the outside air, they are at rest only when the height of each is the same. For practical purposes height in this context usually means vertical distance above the ground, but if we consider the water of the oceans, it is evident that vertical height implies distance from the centre of the earth. The very old device called the siphon (Fig. 219) for emptying cisterns depends on the same elementary principle of fluid equilibrium, which is the basis of any rational system of water supply for a city. Why the Romans built aqueducts across valleys is still an enigma. It may have been through inability to make strong pipes, or it may have been because much of the available knowledge in ancient civilization was wasted through the absence of a system of public instruction to diffuse knowledge from one field of human activity to another. The principles of irrigation were fully understood by Archimedes in 200 B.C., and the feats of hydraulic engineering achieved in dynastic Egypt were far superior to those of the Romans. If we apply Galileo's way of measuring forces to the force which pulls one column up and another down till the water "finds its own level," we can state
 
 balanced.
 
 borne
 
 fruit in the discovery
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 way which points to a number of other truths about fluids. 220 two columns of a fluid contained in two tubes connected shows Fig. by a cross-piece, hence the height (h) of fluid in each is the same. The bore of each tube is uniform. The areas of cross-section (A and a) are different. The height (h) of fluid above any horizontal level in either column is the v volume per unit area of cross section (h a), and the volume is proper-
 
 the principle in a
 
 =
 
 FlG. 219
 
 The
 
 principle that a liquid "finds
 
 between two columns of
 
 liquid,
 
 own level" implies that a difference of pressure free to move vertically upwards, is communicated its
 
 equally in all directions. Thus a tube used to connect two fluid columns of different vertical height siphons off the fluid in the higher column till both levels are the same. Likewise the pressure of the fingers on a punctured rubber ball filled with water forces water out of the pores at all angles to the plane of compression.
 
 columns is the same. So if the height the same in both columns, the mass per unit area (m -f- a) is the same, and the force of gravity acting on unit area (mg -7- a) is also the same in each
 
 tional to the mass, if the density of both is
 
 column at the same level. Force per unit area is called pressure. So two columns are balanced when the pressure at one and the same horizontal level is the same in both. The siphon shows that the connexion between the
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 columns may take any path upwards or downwards. Hence the law of equilibrium for fluids also implies that pressure is communicated equally in all directions.
 
 This
 
 is
 
 the principle of the hydraulic press which has long been used in
 
 -7JTi
 
 i
 
 mass
 
 i
 
 h
 
 Ah
 
 f-" /.Mg= A
 
 m
 
 ah
 
 3uh
 
 ma a
 
 vol
 
 .
 
 Equilibrium between two connected columns of the same fluid, if both are free to vertically upwards, is attained when both are the same vertical height. This implies that the force on unit area is the same at any level in each; hence a column of large sectional area will support a proportionately larger weight than a column of smaller area. Thus a small force acting on a column of small sectional area will cause a connected column of large sectional area to exert a proportionately larger force in
 
 move
 
 the opposite direction. You will notice also that a large downward displacement of m would be necessary to produce a small upward displacement of M. As in the lever, the pulley, and other machines, work is the product of the weight and the distance through which it moves .
 
 M
 
 the textile industry. If a mass the pressure of the column below librium is restored when a mass
 
 rests is
 
 m
 
 of sectional area
 
 a,
 
 provided that
 
 on a
 
 float in
 
 one limb of area A,
 
 M
 
 ~- A. increased by an amount Equiis placed on the float in the other limb
 
 Mg 4- A =
 
 mg
 
 -f-
 
 a.
 
 So a small weight
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 applied to a small area will keep up a very large weight resting on a wider area in an arrangement like the one shown in Fig, 221.
 
 Upward
 
 thrust of
 
 ram
 
 c 2Va
 
 f
 
 NX
 
 Force applied
 
 rrW
 
 -Force on
 
 plunger
 
 lw Ci
 
 arm
 
 FIG. 221.
 
 THE HYDRAULIC
 
 PRESS
 
 A second principle of equilibrium for fluids known in ancient times is sometimes called the Archimedian principle. If you have ever tried to raise yourself while taking a bath you will have noticed that your body seems to be lighter when immersed in water than it is ordinarily. The downward pulling power on a body immersed in a liquid is therefore less than it would be in air. If a weight is immersed in water a smaller weight hanging freely in air will
 
 The
 
 balance
 
 it.
 
 difference
 
 is
 
 A
 
 mass equivalent to the weight of the water displaced. fluid is not immersed till it has raised an equivalent
 
 M in descending through a
 
 w
 
 of liquid equivalent (Fig. 222). It has to raise a mass as well as the mass in the scale pan, i.e. a total mass w). If the mass in the scale pan balances it,
 
 volume of the liquid to its
 
 (m
 
 +
 
 m
 
 own volume,
 
 M=m+w w M m
 
 or
 
 A
 
 body therefore loses weight in a liquid by an amount (wg) equivalent to same volume of liquid. According to the Galilean method of measuring it, the pull on the descending weight is the product of its acceleration and its mass. It weighs less in a liquid because, as we know, it falls more slowly than in air. If we call that of the
 
 its
 
 acceleration
 
 pulling *
 
 power
 
 when is
 
 it
 
 starts* to fall in
 
 balanced by a mass
 
 Remarks on the parachute
 
 qualification.
 
 water a,
 
 m (=
 
 M
 
 its
 
 pulling
 
 power is Ma. This
 
 w) suspended in
 
 in a later paragraph (p. 375) will explain the
 
 air.
 
 If the
 
 need for
 
 this
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 by
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 falling in air is g,
 
 a pulling power mg,
 
 we have
 
 a pulling
 
 power
 
 Ma balanced
 
 i.e.
 
 Ma = (M
 
 w)g
 
 Mass M=/rc+w Volume
 
 V Water displaced
 
 Mass w Volume
 
 THE PRINCIPLE OF ARCHIMEDES
 
 FIG. 222. If M
 
 V
 
 m
 
 its apparent mass when weighed in the mass of the body when weighed in air, volume of liquid, water, and w the mass of the water displaced, i.e. of the equivalent
 
 is
 
 M=m w M
 
 or
 
 V is the volume of the body (and M ~ V. The density of the fluid is a; If
 
 to the density of fluid
 
 The
 
 is
 
 M
 
 -7-
 
 -f
 
 w
 
 m
 
 hence of the water it displaces), its density is -f- V. Hence the ratio of the density of the body
 
 ~V = M ~w
 
 V :w
 
 of a body to that of water (its "specific gravity") weight in water) Weight in air 4- (Weight in air
 
 ratio of the density
 
 Since
 
 w and M
 
 same
 
 ratio as the densities (d
 
 is
 
 therefore
 
 are masses corresponding to the same volume, they are in the and D) of the fluid and the descending weight.
 
 d'
 
 Galileo's
 
 forces therefore shows us correctly when a body is very much denser than the fluid, d is very
 
 way of measuring
 
 body floats or sinks. If the small compared with will not diner very
 
 D, and d
 
 -f-
 
 much from
 
 D
 
 d is
 
 unity,
 
 a very small fraction.
 
 Hence
 
 1
 
 -=r
 
 and the acceleration a of the body
 
 descending through the fluid will be nearly as great as it would be if it were falling through air. If the density of the fluid is nearly as great as that of
 
 d
 
 d the body
 
 itself,
 
 will
 
 be a fraction
 
 just less
 
 than unity,
 
 1
 
 g will therefore
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 to say, the
 
 d
 
 fall
 
 very slowly. If the body
 
 is less
 
 dense than the
 
 -
 
 fluid,
 
 unity,
 
 and
 
 1
 
 ^
 
 is a
 
 negative quantity. That
 
 in the fluid will have an acceleration
 
 to say, the
 
 is
 
 it
 
 will float. If
 
 d
 
 is
 
 greater than
 
 body immersed
 
 upwards instead of downwards. In other /
 
 words,
 
 is
 
 D
 
 i
 
 body wil
 
 .
 
 exactly equal to
 
 D,
 
 (
 
 d\
 
 1
 
 =r
 
 )
 
 is
 
 zero,
 
 and the
 
 is therefore zero. The body neither sinks nor floats. It rises or with the application of a very small force. The modern submarine is equipped with tanks which can be rilled with water or emptied by means of a store of compressed air. When the tanks are quite full the total density of the submarine is slightly greater than water. The expulsion of a small quantity of water is then sufficient to make the submarine rise to the surface.
 
 acceleration
 
 falls
 
 Wdgit
 
 EXPERIMENTAL PROOF OF THE PRINCIPLE OF ARCHIMEDES Two identical weights fit exactly into two cylindrical vessels. When one weight is in the opposite scale suspended in water from a scale pan, the weight and its vessel vessel with water to the brim. pan may be made to balance it by filling the other FIG. 223.
 
 The same reasoning leads to another conclusion which can be verified, is visible above the namely, the fact that a very small part of an iceberg as ice. So the as dense 1-083 times is water water-line. At freezing-point 1 -083)^, and exerts of ice below the water has an acceleration (1 mass 0-083 Nig. The on the ice above equivalent to (1 a 1-083)M^
 
 M
 
 push
 
 =
 
 and push are directed upwards. negative sign indicates that the acceleration the denoted is acceleration If downwards, positive sign. The mass (m) by of ice above pushes downwards with a force equivalent to mg. And since
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 w=
 
 these forces balance one another, they are equal. Hence 0-083 M, the mass of submerged ice is about twelve times w, the mass of ice i.e.
 
 M
 
 exposed.
 
 This gives us a clue for which we are seeking. Aristotle rejected the possibility that air has weight because a bladder weighs as much when it is blown up as when it is collapsed. We might just as well argue that water has no weight because a tin can weighs just as much in water after a steam hammer has flattened it out. A bladder inflated with air could only weigh more than one which was not inflated if both were weighed in something lighter than air., or in an empty space. If air has weight, its weight must be
 
 FIG. 224 If we use Galileo's
 
 method for measuring force, we can infer the Archimedean principle from the observed fact that fluid pressure is communicated equally in all directions. A cylindrical mass (M) of density D., height H, uniform sectional area A, and volume V(== AH), is held in position by another mass (m) suspended in air at the same distance from the fulcrum from the other arm of a balance. The surface of a fluid of density d is just level with the top of the immersed cylinder of mass M. The force acting downwards on the mass m is mg. The force acting downward on the mass would be Mg(= VD^), if it were not opposed by the upward push of the fluid acting on the base with a force per unit area Hdg. Hence the total upward force on the base is AHdg Vdg, and the weight mg is therefore balanced by a net downward pull
 
 M
 
 VD^r
 
 Vdg>
 
 i.e.
 
 mg = VDg
 
 m= ...
 
 Since density
 
 is
 
 Vdg
 
 \7T\ \JLJ-
 
 mass per unit volume
 
 \7 sJ \a
 
 M-
 
 ~
 
 (i.e.
 
 m = M( I
 
 =
 
 extremely small compared with that of most solid bodies and liquids, and we can accommodate Galileo's experiments with the slow initial descent of a toy balloon without difficulty by a very small modification in the original form of Galileo's principle. Suppose that bodies fall through empty space near the
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 earth's surface with constant acceleration g. If a is the acceleration with which body falls in air, it will rarely differ appreciably from g, because the of most solid bodies is very large compared with d the density of density
 
 a solid
 
 D
 
 air.
 
 This
 
 when
 
 is
 
 it is
 
 obviously not true of a toy balloon. It is largely composed of air considered as a whole is not very much Its density
 
 D
 
 blown up.
 
 =
 
 M
 
 _
 
 ""
 
 M(i-g )g
 
 D
 
 FIG. 225.
 
 THE ICEBERG
 
 The
 
 balances indicate the forces necessary to balance the downward pull and upward push of the two parts. For convenience of drawing the attachments are at the sides. Of course tilting will occur unless the attachment is vertically in line with the centre of gravity.
 
 greater than d,
 
 and
 
 f
 
 1
 
 is
 
 .=j
 
 a small fraction.
 
 Hence
 
 it falls
 
 slowly.
 
 A gas
 
 dense than the surrounding air (e.g. hotter air or coal gas) must have a negative acceleration for analogous reasons, and will therefore rise upwards.
 
 less
 
 The behaviour
 
 of a parachute illustrates the fact that air has another characof weighty matter. It is sluggish, and this sluggishness or inertia gives us a clue to the propagation of sound (p. 321) and to certain peculiarities of falling bodies. On account of its inertia air resists any attempt to push it out of teristic
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 the way. This resistance to displacement naturally depends to some extent on the shape of an object. It is relatively great if a moving object presents a large surface relative to its bulk, and this fact is the basis of streamline designs for fast cars. What is not easily recognized from our everyday experience of motion is that air resistance and that of any fluid medium is greater at greater speeds. Roughly speaking, air resistance is proportional to the square of the speed of a body moving in it. So when a body has been falling through air for some time, there comes a time when the resistance which it encounters just balances its own weight. Thereafter it gains no more speed. It continues to move at a fixed speed. On account of its shape a parachute has a high initial resistance. Since it traps a lot of air, its effective density is small. Hence its initial acceleration is also small. It reaches the limit of its power to gain speed very quickly. If he did not cut the cord to release the parachute after jumping from his plane, an aviator would continue to fall through a relatively long distance while gaining speed at a rate differing little from the fixed acceleration of bodies falling in a vacuum. At a certain limit his acceleration would fall off rapidly, reaching a "terminal" fixed speed many times greater than that of a parachutist. By the time he was travelling 170 miles per hour, he would have ceased to gain speed. In the Galilean sense, he would have no effective weight. Why then would he be mangled? An everyday experience provides the answer. If an egg is dropped from a height of half an inch, it is not broken. If it is dropped from a height of six feet it is smashed. Within these limits its Galilean weight does not differ sensibly. So its Galilean weight is not directly responsible for disaster. The egg shell has internal inertia, and extensibility. It cannot communicate motion throughout all its parts instantaneously. When the bottom touches the ground, the top is still moving. So some parts are losing speed more quickly than others. At the moment of impact the distribution of accelerations is not uniform, and these accelerations correspond to Galilean forces. Thus there is an unequal distribution of internal stresses which in one direction or another exceed the breaking point. How big these internal stresses are depends on whether the speed immediately before impact is great or small compared with the rate at which the material of the shell can communicate motion. The surface of a mouse is much greater relative to its weight than that of a horse. Hence it encounters much greater air resistance and has a much smaller terminal or limiting speed of fall. For this reason it can fall through a
 
 much
 
 greater height without being killed.
 
 When von Guericke and Boyle had devised a pump for sucking the air out of a vessel, Newton was able to show that a guinea and a feather keep pace in falling through a vacuum. Proof that air has weight first came from another source. Before explaining how the discovery was made, two empirical applications of the Archimedean principle in everyday life may be noted. The density of some saleable fluids (e.g. milk and spirits) is controlled by legislation, and the density of the fluid in storage batteries is a useful indicator for testing when they are fully charged. For routine determinations of this kind, accurate weighing of an accurately ascertained volume of fluid would be much is replaced by the device known as the hydrometer This is essentially a metal tube or a glass tube with some merbottom to make it sink till the weight of fluid displaced is equivalent to the weight of the instrument. The volume of fluid whose weight is equivalent to weight of the instrument depends on its density. So the hydrometer sinks more if the density is lower. A graduated scale records the length
 
 too laborious, and (Fig. 226). cury at the
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 of the submerged part. The divisions marked off correspond to the levels fluids of particular densities reach. Only relative measurement of densities is made in this way, water being taken as the standard. Density referred to water as the standard (d 1) is called specific gravity.*
 
 which
 
 =
 
 FIG. 226
 
 The
 
 scale
 
 marks show how deeply
 
 it
 
 sinks in fluids of different density.
 
 A
 
 second application of the principle of buoyancy is the "PlimsoU" line. iron ship floats because the weight of the shell is far less than the weight of the total volume of water displaced. Every addition of cargo makes it sink
 
 An
 
 FW
 
 WNA FIG. 227
 
 The Plimsoll line on all ships in Lloyd's register, L.R. The several marks are the loading limits for fresh water, Indian summer seas, temperate seas in summer and winter, and winter in the north Atlantic. further till an equivalent weight of water is displaced. It is not safe to load a ship so heavily that the addition of a small amount of extra ballast will
 
 The
 
 depends on the density of the water, which varies measured in cc. and weight in grams, the density and the specific gravity of the same substance have the same numerical value at 4 C., since 1 c.c. of water at this temperature weighs 1 gm. sink
 
 it.
 
 * If
 
 limit of safety
 
 volume
 
 is
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 appreciably according to its salt content and temperature. Sea water is denser than fresh water, as we know if we are swimmers, and the warm tropical waters are less dense than Arctic seas. The law now enacts that all vessels carry a scale like the scale of a hydrometer, showing the different levels beyond which the water level must not be allowed to pass when loading in fresh or sea water, arctic or equatorial seas (Fig. 227).
 
 THE PRESSURE OF THE ATMOSPHERE
 
 The most direct way of proving that air has weight is to compare the weight of an exhausted vessel with its weight when filled with air. When the temperature is 60 F. at sea-level, the weight of one litre (1,000 c.c.) of air is approximately 1 J grams. That is to say, a vessel of 1 litre capacity (roughly one-fifth
 
 FIG. 228
 
 Two
 
 simple experiments illustrating the weight of the atmosphere, In the right-hand one, the pressure of the air, communicated like the pressure of the water in the siphon in all directions, keeps a full tumbler sealed by a piece of paper placed across the open end.
 
 of a gallon) weighs 1| grams (about a twentieth of an ounce) less when exhausted. The discovery that air has weight did not result from, but preceded, the discovery of the vacuum pump. It was made by Torricelli, a pupil of Galileo, about the year A.D. 1643, and was really a miniature demonstration of the principle which underlies the necessity of raising water in relays (Fig. 218). According to Burnet, the Ionian Empedocles correctly interpreted the raising power of the common pump as the weight of the air pressing on the source of water. If so, the early Greek materialists had solid ground for their faith in the indestructibility of matter. Be that as it may, Aristotle's teaching triumphed, and, so far as we know, was accepted by the Alexandrians, whose knowledge of the mechanics of fluid should have sufficed to exhibit the flaw in his reasoning. An old trick which is easy to repeat with a tumbler of water and a
 
 wash
 
 may have suggested the experiments of Torricelli. If we turn a tumbler upside down under water and draw it upwards, the water does not descend inside it, so long as the rim is just below the surface of the water. If we place a piece of paper on a tumbler brimming over with water, we can turn it upside down in air without emptying it. The paper remains apparently basin
 
 glued to the edge. In performing similar experiments, in which a cy Under
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 filled with mercury was inverted over a trough containing mercury,, Torricelli found that the fluid descends a certain distance if the cylinder is sufficiently long, leaving a space above it without any sign that bubbles of air have passed up. The vertical height of the mercury column with the empty space (Torricellian vacuum) above it was not affected by tilting the cylinder sideways, or by using tubes of different sectional area. At sea-level the height of the mercury column above the level of mercury in the trough is 760 mm., or roughly 30 inches. A variation of the original form of the experiment is to fill with mercury a U-tube of which one limb is closed, holding it in a nearly horizontal position, taking care to let in no air bubbles. If the other limb is sufficiently long the mercury sinks in the closed one when the U-tube is held upright till the vertical difference between the two columns is 760 mm. (at sea-level). Either arrangement is what we now call a mercury barometer
 
 (Fig. 229).
 
 We
 
 have seen that pressure at any horizontal level in a fluid is the force exerted by the weight of the overlying fluid on unit area (mg a). Since mass is the product of volume (v) and density (d),
 
 ~
 
 pressure
 
 and since volume per unit area
 
 = vdg ~ -~
 
 a,
 
 the height (K) of the overlying (v a) column, the pressure or force per unit area of a column of fluid on its base is hdg. To put it in another way, a pressure hdg is required to raise a column of fluid to a height h. For measuring what supplies this pressure, the equiliis
 
 brium of two
 
 liquids of different density (Fig. 229) furnishes a precise parallel. connected columns of fluid are only in equilibrium when the vertical height of both is the same, providing that their densities are the same. If a straight open tube dips into a trough of mercury, the mercury in it rises above the level of mercury in the trough when water is poured on to the latter. Similarly, if water is poured into one limb of a U-tube containing mercury, the mercury in the other rises a little. In either case the more general form of the law of equilibrium is true. At any level in the mercury the pressure of both columns above it is the same, e.g. at the level where the mercury (density D) is in contact with water (density d\ the heights of the overlying columns of water (h) and mercury (H) are such that
 
 Two
 
 HDg =
 
 hdg
 
 or /.
 
 H~h = d-^D
 
 This means that if mercury is 13 \ times as dense as water, a column of mercury could just be supported in a vertical position by the pressure of a column of water 13 J- times as long, in the same way as the water in the tumbler is supported in a vertical position by something pressing on the paper and communicating its pressure upwards and downwards in all directions equally. In these experiments
 
 and no water on the
 
 we have water on one side of a mercury column, The pressure exerted by the weight of the water
 
 other.
 
 maintains the difference in level between the two columns of mercury. In the barometer we have air on one side and apparently none on the other. Is the pressure supplied by the fact that the air has weight? A simple experi-
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 analogy. If we withdraw some of the water in the last experiment (Fig. 229), the height of the water column is less, and the differcan make the ence between the two levels of mercury is diminished.
 
 ment completes the
 
 We
 
 height of the air column pressing on a mercury barometer less by taking the barometer to the top of a mountain. This test was devised by Pascal
 
 -Noai^r
 
 (yaruuni)
 
 IF 3
 
 -Air
 
 Water
 
 FIG. 229
 
 Above, two forms of the barometer. Below, the weight of a column of water, pressing on mercury (density D) with a force HDg = hdg per unit area, lifts a column of mercury to a height in the same way as the weight of the atmosphere maintains the mercury
 
 H
 
 level of the barometer.
 
 (about 1648) soon after Torricelli's experiments, and is now used as a means of calculating altitude. At the top of Mount Everest (5| miles up) the weight of the atmosphere will only support a column of mercury 11 inches high. At the height of 9-6 miles, reached by Professor Picard in 1931 (Fig. 241), the mercury barometer only registers 5 inches. That the same force acts on any liquid is easily proved. Since mercury is 13| times as dense as water, the
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 pressure which supports a column of mercury 30 inches long at sea-level would support a column of water 13| times as high, i.e. about 34 feet. This is easily shown to be true, and provides a good enough reason for preferring the use of mercury to water in constructing a barometer. There are several others.
 
 The most
 
 familiar use of the barometer in everyday life depends on the vapour is less dense than air. So a mixture of water vapour
 
 fact that water
 
 and dry
 
 air is less dense than pure air. Since the height of the atmosphere taken to be nearly constant, changes in the atmospheric pressure at fall of any particular place chiefly depend on moisture and temperature. pressure means that the air is less dense, and this generally means that it is more moist. Hence rain is to be expected. This rule is not highly reliable, because changes in pressure also result from unequal heating of the earth's surface. Warm air is less dense than cold air, and the atmospheric pressure, therefore, depends partly on the temperature. It is constantly changing because of the winds so produced. A further complication arises from the
 
 may be
 
 A
 
 more water vapour is required to saturate warm than to saturate In an island climate, the direction of the wind is specially important. In England rain may be anticipated when cold winds are blowing over the sea from the north-east, even if the barometer is rising. In the weather
 
 fact that
 
 cold
 
 air.
 
 now published, most importance is attached to the relative distribution of pressure based on wireless signals which make it possible to record how zones of high and low pressure are shifting from day to day. A chart constructed on the basis of simultaneous records of pressure at different stations will frequently show closed areas of high pressure (anti-cyclones) from which dry winds are blowing spirally outwards, or closed areas of low forecasts
 
 pressure (cyclones) where wet winds are blowing spirally inwards. Their position changes from hour to hour, so that it is possible to foretell within short limits where they will next be. The approach of a cyclone betokens
 
 wet weather, that of an anti-cyclone dry weather. At sea-level in our climate the height of the mercury column varies between 29 and 31 inches. Since the force acting on unit area at the base of a column of fluid (hdg) only depends on its height, density, and the value of g which varies only very slightly with latitude and altitude, it can be calculated at once from the height of a column of fluid of known density. The mass of 1 cub. ft. of mercury is 848 Ib. The weight of a column 1 sq. ft. in crosssectional area and 30 inches high is 848 x 30 -~ 12 = 2,120 Ib. So the pressure of air which supports it is equivalent to a weight of 2,120 Ib. on every square foot, or approximately 14f Ib. per square inch. A barometer can also be adapted as a pressure gauge (Fig. 230) in measuring low or high air pressure when exhausting a space, compressing a gas, or recording the pressure of a water supply. Pressure is often measured in "atmospheres," the standard or unit (one atmosphere) being the mean pressure at freezing temperature in latitude 45. This is 760 mm., or 29-92 inches of mercury,
 
 or 33 feet of water. Thus the pressure of a town water supply that will raise water in an upright tube 100 feet high is almost exactly 3 atmospheres. That is to say, the force exerted on every square inch is equivalent to a weight of 3 x 14 or 44 Ib. to the nearest pound.
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 THE SPRING OF THE AIR
 
 To be useful, a recipe for making substances must include the quantities of the ingredients and the yield. The importance of chemistry in modern life depends on the fact that it can give us rules for finding recipes of this sort. Modern chemistry rests on the doctrine of the Greek materialists. In chemical processes no matter is lost. Increase in the weight of one ingredient of a vaciuim
 
 FIG. 230
 
 Two
 
 types of pressure gauge. The upper one is for measuring small pressures in the neighbourhood of a vacuum. The fluid does not begin to fall until the pressure in the chamber to which the open end is attached falls below that of a column of fluid of length H; i.e. the gauge only measures pressures less than H. When the fluid begins to drop the difference h measures the actual pressure in the chamber. The lower one is for measuring small pressures in excess of that of the atmosphere (e.g. that of the gas supply). The difference h is the excess of pressure over that of the atmosphere; i.e. h must be added to the height of the barometer reading to get the pressure in the chamber. Either type of gauge may be made more sensitive by using a light fluid like water instead of mercury. Of course, pressure measured in lengths of a column of fluid means nothing unless the fluid is stated. If water is used for the lower type the barometer reading which must be added to h must be given in water units, i.e. 13-6 times the reading of the mercury barometer.
 
 mixture
 
 is
 
 accompanied by
 
 loss
 
 of weight of others which go to
 
 its
 
 making.
 
 The
 
 science of antiquity knew no general rules for obtaining a good yield. In the ancient chemical arts of metallurgy, medicine, and fermentation, substances appeared to gain weight and lose it according to no detectable
 
 rules.
 
 The Arab
 
 metal
 
 is
 
 chemists
 
 heated in
 
 air is
 
 knew
 
 that the oxide ore or calx produced
 
 heavier than the metal
 
 from which
 
 it is
 
 when
 
 formed.
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 was reduced in the absence of air by heating with charcoal, the
 
 latter
 
 disappeared, leaving only metal lighter than the original calx. Why this should happen they could not see, because they did not realize that air is ponderable matter. From the beginnings of the Iron Age, no substantial progress in the understanding of chemical processes was made, or was possible till air had ceased to be a spirit. When first carried out the experiments
 
 Wwdpipa ar
 
 'diaphragm'
 
					    

		

            

	        	    
    		
    		    

    		    

    		

		    			
    
		
	    
		
		Waiting for Citizen Godel

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Handbook for Citizen Journalists

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Hobbes: On the Citizen

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Artifact The Last Citizen

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Artifact [The Last Citizen]

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		The Reformed Citizen

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Citizen Sidel

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Citizen Soldiers

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Citizen Soldiers

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Citizen Soldiers

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Citizen Machiavelli

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Citizen Soldiers

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Citizen Soldiers

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Citizen Vince

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Citizen X

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Citizen Soldiers

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Citizen X

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Citizen Soldiers

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Citizen Hughes

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Citizen Soldiers

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Citizen Insane

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Citizen Soldiers

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Citizen Soldiers

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Citizen Sidel

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Citizen Sidel

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Citizen Sidel

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Citizen Soldiers

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		The Deliberative Citizen political attitudes

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Become a U.S. Citizen

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Citizen Soldiers [Condensed]

	    
	

	
	    Read more
	

    



		        	    
 
	            

	
	    
		
	    
            
                
                    Recommend Documents

                

		
		    						    
    
	
	    
	
    

    
	
	    
		Waiting for Citizen Godel	    
	
	
	    Waiting for Citizen Godel Howard V. Hendrix **** [Insert Pic godel.jpg Here] **** “I suppose some people will wonder if ...

	

    

    

    



						    
    
	
	    
	
    

    
	
	    
		Handbook for Citizen Journalists	    
	
	
	    DEDICATION

This book is dedicated to the tens of thousands of citizen journalists around the world who are making a di...

	

    

    

    



						    
    
	
	    
	
    

    
	
	    
		Hobbes: On the Citizen	    
	
	
	    ...

	

    

    

    



						    
    
	
	    
	
    

    
	
	    
		Artifact The Last Citizen	    
	
	
	    

	

    

    

    



						    
    
	
	    
	
    

    
	
	    
		Artifact [The Last Citizen]	    
	
	
	    

	

    

    

    



						    
    
	
	    
	
    

    
	
	    
		The Reformed Citizen	    
	
	
	    The Reformed Citizen

 Also by Jesse Gordon The Knack Time Chaser The Midnight Recollections Stories from the Steel Gard...

	

    

    

    



						    
    
	
	    
	
    

    
	
	    
		Citizen Sidel	    
	
	
	    z LU

Er war der Liebling der Demokraten: Isaac Side1, Bürgermeister von New York und Ex-Police Commissioner, kurz davo...

	

    

    

    



						    
    
	
	    
	
    

    
	
	    
		Citizen Soldiers	    
	
	
	    

	

    

    

    



						    
    
	
	    
	
    

    
	
	    
		Citizen Soldiers	    
	
	
	    

	

    

    

    



						    
    
	
	    
	
    

    
	
	    
		Citizen Soldiers	    
	
	
	    

	

    

    

    



					    		

            

        


    





    
	
	    
		
		    ×
		    Report "Science for the Citizen"

		

		
		    
			Your name
			
		    

		    
			Email
			
		    

		    
			Reason
			-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint


		    

		    
			Description
			
		    

		    
			
			    

			

		    

		    
		

		
		    Close
		    Send
		

	    

	

    




	
	    
		Copyright © 2024 EPDF.PUB. All rights reserved.
		
		    About Us | 
		    Privacy Policy |  
		    Terms of Service |  
		    Copyright | 
		    DMCA | 
		    Contact Us | 
		    Cookie Policy 
		

	    

	    

	
	
	    
		
		    
			×
			Sign In

		    

		    
			
			    
				Email
				
			    

			    
				Password
				
			    

			    
				
				    
					
					 Remember me
				    
				    Forgot password?
				


			    

			    Sign In
			

		    

		

	    

	

	
	
	
	

	
	

	

	
	
	    Our partners will collect data and use cookies for ad personalization and measurement. Learn how we and our ad partner Google, collect and use data. Agree & close
	

	
	
    