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PREFACE

NE of the primary functions of any modern educational

system is to give those exposed to its influence an opportun-
ity to see themselves 1n true perspective in relation to the sweep
of time and the stretch of space. There is an increasing tendency
to do this by means of “ survey courses ” which cut across the tradi-
tonal boundaries between the separated segments of curricular
subjects. The success with which such surveys have been crowned
1s due in part to the fact that departmental frontiers are manifestly
artificial, whereas the unified treatment is more in harmony with
the fundamental unity of nature. It 1s also partly due to the fact
that whereas analysis 1s essential in research, synthesis 1s essential
in teaching. Moreover, 1t is now apparent that a general view 1s
not necessarily a superficial view but may lead unerringly to a
deeper understanding of the ways of the universe than a highly
spectahized approach can achieve.

In dealing with any general survey of our knowledge of the
physical world, however, it 1s unusual to find a teacher or an author
who combines the necessary famuliarity with the countless
minutiae of detailed informauon, streaming from the numerous
research laboratories where investigators are rapidly pushing out-
ward the frontiers of the physical sciences, with the equally neces-
sary ability to express himself lucidly and accurately in simple and
interesting terms. It has been extremely refreshing, therefore, to
discover 1n Professor Richards’ manuscript the handiwork of one
who has an unmistakable flair for exposition and a truly scienufic
attitude toward his task. His use of vivid similes and arresting
word-pictures is excellent pedagogy, well qualified to stimulate
the interest which precedes the acquisition of knowledge. Espe-
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vi ... PREFACE

cially fine is the subtle distinction frequently drawn between fact
and theory, observational data and hypothetical explanation, well
estabhished principle and tentative inference. Scienufic knowl-
edge 1s presented as a vital, growing factor and the reader cannot
fail to catch something of the spirit of adventure and realize to
some extent the opportunities for creative activity which are to be
found along every sector of the scienufic fronuer.

This book 1s eminently suited as a text for the jumor college or
freshman year course designed to give a general introduction to
the physical sciences. The balance between the several fields of
physics, chemustry, astronomy and geology 1s micely adjusted. No
great friendhiness with higher mathematics 1s presupposed 1n 1ts
readers. Only the necessary minimum of techmcal terms is used.
Anyone who reads these pages thoughtfully will finally close the
book with a sense of having experienced an exciting and informing
excursion 1nto 1ntellectual territory that has been transformed by
it from a complex and mysterious region ‘into an ordered and
charted countryside where he can feel very much at home.

KirrLey F. Maruer
Harvard University

May, 1937
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Chapter 1

INTRODUCTION: SCIENCE AND THE MODERN
WORLD

Wiar the serious student seeks primanly is a way of hfe. He
wants to know what constitutes a satsfying and worth-while life,
and how to hive 1t. In self-defense he fortifies himself with knowl-
edge of his environment, so that he will not be completely at its
mercy; and out of self-respect he tries to become sufficiently useful
to soctety to justify his consumption of goods and services. But
beyond these practical ends he aspires to something more. He
wants to express himself in some medium or other. He wants to
understand, and perhaps help to solve, the problems of civilization.
And’for his own satisfaction he secks to know his relation to the
universe, the purpose of existence, and his own importance 1n the
scale of space and time.

What has science to do with that far-reaching program? One of
the objectives 1s orientation 1n one’s environment. Our environ-
ment may be divided roughly into the material and the spiritual —
into the world of matter, both animate and 1nanimate, and the
world of thought. Science deals directly with both those worlds.
Modern civilization owes largely to science 1ts acknowledged suc-
cess in dealing with the material world, and that success has caused
the ideas of science to wield a great influence in shaping the think-
ing of the age.

The Conquest of Nature

In the three centuries since Galileo the success of the sciences in
dealing with matter has placed so much power in the hands of

I



2 ... INTRODUCTION

mankind that our environment has been modified faster than
avilization has adapted itself to the new ways of living. Man has
been transformed from a creature who cowered in superstitious
fear before the ightning, to one who can manufacture hightning
himself.

One says “ Let there be ight ” and there is light, merely for the
flicking of a tumbler switch. It is barely more than a century since
that great English physicist, Michael Faraday, discovered the prin-
ciple which we apply in generatng all the electricity that flows
through the power lines of the world. When, 1n 1831, Faraday
reasoned that if electricity in motion produced magnetism, then
magnetism in motion should produce an electric current, and then
tried the experiment, he held in the hollow of his hand more power
than Alexander the Great could ever have hoped to wield, or
Julius Caesar, or Napoleon, or any of our modern dictators. For
what military genius or statesman of history has been able to
enmesh the world with silent power, to contribute to mankind the
working equivalent of many slaves per inhabitant?

It s scarcely necessary to elaborate.  One has only to look around
to discover how wide the field of science 1s, how numerous 1ts ap-
plications in daily Lfe. Here we arc interested especially 1n the
physical sciences. One lifts the receiver and hears a voice. If suit-
able instructions are given, that voice may be followed by another
from the opposite side of the earth, a voice singled out by applied
physics from the two billions of human voices which sound 1 our
terrestrial bedlam. One goes to the motion picture house for an
evening’s relaxation, and there he witnesses marvels which could
not have existed 1f the laws of electricity, sound, light, heat, and
chemical action had not been discovered. If a motion picture could
have been displayed at the ime of the first Congress of the United
States, with the mechanics of projection concealed, many of the
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witnesses might have believed that they beheld a miracle. Some
light leaves the star Arcturus in 1893 while one world’s fair is in
progress in Chlcagb, and forty years later we catch a tiny fraction
of that same light and use it, after amplifying its electrical effect
many millionfold, to open the gates of another world’s fair in the
same city.

Indeed, so great has man grown in his power to modify and
control his environment that today we sometimes hear talk of a
holiday in applied science, a breathing space, supposedly, for the
hard-pressed experts in applied economucs and statecraft. In this
suggestion one may see, if he hikes, the crowning tribute to science.
Yet science cannot evade responsibility for many of our social and
economic problems. Behind electric power, behind mass produc-
tion in industry and the multiplied bounty of our ficlds lie physics
and chemustry and biology. Science enables massed populations to
live in highly restricted areas. Dafficulties of social adjustment
anse. Thanks to scienufic nutrition, sanitation, and bacteriology,
plagues no longer cut the Gordian knot by wiping out vast sections
of humamty. The swift transportation and communication made
possible by physics and chemustry have revolutionized internal
cconomy and added international comphcations. In a word,
science has come bringing long life, leisure, plenty, kaleidoscopic
possibilities of full living — sweet words, but the handling of this
bounty 1s difhcult.

Should the physical sciences take a holiday? The argument in
support of the 1dea involves the question of unemployment. Pro-
test against the labor-saving ventions which result from the dis-
coveries of physical science 15 as old as the steam engine.

If progress in science were merely a matter of walking into a
laboratory and saying “ Go to, I will now make a discovery,” a
few might be willing to adopt a holiday as a temporary expedient;
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though wilfully to retard the growth of knowledge and thus limit
man’s outlook and his power over his environment would seem
to be a gospel of defeatism. But scientific discoveries are not made
toorder. Roentgen discovered x-rays without knowing in advance
what he might find, or whether he would find anything. Society
must take 1ts Roentgens and Pasteurs, its Faradays and Galileos
and Lavoisiers, when it can get them.

Incidentally, our example illustrates another point. Entirely
apart from the benefits which the x-ray tube has brought to hu-
manity —the accurate diagnosis of disease, the localization of
bullets and shrapnel, the improvements in bone-setting, the avoid-
ance of needless amputations, the treatment of diseases, the great
wealth of new knowledge of matter and electricity which has been
won by using x-rays in scientific research — another benefit, one
of interest to the economist, has resulted from Roentgen’s dis-
covery. The manufacture, distribution, and operation of x-ray
tubes and their accessories have created new employment for thou-
sands. That is the history of scientific progress. Despite tempo-
rary dislocations, the net result of new discoveries 1s to open new
avenues for work.

No, the way of escape scems to lie not in the direction of less
science but of more science.  Shall man renounce the possibility
of a larger life because he cannot learn to use what he has sought
and won through his conquest of nature? One might perhaps
wish for loftier motives in the hearts of men, but need we wait
for human nature to change? Only man’s own behavior stands
between him and the full fruits of his power over his environment.
Science has gained its ends without changing the laws of the ma-
terials it works with. Can man apply that same method to him-
self? Are there laws that govern human behavior, comparable to
the laws which the physicist and the chemist have discovered?
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The question would take us far afield. We pause merely to point
out that to the physical sciences we owe both the concept of natural
law and the technique of looking for it.

The Philosophy of Science

What is responsible for the commanding position of science in
the modern world? What are the 1deas and the methods which
have so effectively transformed our environment and helped to
shape our thinking? The underlying philosophy was not an
automatic growth, universally accepted.. It was discovered, and
1t was established at the cost of centuries and blood.

The philosophy of science is one of acceptance — but not supine
acceptance. The scienust finds out by patient observation and
reasoning how matter behaves, then sets the scene so that those
natural principles of action will lead to the desired result.

For example, 1t 1s natural for water to run downhull. Thus is a
consequence of the tendency of water to flow in the direction of
the greater pressure. Weare at liberty to make the greater pressure
act uphull towards the top of a skyscraper 1f we choose. Again, 1t
1s natural for heat to flow from a hotter to a colder body. It is
equally natural for hquids to lose heat when they evaporate. The
scientist discovers this, so today in our mechanical refrigerators we
cool objects below the temperature of their surroundings by apply-
ing the same cooling action which anyone can discover for himself
by waving a moistened finger in the air. Heat is removed from the
colder body and given up to the warmer surroundings; but at
no stage in the process does heat actually flow from colder to
hotter. The scientist has simply pitted one natural action against
another, so to speak, and gained his end. His philosophy may be
one of acceptance, but he gains his ends!
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From those earlier moments in childhood when one worries
because rain upsets the picnic plans, to that later period in old age
when those who have not improved their philosophy are perhaps
still troubled by the apparent indifference of the physical universe
to man’s aspirations, one hives in a world of matter. How can one
form a sound philosophy of life without knowing something of
the natural scheme which, willy-nilly, determines the framework
in which ideals and imagination must thread their way? To the
true scientist, adjusted to his world, philosophically secure, 1t does
not occur to worry because the laws of nature have not some dif-
ferent form. He finds out what is, he rejoices in each new dis-
covery, he is glad to be dealing with a universe so marvelously
constructed that after more than two thousand years of gemus
there are sull new truths to be revealed. Cannot everyone steal
for himself some of this philosophy, this peace?

Science does not deal with questions of ulimate aim and pur-
pose. It does not deal with beauty, taste, goodness — but only with
true and false. The astronomer may feel that in revealing the
hidden glories of the stars he is making a contribution to beauty,
but he does not ask to be installed as arbiter of aesthetics. The
mathematician, that indispensable ally of the exact sciences, creates
a beauty all his own, the beauty of perfect consistency; but he, too,
passes no judgments. Science may feel that in bringing to hght
the complicated wonders of the umverse, the beautifully related
secrets of atoms and space, it is providing religion with material
well calculated to inspire awe and reverence and to hft man’s eyes
above the sordid, but 1t makes no claims. It merely continues to
find demonstrable truth, which carries its own credentials.

In short, science has discovered, at great cost, that only by rele-
gating questions of ethics and aesthetics to one side during work-
ing hours can one find the truth about the material world. Yet,



SCIENCE AND THE MODERN WORLD . .. 7

call the roster of great names 1n science. Study, for example, the
lives of Copernicus, Kepler, Galileo, Harvey, Descartes, Newton,
Leibnitz, Linnaeus, Priestley, Dalton, Agassiz, Darwin, Helm-
holtz, Pasteur, Kelvin, Huxley. Read of Madame Curie, Einstein,
Eddington, Jeans, Millikan, the Comptons. Surely, to study these
people is to discover the loftiness of purpose with which the build-
ers of science have striven to increase man’s store of knowledge.

Science boldly confronts the universe and faces the facts. Within
its own field 1t acknowledges no authority higher than observation
and reason. For every one of us, it 1s a salutary experience to dis-
cover that there 1s a substratum of hard reality, brute facts which
cannot be changed to suit man’s whims. Oh, “the ugly fact
that destroyed the beautiful theory!”

Listen to Willlam Harvey dedicating, in 1628, his epochal work
on the airculation of blood: “ My dear colleagues, I had no purpose

to swell this treatise . . . by quoting the names and writngs of
anatomuists . . . , because I profess both to learn and to teach
anatomy . . . not from the positions of philosophers, but from the

fabric of nature.”

And hsten to Willam James writing a letter to his brother
Henry James, the novelist: “ I have to forge every sentence in the
teeth of irreducible and stubborn facts.”

One can almost feel the anguish with which the great psycholo-
gist rejects 1deas because they do not square with observation.
James’ statement 1s remarkable. The familiar 1deal of truth is
there; but there is also the suggestion of painful struggle between
fact and preconceived ideas. No branch of learning has achieved
the transition from philosophy to science without an inner conflict.
But the long traditions and accumulated wealth of the older
sciences, of physics, chemistry, astronomy, and mathematics, have
been available to speed the progress of the newer sciences, and
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nowadays the leading workers 1n all fields worthy of the name of
science have attained impartiality, a state of mind in which they
do not care how the experiment turns out so long as they find the
truth.

It should be remarked, in passing, that this 1deal 1s not the pecul-
iar property of the scientist. The novelist who is a genuine artist
holds precisely the same ideal. He portrays the truth and sheds no
tears.

Scope of the Physical Sciences

Physics, chemustry, astronomy and geology are the basic physical
sciences. Much of what has been said suggests what physics and
chemistry deal with. Both are interested in the structure and
behavior of inanimate matter. Physics deals with force, which
can move mountains, elevators, battleships, blood corpuscles. It
studies the mechanical principles which can be applied to multply
the effects of forces. It deals with motion itself, the motion of air,
water, stars, artillery projecules, airplanes, electrons, and anything
else that moves. It deals with energy in all its mamifestations: with
heat, light and color, sound, magnetism, electricity, x-rays, radio,
cosmic rays. Wherever inanimate matter is, there is the hunting
ground of physics and chemistry. The earth and the dewdrop, a
planet or a soap bubble, the human body or a star —all contain
molecules and atoms, electrons and protons, and with these and
therr many actions the physical sciences deal.

In building its structure, physical science has drawn freely on
mathematics, sometimes manufacturing new mathematics, as
Newton did, when the supply seemed inadequate. Otherwise, it
1s fundamental and self-sufficient. Nothing comes between physics
and its subject matter. It goes straight to nature. It comes to grips
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with reality itself. The methods of seeking and testing truth which
the physical sciences established have been accepted as valid and
widely applied in many fields. From the first discoveries crude
measuring nstruments resulted; these led to new discoveries,
which 1n turn suggested new methods. So our knowledge has
grown, feeding on 1tself, and sull grows by leaps and bounds.

Because of their fundamental character, physics and chemistry
are closely related to many other branches of knowledge. The
astronomer’s star, for example, and the geologist’s rock, are both
to be explained in terms of chemistry and physics. It matters not
that one 1s 1n the heavens and the other in a gorge. Meteorology,
the science of the weather, though usually classified as a branch of
geology, is sometimes called the physics of the atmosphere.

The boundaries between subjects are breaking down as knowl-
edge grows. Itis difficult to draw the line between chemistry and
physics. Formerly there was a gentlemen’s agreement whereby the
physicist stayed outside the molecule while the chemist roamed
within; but electricity, the physicist’s proper tool, has recently led
him straight into forbidden territory, the heart of the atom, which
i many cases he has taken apart.

One crude distinction, practical but rough, can be made. Chem-
istry 1s interested 1n substances without regard to size or shape, and
with their combinations or disintegrations to form other sub-
stances. The physicist has a greater interest in the behavior of
objects which are composed of the chemust’s substances. For ex-
ample, the physicist would stress the action of a glass camera lens
m focusing light to form an image, while the chemist emphasizes
the composition of the glass and the development of the photo-
graphic film. But the physicist is also interested in glass as glass,
its electrical insulating properties, its expansibility under heating,
its ability to disperse white light into its component colors. Recent
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progress has dulled the edges of the distinctions which were for-
merly made.

The sciences which deal with living matter necessarily involve
chemustry and physics; for disembodied life has never been found.
Being alive does not relieve matter of the necessity of obeying the
laws of chemistry and physics. Life 1s a property, not yet ex-
plained, of certain forms of matter, and within that living matter
heat and electricity are at work, and familiar mechanical and chem-
ical actions are taking place.

The basic physical sciences are exact. They have gone far be-
yond the stage of mere qualitative description and classification.
Numerical data alone do not form an exact science. An illustra-
ton from the astronomy of the 16th century will make the nature
of exact science clear. Tycho Brahe, the eccentric Danish astrono-
mer, spent his hfe measuring the positions of the planets with
hitherto unparalleled skill. At his death in 1601 he possessed
hundreds of numbers, a bookful of numbers, the most voluminous
and accurate planetary data that had ever been assembled. His
book told where certain planets at certain stated times had stood.
It was history, the first step in exact science. But the relationships
were unknown. One could not predict with certainty from
Tycho’s numbers where the planets would stand.

Tycho’s pupil Kepler inherited the book. After years of patient
study he discovered the laws that lay implicit in the numbers. He
found what we now call Kepler’s laws of planetary motion, three
laws which can be printed in a few inches yet contain vastly more
information than Tycho’s whole book. With the aid of those
laws one can both calculate the past and predict the future move-
ments of the planets.

Physical science gives more than history, something far beyond
mere patient description. It shows the connections and relations,
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it reveals the laws of inanimate nature. Yet even with the laws
at hand, the scienust cannot rest. 'Why? he asks. Why, for ex-
ample, do the planets move in accordance with Kepler’s laws?
A planet cannot violate the law and pay a fine.  What 1nner or
outer compulsion does it obey as it swings so surely, with never a
misstep, through the heavens?

But let us not antcipate too far. Often another, more funda-
mental law is discovered, of which the one in question is a neces-
sary consequence and so is said to be explained. Then we dive
deeper in the sea of truth. In the end we are 1n very deep waters.
Indeed, there come moments when we scem to be looking through
the bottom of the sea, peering as through a glass-bottomed boat
at the bare stripped framework of the universe. In those rare
moments we seem to find ourselves face to face with physical reality
iself, a reality unified yet so strange, so utterly different from the
concrete impressions yiclded by our senses, that the scientist may be
pardoned his license if he turns poet or philosopher, if that be his
bent, and talks of infimty, and of the ulumate fate of a star, and
the roles that free will and chance play, respectively, in the universe.
But he will warn you if he ever leaves the sohid ground of surely
ascertained fact, so that you may match your opinions against
his.

A Look Ahead

But these early pages are not the place to try for the ultimate, or
to constder what one may and may not think about his relation to
the universe of matter. A mind attempting to think without facts
reminds one of a concrete nuxer churning away with no sand or
cement in the hopper. In this book there must be plenty of facts
— but which facts, and how to arrange them, is a problem.
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If the time should ever come when physics is a completed science,
its laboratory gown laid away and the last secret of the physical
universe committed to writing, there will be two sorts of physics
books to be written. One, of historical and human interest, will
recount the long story of man’s devious gropings after truth, a
story 1 which the history of brave struggles and splendid flights
of genius will be mingled with tales of errors and strange inter-
ludes to regale the student of that imagined epoch. The other
work will be a model of deductive writing. It will begin with a
description of the actual structure of either matter or energy,
whichever has gained priority. This will be expressed, no doubt,
in a single mathematcal equation.  The laws of physical action
will then be deduced. The sparkling of a diamond, the flight of a
projectile, the pulsations of a variable star, and all other physical
actions will be fitted neatly into their logical places in that hypo-
theucal text, each shown to be a necessary consequence of the basic
structure or equation of the ultimate physical reality.

Neither of those ideals will be aimed at exclusively here. The
truth about nature could of course be culled from among the
errors which would fill so many pages if the historical method were
used, and the reader would gain a basis for appraising and under-
standing the present. One would also come to see why science has
been forced to give up many ideas which once seemed reasonable.
The world at bottom is vastly different from the simple concepts
which we get by kicking a stone (the act by which Samuel John-
son thought to discredit Bishop Berkeley’s philosophy of sensa-
tional idealism). But the story would be very long. It would
not present the actual truth in the neat logical order of the analyti-
cal method. It would not reveal so clearly how it is that apparently
unrelated phenomena of nature are really closely connected. Ex-
perience shows that to see the relation of one action or event to



SCIENCE AND THE MODERN WORLD ... I3

another does more to make life’s panorama interesting and sig-
nificant than to know isolated facts.

So we adopt a compromise. Without attempting to make the
whole one tightly knit structure of logic we shall divide our study
mto a number of packages. Within each umit the relation of one
fact of nature to another should be looked for. In the first unit,
for instance, it may surprnise the reader to find that the falling of a
stone and the red of the setting sun are related. Many facts will
be omitted 1n order that the account may flow swiftly and the
logical connections stand out clearly.

Finally, the reader 1s asked to remember that this is not an
encyclopaedia. The shelves of the hbrary hold material for every
interest, whether of biography, or the history of 1deas, the techni-
cal details of the practical applications of modern science, or the
philosophical implications of our knowledge. A book of this
character must be looked on as an introduction to a kind of think-
g which has wrought wonders and to a body of knowledge so
great that a sampling must sufhce for the present. Above all, let
us look for relationships. The world 1s a dull flat place for those
who sec every phenomenon as an 1solated happening, unrelated
to anything else. Let us hope that in the end we may have a frame
m which to set the knowledge which we have gained.
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Chapter 2
FALLING

Wiy do we fall when the foot-bridge breaks under us? A simple
question, perhaps, to the modern mind; yet the history of man’s
serious attempts to answer 1t spans two thousand years and the
answer itself, when finally discovered, was found to link us with
the stars.

Aristotle’s Ideas Concerning Up and Down

Why do bodies fall? 'We go back to Aristotle, the Greek phi-
losopher of the fourth century s.c., for one of the earliest discus-
sions of the question. Aristotle taught Alexander the Great; he
studied under Plato n the Golden Age which Pericles had be-
queathed to Greece, and grew up to be Plato’s rival. We look back
to Anistotle through a great parade of years fourteen times as long
as the history of the United States; yet today we can read transla-
tions of his writings on ethics, politics, logic, metaphysics, rhetoric,
and the natural sciences.

Anistotle’s explanation of falling presents a curious blend of
observation and preconceived ideas. He had noticed that fire rises,
and he felt that the stars must be perfect. Therefore the direction
up was good, and fire was good. Conversely, the direction down
was bad; and the four elements of which he thought our world to
be composed — Earth, Water, Air, Fire —differed in virtue in
accordance with their behavior when free to fall. Every element
had its own level in the world and would go there like a homing
pigeon if we let it. A stone or anything else made of earthy

17
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material ranked lowest in the scale of perfection, and its rightful
place was as close to the earth as it could get. If we release a
stone it will go through fire and air and water to reach its proper
level.

This conception of falling made the center of the earth, of course,
the worst place in the universe, and saw in the act of falling merely
the result of like seeking like. The idea lingers on 1n our figurative
use of the word fallen 1n describing a person. Carrying his idea
further, Aristotle concluded, quite logically, that a large massive
object, say a stone, must fall faster than a smaller stone. The
large stone obviously contained more of the imperfect earthy mat-
ter than the smaller one, and if things fall because they are
imperfect why shouldn’t the worse one fall the faster?

What we are looking for here is the ancient approach to ques-
tions that could be settled by experimenting. Aristotle’s concep-
tion of matter had led him to a very definite conclusion: a heavy
stone falls faster than a light one. It was a logical conclusion; 1t
could be tested in a few moments; and the vahidity of his whole
outlook on inanimate nature hung on the outcome. Yet he never
tried the experiment, though for several yeass he had scores of
assistants who were paid by Alexander the Great to help Arnstotle
gather information for his voluminous writings.

Seeing Is Believing

One day a young man in Italy, Galileo Galilei, decided that he
did not believe a heavy stone would fall any faster than a light one.
He thought to himself, Secing is Believing. Simple and obvious
as that principle may seem now, by voicing it clearly and acting
on it Galileo established his position as the founder of experimental
science.



FALLING . . . 19

The thought of doubting what Aristotle had written was a long
time on the way. J. B. Benedetti criticized Aristotle’s ideas of
motion five years before the date of which we write; but so far as
we can tell nobody except possibly Stevinus of Holland, another
contemporary of Galileo, had ever subjected Aristotle’s ideas about
falling bodies to a crucial test until Galileo tried his famous ex-
periment, and Aristotle had been dead for nineteen hundred years
when Galileo was fourteen years old.

It seems almost unbelievable to us that in all those centuries
nobody should have thought of dropping two stones to see which
one struck the ground first. It would have taken just a few
moments of anybody’s time. Yet the old glories of Greece and
Rome had passed away, the dreary centuries of the Dark Ages had
run their course. The eight Crusades, though they filled nearly
two centuries with blood and excitement, were an almost forgotten
incident. Only now were a few brave men beginning to poke their
heads up through the clouds of superstition which had smothered
mankind for so many centuries.

Columbus had discovered the New World in 1492. Thirty years
later one of Magellan’s ships, having left its stout-hearted captain
dead 1n the Phulippines, cast anchor near Seville, the first ship to
sail around the world. In the year 1543 Copernicus had published
a book that shattered the beautiful crystalline spheres which an
ancient Greek astronomer, Eudoxus, had invented about 370-
360 B.C. to carry the moon, the sun, and all the planets and stars
in circles around the earth. Copernicus showed that the earth
wself, and all the planets go around the sun. Now Galileo was
about to discover a world greater than Columbus’, because he had
the imagination and the courage to say, Secing is Believing.
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What They Said to Galileo

At this time Galileo was a young professor in the University of
Pisa, in Italy. Queen Elizabeth was ruling in England. Shake-
speare had recently come up to London. Protestants were being
slaughtered in Spain, and in England Catholics were being hung,
drawn and quartered. Martin Luther, the leader of the German
I'{cformzmon, had been dead for forty-four years, and Henry the
Eighth for forty-three. Printed books had been circulating in
Europe for nearly a century and a half. The ancient clepsydra,
the water-thief, which marked the passage of time by the slow
flow of water through an onfice, was sull competing with the
newer clocks driven by weights or springs.

When Galileo told his fellow professors what he was going to
do they opened their books and showed him what Anistotle had
written. “ Why go to all the trouble of dropping your weights? ”
they asked him. “ Anstotle tells what will happen. Besides, if
you drop them from the leaning tower you will certainly be seen.”
They went on to caution Galileo against the blasphemy and danger
of doubting Aristotle, and added that he might not be as lucky as
Copernicus, who, they said, had gotten off easily because he died
as soon as his book came out.

Part of what Galileo’s colleagues told him was true. But they
should not have said that Copernicus was lucky 1n dying as soon
as his book came out. They should have said that Copernicus
would not let the printers print his book until he knew he could
not live much longer. He knew that the world would not be a
safe place for him after those in power had read his book.
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Copernicus Refutes Ptolemy

In that book Copernicus showed that the earth and the other
planets revolve about the sun. It was the truth, and he knew it
was the truth, and though it had been suggested by Aristarchus in
the third century B.c. it was now being told more convincingly
than at any time since man had walked. But it was not what the
Greco-Egyptian astronomer, Claudius Ptolemy, had said 1n his
famous book, the Almagest. For the fourteen hundred years from
Ptolemy to Copernicus people had believed that the sun, planets,
and stars all revolved around the earth. Theybelieved thisbecause
Ptolemy had said so. Besides, they found it pleasant to believe
that the earth was the center of all things. It made them feel
important. It 1s hard for us to understand how two men, Aris-
totle and Ptolemy, could rule men’s thoughts about nature for so
many centuries.

According to Ptolemy, the earth did not move, and Copernicus
knew that to say it did move would bring punishment, perhaps
torture and death, down upon him. So for seventeen years he kept
his discovery secret from all except those whom he considered his
friends. Even so, the word of his beliefs got around, and he suf-
fered persecution. He waited until almost the last minute before
giving the manuscript to a publisher. The first printed pages of
his great work were put into his hands as he lay dying. He could

feel them but he could not see what he had wricten. Later in the
day, he died.

Galileo Tries an Experiment

Hundreds of people are said to have gathered on that day in
1590 to watch young Galileo drop two balls, one heavy, one light,
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from the leaning tower of Pisa. He climbed the 180 feet to the
top of the tower knowing very well that what he was about to do
was revolutionary.

Galileo dropped the balls. They reached the ground at the same
instant.  They fell side by side all the way. So Anstotle had been
wrong all those centuries! Now here was something that had to
be explained. Why didn’t the heavy ball fall the faster? But
many of the spectators merely said it did. They were so used to
believing what they were told that they would not believe their

own cyces.

Bruno Tells the Truth

Now a struggle was on. Galileo and Copernicus versus Aris-
totle and Ptolemy! Aristotle and Ptolemy had been dead a long
time, but their followers were very much alive. Copernicus, too,
was dead, though not so very long, and he also had a follower.
Giordano Bruno had read what Copernicus had written, and he
wanted everybody to know the truth. In his enthusiasm he went
up and down Italy, telling everybody that the earth did move.
He said it was only one of a number of worlds that all moved
around the sun, he said the stars were suns like ours, and he said
that some of those suns probably had worlds hike the earth revolv-
ing around them — other worlds that perhaps bore Living men,
men hiving and breathing and thinking.

This was too much for the arbiters of opinion. What were men
coming to? Galileo was proving that Aristotle was wrong, and
Bruno was telling people that the earth was not the only important
place in the universe. Bruno was not as great a man as Galileo,
so they took action against him first. They burned him to death
at the stake in the year 1600 on the Piazza dei Fiori in Rome.
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Galileo Looks at the Moon

Galileo went boldly on. He had proved that Aristotle was
wrong in saying that a heavy object must fall faster than a light -
one, but he himself was not sure why objects fall at all. He did
not know what weight was. Of course Galileo’s discovery showed
that falling was no proof of imperfection or inherent evil in matter,
for after all Anistotle’s prediction was the logical result of his con-
ception of inanimate nature.

Thus Galileo had undermined one superstition, helping to free :
men’s minds from the fear of evils that did not exist, and now he
went on to other studies. He never did find out why bodies fall,
which is the question we started with at the beginning of this
chapter; but he made some splendid discoveries about moons
which helped Sir Isaac Newton later to find the answer to our
question, so we take a moment to consider moons.

It may seem strange that it was a study of the moon that taught
us why objects fall. There are other instances 1n history like that.
In 1868 Lockyer discovered an unknown substance in the sun,
which he called hehum. Many years later, in 1895, a chemist
named Ramsay discovered helium in a rare mineral named
cleveite, and later in the same year another chemust, Kayser, found
that we had been breathing helium all the time. It was 1n our own
air. Now we extract helium by the ton from the gas wells of
Texas, Oklahoma, and Colorado, at a cost of a few cents per cubic
foot, and use it to fill our airships, like the ill-fated Macon, to
make them float in air.

So Galileo studied moons with a telescope which he had made.
It was not the first telescope, but it was the first telescope that was
used to make worth-while discoveries. In 1609 he pointed it at
our moon and found mountain ranges and broad plains, towering
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Ficure 1. The Moon, nearly five days after the full phase. The
crater from which bright rays radiate near the middle of the photo-
graph is Copernicus. The dark area below Copernicus, bounded at
the left by mountain ranges, is Mare Imbrium. See the labeled pho-
tograph, Fig. 15, for key to lunar features. The sunset line is at the
left. (Photographed at Mount Wilson Observatory.)
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jagged uplands and deep craters. After twenty-one centuries of
uncertainty an idea first advanced by Anaxagoras was proved to be
correct. The moon was an earthy object out there in space. There
was real ground on its surface. A geography of the moon —we
should say, selenography — was possible. Galileo held his breath.
It was a beautiful sight, to be sure, and he was the first man in all
the ages to see the moon as it really was. We look at the heavens
nowadays through telescopes that make Galileo’s homemade in-
strument seem weak and puny, but what he saw through his pro-
duced a revolution in the thinking of mankind.

Arguing the Spots off the Moon

Galileo called hundreds of people to look at the moon. Noble-
men came, and bishops of the church, college professors and hun-
dreds of others. What many of them said, even some of the
professors, sounds strange in modern ears. Their argument ran
somewhat as follows:

“ Aristotle says that the moon, being a heavenly body, must be
perfect. Being perfect, it must be perfectly round, which is the
only perfect shape. So, Galileo, the moon cannot have any spots
on it. It cannot have these craters, mountains, and dark spots
on it. They seem to be there, but that only proves that there are
devils in your telescope. This thing which you have made to look
through is a thing of evil, and you must be possessed of devils to
make a tube that shows things which we know cannot be true.
Take care how you cast doubt on Aristotle.”

Here, with a vengeance, was a gospel of perfection. Once again
men would not believe their own eyes. But let us not feel su-
perior. Nearly a century later, in 1692, nineteen Americans swung
in a single year from the gallows in Salem, Massachusetts, executed
by their fellow townsmen for fancied commerce with the devil.
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Fiure 2. The 1oo-inch reflecting telescope, Mount Wilson Ob-
servatory.
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Jupiter's Satellites

Galileo went on, conquering a new universe for mankind. He
pointed his telescope at the brilliant planet Jupiter, and Lo and
Behold! he found four moons revolving around Jupiter as satellites.
We have found five more since then, nine in all. A tenth has
been announced and awaits confirmation. But Galileo discovered
four, and that was quite a plenty for the time. There before him
in the heavens he saw happening the same sort of action that
Copernicus had described in his book. He saw four moons re-
volving around Jupiter, exactly as Copernicus had said the earth,
Jupiter and the other planets revolved around the sun. It was a
solar system in miniature. It was visible proof that what Coperni-
cus had said was at least possible.

Even a small modern telescope, say one with a two-inch lens
and a magnifying power of 30 times, will show more clearly than
Galileo’s showed him, this splendid system of moons. If you look
at the moons twice, on different nights, or even twice the same
night at an interval of several hours, you will see that the four
moons which are visible through small telescopes have changed
their positions. You may see one come out from behind Jupiter
while you watch, you may see one disappear in Jupiter’s shadow.
Perhaps two will move past each other while you are looking.
These moons of Jupiter move regularly. One thinks of a clock
that never needs oiling or winding, a clock set in the heavens, with
nine hands each tipped with a moon. We could tell time by them
century after century by studying them closely. We look at this
celestial clock not face-on, but from the side in approximately the
same plane that contains the orbits of the moons, so they seem
to be moving back and forth in a line.

Would poets wax more romantic, we wonder, or less, if they
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Ficure 3. The planet Jupiter at different times. Note the cloud
bands parallel to the equator, the equatorial bulge, and, on two of the
photographs, the shadow cast by one of Jupiter’s moons. (Photo-
graphed at Mount Wilson Observatory.)
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could stroll on this planet that has nine moons, four of them
prominent bodies in the sky? Four moons the casual observer on
Jupiter would notice especially, the most conspicuous one of the
four looking the size of ours, and the least, one-third that large —
all moving at different rates, all moving more swiftly through
space than ours, and all appearing to move very fast on account
of the rapid spinning of Jupiter. One moon might be rising, an-
other setting, at the same time. Another might be high in the
heavens, and once in a while all four would be visible, showing
different phases. You could have a new moon, a first quarter,
and two nearly full. Or perhaps you would prefer four new moons
close together in the Western sky shortly after sunset.

So now it was hard to believe that the earth was the center of
all things. The earth did not seem to be quite as important a place
as Ptolemy had said, and men’s minds could expand and dwell on
the new glories of the universe. But expansion may be a painful
process. The men who ruled Italy wanted everything to be as
they had always thought it.

They wanted the planets and the stars to revolve around the
earth, they wanted the earth to be fixed and motonless, they
wanted the earth to be the center of all things, so that man, who
lived there, would surely be the most important object in the uni-
verse next to God. If they could not rule the heavens by waving
their scepters, they could at least threaten Galileo with torture if he
did not keep quiet. They could make him recant, and imprison
him, and they finally did.

Galileo spent the last years of his life a prisoner in his own
house, a prisoner old, sick, blind, almost friendless. But what a
world he gave us before bowing to the authorities! We have
merely touched on a few of his triumphs.
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Sir Isaac Newton

The year Galileo died there was born in England a child who
was to carry knowledge so far beyond anything hitherto conceived
that so distinguished a scholar as Lagrange could cast caution to
the winds and say of him, “the greatest genius that ever existed,
and the most fortunate, for we cannot find more than once a
system of the world to establish.”

Ancient Greece had given the world a new kind of thinking to
take the place of myths. Poland, after many centuries, had given
Copernicus. Denmark had given Tycho Brahe. Germany had
given Kepler. Italy had given Galileo. Now England gave Isaac
Newton, the problem of the planets was to be solved, and, more
than that, the edifice of scientific truth was to tower suddenly to
splendid heights and command the world’s respect.

Never since Isaac Newton has science been seriously threatened
in democratic countries. True, some universities banned his teach-
ings for a century. Even today some think that the astronomers
who day by day push back the unknown boundaries of the starry
universe are making man small and insignificant in comparison,
and they rebel, just as the ruling powers rebelled in Ttaly when 1t
was proved that the earth was not the center of all things. A need-
less protest! Man is as big as all he knows. Ever since Newton
science has gone steadily on, destroying superstition and the fears
that it engenders, supplanting rule-of-thumb with exact knowl-
edge, showing us how to fight discase, to see far, to travel fast, to
multiply our crops, to alleviate suffering and lengthen life, until
today there are vast possibilities only partly realized for bettering
our lot.

But we wanted to know why objects fall. Newton came, he
found why bodies fall, and in finding out he tied the universe

together.
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A New ldea: Gravitational Attraction

Newton and the falling apple! Newton’s favorite niece, Cath-
erine Barton, who lived with him for many years, told the story
to Voltaire. It may be true. Perhaps the apple falling in the
garden did suggest the idea of gravitation to Newton. At any
rate, he got the idea.  This was in 1665, when he was twenty-three
years old.

Newton was wondering why bodies fall, he was wondering why
the moon goes around the earth, and why all the planets go
around the sun. Copernicus had proved that the planets revolve
wound the sun. Kepler had found the mathematical laws which
lescribe their motion.  Galileo had proved that the moon was a
real body that could go around something, and he had shown
‘hat four moons were actually revolving around Juprter.

It occurred to Newton that perhaps the carth attracts a stone and
makes 1t fall.  And if the earth attracts things near 1ts surface, why
should 1t not attract the moon? And why should not the sun,
then, attract the carth,and why . . . ? But already we see that he
had gotten hold of a bold idea.

Why Falling Bodies Are Accelerated

Newton was already familiar with two kinds of attraction. As
early as the sixth century B.c., Thales of Miletus knew of an at-
traction which we now call electric; and in the eleventh century
a.p. the Chinese were using compass needles magnetized with
lodestones. In 1600, forty-two years before Newton was born,
Queen Elizabeth’s physician, William Gilbert, had written the
first scientific treatise on magnetism. Newton knew that in sug-
gesting a third kind of attraction, gravitational attraction, he was
proposing a new idea which would have to be proved. He recog-
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nized, of course, that the objects in a room do not seem to attract
each other. Probably every object in a room, persons included,
attracted every other object in the room, Newton thought, but the
force was so small that they were not drawn together.

But when one of the objects was large the case might be differ-
ent. The earth has so much stuff in it to attract an object that the
latter might come tumbling to the ground. This would explain
why things all over the earth fall towards it. The idea would do
away with Aristotle’s difficulties about down and up once for all.

Such a force would explain why the motion of falling is ac-
celerated. If the earth’s pull is able to make objects start falling
it is able to make them speed up after they have started. Newton
saw that the falling body would gain speed because the same force
kept pulling it. If the force merely started the body falling and
then ceased to act, the body would move on at an unchanging
speed. But apparently gravitational attraction was not a force
that one turned on and off. It acted all the time, so that the falling
body had to speed up, going faster and faster the longer it fell.

Why Galileo's Heavier Object Fell No Faster

We can imagine that by this time Newton was very much in-
terested in his new idea. He saw that if this new force existed,
it would explain the mysterious result of Galileo’s experiment with
the objects of different weights which he had dropped from the
leaning tower. The extra matter in the heavier object would
cause the earth to attract it with a greater force, but that same extra
matter would also make the object harder to speed up. The two
effects would exactly counterbalance each other. The situation
reminds us of the man whose expenses increased ten dollars every
time his pay was raised ten dollars, so he never got ahead.
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There is something about genius that enables it to see the basic
things which most people overlook and yet which seem to be
perfectly obvious once genius has pointed them out. It was nearly
two thousand years since Aristotle; it was over three thousand
years since the arithmetic and geometry of Ahmése; it was about
six thousand years since Imhotep, the Egyptian physician — and it
was an uncertain number of hundreds of thousands of years since
man began walking this planet. Not until now had a Newton
arisen to explain the behavior of falling bodies by combining force
with the concept of inertia — the latter a seemingly inescapable
fact of our daily experience yet one which had been overlooked
as a basic property of matter until Galileo and one or two of his
contemporaries began questioning Aristotle a few years before
Newton’s time.

If you are riding in a speeding automobile and it stops suddenly,
your body tends to go forward. If the car stops suddenly enough
you go on through the windshield. Why? Your body, like all
other matter, has inertia. It tends to keep on going. If the auto-
mobule is at rest and starts suddenly, your body seems to try to
stay behind. If you are sitting on the spare tire and the car starts
suddenly enough, it leaves you behind. Why? Your body has
inertia. It tends not to move if it is not moving.

In short, bodies neither stop, start, speed up, slow down, nor
change the direction of their motion of their own accord. All
matter has inertia. A force is required to change a body’s state
of motion or of rest. That is Newton’s first law of motion. And
if one object contains twice as much matter as another it has twice
as much inertia and requires twice as great a force for a given
acceleration. The underlying principle here is known as New-
ton’s second law of motion. We have already used it to explain
why Galileo’s heavier object did not outstrip the lighter. The extra



34 ... AN ASTRONOMICAL BODY

inertia of the heavier object offsets the extra force, so all falling
bodies gain speed at the same rate — provided, of course, they are
not so hght that they flutter in the air or are otherwise affected by
the atmosphere. The coin and the feather falling side by side in a
vacuum tube show this very strikingly.

The Moon Is a Falling Body

Turning now to the earth and the moon, Newton decided that
even though the two bodies are much farther apart than one of us
and the earth, they might still attract each other strongly. Each
had a large muss to help in the attracting. He began to think of
the moon as a falling body.

One of the most difficult ideas to grasp 1s that bodies may exist
in space with no supports to rest on.  What holds them up? One
might also ask, Why should they need to be held up? If one pic-
tures a star several millions of milhions of miles from anything else
in the universe, which direction would down be?  Why should 1t
fall? Why should it need any support? If it were to fall, in
which direction would it start? Why should it start in that
direction rather than in some other direction?

Ideas Iike these kept running through Newton’s head. But in
the case of the moon, our next-door neighbor 1n space, the force of
attraction which Newton conceived would cause it to fall. The
moon is a free untethered body in a vacuum. The shghtest unbal-
anced force would make it fall. A tiny tug plying its trade 1n the
harbor can get an ocean liner moving if it keeps on pushing or
pulling. Could the moon fall century after century and yet never
collide with the earth?  Would there be no need of a super-wharf-
muan to fend it off with his boathook ?

Newton thought he saw the answer. He lived a century and a
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‘DOWN’IS
RELATIVE

Gravitation determines the downward direction.
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half too early to enjoy Lewis Carroll’s masterpiece, Alice in Won-
derland, but the answer he gave suggests Alice’s experience of hav-
ing to run as fast as she could to stay in the same place. Newton
said the moon could keep on falling towards the earth without get-
ting any closer.

What would happen, he asked himself, if the earth did not at-
tract the moon? The moon would be a casual visitor, flying past
us once and then going on in a straight line out into the depths
of space, never to return — a beautiful stranger that once passed
our way, leaving awe and great stories in its wake. He said if it
were not for gravitation we should not have our moon. Objects
naturally keep on going in straight lines if they are once set in mo-
tion. It takes force to make them move in curved paths, a force
pulling towards the center. So he said the moon is a falling body,
falling just fast enough towards the earth to keep from getting
any farther away. If the moon were not a falling body, he re-
flected, we'd lose it; and if the moon ever lost its speed, it would
come smashing into the earth.

Newton Tests Gravitation

But was it all true? The theory seemed so beautiful, it scemed
‘0 explain so many mysteries, including the whole Copernican sys-
tem of planetary motion, that by this time we can imagine Isaac
Newton hoping it was true. He set out to test his hypothesis.
How he proved it is a long story which we shall not consider in full
detail. He expressed his conception of gravitation in a mathemati-
zal law which agreed with, and completely explained, Kepler’s
aws of planetary motion. Then he calculated how the moon
would move if his law of gravitation was correct. He reasoned
hat if, on studying the moon, he should find it moving exactly as
nis law of gravitation predicted, the law must be true.
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Part of the calculation was very simple, but there was one point
that was difficult enough to cause Newton a good deal of trouble.
The gravitational attraction between two bodies, as he conceived
it, depended on the distance between them, and the different parts
of the earth were at different distances from the center of the moon.
Likewise, the different parts of the moon were at different distances
from the center of the earth. This phase of his problem was so
difficult that all the mathematics known at that time would not
solve it.

Anthmetic, algebra, geometry and trigonometry were not
enough. So Newton used a new kind of mathematics of his own
invention. He called his new mathematics fluxions. We call it the
calculus. In the two centuries since Newton died, we have been
able to solve thousands of problems of great practical importance,
hundreds of different kinds of problems, which cannot be solved
without the calculus. To select one example from many, the the-
ory and applications of alternating electric currents would still
be rudimentary if the calculus had been lacking. No 