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Wiat natural laws rule the heavems? How do the planets
move? What keeps them in orbit?These are questions humans
have attempted to answer for thousands of years. It has taken
scientissts of bold vision and daring to bring forth the answers.
In The Ilustrated Om the Shoullirs of Giamss, you will
encounter five such visionaries: Nicolaus Copemitus, Galileo
Galilei, Johannes Kepler. Iszac Nlewtom, and Albert Einstein.
Wihat makes this book truly groundbreaking is that it
includes the most relevant excerpts from the master works of
each—gjiiving you the opportumity to peer into the minds of
genius and read exactly what these men thought. In this sim-
gle volume, you wiill find excerpis from original papets from
Albert Einstein, first published in The Prirciple of Riethafivity,
plus abridged versions of Ow the Rewalitives of Hieauenly
Sphenes by Niicollaus Caopemiius, Dialgues Concering Tivo
Naw Sciences by Galileo Gallilei, Harmanies of the World (Book
Five) by Johanmes Kepler, and Principia by lsaac Newton.,

These are the works that changed the course of science,
ushering astronomy and physics out of the Middle Ages and
into the modern world. As you read them, you will be able
to trace the evolution of science from the revalutionary
claim of Niicolaus Copemiicus that the Earth orbits zround
the Sun to the equally revolutionary propusal of Albert
Einstein that space and time are curved and warped'by mass
and energy. What few people realize is that Einstein built on
a litdls-known theory of Galileo’s called the principle of rel-
ativity—further evidence that science advances through a
series of incremental changes.

The book tells a compelling story. As theoetiical physicist
Stephen Hawking notes in his introduction, “Both
Copemiicws and Einstein have brought about profound
changes in the way we see our position in the order of things.
Gone is our privileged place at the center of the wniverse,
gone are eternity and certainty, gone are Absolute Time and

Space.”
(Conttinadd on back flep)
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A N OTE O N THE TEXTS

The texts in this book are excerpts from translations of the original, printed
editions. We have edited for American style and consistency. Text removed from

the original manuscript is indicated by a short line. Here are other relevant details:

On the Revolutions of Heavenly Spheres, by Nicolaus Copernicus, was first pub-
lished in 1543 under the title De revolutionibus orbium colestium. This translation

is by Charles Glen Wallis.

Dialogues Concerning Tivo New Sciences, by Galileo Galilei, was originally pub-
lished in 1638 under the title Discorsi ¢ Dimostrazioni Matematiche, intorno a due
ntoue scienze, by the Dutch publisher Louis Elzevir. Our text is based on the

translation by Henry Crew and Alfonso deSalvio.

‘We have selected Book Five of the five-book Harmonies of the World by Johannes
Kepler. Kepler completed the work on May 27, 1816, publishing it under the
title, Harmonices Mundi. This translation is by Charles Glen Wallis.

The Principia, by Isaac Newton, was originally published in 1687 under the title
of  Philosophiae naturalis principia mathematica (The Mathemartical Principles of

Natural Philosophy). This translation is by Andrew Motte.

We haven chosen seven works by Albert Einstein from The Principles of
Relativity: A Collection of Original Papers on the Special Theory of Relativity, by H.A.
Lorentz, A. Einstein, H. Minkowski and H. Weyl. The entire collection was orig-
inally published in German, under the title Des Relativitatsprinzip in 1922. Our

text comes from the translation by W. Perrett and G.B. Jeffery.

The Editors

Shown on the opposite page is the universe according to Ptolemy. One of the most
influential Greek astronomers of his time (c. 165 B.C.E.), Ptolemy propounded the
geocentric theory in a form that prevailed for 1400 years.



Ptolemyss view of the sum, the planetss, and the stars have long been discarded, but our perceptiones are still Prolkanasic. e look to
the east to see the sun rise (whem in relation to Eamt it is stationaryy); we still weatieh the Heawans tovs over us dnd use the it
soutth, east, west directions, ignoviny the fact thar our Eantl) is:a globe.



INTRODUCTION

“If I have seen farther, it is by standing on the shoulders of giants,” wrote Isaac
Newton in a letter to Robert Hooke in 1676. Although Newton was
referring to his discoveries in optics rather than his more important work
on gravity and the laws of motion, it is an apt comment on how science,
and indeed the whole of civilization, is a series of incremental advances,
each building on what went before. This is the theme of this fascinating
volume, which uses the original texts to trace the evolution of our pic-
ture of the heavens from the revolutionary claim of Nicolaus Copernicus
that the Earth orbits the sun to the equally revolutionary proposal of
Albert Einstein that space and time are curved and warped by mass and
energy. It is a compelling story because both Copernicus and Einstein
have brought about profound changes in what we see as our position in
the order of things. Gone is our privileged place at the center of the uni-
verse, gone are eternity and certainty, and gone are Absolute Space and
Time to be replaced by rubber sheets.

It is no wonder both theories encountered violent opposition: the
inquisition in the case of the Copernican theory and the Nazis in the
case of relativity. We now have a tendency to dismiss as primitive the ear-
lier world picture of Aristotle and Ptolemy in which the Earth was at the
center and the Sun went round it. However we should not be too scorn-
ful of their model, which was anything but simpleminded. It incorporat-
ed Aristotle’s deduction that the earth is a round ball rather than a flat
plate, and it was reasonably accurate in its main function, that of predict-
ing the apparent positions of the heavenly bodies in the sky for astrolog-
ical purposes. In fact, it was about as accurate as the heretical suggestion
put forward in 1543 by Copernicus that the Earth and the planets moved
in circular orbits around the Sun.

Galileo found Copernicus’ proposal convincing not because it better
fit the observations of planetary positions but because of its simplicity and
eleg;rance, in contrast to the complicated epicycles of the Ptolemaic
model. In Dialogues Concerning Tivo New Sciences, Galileo’s characters,

Salviati and Sagredo, put forward persuasive arguments in support of
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Copernicus. Yet it was still possible for his third character, Simplicio, to
defend Aristotle and Ptolemy and to maintain that in reality the earth was
at rest and the sun went round the earth.

It was not until Kepler’s work made the Sun-centered model more
accurate and Newton gave it laws of motion that the Earth-centered pic-
ture finally lost all credibility. It was quite a shift in our view of the uni-
verse: If we are not at the center, is our existence of any importance? Why
should God or the Laws of Nature care about what happens on the third
rock from the sun, which is where Copernicus has left us? Modern sci-
entists have out-Copernicused Copernicus by seeking an account of the
universe in which Man (in the old prepolitically correct sense) played no
role. Although this approach has succeeded in finding objective imper-
sonal laws that govern the universe, it has not (so far at least) explained
why the universe is the way it is rather than being one of the many other
possible universes that would also be consistent with the laws.

Some scientists would claim that this failure is only provisional, that
when we find the ultimate unified theory, it will uniquely prescribe the
state of the universe, the strength of gravity, the mass and charge of the
electron and so on. However, many features of the universe (like the fact
that we are on the third rock, rather than the second or fourth) seem
arbitrary and accidental and not the predictions of a master equation.
Many people (myself included) feel that the appearance of such a com-
plex and structured universe from the simple laws requires the invocation
of something called the anthropic principle, which restores us to the cen-
tral position we have been too modest to claim since the time of
Copernicus. The anthropic principle is based on the self-evident fact that
we wouldn’t be asking questions about the nature of the universe if the
universe hadn’t contained stars, planets and stable chemical compounds,
among other prerequisites of (intelligent?) life as we know it. If the ulti-
mate theory made a unique prediction for the state of the universe and
its contents, it would be a remarkable coincidence that this state was in
the small subset that allows life.

However, the work of the last thinker in this volume, Albert Einstein,

raises a new possibility. Einstein played an important role in the develop-
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ment of quantum theory which says that a system doesn't just have a sim-
gle history as one might have thought. Rather it has every possible his-
tory with some prohahility. Einstein was also almost solely responsible for
the generall theory of relativity in which space and time are curved and
become dynanic. Thils means that they are subject to quantum theory
and that the uniiverse itself has every possible shape and history. Miest of
these histories will be guite unsuitable for the development of life, but a
very few have all the cenditions needed. It doesn’t matter it these few
have a very low probabiliity relative to the otheis: The liteless universes
willl have 119 ene t6 observe them. It is sufficient that there s at least one
histery in whieh lite develeps, and we ouiselves are evidence toF that,
theugh maybe net for intelligence. Niewten said he was "sianding on the
shoudlerers oF gantsrs. But 88 this velume illustrates s8 well, sur wRderstand-
ing deesn't advanes just By Sow and steady building en previevs werk:
Sometimes 5 with €opermicys and Einstein, we have te make the intel-
lectual leap t8 2 Rew weord picture. Maybe Newten sheuld have sdd,
“F it the SISy O 9aRSs 85 & sp/iibaRd”






Aicolans C’o/wmiwu ( 1473-1543 )

HIS LIFE AND WORK

Nicolaus Copernicus, a sixteenth-century Polish priest and mathemati-
cian, is often referred to as the founder of modern astronomy. That cred-
it goes to him because he was the first to conclude that the planets and
Sun did not revolve around the Earth. Certainly there was speculation
that a heliocentric—or Sun-centered—universe had existed as far back
as Aristarchus (d. 230 B.C.E.), but the idea was not seriously considered
before Copernicus. Yet to understand the contributions of Copernicus, 1t
is important to consider the religious and cultural implications of scien-
tific discovery in his time.

As far back as the fourth century B.C.E., the Greek thinker and
philosopher Aristotle (384-322 B.C.E.) devised a planetary system in his
book, On the Heavens, (De Caelo) and concluded that because the Earth’s
shadow on the Moon during eclipses was always round, the world was
spherical in shape rather than flat. He also surmised the Earth was round
because when one watched a ship sail out to sea one noticed that the hull
disappeared over the horizon before the sails did.

In Aristotles geocentric vision, the Earth was stationary and the
planets Mercury, Venus, Mars, Jupiter, and Saturn, as well as the Sun and
the Moon performed circular orbits around the Earth. Aristotle also
believed the stars were fixed to the celestial sphere, and his scale of the
universe purported these fixed stars to be not much further beyond the
orbit of Saturn. He believed in perfect circular motions and had good
evidence to believe the Earth to be at rest. A stone dropped from a tower

fell straight down. It did not fall to the west, as we would expect it to do
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if the Earth rotated from west to east. (Aristotle did not consider that the

stone might partake in the Earth’s rotation). In an attempt to combine

physics with the metaphysical, Aristotle devised his theory of a “prime

mover,” whiich held that 2 mystical force behind the fixed stars caused the

—— cireular motions he observed. This model of the univeise was

accepted and embraced by theologians, who often imter-

preted prime movers a6 angels, and Atistodle’s vision

enduted for eenturies. Many medern schelais believe

univeisal acceptanee of this theery by religious

autheritiies hindered the progress of seienee, & (o

ehallenge Afistotile’s theeriies was te eall iAte gues:
tien the autherity of the Chureh itself.

Five centuries after Aristotlles death, an

Egyptian named Claudius Ptolemaeus (Ptolemy,
87—150 C.E.), created a model for the universe that
more accurately predicted the movememis and actions of
spheres in the heavens. Like Aristotle, Ptolemy believed the
Earth was stationary. Objects fell to the center of the Earth, he rea-
Prollennyjss geocentticz model soned, because the Earth must be fixed at the ecenter of the wniverse.
of the wriverse. by olemy ultimately elaborated & system in which the celestial bodies
moved around the eireumferenee of their own epieyeles (2 eifele in
whieh 2 planet meves and whieh has a eenter that is itself earried around
at the same time on the eireumference of a larger €eirele. To Accomplish
this, he put the Earth slightly off eenter of the universe and ealled this
flew eenter the “equant”"—an imaginary peint that helped him account
for gbservable planetary mevemens. By eustom designing the sizes of
gireles, Pialemy was better sble to prediet the metions ot celestial Hod-
{es. Western Christendsm had liftle quariel with Pielemys gegsentrie
system, which 1eft Fo8M iR the universe BeRind the fixed Sars 8 AHM:
medate 2 heaven and 2 hell, 3nd 8 the Ehvich 2dopted the Piolemaic
medel 8t the universe 8 &ruth:
Aristotle and Ptolemmys picture of the cosmos reigned, with few sig-
nificant modiitications, for well over a thousand years. It wasn't until 1514

that the Polish priest Nicollaus Copermicus revived the heliocentric
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modell of the universe. Copermicus proposed it merelly as a modiel for cal-
culating planetary positioms, because he was concerned that the Church
might label him a heretic if he proposed it as a description of reality.
Copemmiicus became convinced, through his own study of planetary
motiions, that the Earth was metelly anothet planet and the Sun
was the center of the univeise. This hypotfirsis became
known as a hellocenttic modell. Copeiieus” break
through marked one of the greatest paradigm shifts
in werld history, opening the way te medern
astronomy and broadly affecting scienee, philese-
phy; and religion. The elderly priest was hesitant
te divulge his theeny; lest it preveke ChureRh
autheriidies te 2y angry respense, and se he with-
held his werk from dl but & few AWANGMELS:
Copericys’ 1sndmark Pe Rewulianipss was pub-
lished whifle he was R his degthbed, iR 1543. He did
Ret live 1eng eneugh to witness the chaes his helioeentrie
thesry weuld eause:

Copermiicus was born on February 19, 1473 in Torun, Poland, into
a family of merchants and muniiciipal officials who placed a high prior-
ity on education. His uncle, Lukasz Watzentode, prince-bishop of
Ermilland, ensuted that his nephew received the best academiic traiming
available in Poland. 1n 1491, Copeifiieus enrollled at Cracow Univesity),
whete he putsued a couise of genetral studies for four yeais before
traveling to Italy to study law and medicine, a was commeon practice
among Pelish elites at the time. Wihile studying at the Universlty
of Bologna (where he woulld eventuallly become a professor of atiom-
emy). Copeitiices beaided a the heme et Domemicd Maria de
Nevara, the repewhed mathematician of whem Ceperdikys weuld
ultimately beeeme a dissiple. Noxara was 3 eritie of Prollemy, whese
second-eentury astronemy he regarded with skepticism. tR Nevember
1500, Copericys 8bserved & lunar eelipse in Rome. Altheugh he spent
the next few years in ttaly studying medicing, he never lest his passion
for AsORemY:

——

_—
—_——

Copermituss” heliocenttric modell of

the wniverse.
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lumnar celi}igest:i SYBD@hast

stimuathteed Chpernicusintierestest

16

in aattronomy.

Afteramaeivigothihed segreeo DB oginroHICERONNL by C Copativiess
practiced medicine at the episcopal court 0f Heillsberg, where his uncle

lived: Beyalty and high clergy requested his medical serviess; But
Eopsrmicis Pert most of his tims in services of the pesr: I 1363; he
returned te Poland and moved inte his unales bishepric palace 1A
Lidzbark Warmwnski- There he tended t6 the admimistrative matters of the
disesss; a5 well 2 serving as an advisor to his uncls: Atter his ungle’s death
in 1313, Eopsrmicys meved permansily te Frauenburg and weuld
spend the rest of his life in prisstly service: But the man whe was a sdrel-
aF in mathemaiis, medicing, and theology Was enly beginning the werk
for which he weould become best known.

In Marsh of 1513, Copemmiisus purchased 800 building stenss and a
barrel of lime from his chapter so that he could build an observation
tower. There, he made use of astronomiisal instruments sueh as quadrants,
paraliactics, and astrolabes to observe the sun, moen, and stars. The fol-
lowing year, he wrote a brief Cormmamsryy on the Tiheories of the Motions of
Filaquayly OMed stfoom Tleair Mrsagsoenents (Dle hyoatkasibus tatumm cogdesdinm
a se congtitutis commentariolus), but he refused to publish the manuscript
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and only discreedy circulated it among his most trusted friends. The
Cormmentaryy was a first attempt to propound an astronomiical theory that
the Earth mowes and the Sun remains at rest. Copermicus had become
dissatisfied with the Aristotelian-Ptolemniic astronomiical system that had
dominated Western thought for centuriies. The centet of the Earth, he
thought, was net the center of the univeise, but merely the center of the
Mooms otbit. Copericus had come to believe that apparent perturba-
tions in the observable meotion of the planets was a result of the Earth’s
ewh rotation areund its axis and of its travel in otbit. “We revelve aiouhd
the Sun,” he eoneluded in Commniaiy, “like any ether planet.

Despite speculation about a Sun-centered universe as far back as the
third century B.C.E. by Aristarchus, theologjans and intellectuals felt
mote comfortable with a geocentric theony, and the premise was barely
challenged in earnest. Coperfiicus prudentlly abstained from discdosing
any of his views In publiie, preferring to develop his ideas quietly by
exploring mathemaiiical ealeulations and drawing elaborate diageams, and
to keep his theoties from elreulating outside of a seleet group of friends.
Wihem, 1n 1514, Pepe Les X suinmoned Bishep Paul of Fossombrone to
teeruit Coperticus to offer an opinion on referming the ecelesiastical
&glendar, the Pelish asironemet replied that knewledae of the metions of
the SuR and Mieen in relatien te the length of the year was insutficient
te have any Bearing oA reform. The ehallenge must have presesupied
Copernicyss, hewever, for he Iater wrete te Pepe Paul iil, the same pope
whe cemmissioned Michagiangele te paint the Sistine Chapell, with
some relevant gbservatians, which 1ter served t8 form the foundatien of
the Gregerian eslendar seventy years 1er:

Still, Copermiicus feared exposing himself to the contempt of the
popullace and the Church, and he spent years working privately
to amend and expand the Commeniaryy. The result was Or the Revolutions
of Fewenyly Spreeses (D2 Ruoolintionsbus Otbinyn Cheidgitingn) wihich he oom-
pleted in 1530, but withheld from publication for thirteen yeats. The risk
of the Chuneii’s condemmation was not, howevet, the only reason for
Copertiicus’ hesitaney to publish. Copetmiicus was a perfectioniist and
considered his observations 1n constant need of verification and revision.

PTOLEMY USING AN
ASTROILABE

Prollemyy was often confused with

the Egypitann kings, so he is
showm wearing a aroowm.

7
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Tiheolbyyy and Aksstomeomyty in
discourse. Tiew Churot: expected
theories of astroromsy to be
consistent! wiith official

doctrines of theology.
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He continued to lecture on these priincijples of his planetary theony, even
appearing before Pope ClementWiIlL, who approved ol his work. In 1536,
Clement formally requested that Copermicus publish his theoriies. But it
took a former pupil, 25-year-old Georg Joachim Rlieticus of Germany,
who relinquished his chait in mathematies in Wittenberg so that he could
study under Copemiicus, to petsuade his master to publlish Om the
Revelltitns. 1n 1540, Ritatieus assisted 1n the editing of the wotk and pre-
sented the manuseript to a Luthefan printer in Nunembeng, ultimately
giving birth te the Copeimiican Revolution.

When Om the Revoluions appeared in 1543, it was attacked by
Peotestant theollogjians who held the premise of a heliocenttic universe
to be unbifbllical. Copetnicus’ theoties, they reasoned, might lead people
to believe that they are simply part of a natusal order, and not the mas-
ters of natuie, the center around which natute was ordeted. Beeause of
this elerieal opposition, and perhaps also general ineredulity at the
prospeet of a non-geocenific Univeise, between 1543 and 1600, fewer
than a dezen scientists embriaced Copeimican theony. Stll, Copernieus
had dene nething te resolve the major preblem facing any system in
which the Earth retated en iis axis (aAd revelved around the Sun), Rame:
Iy, hew it is that terrestrial bedies stay with the retating Earth. The snswer
was propesed By Gistdane Bruno, s 1talisn scientist and avowed
Eopeitican, whe suggested that spaee might have ne bewdaiies and
that the selar system might be sne of many sueh systems iR the dniverse.
Brune alse expanded on some purelly spesuliative freas of asironemy that
Eoprrmicys did net explere in O the Rewuians. IR his whitings and jee-
tures, the 1talisn scientist Reld that there were infinite werds in e Ypi-
verse with inteiligent life, some perhaps with BEiRgs SHBErar I8 hHmans:
SHER aHdacity Brought Brung 8 e attentisn gt e Rquisition, which
tried apd condemped Aim fOF his heretical Belisks: Hie was Buraed & he
stake in 1696:

On the whalle, howewer, the book did not have an immediiate impact
on modern astronomic study. In Om the Revalistions, Copermicus did not
actually put forth a heliocenttic sysiem, but rather a heliostatic one. He
considered the Sun te be net precisely at the center of the univeise, but
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only close to it, so as to account for variations in observable retrogression
and brightmess. The Earth, he asserted, made one full rotation on its axis
daily, and orbited around the Sun once yearly. In the first section of the
books six sections, he took issie with the Ptolemaic system, which
placed all heavenly bodiies in orbit around the Earth, and established the
cortect heliocentriic order: Mercunyy, Venus, Mars, Jupitet, and Saturn (the
six planets known at the time). In the second section, Coperiicus used
mathemmatiies (namely epicyclles and equanis) to explain the moftiions of
the stars and planets, and reasoned that the Sun's motion eeineided with
that of the Earth. The third section gives a mathematieal explanation of
the preeession of the eguineses, which Copeificus attribuies to the
Earth's gyration areund its axis. The remaining sections of On the
Revoluins foeus en the metions of the planets and the Maen.

Peopllz condewnect! by the
Inaquisitibnn were boumned.

19




21

T HEE I L L WS TTRAATTEEDD O N T HEE S H®© WLLDDEERRS S O FF Gel 1AM T $§

Cupernicuss holidihge a rmodel
of his heliocentriéc (theary
of the winiverse.

Copemicus was the first to position Venus and Miercury correciily,
establishing with remarkable accuracy the order and distance of the
known planets. He saw these two planets (Venus and Miercuny) as being
closer to the Sun, and noticed that they revolved at a faster rate inside the
Earth’s orbit.

Before Copemictus, the Sun was thought to be another planet.
Placing the Sun at the virtual center of the planetary system was the
beginning ot the Copetmiican revolution. By moving the Earth away from
the center of the universe, where it was presumed to anchor all heaven-
ly bodies, Copetnicus was forced to addiess theoties of gravity. Pre-
Coperimican gravitational explanations had posited a single center of
gravity (the Earth), but Copenmicus theorized that each heavenly body
might have its own gravitational gualities and asserted that heavy objeets
everywheie tended towatd their ewn center. Tiiis iAsight woulld evamnty-
ally lead te the theery ef universal gravitation, But its impact was net
Imemediaie.

By 1543, Copemicus had become paralyzed on his right side and
weakened both physically and mentalll. The man who was cleatly a per-
fectioniist had no choice but to surrender control of his manuscript, On
the Revolinng, in the last stages of printing. He enttusted his student,
Geotge Ritrticus with the manuseript, but when Riirticus was foreed to
leave Nuurermbrng;, the manuseript fell into the hands of Luthetan theolo-
gian Andieas Osiander. Osiander, hoping to appease advecates of the
geoeenttiic theony, made severdl alterations without Coprimitiss kiowl-
edge and eonsent. Osiander placed the woid “hypoidiesis” en the title
page, deleted impertant passages, and added his ewn sentences whieh
diluted the impaet and eertainty of the werk. Coperirys was sald te have
feeeived & copy of the printed beek iR Frauenburg on his deathbed,
Hnaware of Osianders revisians. His ideas lingered in relgtive gbseurity for
Reary ane hundred years, But the seventeenth eentury weuld see men like
Galiles Galilsi, Johannes Kepier, and fsaee Newion buitd GH Ris thearies
8f 2 heligesntric universe, effectively obliterating Aristatelian ideas. Many
Rave writien apaut the unassyming Polish priest whe weuld change the
WAy people sw the HRiveIse, But the Eerman whiter snd scientist JonanA



NI COLAUS COPERNICUS

Wolfgang von Goethe may have been the most eloquent when he wrote

of the contributions of Copernicus:

Of all discoveries and opinions, none may have exerted a greater effect on the
human spirit than the doctrine of Copernicus. The world had scarcely become
known as round and complete in itself when it was asked to waive the tremen-
dous privilege of being the center of the universe. Never, perhaps, was a greater
demand made on mankind—for by this admission so many things vanished in
mist and smoke! What became of Eden, our world of innocence, piety and poetry;
the testimony of the senses; the conviction of a poetic-religious faith? No wonder
his contemporaries did not wish to let all this go and offered every possible resist-
ance to a doctrine which in its converts authorized and demanded a freedom of

view and greatness of thought so far unknown, indeed not even dreamed of.

—Johann Wolfgang von Goethe
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THE UNIVERSE ACCORDING TO €COPERNICUS WilTH THE ASTROLOGICAL LINK

Tor those who studiéed! the “heavenst ” astronomyy amd astrology weve the same (thing.
Theyy weve also railed The Celbstia/ Sciences.
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ON THE REVOLUTION OF THE HEAVENLY SPHERES

INTRODUCTION TO THE READER CONCERNING THE HYPOTHESIS OF THIS WORK'

Since the newness of the hypotheses of this work—which sets the Earth
in motion and puts an immovable Sun at the center of the universe—has
already received a great deal of publicity, I have no doubt that certain of
the savants have taken grave offense and think it wrong to raise any dis-
turbance among liberal disciplines which have had the right sct-up for a
long time now. If, however, they are willing to weigh the matter scrupu-
lously, they will find that the author of this work has done nothing which
merits blame. For it is the job of the astronomer to use painstaking and
skilled observation in gathering together the history of the celestial
movements, and then since he cannot by any line of reasoning rcach the
true causes of these movements—to think up or construct whatever
causes or hypotheses he pleases such that, by the assumption of these
causes, those same movements can be calculated from the principles of
geometry for the past and for the future too. This artist is markedly out-
standing in both of these respects: for it is not necessary that these
hypotheses should be true, or even probably; but it is enough if they pro-
vide a calculus which fits the observations—unless by some chance there
is anyone so ignorant of geometry and optics as to hold the epicycle of
Venus as probable and to believe this to be a cause why Venus alternate-
ly precedes and follows the Sun at an angular distance of up to 40° or
more. For who does not see that it necessarily follows from this assump-
tion that the diameter of the planet in its perigee should appear more
than four times greater, and the body of the planet more than sixteen
times greater, than in its apogee? Nevertheless the experience of all the
ages is opposed to that.” There are also other things in this discipline
which are just as absurd, but it is not necessary to examine them right
now. For it is sufficiently clear that this art is absolutely and profoundly
ignorant of the causes of the apparent irregular movements. And if it con-
structs and thinks up causes—and it has certainly thought up a good
many—mnevertheless it does not think them up in order to persuade any-

one of their truth but only in order that they may provide a correct basis
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Copernicus began his exploration
of the universe with astrolabes,
compasses, quadrants, and parallac-
tics. We continuie this exploration
using technology Copernicus could
never have dreamed of; like the
International Ultraviolet Explorer
(IUE) Telescope, which explores
the universe using ultraviolet light.

for calculation. But since for one and the same movement varying
hypotheses are proposed from time to time, as eccentricity or epicycle for
the movement of the Sun, the astronomer much prefers to take the one
which is easiest to grasp. Maybe the philosopher demands probability
instead; but neither of them will grasp anything certain or hand it on,
unless it has been divinely revealed to him. Therefore let us permit these
new hypotheses to make a public appearance among old ones which are
themselves no more probable, especially since they are wonderful and
easy and bring with them a vast storehouse of learned observations. And
as far as hypotheses go, let no one expect anything in the way of certainty
from astronomy, since astronomy can offer us nothing certain, lest, if any-
one take as true that which has been constructed for another use, he go

away from this discipline a bigger fool than when he came to it. Farewell.

BOOK ONE’

Among the many and varied literary and artistic studies upon which
the natural talents of man are nourished, I think that those above all
should be embraced and pursued with the most loving care which have
to do with things that are very beautiful and very worthy of knowledge.
Such studies are those which deal with the godlike circular movements
of the world and the course of the stars, their magnitudes, distances, ris-
ings, and settings, and the causes of the other appearances in the heavens;
and which finally explicate the whole form. For what could be more
beautiful than the heavens which contain all beautiful things? Their very
names make this clear: Caelum (heavens) by naming that which is beau-
tifully carved; and Mundus (world), purity and elegance. Many philoso-
phers have called the world a visible god on account of its extraordinary
excellence. So if the worth of the arts were measured by the matter with
which they deal, this art—which some call astronomy, others astrology,
and many of the ancients the consummation of mathematics—would be
by far the most outstanding. This art which 1s as it were the head of all
the liberal arts and the one most worthy of a free man leans upon near-

ly all the other branches of mathematics. Arithmetic, geometry, optics,
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geodesy, mechaniics, and whatever others, all offer themsefives in its sarv-
ice. And since a property of all good arts is to draw the mind of man away
from the vices and direct it to better things, these arts can do that more
plentiffullly, over and above the unbelievable pleasure of mind (which they
furnish). For who, after applying himself to things which he sees estab-
lished in the best order and directed by divine ruling, would not through
diligent contempllation of them and through a certain habituation be
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awakened to that which is best and would not wonder at the Artificer of
all things, in Whom is all happiiness and every good? For the divine
Psalmiist surely did not say gratuitously that he took pleasure in the work-
ings of God and rejoiced in the works of Hiis hands, unlless by means of
these things as by some sort of vehicle we are transported to the comn-
templation ot the highest Good.

Nlow as regards the utility and ornament which they confer upon a
commomwealth—to pass over the innumerable advantages they give to
private citizens—Plato makes an extremely good point, for in the sewenth
book of the Laws he says that this study should be pursued in especial,
that through it the ordetly arrangement of days into moniths and years
and the determination of the times for solemnities and secrifices should
keep the state alive and watehful; and he says that if anyone denies that
this study is necessary for a man whe Is going te take up any of the high-
est branehes of learning, then sueh a persen is thinking foelishly; and he
thinks that it is impessible for anyene e beeome godlike oF be ealled 0
whe has ne neeessary knewledge of the Sun, Meemn., and the ather stars.

Howewer, this more divine than human science, which inquires imto
the highest things, is not lacking in difficulties. And in particullar we see
that as regards its princijples and assumptions, which the Greeks call
“hypotiteses,” many of those who undertook to deal with them were not
in aceord and henee did not employ the same methods of caleulation. In
addition, the courses of the planets and the revelution of the stars camot
be determined by exact ealeulations and reduced to perfect knowledge
unliess, through the passage of time and with the help of many prier
observations, they ean, so to speak, be handed down to postefilyy. For
even if Claud Ptelemy of Alexandria, whe stands far in front ef all the
gthers en acesunt of his wonderful eare and industiy, with the help of
mere than ferty years of ebservations braught this @t t8 sWeh a high
peint that thete seemed te be nething left which he had net douehed
ypen; RevernrlRss we see that very many things e et in accerd With
the mevemens which should fellow from his deetrine But rather with
mevements which were discgvered |ster 3pd were unknewd te him:
Winence even Plutareh in speaking of the revelving solar year ssys "Se faF
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A rendening; of the solar spystem
as we see it today, very muaih a
confirmatiam of whatt (Capernicus

envisioneeld,
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the movement of the stars

has overcome the ingenuity
of the mathematicians.”
Now to take the year itself
#s my examplle, | believe it
is welll knewn hew many
i T different opinions there
are abeut it, so that many
people have given up hope
et risking a7 exaet
. determination  of it
= Similiarly, i the ease of
the othet planets | shall
try=\with the help ef Ged,
whtheut Whem we csn 49

Rething=te make 2 mere
detailed inquiry coneerning them, sinee the greater the intewval of time
Between s 2nd the founders of RS AH=wWhe3e discoveries we &an
compare with the new gnes made By Hs—IRe More Means we have of
SUPPBEtiAgG But swh theary. FHFtRermYe: 1 €aniess tat | shall expsund
many things ditferently From my predecessors—although with their Ad;
For it was they whe first apened the rosd 8F {nquiry iRi8 these Mings:

|. THE WORLD IS SPHIERIKCAL

In the beginning we should remark that the world is globe-shaped;
whethet because this figure is the maost perfect of all, as it is an integral
wholle and needs no jjoimntis; or because this figure is the one having the
greatest volume and thus is especially suitable for that which is going to
comptehend and conserve all things; or even because the separate parts
of the wortld i.e., the Sun, Mioomn, and stars are viewed undet such a form;
oF beeause everything in the wotld tends to be delimited by this form, as
is apparent in the case of dreps of water and other liguid bedies, when
they beeome delimited of themselMes. ARd so ne ene weould hesitate to
say that this form belengs te the heavenly bedies.
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2. THE EARTH IS SPHERICAL TOO

The Earth is globe-shaped too, since on every side it rests upon
its center. But it is not perceived straightway to be a perfect sphere,
on account of the great height of its mountains and the lowness of
its valleys, though they modify its universal roundness to only a very
small extent.

That i1s made clear in this way. For when people journey northward
from anywhere, the northern vertex of the axis of daily revolution grad-
ually moves overhead, and the other moves downward to the same
extent; and many stars situated to the north are seen not to set, and many
to the south are seen not to rise any more. So Italy does not see
Canopus, which 1s visible to Egypt. And Italy sees the last star of Fluvius,
which is not visible to this region situated in a more frigid zone.
Conversely, for people who travel southward, the second group of stars
becomes higher in the sky; while those become lower which for us are
high up.

Moreover, the inclinations of the poles have everywhere the same
ratio with places at equal distances from the poles of the Earth and that
happens in no other figure except the spherical. Whence it is manifest that
the Earth itself is contained between the vertices and is therefore a globe.

Add to this the fact that the inhabitants of the East do not perceive
the evening eclipses of the Sun and Moon; nor the inhabitants of the
West, the morning eclipses; while of those who live in the middle
region—some see them earlier and some later.

Furthermore, voyagers perceive that the waters too are fixed within
this figure; for example, when land is not visible from the deck of a ship,
it may be seen from the top of the mast, and conversely, if something
shining is attached to the top of the mast, it appears to those remaining
on the shore to come down gradually, as the ship moves from the land,
until finally it becomes hidden, as if setting.

Moreover, it is admitted that water, which by its nature flows, always
seeks lower places—the same way as earth—and does not climb up the
shore any farther than the convexity of the shore allows. That is why the

land is so much higher where it rises up from the ocean.
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3. HOW LAND AND WATER MAKE UP A SINGILE GLOBE

And so the ocean encircling the land pours forth its waters every-
where and fills up the deeper hollows with them. Accordinglly it was nec-
essary for there to be less water than land, so as not to have the whole
Earth soaked with water—since both of them tend toward the same cen-
ter on account of their weight—and so as to leave some portions of
land—such as the idands discernible here and there—for the preservation
of living ereatutes. For what is the continent itself and the orbisterrarum
exeept an Island whiieh is larger than the rest?We should not listen to cer-
tain Peripatetiics who maintain that thete is ten times more water than
land and whe areive at that cenclusion because in the transmutation of
the elements the liguefaction ef ene part of Earth results in ten parts of
water. And they say that |and has emerged for @ eertain distanee beeause,
Raving helllew spaees inside, it dees Ret balanee everywhere With respest
te weight and s the eenter of gravity is different from the eenter of mag-
Ritude. But they fall inte errer threugh igneranee of gesmelky; for they
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do not know that there cannot be seven times mote water than land and
some part of the land still remain dey, unlless the land abandon its center
of gravity and give place to the watets as being heavier. For sphetes are to
one anothet as the cubes of their diametens. If therefore thete were seven
parts of water and one part of land, the diameter of the land could
not be greater than the radius of the globe of the watets. So it is even less
possible that the water should be ten times greater. [t can be gathered that
thete is ne difference between the eenters of magnitude and of gravity of
the Earth from the faet that the eenvexity of the 1and spreading eut from
the seean dees net swell continwRustl; foF iR that ease it weoulld repuise the
sea-walers 3 Mueh 85 possible and would net in aAy way allew interier
seas and Huge gullis teo break through. Mieneexes, from the seashere out-
ward the depth ot the abyss wewlid et step inereasing, and se ne idand oF
rest 8r Ay spet of land weuld Be met with By peepie veyaging sut very
far: New it is well knewn that there is Aet quite the distanee ot twg
files—4at practicality the center f the orkisiermrym Between the Egyptian
and the Red Sez And on ihe conwan, Biolemy iR his Eosmegraphy
extends inhaitabie 1ands &5 far 25 the median cirele, 3nd he 1eqves that part
gf the Earth 2 unknewn, whee the moederns have added Eathay and
Sther vast regians 45 far 55 60° Igngitude., S8 that inhabited 1and extends in
{ongitude farther than the rest ok e gcean doss: And {t you 2dd 18 these
e islapds discovered R QuE Hme dnder the princes oF Spain and
Bariugah and especially America—named after the ships eaptain whe dis
eovered Rer—which they consider 2 Second SrRis IEHIFM 8N AECSHRL SF
Rer 98 13r HAmeastred magnitide—hesides Hl%'ﬂ% SEB@ {siands Reretgtsre
HRkRSWY, We wauid nat Be gresily syrprised |k there were anHpRYURS of
ARHEhthnes. FoF reasoms oF gesmet: 3§ Eompeh H§ B%'h% ¢ that Ameries
E SIE[HQ%QQ 8lam%ttrtjl%%llll¥7 OBBO 51t(e in A8 Be 8an%

And from all that I think it is maniffest that the land and the water
rest upon one center of gravity; that this is the same as the centet of mag-
nitude of the land, since land is the heavier; that parts of land which are
#s it wete yawning are filled with water; and that accordinglly there is lit-
tle water in comparison with the land, even it mote of the suriace gppears
to be covered by water.

Chperriguss ' megpbige of the

land! amd waierr was reemikably

accurate for his ttime.
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Now it is necessary that the land and the surrounding waters have
the figure which the shadow of the Earth casts, for it eclipses the Moon
by projecting a perfect circle upon it. Therefore the Earth is not a plane,
as Empedocles and Anaximenes opined; or a tympanoid, as Leucippus; or
a scaphoid, as Heracleitus; or hollowed out in any other way, as
Democritus; or again a cylinder, as Anaximander; and it is not infinite in
its lower part, with the density increasing rootwards, as Xenophanes

thought; but it is perfectly round, as the philosophers perceived.

4.THE MOVEMENT OF THE CELESTIAL BODIES IS REGULAR, CIRCULAR, AND
EVERLASTING—OR ELSE COMPOUNDED OF CIRCULAR MOVEMENTS

After this we will recall that the movement of the celestial bodies is
circular. For the motion of a sphere is to turn in a circle; by this very act
expressing its form, in the most simple body, where beginning and end
cannot be discovered or distinguished from one another, while it moves
through the same parts in itself.

But there are many movements on account of the multitude of
spheres or orbital circles.* The most obvious of all is the daily revolu-
tion—which the Greeks call vux6rjpepv i.e., having the temporal span of
a day and a night. By means of this movement the whole world—with
the exception of the Earth—is supposed to be borne from east to west.
This movement is taken as the common measure of all movements, since
we measure even time itself principally by the number of days.

Next, we see other as it were antagonistic revolutions; i.e., from west
to east, on the part of the Sun, Moon, and the wandering stars. In this way
the Sun gives us the year, the Moon the months—the most common
periods of time; and each of the other five planets follows its own cycle.
Nevertheless these movements are manifoldly different from the first
movement. First, in that they do not revolve around the same poles as the
first movement but follow the oblique ecliptic; next, in that they do not
seem to move in their circuit regularly. For the Sun and Moon are caught
moving at times more slowly and at times more quickly. And we perceive
the five wandering stars sometimes even to retrograde and to come to a

stop between these two movements. And though the Sun always proceeds
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straight ahead along its route, they wander in various ways, straying some-
times towards the south, and at other times towards the north—whence
they are called “planets.” Add to this the fact that sometimes they are near-
er the Earth—and are then said to be at their perigee—and at other times
are farther away—and are said to be at their apogee.

We must however confess that these movements are circular or are
composed of many circular movements, in that they maintain these
irregularities in accordance with a constant law and with fixed period-
ic returns: and that could not take place, if they were not circular. For
it 1s only the circle which can bring back what is past and over with;
and in this way, for example, the sun by a movement composed of cir-
cular movements brings back to us the inequality of days and nights and
the four seasons of the year. Many movements are recognized in that
movement, since it is impossible that a simple heavenly body should be
moved irregularly by a single sphere. For that would have to take place
either on account of the inconstancy of the motor virtue—whether by
reason of an extrinsic cause or its intrinsic nature—or on account of
the inequality between it and the moved body. But since the mind
shudders at either of these suppositions, and since it is quite unfitting
to suppose that such a state of affairs exists among things which are
established in the best system, it 1s agreed that their regular movements
appear to us as irregular, whether on account of their circles having dif-
ferent poles or even because the Earth is not at the center of the circles
in which they revolve. And so for us watching from the Earth, it hap-
pens that the transits of the planets, on account of being at unequal dis-
tances from the Earth, appear greater when they are nearer than when
they are farther away, as has been shown in optics: Thus in the case of’
equal arcs of an orbital circle which are seen at different distances there
will appear to be unequal movements in equal times. For this reason |
think it necessary above all that we should note carefully what the rela-
tion of the Earth to the heavens is, so as not—when we wish to scru-
tinize the highest things—to be ignorant of those which are nearest to
us, and so as not—by the same error—to attribute to the celestial bod-

ies what belongs to the Earth.
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S. DOES THE EARTH HAVE A CIRCULAR MOVEMENT? AND OF ITS PLACE
Niow that it has been shown that the Earth too has the form of a
globe, I think we must see whethet or not a movement follows upon its
form and what the place of the Earth is in the universe. For without
doing that it will not be pessible to find a sure reason for the movements
appearing in the heavens. Although there are so many authoritiies for say-
ing that the Earth rests in the centet of the woild that people think the
contraty suppesitien inepinable and even ridiculous; it however we con-
sider the thing attenfidelly, we will see that the question has net yet been
decided and accordingly is By ne means te be scorfied. For every appar-
ent ehange in place eeeurs R aceount of the mevement eithet of the
thing seen er of the speetater, 8f BR 3668URt 8F the neeessarily whegual
mevement of Beth. For A8 mevement is pereeptibie relatively te thiAgs
meved equally iA the seme directions="1 mean reltively to the thing
seen and the speectater. Niew it is from the Earth that the eelestial &ireuit
is beheld and presented (8 aur sight. Thenefere, if sofie Movement should
Belong te the Earth it will 3ppear, iR the parts of the universe whieh e
suiside, & the same movement But in the appesite direction, & though
the things sutside were passing over ARd the daily revalution in &special
{5 s4eh 2 mevement FQF the daily revalition Appears 18 carry the whale
HRVEIse 210Rg, With the exceptisn sk te Earih and the things areund it:
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And if you admit that the heavens possess none of this movement but
that the Earth turns from west to east, you will fiind—iff you make a seri-
ous examination—that as regards the apparent rising and setting of the
sun, moon, and stars the case is so. And' since it is the heavens which
contain and embrace all things as the place common to the universe,
it willl not be clear at once why movement should not be assigned to the
contained rather than to the container, to the thing placed rather than to
the thing providing the place.

As a matter of fact, the Pythagoreans Herakleides and Ekphantus
were of this opinion and so was Hiicetas the Syracusan in Cicero; they
made the Earth to revolve at the center of the wotld. For they believed
that the stars set by reason of the interposition of the Earth and that with
cessetion of that they rose again. Now upon this assumption thete follow
othet things, and a no smaller problem concetning the place of the Earth,
though it is taken for granted and believed by neaty zll that the Earth is
the eentet of the werld. For if anyone deniies that the Earth oceupies the
midpeint or eenter of the weorld yet does net admit that the digtance
(between the twe) is great ensugh te be compared with (the disianee i)
the sphere of the fixed stars but is eonsiderable and guite apparent in
telaien te the orbital eireles of the Sun and the planets; and If for that
reasen he theught that their mevements appeared irregular beeause they
gre organized sround 2 different eenter from the eenter of the Earth, he
fight perhaps Be sble t8 Bring forward & pertectly sound ressen for
mevement which appears irteguiar. For the faet that the wandering S&s
&re 568N t8 Be sometimes nearer the Earth and 3 Sther Himes ferther away
Reeessarily 2rgues that the center of the Earth is net the eenter of their
cireles: 1t s not yet clear whether the Earth draws Aear i8 them and
meves away 8 they draw Rear {8 the Earth 2nd meve away:

And so it would not be very surprising it someone attributed some
other movement to the earth in addition to the daily revolution. As a
matter of fact, Philolaus the Pythagorean—no ordinary mathematician,
whom Plato’s biogtaphets say Plato went to Italy for the seke of sssimg—
is supposed to have held that the Earth moved in a circle and wandered

in some other movemenits and was one of the planets.

OPPOSITE PAGE
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Many however have believed that they could show by gesometrical
reasoning that the Earth is in the middle of the wortld; that it has the
propottionality of a point in relation to the immensity of the heavens,
occupiies the central position, and for this reason is immexabile, because,
when the universe mowes, the center remains unmowed and the things
which are closest to the center are moved the most dowly:

6. ON MHE IMMENSITY ©OFf THE HEAVENS IN RELATION TO THE MAGNITUDE
Of THE BARTH

It can be understood that this great mass which is the Earth is mot
comparable with the magnitude of the heavens, from the fact that the
boundary circles—for that is the translation of the Greek opiwyflean—
cut the whole celestial sphere into two halves; for that could not take
place if the magnitude of the Earth in comparison with the heavens, ot
its distance from the centee of the wotld, wete considerable. For the
circle bisecting @ sphere goes through the center of the sphere, and is the
greatest eirele which it is possible to eircumseribe.

Now let the horizon be the circle AB®D], and let the Earth, where
our point of view is, be E, the center of the horizon by which the
visible stars are separated from those which are not visible. Now with a
dioptra or hotoscope or level placed at E, the beginning ot Cancet is seen
to rise at point C; and at the same moment the beginning of Capricorn
appeais to set at A. Thenefore, since AEEC is in a straight line with the
dioptia, it is elear that this line is a diameter of the ecliptie, because the
six signs beund a semieitele, whose center E is the same as that of the
herizen. But when a revelution has taken place and the beginning of
Caprieorn arises at B, then the setting of Caneet willl be visible at D, ahd
BED willl be a siraight line and & diameter of the eeliptie. But it has
already been seen that the line AHCC is a diameter of the same eirele;
therefBre, at their 0AIMBA Seetion, peint E will Be their eenter. S8 in this
way the herizen always Biseets the eeliptie, whieh is & great eirele of the
sphere. But 8n & sphere, if & cirele Biseets one of the great sireles, then the
eirele bisesting is & great eirele Theretare the herizen is 2 great sirele; ard
its center is the same & that of the ecliptie, & for & Jppearanee goes;

ABOVE

Thiee Hiibblde space telescope has

revealed thar Chpemicuss was
right about the immensityy of
the /neavens.

OPPOSITE

Fiés contemgorarieéss hefd a
contrasting view, sgymbolically
depicted here. Attdss is

shown: holdingy the entire
uniiterse;, wilict: consists

of our solar sgystem.
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although nevertielless the line passing through the center of the Earth
and the line touching to the surface are necessarily different; but on
account of their immensity in comparison with the Earth they are like
paralllell lines, which on account of the great distance between the ter-
mini sppeat to be one line, when the space contained between them is
in no perceptible ratio to their length, as has been shown in optics.

From this argument it is certainly clear enough that the heavens are
immense in compartiison with the Earth and present the aspect of an infi-
nite magnitude, and that in the judgment of sense-perception the Earth
is to the heavens as a point to a body and as a finite to an infinite mag-
nitude. But we see that nething mere than that has been shown, and it
does not follow that the Earth must rest at the centet of the wotld. And
we shoulld be even more surptised if sueh a vast wotld should wheel
complletelly around duting the space of twenty-towr houns rather than
that its least part, the Earth, should. For saying that the centet s immov-
able and that these things whiieh are elosest to the eenter are moved least
dees net argue that the Earth rests at the eenter et the werd. That is Ao
different from saying that the heavens revelve But the pelies are at rest and
these things which are elesest te the pelies are meved least. IR this way
Eyneaura (the pele star) is seen t8 meve much mere dowly than Aguila
8r Canieyria Becavse, being very near te the pelie, it deseribes & smaller
eirele, sinee they are &ll en 2 single sphere, the mevement of which sops
& its s and which dees net sllow any ef its paris t8 have mevements
Which are equal te ene B ARd REVEHIRIRSS the revelution ef the
whelie Brings them roHRd iR equah Hmes Byt A8t Qver equal shaces.

The argument which maintains that the Earth, as a part of the
celestial sphere and as sharing in the same form and movementt, moves
very little because very near to its center advances to the following posi-
tion: therefore the Earth will move, as being a body and not a center,
and will describe in the same time arcs similar to, but smaller than, the
ares of the celestical circle. It is clearet than daylight how false that is; for
thete woulld neeessarily always be noon at one place and midnight at
another, and so the daily risings and settings coulld not take place, since
the mevement of the whelle and the part woulld be one and inseparable.
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But the ratio between things separated by diversity of nature is so
entirely different that those which describe a amaller circle turn more
quickly than those which describe a greater circle. In this way Saturn,
the highest of the wandering stars, complletes its revolution in thirty
years, and the moon which is without doubt the closest to the Earth
complletes its circuit in a month, and finally the Earth itself will be con-
sidered to complete a cireular movement In the space of a day and a
night. So this same problem eoneerning the daily revelution eomes up
agaln. And also the guestion abeut the place ef the Earth beeceres even
less eertain on acceunt of what was just sald. Fer that demenstration
preves nething exeept that the heavens are of an indetinite Maghitude
with respeet te the Earth. But it is net at all elear hew far this Hymen-
sity stretehes aut. On the esniiany, sinee the minimal and indivisible
earpuselies, which sre ealled atems, are Nt percepible to sense, they 48
Ret, when taken in twes F iR some small AUy, constitute & visible
Bedy: But they €3n Be taken iR sueh 2 13rge quantity that there will &
155t Be ensugh (8 form 2 visiBle magnitude. S8 it is 45 regards the place
gk the earth; for lthgugh it is RSt 2t the center of the wawd, neverihe:
less the disfanee is & nothing, particwiarly iR COMParisen With (he
sphere of the fixed Sars.
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7. WHY THE ANCIENTS THOUGHT THAT THE EARTH WAS AT REST AT THE
MIDDLE OF THE WORLD AS ITS CENTER

Wherefore for other reasons the ancient philosophers have tried to
affirm that the Earth is at rest at the middle of the world, and as princi-
pal cause they put forward heaviness and lightness. For Earth 1s the heav-
iest element; and all things of any weight are borne towards it and strive
to move towards the very center of it.

For since the Earth 1s a globe towards which from every direction
heavy things by their own nature are borne at right angles to its surface,
the heavy things would fall on one another at the center if they were
not held back at the surface; since a straight line making right angles
with a plane surface where it touches a sphere leads to the center. And
those things which are borne toward the center seem to follow along in
order to be at rest at the center. All the more then will the Earth be at
rest at the center; and, as being the receptacle for falling bodies, it will
remain immovable because of its weight.

They strive similarly to prove this by reason of movement and its
nature. For Aristotle says that the movement of a body which is one and
simple is simple, and the simple movements are the rectilinear and the
circular. And of rectilinear movements, one is upward, and the other is
downward. As a consequence, every simple movement is either toward
the center, i.e., downward, or away from the center, i.e., upward, or
around the center, i.e., circular. Now it belongs to earth and water,
which are considered heavy, to be borne downward, i.e., to seek the
center: for air and fire, which are endowed with lightness, move
upward, i.e., away from the center. It seems fitting to grant rectilinear
movement to these four elements and to give the heavenly bodies a cir-
cular movement around the center—so Aristotle. Therefore, said
Prolemy of Alexandria, if the Earth moved, even if only by its daily
rotation, the contrary of what was said above would necessarily take
place. For this movement which would traverse the total circuit of the
Earth in twenty-four hours would necessarily be very headlong and of
an unsurpassable velocity. Now things which are suddenly and violent-

ly whirled around are seen to be utterly unfitted for reuniting, and the
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more unified are seen to become dispersed, unless some constant force
constrains them to stick together. And a long time ago, he says, the scat-
tered Earth would have passed beyond the heavens, as is certainly
ridiculous; and a forfiori so would all the living creatures and all the
other separate masses which could by no means remain unshaken.
Moreover, freely falling bodies would not arrive at the places appoint-
ed them, and certainly not along the perpendicular line which they
assume so quickly. And we would see clouds and other things floating

in the air always borne toward the west.

8. ANSWER TO THE AFORESAID REASONS AND THEIR INADEQUACY

For these and similar reasons they say that the Earth remains at rest
at the middle of the world and that there is no doubt about this. But if
someone opines that the Earth revolves, he will also say that the move-
ment is natural and not violent. Now things which are according to
nature produce effects contrary to those which are violent. For things to
which force or violence is applied get broken up and are unable to sub-
sist for a long time. But things which are caused by nature are in a right
condition and are kept in their best organization. Therefore Ptolemy had
no reason to fear that the Earth and all things on the Earth would be scat-
tered in a revolution caused by the efficacy of nature, which is greatly dif-
ferent from that of art or from that which can result from the genius of
man. But why didnt he feel anxiety about the world instead, whose
movement must necessarily be of greater velocity, the greater the heav-
ens are than the Earth? Or have the heavens become so immense, because
an unspeakably vehement motion has pulled them away from the center,
and because the heavens would fall if they came to rest anywhere else?

Surely if this reasoning were tenable, the magnitude of the heavens
would extend infinitely. For the farther the movement is borne upward
by the vehement force, the faster will the movement be, on account of
the ever-increasing circumference which must be traversed every twen-
ty-four hours: and conversely, the immensity of the sky would increase
with the increase in movement. In this way, the velocity would make the

magnitude increase infinitely, and the magnitude the velocity. And in
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accordance with the axiom of physics that that wiicth is imfiite camoo! be
travareeeld or muovedd in any weyy, them the heaeess willl necessitify come to rest.

But they say that beyond the heavens there isn't any body or place or
void or anything at all; and accordinglly it is not possible for the heavens
to move outward; in that case it is rather surprising that something can
be held together by nothing. But if the heavens were infinite and were
finite: only with respect to a hollow space inside, then it will be said with
mote truth that thete is nothing outside the heavens, since amything
whiich occupied any space would be in them; but the heavens will remain
immolpile. Fer movement is the most pewerful reason whetewith they
try to conelude that the universe Is ffitite,

But let us leave to the philosophers ot nature the dispute as to
whether the world is fimite or infinite, and let us hold as certain that the
Earth is held together between its two poles and termiinates in a gpherical
surface. Wiy therefore shoiild we hesitate any longer to grant to it the
movement which accoids naturally with its form, rather than put the
wholle wotld m a commotion—the world whese limits we do not and
eannot know? And why net admit that the appearance of daily revelution
belengs te the heavens but the reality belengs to the Earth? And things
are a when Aeneas said in Virgil: “We sall eut of the harbet, and the land
and the eities meve away.” As 2 matter of faet, when a ship fleats on over
a tranguil sea, gl the things outside seem to the veyagers to be meving in
& mevement whieh is the image of their ewn, ahd they think 6 the &om-
trary that they themselves and all the things with them are &t rest: Se it
€3n easily happen in the esse of the mevement of the Earth that the whele
werd sheuld be believed to Be meving in & sirdeThen what wauld we
Sy gbeut the elouds and the sther things Alosting in the air or falling oF
Fising up, except that net anly the Erth and the watery element with
which it is conisined are meved in this way But A58 i small part of the
ar and whatever gier tRings have 2 Smilar kinship with the Earth?
whether Because the neighboring Ak which s mixed with earthiy and
watery mattel, 8BeYs the same natute 28 e Earih or Because the mave:
fment oF the Al s A1 acquired 8Ae 1A WhiCH it participates WRGUt Feds:
2Rce 8A AccoHnt 8F the contiguity and perpetidh FSIsHSn oF the EAh:
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Comenselly, it is no less astonishing for them to say that the highest region
of the air follows the celestial movement, as is shown by those stars which
appear suddenly—I mean those called “comets” or “bearded stars” by the
Greeks. For that place is assigned for their generation; and like all the other
stars they rise and set. We can say that that part of the air is deprived of
terrestrial motion on account of its great distance from the Earth. Hence
the air which is neatest to the Earth and the things floating in it will
appear tranguiill, unlless they are driven to and fro by the wind of some
other foree, a5 happens. Fer hew is the wind in the air different from a
ureent in the sea?

But we must conffess that in compariison with the world the move-

ment of falling and of rising bodies is twofold and is in general com-
pounded of the rectilinear and the circular. As regards things which move Compassses ffom the time of
downward on account of their weight because they have very much Coperriicss.
earth in them, doufbtiless their parts possess the same nature as the whole,
and it is for the same reason that fiery bodies are drawn upward with
force. For even this earthly fire feeds princiipallly on earthly matter; and
they define flame as glowing smoke. Niow it is a property of fire to make
that which it invades to expand; and it dees this with sueh foree that it
€an be stopped By ne means er contrivanece from breaking prison and
eomplleting itsjiob. Niow expanding mevement meves away from the een-
ter to the eireumterenee; and so if some part of the Earth eaught en fire,
it weulid be Berne away fFom the eenter and upwaid. Acceidinglly;, 2 they
s, 2 Smple bedy pessesses a imple mevement—iHs is first verified in the
6ase of eireular mevement—as long &8 the simple bedy remain in its wnity
in its natural plaee. IR this plaes, in faet, its Mevement is NBRe ether than
the cireuiar, whieh remains entirely in itself; 3 theugh & rest. Reetilinesr
mevement, hewever, is added to these Badies whieh journey away from
their Ratural plaee Or gre sheved gt of it 8F e guiside it somenew. Bit
Rething is mere repugnant g ihe erder ok the whale and 8 the form ok
the werid than for apything t8 Be gutside of ifs place. Theietare redilin-
3% Movement Belgngs only I8 Baties Which A€ Aot i e Fight condi-
tion and are NGt pertectty CORoHMed {8 Iheir atHFE—WhER they A€ S&p-
rated from their whele nd ABaRdan {is Hniky: FUrhermoe, Badies which
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are moved upward or downward do not possess a simple, uniform, and
regular movement—even without taking into account circular move-
ment. For they cannot be in equilibrium with their lightness or their force
of weight. And those which fall downward possess a slow movement at
the beginning but increase their velocity as they fall. And conversely we
note that this earthly fire——and we have experience of no other—when
carried high up immediately dies down, as if through the acknowledged
agency of the violence of earthly matter.

Now circular movement always goes on regularly, for it has an unfail-
ing cause; but (in rectilinear movement) the acceleration stops, because,
when the bodies have reached their own place, they are no longer heavy
or light, and so the movement ends. Therefore, since circular movement
belongs to wholes and rectilinear to parts, we can say that the circular
movement stands with the rectilinear, as does animal with sick. And the fact
that Aristotle divided simple movement into three genera: away from the
center, toward the center, and around the center, will be considered mere-
ly as an act of reason, just as we distinguish between line, point, and sur-
face, though none of them can subsist without the others or without body.

In addition, there is the fact that the state of immobility is regarded
as more noble and godlike than that of change and instability, which for
that reason should belong to the Earth rather than to the world. I add
that it seems rather absurd to ascribe movement to the container or to
that which provides the place and not rather to that which is contained
and has a place, i.e., the Earth. And lastly, since it 1s clear that the wan-
dering stars are sometimes nearer and sometimes farther away from the
Earth, then the movement of one and the same body around the cen-
ter—and they mean the center of the Earth—will be both away from the
center and toward the center. Therefore it 1s necessary that movement
around the center should be taken more generally; and it should be
enough if each movement is in accord with its own center.You see there-
fore that for all these reasons it is more probably that the Earth moves
than that it is at rest—especially in the case of the daily revolution, as it
is the Earth’s very own.And I think that is enough as regards the first part

of the question.
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9. WHETHER MANY MOVEMENTS CAN BE ATTRIBUTED TO THE EARTH, AND
CONCERNING THE CENTER OF THE WORLD

Therefore, since nothing hinders the mobility of the Earth, I think
we should now see whether more than one movement belongs to it, so
that it can be regarded as one of the wandering stars. For the apparent
irregular movement of the planets and their variable distances from the
Earth—which cannot be understood as occurring in circles homocentric
with the Earth—make it clear that the Earth is not the center of their
circular movements. Therefore, since there are many centers, it is not
foolhardy to doubt whether the center of gravity of the Earth rather
than some other is the center of the world. I myself think that gravity
or heaviness is nothing except a certain natural appetency implanted in
the parts by the divine providence of the universal Artisan, in order that
they should unite with one another in their oneness and wholeness and
come together in the form of a globe. It is believable that this affect 1s
present in the sun, moon, and the other bright planets and that through
its efficacy they remain in the spherical figure in which they are visible,
though they nevertheless accomplish their circular movements in many
different ways. Therefore if the Earth too possesses movements different
from the one around its center, then they will necessarily be movements
which similarly appear on the outside in the many bodies; and we find
the yearly revolution among these movements. For if the annual revolu-
tion were changed from being solar to being terrestrial, and immobility
were granted to the sun, the risings and settings of the signs and of the
fixed stars—whereby they become morning or evening stars—will
appear in the same way; and it will be seen that the stoppings, retro-
gressions, and progressions of the wandering stars are not their own, but
are a movement of the Earth and that they borrow the appearances of
this movement. Lastly, the Sun will be regarded as occupying the center
of the world. And the ratio of order in which these bodies succeed one

another and the harmony of the whole world teaches us their truth, if

only—as they say—we would look at the thing with both eyes.



T HEE I'LLWSTTRRATTEEDD ONN T HEE S H © WLLDDE ERRs § O FF Ggl1AAN T §

46

Eantthnise over the Mivom:.

hl. A PEMONSTRATION OF THE THREEFOLD MOVEMENT OF THE EARTH

Therefore since so much and such great testimony on the part of the
planets is consonant with the mohillity of the Earth, we shall now give a
summary of its movement, insofar as the appearances can be shown forth
by its movement as by an hypotthesis. We must allow a threefold move-
ment #ldogether.

The first—which we said the Greeks called PUx8Hégpitog—is the
proper circuit of day and night, which goes around the axis of the Earth
from west to east—as the wortld is held to move in the opposite direc-
tion—and describes the equator or the equinoctial circdle—which some,
imitating the Greek exptession tamepivos, call the equidial.
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The second is the annual movement of the center, which describes
the circle of the (zodiacal) signs around the Sun similarly from west to
east, i.e., towards the signs which follow (from Aries to Taurus) and moves
along between Venus and Mars, as we said, together with the bodies
accompanying it. So it happens that the sun itself seems to traverse the
ecliptic with a similar movement. In this way, for example, when the cen-
ter of the Earth is traversing Capricorn, the Sun seems to be crossing
Cancer; and when Aquarius, Leo, and so on, as we were saying.

It has to be understood that the equator and the axis of the Earth
have a variable inclination with the circle and the plane of the ecliptic.
For if they remained fixed and only followed the movement of the cen-
ter simply, no inequality of days and nights would be apparent, but it
would always be the summer solstice or the winter solstice or the equi-
nox, or summer or winter, or some other season of the year always
remaining the same.There follows then the third movement, which is the
declination: it is also an annual revolution but one towards the signs
which precede (from Aries to Pisces), or westwards, i.e., turning back
counter to the movement of the center; and as a consequence of these
two movements which are nearly equal to one another but in opposite
directions, it follows that the axis of the Earth and the greatest of the par-
allel circles on it, the equator, always look towards approximately the
same quarter of the world, just as if they remained immobile. The Sun in
the meanwhile is seen to move along the oblique ecliptic with that
movement with which the center of the Earth moves, just as if the cen-
ter of the Earth were the center of the world—provided you remember
that the distance between the sun and the Earth in comparison with the
sphere of the fixed stars is imperceptible to us.

Since these things are such that they need to be presented to sight
rather than merely to be talked about, let us draw the circle ABCD,
which will represent the annual circuit of the center of the Earth in the
plane of the ecliptic, and let E be the sun around its center. I will cut this
circle into four equal parts by means of the diameters AEC and BED.
Let the point A be the beginning of Cancer; B of Libra; E of Capricorn;

and D of Aries. Now let us put the center of the Earth first at A, around
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which we shall describe the terrestrial equator FGHI, but not in the same
plane (as the ecliptic) except that the diameter GAI s the common section
of the circles, i.¢., of the equator and the ecliptic. Also let the diameter FAH
be drawn at right angles to GAIL and let F be the limit of the greatest
southward declination (of the equator), and H of the northward declina-
ton. With this set-up, the Earth~dweller will see the Sun—which is at the
center E—at the point of the winter solstice in Capricorn—which 1s
caused by the greatest northward declination at H being turned toward the
Sun; since the inclination of the equator with respect to line AE describes
by means of the daily revolution the winter tropic, which is parallel to the
equator at the distance comprehended by the angle of inclination EAH.
Now let the center of the Earth proceed from west to east; and let F, the
limit of greatest declination, have just as great a movement from east to
west, until at B both of them have traversed quadrants of circles.
Meanwhile, on account of the equality of the revolutions, angle EAI will
always remain equal to angle AEB; the diameters will always stay parallel
to one another—FAH to FBH and GAI to GBI, and the equator will
remain parallel to the equator. And by reason of the cause spoken of many
times already, these lines will appear in the immensity of the sky as the
same. Therefore from the point B the beginning of Libra, E will appear to
be in Aries, and the common section of the two circles (of the ecliptic and
the equator) will fall upon line GBIE, in respect to which the daily revo-
lution has no declination; but every declination will be on one side or the
other of this line. And so the Sun will be soon in the spring equinox. Let
the center of the Earth advance under the same conditions; and when it
has completed a semicircle at C, the Sun will appear to be entering Cancer.
But since F the southward declination of the equator is now turned toward
the sun, the result is that the Sun is seen in the north, traversing the sum-
mer tropic in accordance with angle of inclination ECF. Again, when F
moves on through the third quadrant of the circle, the common section GI
will fall on line ED, whence the Sun, seen in Libra, will appear to have
reached the autumn equinox. But then as, in the same progressive move-
ment, HF gradually turns in the direction of the Sun, it will make the sit-

uation at the beginning return, which was our point of departure.
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In another way: Again in the underlying plane let AEC be both the
diameter (of the ecliptic) and its common section with the circle per-
pendicular to its plane. In this circle let DGFI, the meridian passing
through the poles of the Earth be described around A and C,in turn, i.c.,
in Cancer and in Capricorn. And let the axis of the Earth be DF, the
north pole D, the south pole F, and GI the diameter of the equator.
Therefore when F is turned in the direction of the Sun, which is at E,
and the inclination of the equator is northward in proportion to angle
IAE, then the movement around the axis will describe—with the diam-
eter KL and at the distance LI—parallel to the equator the southern cir-
cle, which appears with respect to the Sun as the tropic of Capricorn.
Or—to speak more correctly—this movement around the axis describes,
in the direction of AE, a conic surface, which has the center of the Earth
as its vertex and a circle parallel to the equator as its base.1 Moreover in
the opposite sign, C, the same things take place but conversely. Therefore
it is clear how the two mutually opposing movements, i.c., that of the
center and that of the inclination, force the axis of the Earth to remain
balanced in the same way and to keep a similar position, and how they
make all things appear as if they were movements of the Sun.

Now we said that the yearly revolutions of the center and of the dec-
lination were approximately equal, because if they were exactly so, then
the points of equinox and solstice and the obliquity of the ecliptic in rela-
tion to the sphere of the fixed stars could not change at all. But as the
difference is very slight, it is not revealed except as it increases with time:
As a matter of fact, from the time of Ptolemy to ours there has been a
precession of the equinoxes and solstices of about 21°. For that reason
some have believed that the sphere of the fixed stars was moving, and so
they choose a ninth higher sphere. And when that was not enough, the
moderns added a tenth, but without attaining the end which we hope
we shall attain by means of the movement of the Earth. We shall use this

movement as a principle and a hypothesis in demonstrating other things.
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Galileo Galilei (1564-16¢.2)

HIS LIFE AND WORK

In 1633, ninety years after the death of Copernicus, the Italian
astronomer and mathematician Galileo Galilei was taken to Rome to
stand trial before the Inquisition for heresy. The charge stemmed from
the publication of Galileos Dialogie Concerning the Tivo Chief World
Systems: Prolemaic and Copernican (Dialogo sopra i due iassini sistenii del
mondo: Ttolemaico, ¢ Ceopernicono). In this book, Galileo forcefully assert-
ed, in defiance of a 1616 edict against the propagation of Copernican
doctrine, that the heliocentric system was not just a hypothesis but was
the truth. The outcome of the trial was never in doubt. Galileo admit-
ted that he might have gone too far in his arguments for the Copernican
system, despite previous warnings by the Roman Catholic Church. A

majority of the cardinals in the tribunal found him “vehemently sus-
pected of heresy” for supporting and teaching the idea that the Earth
moves and is not the center of the universe, and they sentenced him to
lite imprisonment.

Galileo was also forced to sign a handwritten confession and to

renounce his beliels publicly. On his knees, and with his hands on the

Bible, he pronounced this abjuration in Latin:

I, Galileo Galilei, son of the late Vincenzio Galilei of Florence, aged 70 years,
tried personally by this conrt, and knecling before You, the most Lminent and
Reverend Lord Cardinals, Inquisitors-General throughout the Christian Republic
against heretical depravity, having before my eyes the Most Holy Gospels, and lay-

ing on them niy own hands; I swear that T have aliways believed, I believe now,
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amdl wiit Gawk's hefp [ wiill in futnee belimer all whith the Ry Cambedic and
Hppsietidic CHurorh doth holli], presets, andl teeadh.

But sinee 1, afterr haumgg beem admonisielied by this by Olfcec entienly to
abenddon the fhidse opifivnn thatt the Swv was the centter of the umvecse and
imrovesdithle, and! thatt the Eanth wes nott the cemtter of the samee aral that! it
movedd, ardl thatt T wass neitber to holltf, deffrdd, now teauth in any marmerer ket
evar, eittleer ovallly or in wrilingg, the sad! fale doativee; andl aftter hadvgg reeeéived
a netififatioron thatt the saiidl doctritee is contraryy to Fhvy Witit, I didl wiifee mnd
caver to be pined a book in wiiicth: I treatt of the saidl alweacyy coreheemred
dodritee, and] brngg fomendd argumentats of mue: efftayy in Jts fhvoor, winiioout
amiiirgg ar any solicon: [ havee beew juddedd vellementiytly sumpeiad of heesyy, tihat
is, of haitag hetl! and! belivedd thair the Sim is the centerr of the uuiinerse
andd immavpbishle, andl Heir the Bl is pdr the cerierr of the samece, andl thair it
dors nioe;

Neéverthtlesless, wistnigg to remuvee ffoom the mindds of youwr Eminienceses and! il
faitthfis] Chhistsansns this veleeraif susgicioon reasonabilyly conveiedd againsst me, |
abjimee withh: sinperee heartt and! umifiggeced faifth, | omse and] degsst the sad! @rors
ardl henesiéss, and! genecattyly alll and! eversy ervor ardil sect cortteiyy to the Hidy
Chtnblidic Chiurata)i. Abdd I sweanr thettffor the fiumere [ willl neétheer say nor assertt in
spaakingig or wriftigg suath thingss as mayy bringy upamv me simitdur suegidaon; andl iff
I knewiw amy herticc, or one suseetatd of heresyy, 1 willl denponsece him to this Hhely
Offiee, or to the Iyisiror andi Oblifinrry of the phsee in whieh [ mey be.

[ alkw sweanr and! promistse to adup! ant! obsevee enttiesly all the peemances
wilicol hauec beeni or mayy be by this Rty Olfiec imppestd on me. #hdd if ¥ coon-
tranenae anyy of theser saiit] pramistses, prateststs, or oathiss (whiehh Ghold ftobldly /) 1 sab-
mift mypedlf to alll the pawes and! peehieses whicoh by the Saoreed Chnowsis amnd
otierr Ddereess generalal and partitidalar ave ageinetst suwdth offewidesrs imposstd mnd
pamigliarted. So héfp me Ghdl andi the Bhtyy Ghspglels, whichh I toush withh wy
own hhands

[ Gailto Ghiildei aforessitld haiee abjiwedd, swarnp, amil prawisiccd, ant! /hold
mygetilf boundd as abover; andl in tokerv: of the truthlz, with my owm hendd haue ssub-
scritbeet] the preseont scheddidle of my abjnaitinn, and! havee recited! it word! by wed.
In Romere, at the Cwentnt delkn Niteweya, this 22dd day of Jmec, 16333. 1, (Zdilleo
Gatildei, havee abjinedd as abovee, witth my owm hihand,
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Legend has it that as Galileo rose to his feet, he uttered under his
breath,* Eppur s muove’—Afchd yet, it moves."The remark captivated sgai-
entists and schollats for centunies, as it represented defiance of obsouran-
tism and nobillity of putpose in the search for truth undet the mest
adverse circumstances. Although an eil poittait of Galileo dating fiem
1640 has been discovered bearing the inscription “Eppsur s muove” most
historians regard the story a myth. Still, it is entirely within Galile9s
eharaeter te have enly paid lip service t6 the Chuieihs demands i his
abjuration and then te have returned te His scientific studies, whether
they adhered te RBR-CRARMMIRAM PrHinCRes oF Aet. After all, what had
Brought Galiles betore the [nquisition was his publicatien of Twe Chigf
Word SySems, & direet ehallenge t8 the Ehurchs 1616 ediet forbidding
him f¥om tegehing the Ceperican theory of the Earth iR metisn &ound
the SHR & Aything But 8 RYROIRSIR. “EPPKF S MHOYE” MEY HOt Rve &AL
cluded his trig and abjuration, but the phrase certainly punctuated
Ealileg’s life and ASComplishmEnts:

Born in Pisa on February 18, 1564, Galileo Gallilei was the son of
Vincenzo Galilei, 2 musician and mathemaiiician. The family moved to
Florence when Galileo was young, and thete he began his education in
a momastety Although from an early age Galileo demomsttated a jpan-
chant for mathematies and mechanicall puisuits, his father was adamant
that he enter a more useful field, and so in 1581 Galileo entolled in the
University of Pisa to study medicine and the philosophy of Atistotle. 1t
was 1n Pisa that Galileos rebellioustess emetged. He had little o¢ ne
interest in medicine and began to sudy mathemalies with @ passien. It is
believed that whille ebserving the eseillations ef & hanging 1amp in the
eathednall of Pisa, Galiles discavered the isochrenism of the pandikiiin—
the peried of swing is independent of its amplitvde=\whieh he weuld
apply & half-century 1ster in building an astronemical closk:

Galileo persuaded his father to allow him to leave the wniversity
without a degree, and he returned to Florence to study and teach math-
ematiics. By 1586, he had begun to question the science and philosophy
of Aristotlle, preferring to reexamine the work of the great mathemati-
cian Archimedrs, who was also known for discovering and perfecting

Galliko at his trial.
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methods of integration for calculating areas and volumes. Archimedes
also gained a reputation for his invention of many machines wltimately
used as engines of war, such as giant catapults to hurl boulders at an
advancing army and large cranes to topple ships. Galileo was inspired
mainly by Archimedes” mathemaiicall genius, but he too was swept up in
the spirit of invention, designing a hydrostatic balance to determine an
objeet’s density. when weighed in water.

In 1589, Galileo became a professor of mathemstiics at the University
of Pisa, where he was required to teach Ptolemaic astranomy—the the-
ory that the Sun and the planets revolve around the Earth. It was in Pisa,
at the age of twenty-ffive, that Galileo obtained a deeper umnderstanding
of astrenomy and began to break with Atristotle and Ptolemy. Lecture
notes recovered from this period show that Galileo had adopted the
Arehimedean approach to metion; specifically, he was teaching that the
density of a falling objeet, not its weight, 8 Aristotle had maintained, was
propeitional te the speed at whieh it fell. Galiles is sald te have damon-
strated his theery By dropping ebjeets ef the different weights but the
seme density from atep the leaning tewer of Pisa. In Pisa tee, he wrete
On petien (Pe mekd), 3 Beelk that esntiadicted the Aristetelian thesries
of metien and esizblished Galiles s & leader in scientifie reformation.
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After his father’s death in 1592, Galileo did not see much of a future
for himself in Pisa. The pay was dismal, and with the help of a family
friend, Guidobaldo del Mionte, Galileo was appointed to the chair in
mathematiies at the Umiversity of Padua, in the Venetian Refputblic. There,
Galileo's reputation blossomed. He remained at Padua for eighteen years,
lesturing on geometiy and astronomy a6 well as giving peivate lessons on
cosmographyy, opties, arithmetie, and the use of the sector in military
engineering. 1A 1593, he assembled treatises on fortifications and
meehaniies for his private studenis and invented a pump that eould faise
water under pewer of 2 single hotse.

In 1597, Galileo invented a calculating compass that proved useful to
mechaniical engineers and military men. He also began a corregpondence
with Johannes Keplet, whose book Migeny of the Cosmos (Mygteniism cos-
mographiown) Galileo had read. Galileo sympathized with Keplet's
Copermiican views, and Kepler hoped that Galileo would openly support
the theory of a helioeentric Earth. But Galileo’s scientific interests were
still foeused on meehamicall theeties, and he did net follow Kepler's
wishes. Alse at that time Galiles had developed a personal intefest in
Miarina Gamba, a Venetian weman by whem he had @ sen and twe
daughters. The eldest daughter, Vinginia, BerA iR 1600, maintained a very

Tihe Uhisersityy of [Ratiua,
where Gallibo made rmeny

of his discoveries.
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close relationship with her
father, mainly through an
exchange of corregpondence,
for she spent most of her dhort
adult life in a convent, taking
the name Matia Celeste in
tribute to her father’s interest
in eelestial matters.

In the first years of the
seventeenth centuny, Galileo
experimented with the pen-
dulum and explored its asso-
ciation with the phenomenocn
of natural aceeleration. He
also began werk on a mathe-
matieal medel describing the
metien of falling bedies,
which he studied by measui-
ing the time it teek balls te
foll varigus distanees Qown
inelined planes. 1n 1604, &
superneva observed iR the
Right sy aBeve Padud
renewed questiens  AROUE
AFStOtRS medel of the
Hnehanging heavens. &aliles
threst himselt inte the fore-
front of the deBate, delivering

sevenal pravacative lectuies, But hie was hesitant 18 publish his thesves. iR
8%&%'%%& 1608, 2 Putehman By the name 8F Hans Lipperhey, spplied

2 palent 9n 2 spYgIass that coud make Faraway 095%%&5 appear d9s:
ing g the inventian. Eaileg set oy emgt[m%%
had asﬂg;}%agﬁms: oWe: esésgge fhres ¢imes
g

mote powertl than Lippeihexs device fnd w %r,
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had produced a thirty-
power telescope. Wien he
pointed the scope toward the
skies in January 1610, the
heavens literally opened wup
to humankind. The Mioon 1o
longer appeared to be a per-
feetly smoeth dise but was
seen to be 2 iMOuRtalABus
and full ef eraters. Through
his telescope, Galiles deter-
mined that the Milky Way
was setually & vast gathering
of separaie sars. But mest
imperan., he sighted four
Medrs HouAd Jupiter, 2 dis
eavery that Rad dremendsus
implications for many of the
gegeentrifatly inclined, whe
held that A\ heaventy podies
fevolved sxetusively AQuRd
the E3¥th. That same year he
published TR S
W@er @?3%%?45 NJ\'HPQE?;
I which he aHH%%%%%% hig

a
i eries an u
ng VETr1es an E BUE
Bl F ont of- con-
1 1n t C ont of con-
temporar astronom e e
tCHIBOI’alX] astrononXI ijl lE
un lle to continue teac Arlstotelltan theories, an is renown
unable to continue teac ArlStOtC 1an t COI‘lCS an 1S renown

1im to ta os1t1on 1n rlorence as mathematician an 10SO-
er to the gran e o0 scan
B er to tEe mng gui((e OFIE[LLJISCQ.H

Omce free from the responsibiliities ot teaching, Galileo was able to

enaléieg Elm tot e a osmon in Elorence as mathematici.an ang Bﬂiioso-

devote himself to telescopy. He soon observed the phases of Venus, which
confirmed Copeiiicus’ theory that the planet revolved around the Sun.
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He also noted Saturn s oblong shape, which he attributed to mumerous
moons revolving around the planet, for his telescope was unable to detect
Saturn's rings.

The Roman Cathollic Church affinmed and praised Galileos disocov-
eries but did not agree with his interpretations of them. In 1613, Galileo
publlished Letters on Sunspaiss, marking the first time in print that he had
defended the Copefifiican sysiem of a heliocentfic universe. The work
was immediatelly attacked and its author denoumced, and the Holy
Inquisition seon took neftice. When in 1616 Galileo puibliished a theory
of tides, whiieh Re believed was prook that the Earth meved, he was suf-=
moned te Rome t6 answer for his views. A eoumgill of theologians issued
an ediet that Galileo was practieing bad sclence when he taught the
Ceperiiican system as fact. But Galiles was never offlelally condemned.
A meeting with Pope PaulV led him te believe that the pentikf held him
in esteem #nd that he esuld esntinue te lecture under the pomifft 's pro-
teetion. He was, heween, strengly warned that Copritican theerks fan
esntiaty te the Seriptwies sAd that they may enlly be presented &
Rypetrses.

When upon Pauls death in 1623 one ot Galileds friends and sup-
portens, Cardinal Barberini, was elected pope, taking the name Urban
VIII, Galileo presumed that the 1616 edict woulld be reversed. Utban told
Galileo that he himselff was responsible tor omiitting the wotd “heresy”
from the ediet and that as long as Gallileo treated Copeirtiican doctiine as
hypetiiesiis and fiet truth, he woulld be tree to puilish. Wiith this assur-
anee, over the next six years Galiles worked en Dialtgue Congeriing the
Twe Chiglf Wovd Systemss, the book that woulld lead to his imprisonment.

Tivo Chigff World Systemss takes the form ot a polemic between an
advocate ot Ariistotle and Ptolemy and a supporter of Copemitus, who
seek to win an educated everynian ovet to the respective philosophies.
Galileo pretaced the book with a statement in suppoit of the 1616 edict
against him, and by presenting the theoties thtough the bedks charac-
ters, he is able to aveid openly deelaring his allegiance to either side.
The public elearly perceived, nomnritiekss, that in Twe Chigl Wewd
Sysemss Galilee was disparaging Aristotelianism. [n the pelemie.
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Aristotlle’s cosmology is only weakly defended by its smpleminded sup-
porter and is viciously attacked by the forceful and petsuasive Coperniican.
The book achieved a great success, despite being the subject of massive
protest upon publication. By wtiting it in vernacullar [talian rather than
Latin, Galileo made it accessible to a broad range of literate [talians, not
just to churchmen and schollars. Galileo's Ptollemaic rivalls were furious at
the dismissive treatrient that their scientific views had beem given. In
Simplicio, the defender of the Ptollemaiic system, many readeis recognized
a carleature of Simplieius, 2 shil-century Aristetelian cammeHaior. Pope
Urban VI, meanwitiik, theught that Simplieie was meant 35 & eaFieaure
of himself. He felt misled by Galileo, who apparently had neglected te
inferm him et aAy injunetion in the 1616 edict when he sought permis-
sion te wiite the beelk. Galiles, on the other Rand, never reeeived 8 Writ-
ten injunetion, and sesmied t8 Be unaware of sny vielgiiens on his pat:

By March 1632, the Church had ordered the booiks printer to dis-
continue publication, and Galileo was summomed to Romme to defend
himselt. Pleading serious illness, Galileo refused to travel, but the pope
insisted, threatening to have Galileo removed in chains. Eleven months
later, Galileo appeared in Rome for ttial. He was made to abjure the
heresy of the Copetmican theory and was sentenced te life imprison-
ment. Galileo's life sentence was soon eommuied to gentle house arrest
in Siena undet the guard of Archbishep Aseanio Piceslemiini, a former
student of Galilea's. Piceolomiini permitied aAd even enceuraged Galiles
to resume wiiting. There, Galiles Began his final werk, Diglegues
Coeeeningrg T Newy SéRneess, an examimation ef his aecomplishmrHs in
physies. But the following year, when Rome get werd of the preferential
tresément Galiles was reeeiving from Pieeolomini, it Rad him remeved
te anether heme, in the hillis abave Flgrence. Some Ristarians believe that
it was Hpen his transier that Ealiles actualy said “EppUr S MveNe.” FAher
than & his publiic aBjuration foliowing the trial.

The transfer brought Galileo closer to his daughter Virginia, but ssen
she died, after a brief illness, in 1634. The loss devastated Galileo, but
eventually he was able to resume working on Tivo Naw Sciences and
he finished the book within a year. Homever, the Congregation of the
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Index, die Church censor, would not allow Galileo to publlish it.
The manuscriipt had to be smuggled out of Italy to Leiden, in Protestant
northern Eutope, by Louis Elsevier, a Dutch publiisher, before it could
appear in print in 1638, Diallogues Concerning Tiwo Naw Seiences, witich ssat
out the laws of accelerated motion governing falling bodies, is widely
held to be the ecornerstone of medern physies. IR this beok., Galiles
reviewed and refined his previous studies of metion, as well as the prin-
ciples of meehanics. The twe new scienees Galiles foecuses en are the
study of the strength of materialls (@ braneh of engineeriing), and the study
ef metien (kinematies, a braneh of mathemalics). I the first half of the
beek, Galiles deseribed his inelined-plane experimens iR accelerated
metien. 1A the seeend half, Galiles tesk 8n the intraetable preblem of
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calculating the path of a projectile fired from a cannon. At first it had
been thought that, in keeping with Aristotelian principles, a projectile
followed a straight line unal it lost its “impetus”™ and fell straight to the
ground. Later, obscrvers noticed that it actually returned to Earth on a

curved path, but the reason this happened and an exact description of the

curve no one could say—until Galileo. He concluded that the projectile’s
path is determined by two motions—one vertical, caused by gravity,
which forces the projectile down, and one horizontal, governed by the
principle of inertia.

Galilco demonstrated that the combination of these two independ-
ent motions determined the projectile’s course along a mathematically
describable curve. He showed this by rolling a bronze ball coated 1n ink
down an inclined plane and onto a table, whence it fell freely oft the edge
and onto the floor. The inked ball lett a mark on the floor where it hit,
always some distance out from the table’s edge. Thus Galileo proved that
the ball continued to move horizontally, at a constant speed, while grav-
ity pulted it down vertically. He found that the distance increased i pro-
portion to the squarce of the time elapsed. The curve achieved a precise
mathematical shape, which the ancient Greeks had termed a parabola.

So great a contribution to physics was Tive New Scienees that scholars
have long maintained that the book anticipated Isaac Newtons laws of
motion. By the time of its publication, however, Galilco had gone blind.
He lived out the remaining years of his life in Arcetri, where he died on
January 8, 1642, Galileo's contributions to humanity were never understat-
ed. Albert Einstein recognized this when he wrote:Propositions arrived at
purely by logical means are completely empty as regards reality. Because
Galileo saw this, and particularly because he drummed it into the scientit-
ic world, he s the father of modern physics—indeed of modern science”

In 1979, Pope John Paul 1T stated that the Roman Catholic Church
may have mistakenly condemned Galileo, and he called for a commission
specifically to reopen the case. Four years later, the commission reported
that Galilco should not have been condemned, and the Church published
all the documents relevant to his trial. In 1992, the pope endorsed the

commission’s conclusion.
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DIALOGUWES CONCERMIMNG TWO® NEW SCIENCES

FIRST DAY

Trierbontonars: Satlidtiti, Sayeetdo and! Stimplicio

Salv. We can take wood and see it go up in fire and light, but we do
not see them recombine to form wood; we see fruits and flowens and a
thousand other solid bodies dissolve largely into odois, but we do not
observe these fragrant atoms coming together to form fragrant solids. But
whete the senses fail us reason must step in; for it willl enable us to wnder-
stand the motion invelved in the eondemsation of extremelly rarefled and

A depiction of Gatlitos tellescope,
the book in wicth he wrote the
notes in this volume;, the Jupiter
moons on an orrery, @nd fhe pitan-
et Jugiierr in the distance,
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tenuous substances just as clearly as that involved in the expansion and
dissolution of solids. Morcover we are trying to find out how it is
possible to produce expansion and contraction in bodies which are
capable of such changes without introducing vacua and without giving
up the impenetrability of matter; but this does not exclude the possi-
bility of there being materials which possess no such properties and do
not, therefore, carry with them consequences which you call incon-
venient and impossible. And finally, Simplicio, I have, for the sake of
you philosophers, taken pains to find an explanation of how expansion
and contraction can take place without our admitting the penetrability
of matter and introducing vacua, properties which you deny and
dislike; if you were to admit them, [ should not oppose you so vigor-
ously. Now either admit these difficulties or accept my views or suggest
something better.

Sagr. I quite agree with the Peripatetic philosophers in denying the
penetrability of matter. As to the vacua I should like to hear a thorough
discussion of Aristotle’s demonstration in which he opposes them, and
what you, Salviati, have to say in reply. I beg of you, Simplicio, that you
give us the precise proof of the Philosopher and that you, Salviati, give
us the reply.

Simp. So far as [ remember, Aristotle inveighs against the ancient
view that a vacuum 1s a necessary prercquisite for motion and that the
latter could not occur without the former. In opposition to this view
Aristotle shows that it is precisely the phenomenon of motion, as we
shall see, which renders untenable the idea of a vacuum. His method 1s
to divide the argument into two parts. He first supposes bodies of dif-
ferent weights to move in the same medium; then supposes, one and
the same body to move in different media.

In the first case, he supposes bodies of different weight to move in
onc and the same medium with different speeds which stand to one
another in the same ratio as the weights; so that, for example, a body
which is ten times as heavy as another will move ten times as rapidly as
the other. In the second case he assumes that the speeds of one and the

same body moving in difterent media are in inverse ratio to the densities



G A WIILLEEOO  GoAALLI L E |

THE WEBB SPACE TELESCORE WILL SUPERSEDE THE HUBBLE IN 201

Galilens s eire work is compEEYy justiedd by the e thair is being created now: The Hlbbide telescope waighs' 1" & {0,

Buk the new Welith willl hemade of light hexaggrelr! mifmors six meters dcross and will be 10 to 100 fites ioves powertt! dhal
the Frubble.

65




066

T

H

E

1

LLUSTRATED O N THE SHOULDERS O F G1ANTS

of these media; thus, for instance, if the density of water were ten times
that of atr, the speed in air would be ten times greater than in water. From
this second supposition, he shows that, since the tenuity of a vacuum dif~
fers infinitely from that of any medium filled with matter however rare,
any body which moves in a plenum through a certain space in a certain
time ought to move through a vacuum instantaneously; but instantaneous
motion is an impossibility; it 1s therefore impossible that a vacuum should
be produced by motion.

Salv. The argument is, as you see, ad hominem, that is, it is directed
against those who thought the vacuum a prerequisite for motion. Now
if I admit the argument to be conclusive and concede also that motion
cannot take place in a vacuum, the assumption of a vacuum considered
absolutely and not with reference to motion, 1s not thereby invalidated.
But to tell you what the ancients might possibly have replied and in order
to better understand just how conclusive Aristotle’s demonstration is, we
may, in my opinion, deny both of his assumptions. And as to the first, |
greatly doubt that Aristotle ever tested by experiment whether it be true
that two stones, one weighing ten times as much as the other, if allowed
to fall, at the same instant, from a height of], say, 100 cubits, would so dif-
ter in speed that when the heavier had reached the ground, the other
would not have fallen more than 10 cubits.

Simp. His language would seem to indicate that he had tried the
experiment, because he says: We see the heavier, now the word see shows
that he had made the experiment.

Sagr. But I, Simplicio, who have made the test can assure you that a
cannon ball weighing one or two hundred pounds, or even more, will not
reach the ground by as much as a span ahead of a musket ball weighing
only half a pound, provided both are dropped from a height of 200 cubits.

Salv. But, even without further experiment, it is possible to prove
clearly, by means of a short and conclusive argument, that a heavier body
does not move more rapidly than a lighter one provided both bodies arc
of the same material and in short such as those mentioned by Aristotle.
But tell me, Simplicio, whether you admit that each falling body acquires

a definite speed fixed by nature, a velocity which cannot be increased or
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by the use of force [violenza] or resistance.

Simp. There can be no doubt but that one and the same body mov-
ing in a single medium has a fixed velocity which is determined by
nature and whiich cannot be increased except by the addition of momen-
tum impeio] or diminished except by some resistance which retards it.

Salv. If then we take two bodies whose naturall speeds are different, it
is clear that on uniting the two, the more rapid one wiill be partly retard-
ed by the dower, and the dower will be somewhat hastened by the
swifter, Do you not agree with me in this opinion?

Simp. You are unquestionafbly right.
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Salv. But it this is true, and if a large stone mowes with a speed of;, say,
eight while a smaller mowes with a speed of four, then when they are
united, the system will move with a speed less than eight; but the two
stones when tied together make a stone larger than that which before
moved with a speed of eight. Hence the heavier body mowes with less
speed than the lighter; an effect whieh is contiary to your supposition.
Thus you see how, from yout assumption that the heavier body moves
more rapidly than the lighter ene, | infer that the heavier bedy nioves
moie sowly:

Simp. 1 am all at sea because it appears to me that the smaller stone
when added to the larger increases its weight and by adding weight 1 do
not see how it can fail to increase its speed or, at least, not to dimimnish it.

Salv. Here again you are in error, Simplicio, because it is not true that
the smaller stone adds weight to the larger.

Simp. Thiss is, indeed, quite beyond my comprehension.

Salv. It willl not be beyond you when I have once shown you the mis-
take under which you are laboring. Note that it is necessary to distiim-
guish between heavy bodies in motion and the same bodiies at rest. A
large stone placed in a balance not only acquires additional weight by
having anothet stone placed upon it, but even by the addition of a hand-
ful of hemp its weight is augmented slx to ten ounces aceordifg to the
guantity ef hemp. But if you tie the hemp to the sione and allow them
to fall freely from some height, do you believe that the hemp willl press
dewn upon the stonie and thus accelerate its motion of de you think the
mokion will be retarded by a partial upward pressuie? Ome always feels
the pressure upen his sheuldeis when he prevenis the metien of a 1ead
resting Wpen Rim; But iF ene deseends jjust 3 rapidly a8 the lead weuld
fsll hew esn it gravitate of press Upen Him? De ysu Aot see that this
would Be the same 38 trying te strike 3 Man with & [aAee when Re is run-
Ring away from yeu with 2 speed which is equal (8, OF 8ven greater than,
that with which yeu aie following him? you must theretsre eanelude that,
during free and natural fAll; the smail Sone dBES NEt Press Hpen the 1arger
and eonsequentty dees At inerease (is weight &8 it does when & fest.

Simp. But what if we should place the larger stone upon the smaller?



G A LLIILLEEOO GGAALLI L E I

Salv. Its weight would be increased if the larger stone moved more
rapidly; but we have already concluded that when the small stone moves
more slowly it retards to some extent the speed of the larger, so that the
combination of the two, which is a heavier body than the larger of the
two stones, would move less rapidly, a conclusion which is contrary to
your hypetdirsiis. We infer therefore that large and small bodies meve with
the same speed provided they are of the same speeifie gravity:

Simp. Your discussion is really admirable; yet I do not find it easy to
believe that a bird-shot falls as swiftly as a cannon ball.

Salv. Wiy not say a grain of sand as rapidly as a grindstome? But,
Simplicio, I trust you will not follow the example of many others who
divert the discussion from its main intent and fasten upon some state-
ment of mine which lacks a hair's-breadth of the truth and, undet this
hait, hide the fault of anothet which is as big a5 a ship’s cable. Aristotle
says that “an iron ball of one hundied pounds falling from a height of one
Rundied eubits reaches the ground before a one-pound ball has fallen a
single eubit.” | say that they arrive at the same time.You flnd, eh making
the experimenk, that the larger ouistriips the smaller by twe fiinger-
breadths, that is, when the larger has reached the greund, the ether is
shert sf it By twe ffinge-bredtfiss; new yeu weuld net hide behind these
twe fingers the ninety-nine cubits s Aristetie, ner weuld yeu mention
My smail errer and & the same time pass ever iR silenee Ris very l#ge
8ne. Aristetie declares that Bedies of different weights, in the same medi-
UM, fravel (insofsr 38 their metien depends UpeR gravity) With speeds
which e propertienal te their weighis; this Re illusirates By use of bod-
{65 in which it is possible t8 percgive the pure 2nd HRgduiterated effect
8F gravity, eliminating Sther considerations, for exampie, fighie 2 BEIRg
8F small impertance [miniwi momewdh, inHuences which are greatly
dependent ypsn He medinm which madides the single eHect aF gravity
aAlsne THS we 8Bserve that gold, e densest gt all sybstances, when
Beaten st (RIS 2 very HRin 1eak gaes HOMING thraugh the aiF: the same
thing happens Wﬁﬁ S1ORE WhEh ground IRe & very fine BowdR: But I
y8H Wish 18 Maintain the geneiah B%SB%%HSE y8H With have 18 ?HSW that

E e same ratio o B s IS preserve! e case 0? aﬂ Heav;

€ sanie ratio O S 1S preserve lll C Case Or a 169 an
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that a stone of twenty poumnds mowes ten times as rapidly as one of two;
but I claim that this is false and that, if they fall from a height of fifty or
a hundred cubits, they will reach the earth at the same moment.

Simp. Perhaps the result would be different it the fall took place not
from a few cubits but from some thousands of cubits.

Salv. If this were what Aristotle meant you would burden him with
another error which would amount to a faledhood; because, since there is

no such sheer height available on Earth, it is clear that Aristotle could not
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have made the experiment; yet he wishes to give us the impression of his
having performed it when he speaks of such an effect as one which we see.

Simp. In fact, Aristotle does not employ this princiiple, but uses the
other one which is not, I believe, subject to these same difficulties.

Salv. But the one is as false as the other; and I am surprised that you
yourself do not see the fallacy and that you do not petceiive that if it were
true that, in mediia of different densities and different resistances, such as
water and aif, one and the same body moved in air more rapidly than in
water, in proportion as the density of watet is greater than that of air, then
it would follow that any body which falls through air ought also to fall
through water. But this eonclusion is false inasmuch as many bodies
whiieh deseend in alf net enly de neot descend in water, but actuallly rise.

Simp. I do not understand the necessity of your inference; and in
addition | willl say that Aristotle discusses only those bodiies whiich fall in
both mediia, not those which fall in air but rise in water.

Salv. The arguments which you advance for the Philosopher are sudh
as he himself would have certainly avoided so as not to aggravate his first
mistake. But tell me now whethet the density [cogpulenza] of the water,
or whatever it may be that retaids the motion, bears a definite ratio to
the density of alr which is less retardative; and if so fix a value for it at
youFr pleasure.

Simp. Such a ratio does exist; let us assume it to be ten; then, for a
body which fallsin both these mediia, the speed in water willl be ten times
dower than in air.

Salv. | shall now take one of those bodies which fall in air but not in
water, say a wooden ball, and | shall ask you to assign to it any speed you
please for its descent through air.

Simp. Let us suppose it mowes with a speed of twenty.

Salv. Very well. Then it is clear that this speed bears to some smaller
speed the same ratio as the density of water bears to that of air; and the
value of this smaller speed is two. So that really if we follow exactly the
assumption of Aristotle we ought to infer that the wooden ball which
falls in air, a substance ten times less-resisting than watet, with a speed of
twenty woulld fall in water with a speed of two, instead of coming to the
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surface from the botrom as it does; unless perhaps you wish to reply,
which I do not believe you will, that the rising of the wood through the
water 1s the same as its falling with a speed of two. But since the wood-
en ball does not go to the bottom, I think you will agree with me that
we can find a ball of another material, not wood, which does fall in water
with a speed of two.

Simp. Undoubtedly we can; but it must be of a substance consider-
ably heavier than wood.

Salv. That is it exactly. But if this sccond ball falls in water with a
speed of two, what will be its speed of descent in air? If you hold to the
rule of Aristotle you must reply that it will move at the rate of twenty;
but twenty 1s the speed which you yourself have already assigned to the
wooden ball; hence this and the other heavier ball will each move
through air with the same speed. But now how does the Philosopher
harmonize this result with his other, namely, that bodies of different
weight move through the same medium with different speeds—speeds
which are proportional to their weights? But without going into the
matter more deeply, how have these common and obvious properties
escaped your notice?

Have you not observed that two bodies which fall in water, one with
a speed a hundred times as great as that of the other, will fall in air with
speeds so nearly equal that one will not surpass the other by as much as
one hundredth part? Thus, for example, an egg made of marble will
descend in water one hundred times more rapidly than a hen’s cgg, while
i air falling from a height of twenty cubits the one will fall short of the
other by less than four finger breadths. In short, a heavy body which sinks
through ten cubits of water in three hours will traverse ten cubits of air
in one or two pulse beats; and if the heavy body be a ball of lead it will
casily traverse the ten cubits of water in less than double the time
required for ten cubits of air. And here, I am sure, Simplicio, you find no
ground for difference or objection. We conclude, therefore, that the
argument does not bear against the existence of a vacuuny; but if it did,
it would only do away with vacua of considerable size which neither 1

nor, in my opinion, the ancients ever believed to exist in nature, although
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they might possibly be produced by force |[violenzal as may be gathered
from various experiments whose description would here occupy too
much time.

Sagr. Seeing that Simplicio 1s silent, I will take the opportunity of
saying something. Since you have clearly demonstrated that bodies of dif-
ferent weights do not move in one and the same medium with velocities
proportional to their weights, but that they all move with the same speed,
understanding of course that they are of the same substance or at least of
the same specific gravity; certainly not of different specific gravities, for 1
hardly think you would have us believe a ball of cork moves with the
same speed as one of lead; and again since you have clearly demonstrat-
ed that one and the same body moving through differently resisting
media does not acquire speeds which are inversely proportional to the
resistances, | am curious to learn what are the ratios actually observed in

these cases.

We come now to the other questions, relating to pendulums, a sub-
ject which may appear to many exceedingly arid, especially to those
philosophers who are continually occupied with the more profound
questions of nature. Nevertheless, the problem is one which I do not
scorn. I am encouraged by the example of Aristotle whom I admire espe-
cially because he did not fail to discuss every subject which he thought
in any degree worthy of consideration.

Impelled by your queries I may give you some of my ideas concern-
ing certain problems in music, a splendid subject, upon which so many
eminent men have written: among these is Aristotle himself who has dis-
cussed numerous interesting acoustical questions. Accordingly, if on the
basis of some easy and tangible experiments, I shall explain some strik-
ing phenomena in the domain of sound, I trust my explanations will
nieet your approval.

Sagr. I shall receive them not only gratefully but eagerly. For,
although I take pleasure in every kind of musical instrument and have

paid considerable attention to harmony, I have never been able to fully
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understand why some combiimatiions of tones are more pleasing than oth-
ers, or why certain combiimatioms not only fail to please but are even
highly offensive. Then there is the old problem of two stretched sirings
in unison; when one of them is sounded, the other begjins to vibrate and
to emit its note; not do | understand the different ratios ot hanmony
[forme delle consommeke| and some other details.

Salv. Let us see whether we cannot derive from the pendulum a sat-
isfactory solution of all these difficulties. And first, as to the question
whether one and the same pendulum really performs its vibrations, large,
medium, and small, all in exactly the same time, I shall rely upon what [
have already heard from our Academiician. He has cleady shown that the
time of descent is the same along all choids, whatewer the arcs which sulb-
tend them, a well along an are of 180° (i. e, the whelle diameter) as dong
one of 100°, 60°, 10°, 2°, 1/2°, ot 4. It Is understoed, of couise, that ihese
ares all termiinate at the lewest point of the eirele, whete it teuehes the
hetiizomial plane.

If now we consider descent along arcs instead of their chords then,
provided these do not exceed 90°, experiment shows that they are all tra-
versed in equal times; but these times are greater tor the chotd than for
the are, an effect which is all the more rematkable because at first glance
one would think just the oppoesite to be true. For sinee the terminal
points of the two moiions are the same and sinee the straight line inelud-
ed between these two peints is the shoftest distaniee between them, it
woulld seem reasonable that metien aleng this line shoulld be exeeuted in
the shottest time; but this is net the ease, for the sheriest time—and
thetefore the mest rapid metien—is that empleyed aleng the are of
wiiieh this straight line is the eherd:

As to the times of vibration of bodies suspended by threads of dif-
ferent lengths, they bear to each other the same propottion as the sguare
roots of the lengths of the thread; or one might say the lengths are to each
othet as the squares of the times; so that if one wishes to make the vibra-
tion-time of one pendulum twice that ot another, he must make its sus
pension four times as long. In like manner. if one pendulum has & sus-
pension nine times a long as anothet, this second pendulum willl execute
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three vibrations during cach one of the first; from which it tollows that
the lengths of the suspending cords bear to each other the [inverse| ratio
of the squares of the number of vibrations performed in the same time.

Sagr. Then, if I understand you correctly, [ can casily measure the
length of a string whose upper end is attached at any height whatever
even if this end were invisible and I could see only the lower extremity.
For if [ attach to the lower end of this string a rather heavy weight and
give it a to-and-fro motion, and if T ask a friend to count a number of its
vibrations, while [, during the same time interval, count the number of
vibrations of a pendulum which is exactly one cubit in length, then
knowing the number of vibrations which cach pendulum makes in the
given interval of time one can determine the length of the string.
Suppose, for example, that my friend counts 20 vibrations of the long
cord during the same time in which I count 240 of my string which 1s
one cubit in length; taking the squares of the two numbers, 20 and 240,
namely 400 and 57600, then, I say, the long string contains 57600 units
of such length that my pendulum will contain 400 of them; and since the
length of my string is one cubit, I shall divide 57600 by 400 and thus
obtain [44. Accordingly I shall call the fength of the string 144 cubits.

Salv. Nor will you miss it by as much as a hand’s breadth, especially
if you observe a large number of vibrations.

Sagr. You give me frequent occasion to admire the wealth and pro-
fusion of nature when, from such common and even trivial phenomena,
you derive facts which are not only striking and new but which are often
far removed from what we would have imagined. Thousands of times |
have observed vibrations especially in churches where lamps, suspended

by long cords, had been inadvertently sct into motion; but the most

g
which I could infer from these observations was that the view of those
who think that such vibrations are maintained by the medium is highly
improbable: for, in that case, the air must nceds have considerable judg-
ment and little else to do but kill tdme by pushing to and fro a pendent
weight with perfect regularity. But [ never dreamed of learning that one

and the same body, when suspended from a string a hundred cubits long

and pulled aside through an arc of 90° or even 1° or 1/2°, would employ
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the same time in passing through the least as through the largest of these
arcs; and, indeed, it still strikes me as somewhat unlikelly. Now | am wait-
ing to hear how these same simple phenomena can furnish solutions for
those acoustical problems-solutions whiich willl be at least partly satisfactoey.

Salv. First of all one must observe that each pendulum has its own
time of vibration so definite and determinate that it is not possible to
make it move with any other period )altro période] than that which nature
has given it. For let any one take in his hand the cord to which the
weight is attached and tey, as much as he pleases, to inectease of diminish
the frequency [frepuenza] of its vibrations; it will be time wasted. Om the
other hand, one can conter motion upon even a heavy pendulum whieh
is at rest by simply blowing against it; by repeating these blasts with a
fregueney which is the same # that of the pendulum one ean impart
eonsiderable mokion. Suppese that By the first putf we have displaeed the
pendulum from the vertieal by, say, half an ineh; then if, after the pandy-
lum has returned and is about te begin the seeond vibration, we add a
seeond putt, we shall impart additionall mekiom; and $8 B8R With other
Blasts provided they are spplied at the right instant, and net when the
pendulum is eoming teward us sinee iR this ease the bBlast wewid impede
FREREr than aid the MEHeRN. COMGRWIRG EAYS with many iMprIses (limpH)-
] we impatt 8 the penduiim sHeh MOMentum Nmpeiey that 2 greater
impuise [forzal than that oF 2 Single Blast will Be needed I8 stop it:

Sagr. Even as a boy, 1 observed that one man alone by giving these
impuikes at the right instant was able to ring a bell so large that when four,
or even six, men seized the rope and tried to stop it they were lifted from
the ground, all ot them togethei being unable to counteialance the
momentum whieh a single man, by properly-timed pullls, had given it.

Salv. Your illustration makes my meaning clear and is quite @s well fit-
ted, as what 1 have jjust ssid, to explain the wondertul phenomenon of the
strings of the cittern [aetenhlonobtlibaspioe] Jeibtalohanashe yhéh@adachihat
a vibrating string will set another string in motion and cause it to seund
not only when the latter isin unison but even when it differs from the for-
mer by an octave of a fifth. A string which has been struek begins to vibrate
and eontinues the motion as long @ one heais the sound [risenanzal;
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these vibrations cause the immediately surrounding air to vibrate and
quiver; then these ripplles in the air expand far into space and strike not
only all the strings of the same instrument but even those of meigihiboring
instrumentis. Since that string which is tuned to unison with the one
plucked is capable of vibrating with the same frequency, it acquites, at the
first impuilse, @ slight oscillation; after receiving two, thiee, twenity, of more
Impuilses, delivered at proper Interwalls, it finally aceumuiiies a vibratory
metion equal to that of the plueked string, & is eleally showh by eguality
of amplitude in their vibratiens. This unduliation expands threugh the alr
and sets inte vibratien net enly sirings, but alse any ether bedy whieh hap-
pens te have the same peried a5 that of the pluecked string. Aceordingly If
we attaen te the side of an instrument smalll pisees of bristle of ather fil-
{ble bodies, we shall ebserve that, when & spinet is sounded, eply {hese
pieees respond that have the same peried & the SFing whieh has been
struel: the remaining pieees d8 net vibrate in response o this string, Aer
ds the former pieces respond t8 sy StREr (9RE:

If one bows the base string on a viola rather smartly and brings near
it a goblet of fine, thin glass having the same tone [tuono] as that of the
string, this goblet wiill vibrate and audibly resound. That the wndulations
of the medium are widely dispersed about the sounding body is evinced
by the fact that a glass of water may be made to emit a tone metely by
the frietion of the fiinger-tifp upon the rim of the glass; for in this water
Is produced a series of regullar waves. The saie phenomenon is observed
to better advantage by fixing the base of the goblet upon the bottom of
a rather large vessel of water filled nearly to the edge of the goblet; for if,
a8 betore, we sound the glass by frietion ef the finges, me shall see ripples
spreading with the utmost regularity and with Righ speed te large dis-
tanees sbaut the glass: 1L have sfen remarked, in thus sounding & rather
Igrge glass nearly full oF water, that &t first the waves are spaeed With great
unifBrMify, and when, 5 sometimes happens, the tene of the glass jumps
a1 getave higher | have neted that & this mement 83eh of the aforesaid
waves divides ints twe; 2 phensmenen which shows eleary that the rie
invelved in the eetave [formm g8’ sHaiAl is tws.

Sagr. More than once have | observed this same thing, much to my
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delight and also to my profit. For a long time | have been perplexed
about these different harmonies simoe the explanations hitherto given by
those learned in music impiess me as not sufficiently condlugive. They tell
us that the diapason, 1.e. the octave, involves the ratio of twe, that the dia-
pente whieh we eall the fifth invelves a ratio of 3:2, ete.; beeause if the
epen siring of a menocheid be sounded and afterwards a bridge be
placed in the middle and the half length be seunded ene hears the
getave; and if the bridge be placed at 1/3 the length of the string, then
en plueking first the epen string and afterwards 2/3 of its length the fifth
is given; for this reasen they say that the getave depends Upen the ratie
of twe te ene [nemta K2t due 6 Kie] and the fifth upen the ratie of
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three to two. This explanation does not impress me as sufficient to estab-
lish 2 and 3/2 as the natural ratios of the octave and the fifth; and my rea-
son for thinking so is as follows. There are three different ways in which
the tone of a string may be sharpened, namely, by shortening it, by
stretching it and by making it thinner. If the tension and size of the string
remain constant one obtains the octave by shortening it to one-half, 1. e.,
by sounding first the open string and then one-half of it; but if length and
size remain constant and one attempts to produce the octave by stretch-
ing he will find that it does not suffice to double the stretching weight;
it must be quadrupled; so that, if the fundamental note 1s produced by a
weight of one pound, four will be required to bring out the octave.

And finally if the length and tension remain constant, while one
changes the size of the string he will find that in order to produce the
octave the size must be reduced to 1/4 that which gave the fundamen-
tal. And what I have said concerning the octave, namely, that its ratio as
derived from the tension and size of the string is the square of that
derived from the length, applies equally well to all other musical intervals
[intervalli musici].

Thus if one wishes to produce a fifth by changing the length he finds
that the ratio of the lengths must be sesquialteral, in other words he
sounds first the open string, then two-thirds of it; but if he wishes to pro-
duce this same result by stretching or thinning the string then it becomes
necessary to square the ratio 3/2 that is by taking 9/4 [dupla sesquiquartal;
accordingly, if the fundamental requires a weight of 4 pounds, the high-
er note will be produced not by 6, but by 9 pounds; the same is true in
regard to size, the string which gives the fundamental is larger than that
which yields the fifth in the ratio of 9 to 4.

In view of these facts, I see no reason why those wise philosophers
should adopt 2 rather than 4 as the ratio of the octave, or why in the case
of the fifth they should cmploy the sesquialteral ratio, 3/2, rather than
that of 9/4 Since it is impossible to count the vibrations of a sounding
string on account of its high frequency, I should still have been in doubt
as to whether a string, emitting the upper octave, made twice as many

vibrations in the same time as one giving the fundamental, had it not
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been for the following fact, namely, that at the instant when the tone
jumps to the octave, the waves which constantly accompany the vibrat-
ing glass divide up into smaller ones which are precisely half as long as
the former.

Salv. This 1s a beautiful experiment enabling us to distinguish indi-
vidually the waves which are produced by the vibrations of a sonorous
body, which spread through the air, bringing to the tympanum of the ear
a stimulus which the mind translates into sound. But since these waves in
the water last only so long as the friction of the finger continues and are,
even then, not constant but are always forming and disappearing, would
it not be a fine thing if one had the ability to produce waves which
would persist for a long while, even months and years, so as to easily
measure and count them?

Sagr. Such an invention would, I assure you, command my admiration.

Salv. The device is one which I hit upon by accident; my part con-
sists merely in the observation of it and in the appreciation of its value as
a confirmation of something to which I had given profound considera-
tion; and yet the device is, in itself, rather common. As [ was scraping a
brass plate with a sharp iron chisel in order to remove some spots from
it and was running the chisel rather rapidly over it, [ once or twice, dur-
ing many strokes, heard the plate emit a rather strong and clear whistling
sound; on looking at the plate more carefully, [ noticed a long row of finc
streaks parallel and equidistant from one another. Scraping with the chis-
el over and over again, I noticed that it was only when the plate emitted
this hissing noise that any marks were left upon it; when the scraping was
not accompanied by this sibilant note there was not the least trace of such
marks. Repeating the trick several times and making the stroke, now with
greater now with less speed, the whistling followed with a pitch which
was correspondingly higher and lower. [ noted also that the marks made
when the tones were higher were closer together; but when the tones
were deeper, they were farther apart. I also observed that when, during a
single stroke, the speed increased toward the end the sound became
sharper and the streaks grew closer together, but always in such a way as

to remain sharply defined and equidistant. Besides whenever the stroke
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was accompanied by hissing [ felt the chisel tremble in my grasp and a
sort of shiver run through my band. In short we sce and hear in the case
of the chisel precisely that which is, seen and heard in the case of a whis-
per followed by a loud voice; for, when the breath is emitted without the
production of a tone, one does not feel either in the throat or mouth any
motion to speak of in comparison with that which is felt in the larynx
and upper part of the throat when the voice is used, especially, when the
tones employed are low and strong.

At times [ have also observed among the strings of the spinet two
which were in unison with two of the tones produced by the aforesaid
scraping; and among those which differed most in pitch T found two
which were separated by an interval of a perfect fifth. Upon measuring
the distance between the markings produced by the two scrapings it was
found that the space which contained 45 of one contained 30 of the
other, which is precisely the ratio assigned to the fifth.

But now before proceeding any farther I want to call your attention
to the fact that, of the three methods for sharpening a tone, the one
which you refer to as the fineness of the string should be attributed to its
weight. So long as the material of the string is unchanged, the size and
weight vary in the same ratio. Thus in the case of gut-strings, we obtain
the octave by making one string 4 times as large as the other; so also in
the case of brass one wire must have 4 times the size of the other; but if
now we wish to obtain the octave of a gut-string, by use of brass wire,
we must make it, not four times as large, but four times as heavy as the
gut string: as regards size therefore the metal string is not four times as
big but four times as heavy. The wire may therefore be even thinner than
the gut notwithstanding the fact that the latter gives the higher note.
Hence if two spinets are strung, one with gold wire the other with brass,
and if the corresponding strings each have the same length, diameter, and
tension it follows that the instrument strung with gold will have a pitch
about one-fifth lower than the other because gold has a density almost
twice that of brass. And here it is to be noted that it is the weight rather
than the size of a moving body which offers resistance to change of

motion [velocita del moto] contrary to what one might at first glance think.
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For it seems reasonable to believe that a body which is large and light
should suffer greater retardation of motion in thrusting aside the medi-
um than would one which is thin and heavy; yet here exactly the oppo-
site 1s true.

Returning now to the original subject of discussion, I assert that the
ratio of a musical interval is not immediately determined either by the
length, size, or tension of the strings but rather by the ratio of their fre-
quencies, that is, by the number of pulses of air waves which strike the
tympanum of the ear, causing it also to vibrate with the same frequency.
This fact established, we may possibly explain why certain pairs of notes,
differing in pitch produce a pleasing sensation, others a less pleasant effect
and still others a disagreeable sensation. Such an explanation would be
tantamount to an explanation of the more or less perfect consonances and
of dissonances. The unpleasant sensation produced by the latter arises, I
think, from the discordant vibrations of two different tones which strike
the ear out of time [sproporzionatamente|. Especially harsh is the dissonance
between notes whose frequencies are incommensurable; such a case
occurs when one has two strings in unison and sounds one of them open,
together with a part of the other which bears the same ratio to its whole
length as the side of a square bears to the diagonal; this yields a dissonance
similar to the augmented fourth or diminished fifth [tritono o semidiapente].

Agreeable consonances are pairs of tones which strike the car with a
certain regularity; this regularity consists in the fact that the pulses deliv-
ered by the two tones, in the same interval of time, shall be commensu-
rable in number, so as not to keep the ear drum in perpetual torment,
bending in two different directions in order to yield to the ever-discor-
dant impulses.

The first and most pleasing consonance is, therefore, the octave since,
for every pulse given to the tympanum by the lower string, the sharp
string delivers two; accordingly at every other vibration of the upper
string both pulses are delivered simultaneously so that one-half the entire
number of pulses are delivered in unison. But when two strings are in uni-
son their vibrations always coincide and the effect is that of a single string;

hence we do not refer to it as consonance: The fifth 1s also a pleasing
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interval since for every two vibrations of the lower string the upper one
gives three, so that considering the entire number of pulses from the upper
string one-third of them will strike in unison, i.e., between each pair of
concordant vibrations there intervene two single vibrations; and when the
interval is a fourth, three single vibrations intervene. In case the interval is
a second where the ratio is 9/8 it is only every ninth vibration of the
upper string which reaches the ear simultaneously with one of the lower;
all the others are discordant and produce a harsh effect upon the recipi-

ent ear which interprets them as dissonances.

END OF THE FIRST DAY

THIRD DAY
CHANGE OF POSITION [DE MOTU LOCALI]

My purpose is to set forth a very new science dealing with a very
ancient subject. There is, in nature, perhaps nothing older than motion,
concerning which the books written by philosophers are neither few nor
small; nevertheless I have discovered by experiment some properties of it
which are worth knowing and which have not hitherto been either
observed or demonstrated. Some superficial observations have been
made, as, for instance, that the free motion [naturalem motum] of a heavy
falling body is continuously accelerated;’ but to just what extent this
acceleration occurs has not yet been announced; for so far as I know, no
one has yet pointed out that the distances traversed, during equal inter-
vals of time, by a body falling from rest, stand to one another in the same
ratio as the odd numbers beginning with unity.

It has been observed that missiles and projectiles describe a curved
path of some sort; however no one has pointed out the fact that this
path is a parabola. But this and other facts, not few in number or less
worth knowing, I have succeeded in proving; and what I consider
more important, there have been opened up to this vast and most

excellent science, of which my work is merely the beginning, ways
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and means by which other minds more acute than mine will explore

its remote corners.
OPPOSITE

A spacecifalt scexierhalitank
motion which is steady or uniform; the second treats ot motion as we falinghbdekotowdnGaEarthiH us-
tratesfihephinpiple ofnatdfally
aceklaralea ariotion.

This discussion is divided into three parts; the first part deals with

findi it accelerated in natute; the third deals with the so-called violent

motioms and with projectiles.

UNIFORM MOTION
In dealing with steady or uniform motion, we need a single defimi-

tion which 1L give as follows:

DEFINITION

By steady or uniform motion, | mean one in which the distances tra-
versed by the moving particle during any equal interwalls ot time, are
thermsellves equal.

CAUTION

We must add to the old definition (which defined steady motion
simply as one in which equal distances are traversed in equal times) the
wortd “any,” meaning by this, all equal intervalls of time; for it may hap-
pen that the moving body will traverse equall distances during some equal
intervalls of time and yet the distances traversed during some small por-
tion of these time-imemals may not be equal, even though the time-
intervalls be egual.

From the above definition, four axioms follow, namely:

AXIOM |
In the case of one and the same uniform motion, the distance
traversed during a longer interval of time is greater than the distance tra-

versed during a shorter interwal of time.

AXIOM 1l
In the case of one and the same uniform motion, the time required to

traverse a greater distance is longer than the time required for a less distance.
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AXIOM 11
In one and the same interval of time, the distance traversed at a greater

speed is larger than the distance traversed at a less speed.

AXIOM IV
The speed required to traverse a longer distance is greater than that

required to traverse a shorter distance during the same time-interval.

NATURALLY ACCELERATED MOTION

And first of all it seems desirable to find and explain a definition best
fitting natural phenomena. For anyone may invent an arbitrary type of
motion and discuss its properties; thus, for instance, some have imagined
helices and conchoids as described by certain motions which are not met
with in nature, and have very commendably established the properties
which these curves possess in virtue of their definitions; but we have
decided to consider the phenomena of bodies falling with an acceleration
such as actually occurs in nature and to make this definition of accelerat-
ed motion exhibit the essential features of observed accelerated motions.
And this, at last, after repeated efforts we trust we have succeeded in
doing. In this belief we are confirmed mainly by the consideration that
experimental results are seen to agree with and exactly correspond with
those properties which have been, one after another, demonstrated by us.
Finally, in the investigation of naturally accelerated motion we were led,
by hand as it were, in following the habit and custom of nature herself, in
all her various other processes, to employ only those means which are
most common, simple and easy.

For I think no one believes that swimming or flying can be accom-
plished in a manner simpler or easier than that instinctively employed by
fishes and birds.

When, therefore, I observe a stone initially at rest falling from an ele-
vated position and continually acquiring new increments of speed, why

should I not believe that such increases take place in a manner which is
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exceedingly simple and rather obvious to everybody? If now we exam-
ine the matter carefully we find no addition or increment more simple
than that which repeats itself always in the same manner. This we readi-
ly understand when we consider the intimate relationship between time
and motion; for just as uniformity of motion is defined by and conceived
through equal times and equal spaces (thus we call a motion uniform
when equal distances are traversed during equal time-intervals), so also
we may, in a similar manner, through equal time intervals, conceive addi-
tions of speed as taking place without complication; thus we may picture
to our mind a motion as uniformly and continuously accelerated when,
during any equal intervals of time whatever, equal increments of speed
are given to it.

Thus if any equal intervals of time whatever have elapsed, counting
from the time at which the moving body left its position of rest and
began to descend, the amount of speed acquired during the first two
time-~intervals will be double that acquired during the first time-interval
alone; so the amount added during three of these time-intervals will be
treble; and that in four, quadruple that of the first time-interval. To put
the matter more clearly, if a body were to continue its motion with the
same speed which it had acquired during the first time-interval and were
to retain this same uniform speed, then its motion would be twice as slow
as that which it would have if its velocity had been acquired during two
time-~intervals.

And thus, it seems, we shall not be far wrong if we put the increment
of speed as proportional to the increment of time; hence the definition
of motion which we are about to discuss may be stated as follows: A
motion is said to be uniformly accelerated, when starting from rest, it
acquires, during equal time-intervals, equal increments of speed.

Sagr. Although I can offer no rational objection to this or indeed to
any other definition, devised by any author whomsoever, since all defini-
tions are arbitrary, I may nevertheless without offense be allowed to
doubt whether such a definition as the above, established in an abstract
manner, corresponds to and describes that kind of accelerated motion

which we meet in nature in the case of freely falling bodies. And since
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the Author apparently maintains that the motion described in his defimi-
tion is that of freely falling bodiies, I would like to clear my mind of cer-
tain difficulties in order that 1 may later apply myselt more earnestly to
the propositions and their demonstrations.

Salv. It is well that you and Simplicio raise these difficulticsThey are,
I imagine, the same which occurred to me when 1 first saw this treatise,
and which were removed either by discussion with the Author himself,
or by turning the matter over in my own mind.

Sagr. When 1 think of a heavy body falling from rest, that is, starting
with zero speed and gaining speed in proportion to the time from the
beginning of the motion; sich @ motion as woulld, tor instance, in eight

beats of the pullse acquite eight degtees of speed; having at the end of the
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fourth beat acquired four degrees; at the end of the second, two; at the
end of the first, one: and since time is divisible without limit, it follows
from all these considerations that if the earlier speed of a body is less than
its present speed in a constant ratio, then there is no degree of speed
however small (or, one may say, no degree of slowness however great)
with which we may not find this body traveling after starting from infi-
nite slowness, i.e., from rest. So that if that speed which it had at the end
of the fourth beat was such that, if kept uniform, the body would traverse
two miles in an hour, and if keeping the speed which it had at the end
of the second beat, it would traverse one mile an hour, we must infer that,
as the instant of starting is more and more nearly approached, the body
moves so slowly that, if it kept on moving at this rate, it would not tra-
verse a mile in an hour, or in a day, or in a year or in a thousand years;
indeed, it would not traverse a span in an even greater time; a phenoni-
enon which baftles the imagination, while our senses show us that a
heavy falling body suddenly acquires great speed.

Salv. This 1s one of the difficulties which I also at the beginning,
experienced, but which I shortly afterwards removed; and the removal
was effected by the very experiment which creates the difficulty for you.
You say the experiment appears to show that immediately after a heavy
body starts from rest it acquires a very considerable speed: And [ say that
the same experiment makes clear the fact that the initial motions of a
falling body, no matter how heavy, are very slow and gentle. Place a heavy
body upon a yielding material, and leave it there without any pressure
except that owing to its own weight; it 1s clear that if one lifts this body
a cubit or two and allows it to fall upon the same material, it will, with
this impulse, exert a new and greater pressure than that caused by its mere
weight; and this effect is brought about by the [weight of the| falling
body together with the velocity acquired during the fall, an effect which
will be greater and greater according to the height of the fall, that is
according as the velocity of the falling body becomes greater. From the
quality and intensity of the blow we are thus enabled to accurately esti-
mate the speed of a falling body.

But tell me, gentlemen, is it not true that if a block be allowed to fall

OPPOSITE PAGE

Calileo shows his telescope to
the Doge of Venice. Galileo

twas one of the first to recognize

the importance of obscrvation
in the study of astranomy.
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upon a stake from a height of four cubiits and driwves it into the Earth, say,
four fifigger-brreartiths, that coming from a height of two cubits it will drive
the stake a much less distance, and from the height of one cubit a still less
distance; and finally if the block be lifted only one fifipgar-breadich how
mueh mere will it accomplish than if merely laid on top of the stzke
witheut percussion? Ceitainlly very little. If it be lifted only the thickness
of a leaf, the effect willl be aliogether imperceptiitie. And since the effect
ef the blew depends upon the veloeity of this striking body, can any one
doubt the motien is very slow and the speed moie than small whenever
the effect [of the Blew] is impeicepiiidie? See now the power of truth; the
sae experiment which at first glanee seemed te shew ene thing, when
mexe carefully examined, a6sures us of the contrary:

But without depending upon the above experiment:, which is doubt-
less very condlusive, it seems to me that it ought not to be difficult to
establish such a fact by reasoning alone. Imagine a heavy stone held in
the air at rest; the support is removed and the stone set free; then since it
is heavier than the air it begins to fall, and not with uniform motion but
dowly at the beginning and with a continuouslly accelerated motion.
Now sinee veloeity ean be inereased and diminished without limit, what
teasen is there to believe that sieh a meving bedy starting with infinite
slowness, that is, from test, immediately acguites a speed of ten degrees
fathet than ene ef four, ef ef twe, of of one, o of a half, of of a hun-
dredth; ok, indeed, of any of the infinite Aumber of small values [of
speedl]? Pray listen. 1 hardly think yeu will refise te grant that the galn
of speed of the stone falling from rest follews the same sequence  the
diminutien snd less of this same speed when, By some impelling foree,
the stone is threwn te its former elevation: But even ifysu d8 net grant
this, | 48 Bt see NBW you £an deubt that the sscending stene, diminish-
ing in speed, Mmyst Before eoming t8 fest Pass through every pessible
degree oF downess:

Simp. But if the number of degrees of greater and greater slowness is
limiidless, they willl nevee be all exhausted, therefore such an assanding
heavy body willl never reach rest, but wiill continue to move without limit
always at a lower rate; but this is not the observed fact.
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Salv. This would happen, Simplicio, if the moving body were to
maintain its speed for any length of time at each degree of velocity; but
it merely passes each point without delaying mote than an instant: and
since each time-imttenwall however small may be divided into an infinite
number of instants, these willl always be sufficient [in numbet] to corre-
spond to the infinite degiees of diminished velocity.

That such a heavy rising body does not remain for any length of time
at any given degree of velocity is evident from the following: because if| A drawingofiihasesfofiihe
some time-infiewall having been assigned, the body mowes with the same  moen by Galileo.Gakliteaonot
speed in the last as in the first instant of that time-iinenall, it could from mmﬁd’ﬁmmm”y
this second degtee of elevation be in like manner raised through an equal
height,jjust as it was teansferted from the fiest elevation to the second, and
by the same reasoning would pass frem the second te the third and
woulld finally eontinue iA uniferm meotion forever.

Sagr. From these considerations it appears to me that we may obtain

a proper solution of the problem discussed by philosophets, namely,
what causes the acceleration in the natural motion of heavy bodies?
Since, as it seems to me, the force [mrtu] impressed by the agent pro-
jecting the body upwards diminishes continueusily, this force, so long as
it was greater than the conttary force of geavitation, impelled the body
upwaids; when the twe are in equilibrium the body ceases to rise and
passes through the state of rest in whieh the impiessed impetus [impeiel]
Is net destroyed, but enlly its exeess ever the weight of the bedy has been
eensumed—the exeess which eaused the bedy te rise. Then a5 the
diminution of the eutside impetus [impeto] eonkinues, and gravitation
gains the upper hand, the fall begiins, but slewly at first en acesunt of
the eppesing impetus [viFth impiessa);, & large pottion of whieh sill
remains iA the Bedy; But 85 this eentinves te diminish it lse continues
te be mere and Mmere svereame By gravity, henee the coRtinueks aeesl-
gratisn ef metisn:

Simp. The idea is clever, yet more subtle than sound; for even if the
argument were concllusive, it would explain only the case in which a nat-
ural motion is preceded by a violent motion, in which there still remains

active a portion of the extermal force [virtu esterma))hut where there ismm
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such remaining portion and the body starts from an antecedent state of
rest, the cogency of the wholle argument fails.

Sagr. | believe that you are mistaken and that this distinction between
cases which you make is superfluous or rather non-existent.. But, tell me,
cannot a projectile receive from the projector either a large or a small
force |virvi:] such @s will throw it to aheight of @ahundred cubits, and even
twenty or four or one?

Simp. Undbubitedily, yes.

Sagr. So therefore this impressed force [wititi imppessa] may exceed the
resistance of gravity so slightly as to raise it only a finger-breadth; and
finally the force [wirqu] of the projector may be just large enough to
exactly balanee the resistance of gravity so that the boedy is not lifted at
all but merelly sustained. Wihem one hollds a stone in his hand does he do
anything but give it a force impelling [y imppidderze] it upwarnds equal
to the power [heathla] of gravity drawing it dowmmands? And do you not
continueuslly impiess this foree [winin] upom the stone as long as you hold
it in the hand? Ders it perhaps diminish with the time during which one
helids the stone?

And what does it matter whether this support which prevents the
stone from falling is furnished by one’s hand or by a table or by a rope
from which it hangs? Certaiinlly nothing at all. You must conclude, there-
fore, Simplicio, that it makes no difference wihatewer whether the fall of
the stone is preceded by a period of rest which is long, short, or imstam-
taneous provided only the fall does not take place so long as the stone is
acted upon by a force [winir] opposed to its weight and sufficient to hold
it at rest.

Salv. The present does not seem to be the proper time to investigate
the cause of the acceleratiom of natural motion concerning which vari-
ous opinioms have been expressed by various philosophens, some explaim-
ing it by attraction to the center, others to repulsion between the very
small parts of the bodly, whille still others attribute it to a certain stress in
the surrounding medium which closes in behind the falling body and
driives it frem one of its positions to anothet. Nlaw, all these fantasies, and
others toe, ought to be examined; but it is net really worth whille. At



»

G A L IHLLEEOCO

G A LLIILLEEN ]

93



4

ILLUSTRATETD ON THE SHOULDERS O F GIANTS

present it is the purpose of our Author merely to investigate and to
demonstrate some of the properties of accelerated motion (whatever the
cause of this acceleration may be)—meaning thereby a motion, such that
the momentum of its velocity [i momenti della sua velocitd] goes on increas-
ing after departure from rest, in simple proportionality to the time, which
is the same as saying that in equal time-intervals the body receives equal
increments of velocity; and if we find the properties [of accelerated
motion| which will be demonstrated later are realized in freely falling
and accelerated bodies, we may conclude that the assumed definition
includes such a motion of falling bodies and that their speed [acceler-
azione] goes on increasing as the time and the duration of the motion.

Sagr. So far as [ see at present, the definition might have been put a
little more clearly perhaps without changing the fundamental idea,
namely, uniformly accelerated motion is such that its speed increases in
proportion to the space traversed; so that, for example, the speed acquired
by a body in falling four cubits would be double that acquired in falling
two cubits and this latter speed would be double that acquired in the first
cubit. Because there is no doubt but that a heavy body falling from the
height of six cubits has, and strikes with, a momentum [impeto] double
that it had at the end of three cubits, triple that which it had at the end
of one.

Salv. It is very comforting to me to have had such a companion in
error; and moreover let me tell you that your proposition seems so high-
ly probable that our Author himself admitted, when I advanced this opin-
ion to him, that he had for some time shared the same fallacy. But what
most surprised me was to see two propositions so inherently probable
that they commanded the assent of everyone to whom they were pre-
sented, proven in a few simple words to be not only false, but impossible.

Simp. I am one of those who accept the proposition, and believe that
a falling body acquires force [vires] in its descent, its velocity increasing in
proportion to the space, and that the momentum [momento] of the falling
body is doubled when it falls rom a doubled height; these propositions, it
appears to me, ought to be conceded without hesitation or controversy.

Salv. And vyet they are as false and impossible as that motion should
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be completed instantaneously; and here is a very clear demonstration of
it. If the velocities are in proportion to the spaces traversed, or to be tra-
versed, then these spaces are traversed in equal intervals of time; if,
therefore, the velocity with which the falling body traverses a space of
eight feet were double that with which it covered the first four feet
(ust as the one distance 1s double the other) then the time-intervals
required for these passages would be equal. But for one and the same
body to fall eight feet and four feet in the same time is possible only in
the case of instantaneous [discontinuous] motion; but observation
shows us that the motion of a falling body occupies time, and less of it
in covering a distance of four feet than of eight feet; therefore it is riot
true that its velocity increases in proportion to the space.

The falsity of the other proposition may be shown with equal
clearness. For if we consider a single striking body the difference of
momentum in its blows can depend only upon difference of velocity; for
if the striking body falling from a double height were to deliver a blow
of double momentum, it would be necessary for this body to strike with
a doubled velocity; but with this doubled speed it would traverse a
doubled space in the same time-interval; observation however shows that
the time required for fall from the greater height is longer.

Sagr. You present these recondite matters with too much evidence
and ease; this great facility makes them less appreciated than they would
be had they been presented in a more abstruse manner. For, in my opin-
ion, people esteem more lightly that knowledge which they acquire with
so little labor than that-acquired through long and obscure discussion.

Salv. If those who demonstrate with brevity and clearness the fallacy
of many popular beliefs were treated with contempt instead of gratitude
the injury would be quite bearable; but on the other hand it is very
unpleasant and annoying to see men, who claim to be peers of anyone in
a certain field of study, take for granted certain conclusions which later
are quickly and easily shown by another to be false. I do not describe
such a feeling as one of envy, which usually degenerates into hatred and
anger against those who discover such fallacies; I would call it a strong

desire to maintain old errors, rather than accept newly discovered truths.
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This desire at times induces them to unite against these truths, didnough
at heart believing in them, merely for the purpose of lowering the estsem
in which certain others are held by the unthinking crowd. Indeed, I have
heard from our Academiician many such fallacies held as true but easily
refutable; some of these 1 have in mind.

Sagr. You must not withhold them from us, but, at the proper time,
tell us about them even though an extra session be necessary. But now,
continuing the thread of our talk, it would seem that up to the present
we have established the definition of uniformly accelerated motion
which is expressed as follows:

A rattoon s saitil to be equesilfy or uniigemiyly acceleraeil wiery, strthing from: rest,

its momeatumm (celeritattés mumentaha) receives equat! incrementsts fn equat! fiimes

Salv. Thiis definition established, the Author makes a single assump-

tion, namelly,

Trlee spewits acquireet! by ore andl the samec body movinigg dowrn plbress of dif-
ferentt indinatitios:s are equat! wiern the heigthes of these plhmess are cqauel.

END OF THE THIRD QDAY
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HIS LIFE AND WORK

If an award were ever given to the person in history who was
most dedicated to the pursuit of absolute precision, the German
astronomer Johannes Kepler might well be the recipient. Kepler was so
obsessed with measurements that he even calculated his own gestational
period to the minute—224 days, 9 hours, 53 minutes. (He had been born
prematurely.) So it is no surprise that he toiled over his astronomical
research to such a degree that he ultimately produced the most exact
astronomical tables of his time, leading to the eventual acceptance of the
Sun-centered (heliocentric) theory of the planetary system.

Like Copernicus, whose work inspired him, Kepler was a deeply
religious man. He viewed his continual study of universal properties as a
fulfillment of his Christian duty to understand the very universe that
God created. But unlike Copernicus, Kepler’s life was anything but quiet
and lacking in contrast. Always short of money, Kepler often resorted to
publishing astrological calendars and horoscopes, which, ironically, gained
him some local notoriety when their predictions turned out to be quite
accurate. Kepler also suffered the early deaths of several of his children, as
well as the indignity of having to defend in court his eccentric mother,
Katherine, who had a reputation for practicing witchcraft and was nearly
burned at the stake.

Kepler entered into a series of complex relationships, most notably
with Tycho Brahe, the great naked-eye astronomical observer. Brahe
dedicated years of his life to recording and measuring celestial bodies, but

he lacked the mathematical and analytical skills necessary to understand
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planetary motion. A man of wealth, Brahe hired Kepler to make sense of
his observations of the orbit of Mars, which had perplexed astramnomers
for many years. Kepler painstakingly mapped Brahe’s data on the motion
of Miats to an ellipse, and this success lent mathemaiircal credibility to the
Copetimican model of a Sun-centered system. His discovery of elliptical
otbiits helped usher in a new era in astronomy. The motions of planets
eould now be predicted.

In spite of his achievements, Kepler never gained much wealth or
prestige and was often forced to flee the countniles whete he sojowrned
because of religious upheaval and civil uniest. By the time he died at the
age of fifity-mime in 1630 (while attempting to eollect an overdue sdary),
Kepler had discovered thiee laws of planetaty motion, which are sill
taught te students in physies elasses in the twenky-ffitst centuiny:. And it was
Kepler's Thilid Law, et an apple, that led Isaae Niewton to discover the
law ef gravitation.

Johannes Kepler was born on December 27, 1571, in the town of
Weil der Stadt, in Wiiictternburg (now part of Germamy). His father,
Heinrich Keplet, was, according to Johammes, “an imemenall, rough, and
guatrelsome soldier” who deserted his family on several occasions to join
up with mereenariies to battle a Protestant uprising in Hollland. Heinrich
is believed to have died somewhere in the Neffiritlands. The young
Jehannes lived with his motthesr, Kathetine, in his grandfather’s inn, where
he was put te work at an early age waiting tables, despite his poor health.
Keplet had neasightediirss @ well a5 double vision, whieh was believed
t8 have Been eaused by a near-fatal beut ef smallpex; and he alse suffered
from sbdemminal problems and “erippled” fingeis that limited his eaveer
petenial ehaiee, in the view of his family, te & life in the ministey:

“Bad-tempered” and “garrulous” were words Kepler used to describe
his mother, Katherine, but he was aware from a young age that his father
was the cause. Katherine hetself had been raised by an aunt who prac-
ticed witcheraft and was burned at the stake. So it was no surprise to
Kepler when his own mother faced similar charges later in her life. In
1577, Katherine showed her son the “gieat comet™ that appeared in the
sky that year, and Kepler later acknowledged that this shared moment
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with his mother had a lasting impact on his life. Despite a childhood
filled with pain and anxiietty, Kepler was obviously gifted, and he managed

te prosure a schelarship reserved for promising male ehildren of Himited
means whe lived in the German previnee of Swabia. He aftended the
German Schreibsehule in Leonberg before transferring t6 a Latin sdresl,
whieh was instrumental in previding him with the Latin writing style he
later emplloyed in his work. Being frail and precesiows, Kepler was beat-
en regularly by classmates, whe considered him a knewsiitzll, and he
soon turned to religious study as a way of escaping his predicument.

In 1887, Kepler enrolled at Tubingen Uniivatisy, where he studied
theology and philosopthy. He also established himself there as a serious
student of mathematiics and astronomyy, and became an advocate of the
controwensial Copermiican heliocentriic theomy. So public was young
Kepler in his defense of the Copermiican modell of the universe that it was
not uncommon for him to engage in public debate on the subject.
Despite his main interest in theology, he was growing more and more
intrigued by the mystical appeal of a heliocentriic universe. Although he

The Innpexiidl cigity/of Mvéideder
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The UningssigyoplTitoingen.
Kepber studiéet! here for a
masitenst degree in theology.

HaalliinéentietttopgnakisateffoanTiitingeniin1 559 Laaatijsin theuurieessiis
theology faculty, 2 recommendation to @ post im mathernatiics and astan-

By 3 the Profsstant schost in Graz Ausiria; proved irrssistible: 86; 4 the

age of fWeRty-twe; Kepler deserted A career in the miRistFy foF the study

of sciencs: Buf he would never abanden his Belisf in G6ds rols in the

ereation of the uRiverse:

In the sixteenth eenfuwy; the distinetion behwesn awwonemy and
astrolegy was fairly ambiguevs. One of Keplers dutiss as a mathematician
in Graz was t6 eompese an axrelegical calendar eomplete With
predistions: This Was a commen prastice a the time, and Kepler was
elearly metivated by the extra memsy the jeb previded, but he esuld net
have anticipated the publlies reaction when his first ealendar was pub-
lished. He predicted an extraordinanily cold winter, as well as a Turkish
ineursion, and when both predictions came trus, Kepler was tri=
umyphamtly hailed as a prophet. Despite the clamon, he would never hold
much respect for the work he did on the annual almanacs. He called
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astrology “the foolish little daughter of astromomy” and was equally
dismissive of the public's interest and the astrologer's intentioms. *If ever
astrologers are correct,” he wrote, “iit ought to be credited to luck.” Sill,
Kepler never failed to turn to astrology whenewer momey became tight,
which was a recutring theme in his life, and he did hold out hope of
discovering some true science in asirology.

Ome day, whille lecturing on geometry in Graz, Kepler experienced
asudden revelation that set him on a passionate journey and changed the
course of his life. It was, he felt, the secret key to understanding the
uniiverse. On the blackboard, in front of the class, he drew an equilateral
triangle within a circle, and another citcle drawn within the triangfe. It
occurted to him that the ratio of the circles was indicative of the ratio of
the orbits of Saturn and Jupitef. [nspited by this revelation, he assumed
that all six planets knewn at the time wete arranged around the Sun in
sueh a way that the geemetiiie figures woulld fit perfectly between them,
Initially Re tested this hypoiiesis without sueeess, using two-dimensional

Tiee city of Grraz, wheme Kepler
became a teacher in a seamimary

affer compiletingg his studies.
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plane figures such as the pentagon, the square, and the triangle. He then
returned to the Pythagorean solids, used by the ancient Greeks, who
discovered that only five solids could be constructed from regular geo-
metric figures. To Kepler, this explained why there could only be six
planets (Mercury,Venus, Earth, Mars, Jupiter, and Saturn) with five spaces
between them, and why these spaces were not uniform. This geometric
theory regarding planetary orbits and distances inspired Kepler to
write Mystery of the Cosmos (Mysterium Cosmographicum), published in
1596. It took him about a year to write, and although the scheme was
reasonably accurate, he was clearly very sure that his theories would

ultimately bear out:

And how intense was my pleasure from this discovery can never be expressed in
words. I no longer regretted the time wasted. Day and night I was consumed by
the computing, to see whether this idea would agree with the Copernican orbits,
or if my joy would be carried away by the wind. Within a few days everything
worked, and I watched as one body after another fit precisely into its place among

the planets.

Kepler spent the rest of his life trying to obtain the mathematical
proof and scientific observations that would justify his theories. Mystery
of the Cosmos was the first decidedly Copernican work published since
Copernicus’ own On the Revolutions, and as a theologian and astronomer
Kepler was determined to understand how and why God designed the
universe. Advocating a hehocentric system had serious religious implica-
tions, but Kepler maintained that the sun’s centrality was vital to God’s
design, as it kept the planets aligned and in motion. In this sense, Kepler
broke with Copernicus” heliostatic system of a Sun “near” the center and
placed the Sun directly in the center of the system.

Today, Kepler’s polyhedra appear impracticable. But although the
premise of Mystery of the Cosmos was erroncous, Kepler’s conclusions
were still astonishingly accurate and decisive, and were essential in shap-
ing the course of modern science. When the book was published, Kepler

sent a copy to Galileo, urging him to “believe and step forth,” but the

OPPOSITE PAGE

Kepler's drawing of his model
of the five platonic solids.
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Italian astromomer rejected the work because of its apparent gpsculations.
Tycho Brahe, on the other hand, was immediiatelly intrigued. He viewed
Keplet's work as new and exciting, and he wrote a detailed critique in
the book's suppott. Reaction to Myseny of the Cosmoes, Kepler would later
wtiite, changed the direction of his entite life.

In 1597, another event would change Kepler’s life, as he fell in love
with Barbara Miiller, the first daughter of a wealthy mill owner. They
married on April 27 of that year, under an untavorable constellation, as
Kepler would later note in his diary. Once again, his prophetic nature
emerged as the relationship and the marriage dissolved. Their first two
childeen died very young, and Keplet beeame distraught. He imimetsed
himself in his wotk to distraet himself from the pain, but his wite did net
understand his pursuits. “Fat, eonfused, and shmpleminded” was hew he
described Rer in his diary, theugh the matthage did last fourteen years,
unkil her death in 1611 frem typhus:

In September 1598, Kepler and other Lutherans in Graz were

ordered to leave town by the Cathollic archduke, who was bent
on removing the Lutheean religion from Austria. After a visit
to Tycho Brahes Benatky Castle in Prague, Kepler was
invited by the wealthy Daniish astronmomer to stay there
and work on his research. Kepler was somewhat wary
ot Brahe, even before having met him. “Mly opinion of
Tyehe is this: he is supedatively fieh, but he knews net
hew te make preper use of it, a5 is the ease with mest
tieh peeple,” he wrete. “Thrielfore, sRe Must try to wrest
Ris riehes from him.”
If his relationship with his wife lacked complexity,
Kepler mote than made up for it when he entered into a work-
ing arrangement with the aristoceatic Brahe. At first, Brahe treated
the young Kepler as an assistant, carefully doling out assigmments widh-
eut giving him mueh aeecess to detailed observationall data. Kepler badly
wanted to be regarded a5 an egual and given some independence, but the
seeretive Brahe wanted te use Kepler te establish his ewn medel ot the
solar sysi@mn—a nen-Crprmican medel that Kepler did net suppert.
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Kepler was immenselly frustrated. Brahe had a wealth of observaticen-
al data but lacked the mathemmtiical tools to fully comprehend it. Finally,
perhaps to pacify his restless asdstant, Brahe assigned Kepler to study the
orbit of Mars, which had confused the Danish astronomer for some time,
because it appeared to be the least circulaf. Kepler initially thought he
could solve the problem in elght days, but the project turned out to take
him eight years. Difficult as the researeh proved to be, it was not without
its rewards, a5 the work led Kepler to discover that Miats s orbit precisely
deseribed an ellipse, as well as to formullate his first two “planetary laws,”
which he published in 1609 in The New: Asanomy.

A year and a half into his working relationship with Brahe, the
Danish astronomer became very ill at dinner and died a few days later of
abladder infection. Kepler took over the post of Imperial Mathematician
and was now free to explore planetary theory without being constraimed
by the watehtul eye of lycho Brahe. Reallizing an oppottuniiyy, Kepler
immediatelly went after the Brahe data that he coveted before Brahe's

The youny Kepler.
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heirs could take control of them. “I confless that when Tycho died,”
Kepler wrote later, “I quickly took advantage of the absence, or lack of
circumspection, of the heirs, by taking the obsetvations under my care,
or perhaps usurping them.” The result was Keplet’s Rudfdfhine Tables a
compillation of the data from thirty years of Brahes observations. To be
fair, on his deathbed Brahe had utged Kepler to complete the tables; but
Kepler did net frame the work aceerding te any Tyehonie hypotitrsis, a5
Btahe had heped. Instead, Kepler used the data, whieh ineluded eaoula-
tiens using legarithms he had developed himself, in predicting planetary
pesitiens. He was able te prediet transits of the sun by Meteury and
Venus, theugh he did Ret live 16Ag eneugh te withess them. Kepler did
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not publish Rudolphine Tables until 1627, however, because the data he
discovered constantly led him in new directions.

After Brahe’s death, Kepler witnessed a nova, which later became
known as “Kepler’s nova,” and he also experimented in optical theories.
Though scientists and scholars view Kepler’s optical work as minor in
comparison with his accomplishments in astronomy and mathematics, the
publication in 1611 ot his book Dieptrices, changed the course of optics.

In 1605, Kepler announced his first law, the law of ellipses, which
held that the planets move in ellipses with the Sun at one focus. Earth,
Kepler asserted, is closest to the Sun in January and farthest from it in July
as it travels along its elliptical orbit. His second law, the law of equal areas,
maintained that a line drawn from the Sun to a planet sweeps out equal
areas in equal times. Kepler demonstrated this by arguing that an imagi-
nary line connecting any planet to the Sun must sweep over equal areas
in equal intervals of time. He published both laws in 1609 in his book
New Astronomy (Astronomia Nova).

Yet despite his status as Imperial Mathematician and as a distin-
guished scientist whom Galileo sought out for an opinion on his new
telescopic discoveries, Kepler was unable to secure for himself a com-
fortable existence. Religious upheaval in Prague jeopardized his new
homeland, and in 1611 his wife and his favorite son died. Kepler was per-
mitted, under exemption, to return to Linz, and in 1613 he married
Susanna Reuttinger, a twenty-four-year-old orphan who would bear
him seven children, only two of whom would survive to adulthood. It
was at this time that Kepler’s mother was accused of witcheraft, and in
the midst of his own personal turmoil he was forced to defend her
against the charge in order to prevent her being burned at the stake.
Katherine was imprisoned and tortured, but her son managed to obtain
an acquittal, and she was released.

Because of these distractions, Keplers return to Linz was not a pro-
ductive ume minally. Distraught, he turned his attention away from tables
and began working on Harmonies of the World (Harmonice Mundi), a pas-
sionate work which Max Caspar, in his biography of Kepler, described as

“a great cosmic vision, woven out of science, poetry, philosophy, theology,



110

T HEE

I'LLWSTRATTEEDD OMN T HEE S H ® WLLDDEERRS § O FF GGl iAAN T §

mysticism.” Kepler finished Harmorizs of the korld on May 27, 1618. In
this series of five books, he extended his theory of harmony to music,
astrology, geomeiny;, and astronormy. The series included his third law of
planetary motion, the law that would inspire Iszac Nlewton some sxty
years later, which maintained that the cubes of mean distances of the
planets from the Sun are propotiional to the squares of their periods of
revolution. 1n short, Kepler discovered how planets orbited, and in so
deing paved the way for Nlewton to discover why.

Kepler believed he had discovered God ’slogic in designing the wni-
verse, and he was unable to hide his ecstasy. In Book 5 ot Hammenigs of the
World he wrote:

I dame ffemidkly to confless thatt | Faner sthiben the guddon vessels of the Egyppianes to
builll a tabemaerde ffor my Gal far from the boundds of Egyppt. If you perdton me, [
shail! rejoiice; if your reproauth me, I shaill endimee. Tee die is cast, andl I am uwitiing
the bookk, to be read eitherr nois or by pamteritity, it matterss not. It can weilt a w@er-
tuny ffor a readkr, as Ghull himsstflf has weiteed six theussoed years ffor a wiitress,

The Thirty Years War, which beginning in 1618 decimated the
Austrian and German lands, forced Kepler to leave Linz in 1626. He
eventuallly settled in the town of Sagan, in Silesia. There he tried to ffin-
ish what might best be described as a science flictiom nowel, which
he had dabbled at for years, at some expense to his mother diring
her trial for witchoraift. Deamn of the Nfoon (Swmiminm sem asagtrovemia
lunari), which features an interview with a knewing “demen™ who
explains how the protagomist could travel to the moom, was wicovered
and presented as evidenee during Katherine's teial. Keplet spent comn-
siderable energy defending the werk a5 pute fictioh and the demen as
& mete literary deviee. The besk was unigue in that it was net only
ghead of its time in terms of fantasy but e & treatise AUPPOFting
Copernican thesky:

In 1630, at the age of fifty-eight;, Kepler once again found himself in
finamciahl straits. He set out for Regemsburg, where he hoped to collect

interest on some bonds in his possession as well as some money he was



) O # ANNNNE E5§ KKEEPP LL E R

This globe from theUlaniborg
library wes begum inAdglebgre in
1570) amil complkiedt! ten yyears
latey.

owed. Howewer, a few days after his arrival he developed a fever, and died
on Nlovember 15. Though he never achieved the mass renown of Galileo,
Kepler produced a body of work that was extraordinarilly useful to pro-
fessional astronomers like Newton who immersed themselwes in the
detaills and accuracy of Kepler’s science. Johannes Kepler was 2 man who
preferred aesthetic harmony and ordet, and all that he discovered was
inextriicablly linked with his vision of God. His epitaph, which he Him-
self Compesed, reads: “I used to measuie the heavens; now 1 shall meas-
ure the shadows of the earth. Although my soul was frem heaven, the
shadew ef my bedy lies here”

111



THEE 1L LWSTRAMMTTEEDD ONWN  THEE $ H © WILDDEERRSS ©FF GgliAAM T §

112



) O # PANNNNE ES S KKEEPPIL E R

HARMOMIIES OF THE WORLD

BOOK RIVE
Coneerninigry the very pertfert hameoyy of the celestal moveevarests, andl the ggen-
esis of eccenmtitiftées andl the semidibimeeters, ard as pefteitc timess ffoom the seame.

After the model of the most correct astronomiical doctrine of today,
and the hypothesis not only of Copemmicus but also ot Tycho Brahe,
whereof either hypotheses are today publicly accepted as most true, and

the Ptolemaic as outmoded.

I commenaze a sacred distourssy, a mostt true hyrmn to Gl the Foundeler, and! |
judliee it to be pigtyy, not to sacriife manyy hecatorbbs of bulks to Him and! to thurn
invensee of inmumierebtble penifimes ardl cassia, but ffstst to leam mysetdf, andl affter-
wendks to teach others too, how gt Fife is in wistbom, how geatt in powerr, andl of
wiatt sort in goorthesss. For to wigl to adarm: in eveny way possibde the thingss tinat
shaudd receive adanmentit ard! to ervy no thing its gewtis—thighis [ puit down as the
sigm of the greaiesst qowtiasss, and/ in this respeet [ praitse Hiim as gowst! thait in the
hegthiss of Hiss wilsitomn Hi fftdds evengiingg witerrllyy each thing mayy be adkonmed
to the umesist andl thair Ffe can do by Hiss umconyerentdle poverr all thair Bl has
deereed.

Galen, on the Use of Parts. Book 111

PROEM

As regards that which I prophesied two and twenty years ago (egpe-
cially that the five regular solids are found between the celestial gpheres),
as regards that of which | was firmlly persuaded in my own mind before
1 had seen Ptolemy’s Hammonizs, as regards that which 1 promised my
friends in the title of this fifth book before 1 was sure of the thing itself,
that which, sixteen years ago, in a published statement, | insisted must be
investigated, for the seke of which 1 spent the best part of my life in asie-
nomieal speculatiens, visited Tyehe Brahe, and teek up residenee at
Prague: finally, 3 Ged the Best and Greatest, Wheo had inspired my mind

OPPOSITE RAGE
Henmaorigss withine the mniverse.
The structure of the universe is
seen here as a series of mesting
uniis comprising theffier platonic
solids. Thhe spheve contains the
eube, eontains the sphese, aon-
tains the tetrahedvon, conains
the spheie eontains the celabe-
dron esitaing the sphere,
eontaing the dedecahedron
goniains the sphere camaing

ihe iensahesron.:
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and aroused my great desire, prolonged my life and strength of mind and
furnished the other means through the liberality of the two Emperors
and the nobles of this province of Austria-on-the-Anisana: after I had
discharged my astronomical duties as much as sufficed, finally, I say, I
brought it to light and found it to be truer than I had even hoped, and
[ discovered among the celestial movements the full nature of harmony,
in its due measure, together with all its parts unfolded in Book III—not
in that mode wherein I had conceived it in my mind (this is not last in
my joy) but in a very different mode which is also very excellent and
very perfect. There took place in this intervening time, wherein the very
laborious reconstruction of the movements held me in suspense, an
extraordinary augmentation of my desire and incentive for the job, a
reading of the Harmonies of Ptolemy, which had been sent to me in
manuscript by John George Herward, Chancellor of Bavaria, a very dis-
tinguished man and of a nature to advance philosophy and every type of
learning. There, beyond my expectations and with the greatest wonder, I
found approximately the whole third book given over to the same con-
sideration of celestial harmony, fifteen hundred years ago. But indeed
astronomy was far from being of age as yet; and Ptolemy, in an unfortu-
nate attempt, could make others subject to despair, as being one who, like
Scipio in Cicero, seemed to have recited a pleasant Pythagorean dream
rather than to have aided philosophy. But both the crudeness of the
ancient philosophy and this exact agreement in our meditations, down to
the last hair, over an interval of fifteen centuries, greatly strengthened me
in getting on with the job. For what need is there of many men? The very
nature of things, in order to reveal herself to mankind, was at work in the
different interpreters of different ages, and was the finger of God—to use
the Hebrew expression; and here, in the minds of two men, who had
wholly given themselves up to the contemplation of nature, there was the
same conception as to the configuration of the world, although neither
had been the other’s guide in taking this route. But now since the first
light eight months ago, since broad day three months ago, and since the

sun of my wonderful speculation has shone fully a very few days ago:

nothing holds me back. [ am free to give myself up to the sacred
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madmess, I am free to taunt motals with the frank confession that 1 am
stealing the golden vessels of the Egyptiians, in order to build of them a
temple for my God, far from the territory of Egypt. If you pardon me, [
shall rejoice; if you are enraged, 1 shall bear up. The die is cast, and 1 am
wiiting the book—wiether to be read by my contempoaies o by
posterity mattets net. Let it await its reader for a hundied years, if God
Himself has been ready for His contempliater for six theusand years.

Tycho Brakes qouatirast,
used in his altsenetory
at {namiborg.
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Before taking up these questioms, it is my wish to impress upon my
readers the very exhortation of Timmeus, a pagan philosopher, who was
going to speak on the same things: it should be learned by Christians

with the greatest admiiration, and shame too, if they do not imitate him:

For truly, Soorates, sinve all utw have the least pemictle of invellieeer dbways
invaee Goul whenewerr they enter upom any businesss, usettierr light or arduouss; so
100, unlkss we have dearly strayed awey from all sound! reason, we wio intend! to
have a discussian: concerning the unilersse mustt of necessity maler our sacred unish
es andf pray to the Guefs and Ghrfiéesess witt: one mind! thatt we may say such tthings
as willl plees and/ be acceptable to them in especial and, secondlly, to you too.
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I. CONCERNING THE FIVE REGULAR SOLID FIGURES

It has been said in the sscond book how the regular plane figures are
fitted! together to form solids; there we spoke of the five regular solids,
among othens, on account of the plane figures. Nevertthelkss their mum-
ber, five, was there demonstrated; and it was added why they were desig-
nated by the Platomists as the figures of the world, and to what dament
any solid was compared on account of what propetty. But now, in the
antereem of this beok, 1 must speak again coneerning these figuies, on
their own account, not on account of the planes, @ much as suffices for
the celestial harmonirs; the reader will find the rest in the Epitome off
Astronemy\\ebimee 11, Beek V.

Accondingtly, from the Mygtaniigm: Cosmographicum, let me here briefly
inculcate the order of the five solids in the world, whereof three are jpri-
mary and two secondany. For the aube (1) is the outmest and the most
spacious, because figboim and having the nature (rationem) ot a whole, in

Kepiériss view of the runiverse
linieel! the plianetss witth the
platonicc solids amd their cosmic
geomelrigss. Mars: its ddddeodhedion,
Wenus iis icosahedran;, Eaittl: as
spiteres, Jupiterr as rdetndhetion,
Merauryy as oocibleetion,

Saitiiny as cube.
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the very form of its generation. There follows the tetrahedron (2), as if
made a part, by cutting up the cube; nevertheless it is primary too, with
a solid trilinear angle, like the cube. Within the tetrahedron is the
dodecahedron (3), the last of primary figures, namely, like a solid composed
of parts of a cube and similar parts of a tetrahedron, i.e., of irregular tetra-
hedrons, wherewith the cube inside is roofed over. Next in order is the
icosahedron (4) on account of its similarity, the last of the secondary
figures and having a plurilinear solid angle. The octahedron (5) is inmost,
which is similar to the cube and the first of the secondary figures and to
which as inscriptile the first place is due, just as the first outside place is
due to the cube as circumscriptile.

However, there are as it were two noteworthy weddings of these
figures, made from different classes: the males, the cube and the dodec-
ahedron, among the primary; the females, the octahedron and the
icosahedron, among the secondary, to which is added one as it were
bachelor or hermaphrodite, the tetrahedron, because it is inscribed in
itself, just as those female solids are inscribed in the males and are as it
were subject to them, and have the signs of the feminine sex, opposite
the masculine, namely, angles opposite planes. Moreover, just as the tetra-
hedron is the element, bowels, and as it were rib of the male cube, so the
feminine octahedron is the element and part of the tetrahedron in anoth-
er way; and thus the tetrahedron mediates in this marriage.

The main difference in these wedlocks or family relationships con-
sists in the following: The ratio of the cube is rational. For the tetrahedron
is one third of the body. of the cube, and the octahedron half of the tetra-
hedron, one sixth of the cube; while the ratio of the dodecahedron’s
wedding is irrational (ineffabilis) but divine.

The union of these two words commands the reader to be careful
as to their significance. For the word ineffabilis here does not of itself
denote any nobility, as elsewhere in theology and divine things, but
denotes an inferior condition. For in geometry, as was said in the first
book, there are many. irrationals, which do not on that account partici-
pate in a divine proportion too. But you must look in the first book for

what the divine ratio, or rather the divine section, i1s. For in other
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proportions there are four terms present; and three, in a continued pro-
portion; but the divine requires a single relation of terms outside of that
of the proportion itself, namely in such fashion that the two lesser terms,
as parts make up the greater term, as a whole. Therefore, as much as is
taken away from this wedding of the dodecahedron on account of its
employing an irrational proportion, is added to it conversely, because its
irrationality approaches the divine. This wedding also comprehends the
solid star too, the generation whereof arises from the continuation of five
planes of the dodecahedron till they all meet in a single point. See its
generation in Book II.

Lastly, we must note the ratio of the spheres circumscribed around
them to those inscribed in them: in the case of the tetrahedron it is
rational, 100,000:33,333 or 3:1; in the wedding of the cube it is irra-
tional, but the radius of the inscribed sphere is rational in square, and is
itself the square root of one third the square on the radius (of the cir-
cumscribed sphere), namely 100,000:57,735; in the wedding of the
dodecahedron, clearly irrational, 100,000:79,465; in the case of the star,
100,000:52,573, half the side of the icosahedron or half the distance

between two rays.

2. ON THE KINSHIP BETWEEN THE HARMONIC RATIOS AND THE FIVE
REGULAR FIGURES

This kinship (cognatio) 1s various and manifold; but there are four
degrees of kinship. For either the sign of kinship is taken from the out-
ward form alone which the figures have, or else ratios which are the same
as the harmonic arise in the construction of the side, or result from the
figures already constructed, taken simply or together; or, lastly, they are
either equal to or approximate the ratios of the spheres of the figure.

In the first degree, the ratios, where the character or greater term is
3, have kinship with the triangular plane of the tetrahedron, octahedron,
and icosahedron; but where the greater term is 4, with the square plane
of the cube; where 5, with the pentagonal plane of the dodecahedron.
This similitude on the part of the plane can also be extended to the

smaller term of the ratio, so that wherever the number 3 is found as one
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term of the continued doubiles, that ratio is held to be akin to the three
figures first named: for example, 1:3 and 2:3 and 4:3 and 8:3, et cetera;
but where the number is 5, that ratio is absolutely assighed to the wed-
ding of the dodecahediom: for examplle, 2:5 and 4:5 and 8:5, and thus 3:5
and 3:10 and 6:5 and 12:5 and 24:5. The kinship willl be less probable if
the sum of the terms expiesses this similitude, a in 2:3 the sum of the
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The: five plalonicc solids that
Keppérr believed! to berthe
builblingg blocks of the 1.imverse
The spitere’ contaings them alll

(as showm: im the reflected @pystal)

terms is equall to 5, as it to say that 2:3 is akin to the diodecdhstivan The
kinship on account of the outward form of the solid angle is similar: the
solid angle is trilinear among the primary figures, quadrilinear in the
octahedron, and quinquellinear in the icosahedron. And so if one term of
the ratio participates in the number 3. the ratio will be connected with
the primary bodiies; but if in the number 4, with the octahedrom; and
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finally, if in the number 5, with the icosahedron. But in the feminine
solids this kinship is more apparent, because the characteristic figure
latent within follows upon the form of the angle: the tetragon in the
octahedron, the pentagon in the icosahedron; and so 3:5 would go to the
sectioned icosahedron for both reasons.

The second degree of kinship, which is genetic, is to be conceived as
follows: First, some harmonic ratios of numbers are akin to one wedding
or family, namely, perfect ratios to the single family of the cube; con-
versely, there is the ratio which is never fully expressed in numbers and
cannot be demonstrated by numbers in any other way, except by a long
series of numbers gradually approaching it: this ratio is called divine, when
it is perfect, and it rules in various ways throughout the dodecahedral
wedding. Accordingly, the following consonances begin to shadow forth
that ratio: 1:2 and 2:3 and 2:3 and 5:8. For it exists most imperfectly in
1:2, more perfectly in 5:8, and still more perfectly if we add 5 and 8 to
make 13 and take 8 as the numerator, if this ratio has not stopped being
harmonic.

Further, in constructing the side of the figure, the diameter of the
globe must be cut; and the octahedron demands its bisection, the cube
and the tetrahedron its trisection, the dodecahedral wedding its quin-
quesection. Accordingly, the ratios between the figures are distributed
according to the numbers which express those ratios. But the square on
the diameter is cut too, or the square on the side of the figure is formed
from a fixed part of the diameter. And then the squares on the sides are
compared with the square on the diameter, and they constitute the fol-
lowing ratios: in the cube 1:3, in the tetrahedron 2:3, in the octahedron
1:2. Wherefore, if the two ratios are put together, the cubic and the tetra-
hedral will give 1:2; the cubic and the octahedral, 2:3; the octahedral and
the tetrahedral, 3:4. The sides in the dodecahedral wedding are irrational.

Thirdly, the harmonic ratios follow in various ways upon the already
constructed figures. For either the number of the sides of the plane is
compared with the number of lines in the total figure; and the following
ratios arise: in the cube 4:12 or 1:3; in the tetrahedron 3:6 or 1:2; in the

octahedron 3:12 or 1:4; in the dodecahedron 5:30 or 1:6; in the
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icosahedron 3:30 or 1:10. Or else the number of sides of the plane is
compared with the number of planes; then the cube gives 4:6 or 2:3, the
tetrahedron 3:4, the octahedron 3:8, the dodecahedron 5:12, the icosa-
hedron 3:20. Or else the number of sides or angles of the plane is com-
pared with the number of solid angles, and the cube gives 4:8 or 1:2, the
tetrahedron 3:4, the octahedron 3:6 or 1:2, the dodecahedron with its
consort 5:20 or 3:12 (i.e., 1:4). Or else the number of planes is compared
with the number of solid angles, and the cubic wedding gives 6:8 or 3:4,
the tetrahedron the ratio of equality, the dodecahedral wedding 1:20 or
3:5. Or else the number of all the sides is compared with the number of
the solid angles, and the cube gives 8:12 or 2:3, the tetrahedron 4:6 or
2:3, and the octahedron 6:12 or 1:2, the dodecahedron 20:30 or 2:3, the
icosahedron 12:30 or 2:5.

Moreover, the bodies too are compared with one another, if the
tetrahedron is stowed away in the cube, the octahedron in the tetrahe-
dron and cube, by geometrical inscription. The tetrahedron is one third
of the cube, the octahedron half of the tetrahedron, one sixth of the cube,
just as the octahedron, which is inscribed in the globe, is one sixth of the
cube which circumscribes the globe. The ratios of the remaining bodies
are irrational.

The fourth species or degree of kinship is more proper to this work:
the ratio of the spheres inscribed in the figures to the spheres circum-
scribing them is sought, and what harmonic ratios approximate them is
calculated. For only in the tetrahedron is the diameter of the inscribed
sphere rational, namely, one third of the circumscribed sphere. But in the
cubic wedding the ratio, which is single there, is as lines which are rational
only in square. For the diameter of the inscribed sphere is to the diameter
of the circumscribed sphere as the square root of the ratio 1:3. And if you
compare the ratios with one another, the ratio of the tetrahedral spheres
is the square of the ratio of the cubic spheres. In the dodecahedral wed-
ding there is again a single ratio, but an irrational one, slightly greater
than 4:5. Therefore the ratio of the spheres of the cube and
octahedron is approximated by the following consonances: 1:2, as proxi-

mately greater, and 3:5, as proximately smaller. But the ratio of the
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The modelk of Prolemy,
Copemiaus, and Tycho Brake.

dodecahedirall spheres is approximated by the consonances 4:5 and 5:6, as
proximately smaller, and 3:4 and 5:8, as proximatelly greater.

But if for certain reasons 1:2 and 1:3 are arrogated to the cube, the
ratio of the spheres of the cube wiill be to the ratio of the spheres of the
tetrahedron as the consonances 1:2 and 1:3, which have been ascribed to
the cube, are to 1:4 and 1:9, which are to be assigned to the tetrahedron,
if this propottion is to be used. For these ratios, too, are as the squares of
those consonances. And beeause 1:9 is fiot harmonie, 1:8 the proximate
tatio takes its place in the tetrahedron. But by this propertion apprex-
mately 4:5 and 3:4 willl go with the dodecahediall wedding. Fer as the
tatie of the sphetes of the eube s apptoximatelly the eube of the ratie of
the dodeecahedtiall, so toe the eubic consonanees 1:2 and 2:3 are APProx-
imately the eubes of the eensenances 4:5 and 3:4. Fer 4:5 eubed is 64:
125, and 1:2 is 64:128. Se 3:4 eubed is 27:64, and 1:3 is 27:81.

3. A SUMMARY OF ASTRONOMICAL DOCTRIMNE NECESSARY FOR
SPECULATIOMN INTO THE CELESTIAL HARMONIES

First of all, my readers should know that the ancient astrmmomical
hypotheses of Ptolemyy, in the fashion in which they have been unfolded
in the Tteoricae of Peurbach and by the other wiiiters of epitomes, are to
be complletelly removed from this discussion and cast out of the mind.
For they de not convey the true layout of the bodies of the woilld and
the polity of the movements,

Although I cannot do otherwiise than to put solely Copernicus’
opinion concerning the wotld in the place of those hypotheses and, if
that were possible, to persuade everyone of it; but because the thing is still
new among the mass of the intelligenisia (apued wulfpss swtfissomyn), and
the doetrine that the Earth is one of the planets and mowes ameng the
stars around a motiionkses sun sounds very absurd te the ears of mest of
them: therefore these whe are sheeked by the unfarmilliarity ef this opin-
ien sheuld knew that these harmenikall speeulations are pessible even
with the Rypeltrses ef Tyehe Brahe—hreawse that auther Rolds, iR &om-
men with Coprinifus, everything else which periains te the layeut ef
the bedies and the tempering of the movemens, and transters selely the



J O PANNNNE BS S KKEEPP UL E R

Copermiican annual movement of the Earth to the wholle system of plan-
etary sphetes and to the Sun, whiich occupiies the center of that sysiem,
in the opinion of both authois. For after this transference of movement
it is neverthalless true that in Brahe the Earth occupies at any time the
same place that Coperiicus gives it, if not in the very vast and measure-
less region of the fixed stars, at least in the system of the planetary wotld.
And aceordinglly, jjust a6 he who draws a cirele on papet makes the writ-
ing-foot of the cormpass revolve, whille he who fastens the paper of tablet
te a turning lathe draws the same eitele en the revelving tablet with the
foet ot the eomipass oF stylus MeRINRSS; $6 tee, in the ease oF Copernieus
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the Earth, by the real movement ot its body,
measures out a circle revolving midway between
the circle of Mars on the outside and that of
Venus on the inside; but in the case of Tycho
Brahe the whole planetary system ((wherein
among the rest the circles of Mats and Venus are
found) revolves like a tablet on alathe and spplies
to the motiiokss Earth, of to the stylus on the
|@the, the midspace between the eireles ot Mars
and Venus; and it conies abeut from this meve:-
ment of the system that the Earth within it,
dltheugh remaining moliHkss, marks eut the
same eirele around the sun and midway between
Miais and Venus, which in Copericys it marks
8ut By the real mevement af its Bedy while the
system is & rest. Theneliore, sinee NaFmenic spes-
ulatisn sensiders the ececentric mevements of the
planeis, 5 if seen from the Sun, you may essily
understand that it any oBserver were stationed on
2 S4n 25 Mueh i metisn & you please, never-
theless for him the Earth, although & rest (& 2

coneession t8 Brahe), wowd seem {8 descriBe the annuah cirele midway
Between the pianeis 2nd in 20 ntermediate length oF time: Wigisigre,
IF there is Aay man oF sych feeble wit that he cAnngt grasp e move:
ment 8F the Earth AM8Rg the Sars, Nevertieless fie 63N take pleasure in
the most excellent spectacie ot fhig mest divine consiruction, it ne
Sppiies 18 heir image In e sun whatever Re Reats cOncerning the dally
rn%\\// W 8t 1he BArR I 1is eccentric—such 20 image RTyens Brane
R, With he E3riR g rest

And neverthelkess the followers of the true Samian philosophy have
no jjust cause to be jjealous of sharing this delighttul speculation with such
petsons, because their joy will be in many ways more petfect, as due to
the consumrmate petfection of speculation, if they have accepted the
immeofhiility ot the sun and the movement ot the Earth.
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Firstly [1], therefore, let my readers grasp that
today it is absolutely certain among all
astronomers that all the planets revolve around
the Sun, with the exception of the Mioomn, which
alone has the Earth as its center: the magnitude
of the mooms sphere oF orbit Is net great aneugh
for it to be delineated in this diagram in @ just
fatie to the rest. Therefore, to the other five plan-
gets, 2 sixth, the Earth, Is added, whieh traees a
sixth eirele around the sun, whether by its own
proper mevement with the sun a rest, oF
metirss itself apd with the wheolle planetary
system reyolving:

Secondlly [I1]: It is also certain that all the

planets are eccentriic, i.e., they change their dis-

tances from the Sun, in such fashion that in one
part of their circle they become farthest away
from the Sun, and in the opposite part they come
neatest to the Sun. In the accompanying diagram
theee cireles apiece have been drawn for the sim-

gle planets: none of them Indicate the eceentric
toute ef the planet itself; but the mean cirele, sueh # BE in the case of
Miaks, is egual te the eeeentric orbit, with respect to its longer diameter.
But the orbit itself, sueh a5 ADD, touehes A, the upper of the thiee, in
ene plaee A, and the lewer eirele CD), in the eppesite place D. The ¢ir-
cle GiA7 made with dets and desecribed threugh the eenter of
the Sun indicates the reute of the sun aecesrding te Tyehe Brahe. And
iF the SuR meves on this reute, then sbselutely all the peints in this whele
planetary system here depieted advanee Hpen s egual route, e3eh wpen
his swn. And with ene peint of it (namell, the eenter of the Sun) sia-
tisned & gne point of its cirele, 2 hete at the lewest, absslutely eaeh and
every-peint of the system will Be stationed & the lowest part of its &irele:
HoWwWRv,, 8 2ccount of the smaliness of the space the three cireles of

Venus unite in one, contrary to my imtention.

CENTER

A sisteentiticeratyry drawing of

the Copemigann system: by
Tihamass Diggs.
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different positionss of the FEuanthn.
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Earth
Earth

Mars  ---------o-o. he e
Desired distance of Mars

Thindly [II1}: Let the reader recall from my Migeritwm Cosmggraghicum,
which I published twenty-two years ago, that the number of the planets
or circular routes around the sun was taken by the very wise Founder
from the five regular solids, concerning which Euclid, so many ages ago,
wtote his book which is called the Blemenis in that it is built up out of a
series of propositions. But it has been made clear in the second book of
this wortk that thete cannot be more regular bodies, i.e., that regular plane
flguress eannot fit togethert in a solid mote than five times.

Fourthlly [IV]: As regards the ratio of the planetary orbits, the ratio
between two neighboring planetary orbits is always of such a magnitude
that it is easily apparent that each and every one of them approaches the
single ratio of the spheres of one of the five regular solids, namelly, that of
the sphere circumseribing to the sphere inscribed in the figure.
Nexeittiedrss it is Aot whellly equal, as | ence dared to promiise concerning
the finall perfection of astronommy. Fok, after completing the diemonstration
ef the intemvalls from Beahe s observatiomns, 1L discovered the fellowing: if
the angles of the eube are applied te the inmest eitele of Saturn, the
genters of the planes are approximately tangent to the middle eirele of
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Jupiter; and if the angles of the tetrahedron are placed against the inmost
circle of Jupiter, the centers of the planes of the tetrahedron are approx-
imately tangent to the outmost circle of Mars; thus if the angles of the
octahedron are placed against any circle of Venus (for the total interval
between the three has been very much reduced), the centers of the planes
of the octahedron penetrate and descend deeply within the outmost circle
of Mercury, but nonetheless do not reach as far as the middle circle of
Mercury; and finally, closest of all to the ratios of the dodecahedral and
icosahedral spheres—which ratios are equal to one another—are the
ratios or intervals between the circles of Mars and the Earth, and the
Earth and Venus; and those intervals are similarly equal, if we compute
from the inmost circle of Mars to the middle circle of the Earth, but
from the middle circle of the Earth to the middle circle of Venus. For
the middle distance of the Earth is a mean proportional between the
least distance of Mars and the middle distance of Venus. However, these
two ratios between the planetary circles are still greater than the ratios of
those two pairs of spheres in the figures, in such fashion that the centers
of the dodecahedral planes are not tangent to the outmost circle of the
Earth, and the centers of the icosahedral planes are not tangent to the
outmost circle of Venus; nor, however, can this gap be filled by the semi-
diameter of the lunar sphere, by adding it, on the upper side, to the
greatest distance of the Earth and subtracting it, on the lower, from the
least distance of the same. But I find a certain other ratio of figures—
namely, if T take the augmented dodecahedron, to which I have given the
name of echinus, (as being fashioned from twelve quinquangular stars and
thereby very close to the five regular solids), if I take it, I say, and place its
twelve points in the inmost circle of Mars, then the sides of the
pentagons, which are the bases of the single rays or points, touch the
middle circle of Venus. In short: the cube and the octahedron, which are
consorts, do not penetrate their planetary spheres at all; the dodecahedron
and the icosahedron, which are consorts, do not wholly reach to theirs,
the tetrahedron exactly touches both: in the first case there is falling
short; in the second, excess; and in the third, equality, with respect to

the planetary intervals.
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Tiie: worlld systerm delatermimed
from the geomettyy of the nggular
solids from Kephéeiss Fhiarmenices

Wandidi Litwii (Lizz, 14619).
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Wherefore it is clear that the very ratios of the planetary intervals
from the Sun have not been taken from the regular solids alone. For the
Creator, who 1is the very source of geometry and, as Plato wrote,
“practices eternal geometry,” does not stray from his own archetype. And
indeed that very thing could be inferred from the fact that all the
planets change their intervals throughout fixed periods of time, in such
fashion that each has two marked intervals from the Sun, a greatest and
a least; and a fourfold comparison of the intervals from the sun is possi-
ble between two planets: the comparison can be made between either the
greatest, or the least, or the contrary intervals most remote from one
another, or the contrary intervals nearest together. In this way the com-
parisons made two by two between neighboring planets are twenty in
number, although on the contrary there are only five regular solids. But
it is consonant that if the Creator had any concern for the ratio of the
spheres in general, He would also have had concern for the ratio which
exists between the varying intervals of the single planets specifically and
the other. If we ponder that, we will comprehend that for setting up the
that the concern is the same in both cases and the one is bound up with
diameters and eccentricities conjointly, there is need of more principles,
outside of the five regular solids.

Fifthly [V}: To arrive at the movements between which the conso-
nances have been set up, once more I impress upon the reader that in the
Commentaries on Mars | have demonstrated from the sure observations of
Brahe that daily arcs, which are equal in one and the same eccentric cir-
cle, are not traversed with equal speed; but that these differing delays in
equal parts of the eccentric observe the ratio of their distances from the sun, the
source of movement; and conversely, that if equal times are assumed,
namely, one natural day in both cases, the corresponding true diurnal arcs
of one eccentric orbit have to one another the ratio which is the inverse of the ratio
of the two distances from the Sun. Moreover, I demonstrated at the same
time that the planetary orbit is elliptical and the Sun, the source of movement, is
at one of the foci of this ellipse; and so, when the planet has completed a quarter
of its total circuit from its aphelion, then it is exactly at its mean distance from the

sun, midway between its greatest distance at the aphelion and its least at the
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perihelion. But from these two axioms it results that the diurnal mean
movement of the planet in its eccentric is the same as the true diurnal arc of its
eccentric at those moments wherein the planet is at the end of the quadrant of the
eccentric measured from the aphelion, although that true quadrant appears still
smaller than the just quadrant. Furthermore, it follows that the sum of any two
true dinrnal eccentric arcs, one of which is at the same distance from the aphelion
that the other is from the perihelion, is equal to the sum of the two mean diurnal
arcs. And as a consequence, since the ratio of circles is the same as that of the
diameters, the ratio of one mean diurnal arc to the sum of all the mean and equal
arcs in the total circuit is the same as the ratio of the mean diurnal arc to the sum
of all the true eccentric arcs, which are the same in number but unequal to one
another. And those things should first be known concerning the true diur-
nal arcs of the eccentric and the true movements, so that by means of
them we may understand the movements which would be apparent if we
were to suppose an eye at the sun.

Sixthly [VI}: But as regards the arcs which are apparent, as it were,
from the Sun, it is known even from the ancient astronomy that, among
true movements which are equal to one another, that movement which
is farther distant from the center of the world (as being at the aphelion)
will appear smaller to a beholder at that center, but the movement which
is nearer (as being at the perihelion) will similarly appear greater.
Therefore, since moreover the true diurnal arcs at the near distance are
still greater, on account of the faster movement, and still smaller at the
distant aphelion, on account of the slowness of the movement, I demon-
strated in the Commentaries on Mars that the ratio of the apparent diurnal arcs
of one eccentric circle is fairly exactly the inverse ratio of the squares of their dis-
tances from the Sun. For example, if the planet one day when it is at a
distance from the sun of 10 parts, in any measure whatsoever, but on the
opposite day, when it is at the perihelion, of 9 similar parts: it is certain
that from the sun its apparent progress at the aphelion will be to its appar-
ent progress at the perihelion, as 81:100.

But that is true with these provisos: First, that the eccentric arcs
should not be great, lest they partake of distinct distances which are very

different—i.e., lest the distances of their termini from the apsides cause a
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perceptible variation; second, that the eccentricity should not be very
great, for the greater its eccentricity (viz., the greater the arc becomes)
the more the angle of its apparent movement increases beyond the meas-
ure of its approach to the Sun, by Theorem 8 of Euclid’s Optics; none the
less in small arcs even a great distance is of no moment, as I have
remarked in my Optics, Chapter 11. But there is another reason why 1
make that admonition. For the eccentric arcs around the mean anomalies
are viewed obliquely from the center of the Sun. This obliquity subtracts
from the magnitude of the apparent movement, since conversely the arcs
around the apsides are presented directly to an eye stationed as it were at
the Sun. Therefore, when the eccentricity is very great, then the eccen-
tricity takes away perceptibly from the ratio of the movements; if
without any diminution we apply the mean diurnal movement to the
mean distance, as if at the mean distance, it would appear to have the
same magnitude which it does have—as will be apparent below in the
case of Mercury. All these things are treated at greater length in BookV
of the Epitome of Copernican Astronomy; but they have been mentioned
here too because they have to do with the very terms of the celestial con-
sonances, considered in themselves singly and separately.

Seventhly [VII}: If by chance anyone runs into those diurnal move-
ments which are apparent to those gazing not as it were from the sun but
from the Earth, with which movements Book VI of the Epitome of
Copernican Astronomy deals, he should know that their rationale is plainly
not considered in this business. Nor should it be, since the Earth is not
the source of the planetary movements, nor can it be, since with respect
to deception of sight they degenerate not only into mere quiet or appar-
ent stations but even into retrogradation, in which way a whole infinity
of ratios is assigned to all the planets, simultaneously and equally.
Therefore, in order that we may hold for certain what sort of ratios of
their own are constituted by the single real eccentric orbits (although
these too are still apparent, as it were to one looking from the sun, the
soutce of movement), first we must remove from those movements of
their own this image of the adventitious annual movement common to all

five, whether it arises from the movement of the Earth itself,
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according to Copemizus, or from the
annual movement ot the total system,
according to Tycho Brahe, and the
winnowed movemenis proper to each

planet are to be presented to sight.

Eighthly [VIII]: So far we have
dealt with the different delays or arcs
of one and the same planet. Now we
must also deal with the comparison
of the movements of two planets. ———E—

Hete take note of the definitions of
the terms which wiill be necessary for
us. We give the name of nearest apsides P
of twe planeis te the perihelien of
the upper and the aphelien of the
lawer, netwiidhstanding that they tend
net tewards the same region ot the
word but tewards distinet and per-
haps esntiary regions. By edieme
mevements understand the sowest and
the fastest of the wholie planetary cit-
EUit; By eONVIRNG OF OV cRMETE |y
movemens, these which sfe at the
Reaiest apsides of twe planets—=
namely, 4 the perihelion of the Ypper
planet and the aphelian of the IGWer;
By dwERind, o dye, these &t dhe
Spperite apsides—namely, the gene:
1ion 8F the 4pper and the perihelion
SF the 19wer Thenglare 203, 8 &8
E?jm Bgﬁ 8k m¥r IVVIV%erI.Hm

EQMRgaphicHm, WhiCh Wa svshand-
&q hwenty-twe years 599, Beeduse it
Wﬁ? nat yet den i s S completed
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and herein inserted. For after fimding
the true intervalls of the spheres by the
observations of Tycho Brahe and com-
tinuows labour and much time, at last, at
last the right ratio of the periodic times
to the spheies though it was late, looked
to the unskilled man, yet looked o
him, and, after mueh time, eame, and, if
yeu want the exaet time, was eoneeived
meni@llly on the 8th ef MiareR in this
year Ome Thewsand Six Hundied and
Eightesn but untelieitausly aubmitied
te esleulgtion and rejested F false,
finally, symmened Back on the 15th of
Ny, With & fresh assult wndertaken,
sutfought the darkness oF My Mind by
the great prost aforded By my |absr of
SEVERIEEN YErs 8R Brahe § oBservatons
2nd meditation HpeR it URiting in one
£8nesd, In sieh fashion that | A
Believed i wak dreaming and wa pre-
syppasing the sbiect 8F my seaeh
Meng the BrnCiRes: BHE it Is Able:
ly certain and exact that e rale Which
X7 BENITRn G DRSS R SF any A8
DA 15 pRaRdy e 13 S e 3P
Bower ojr e e .tSttanmes I & q;” e
%P 1eres emse \lﬁg? ¥8¥igeg Qg\\,’vvg\\ég{‘

that the grithmetic mean Berween B3

1ame %?% 8k the liiB tie SrBit Be sslllg%

1 i an t e iameter. An
CSS an t 1ameter. An SO

if 2y 89%’ Eiiée i BSHS =, SF the
Earth, Which is 8he year an tﬂe Serrfé’g

Sk §§‘€H¥H whieh 15 Hhiry e &

CENTER

Tlie murdl iinThgehd3Blalw's

Urarnissoar gbobservgtory.
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extract the cube roots of this ratio and then square the ensuing ratio by.
squaring the cube roots, he will have as his numenizal products the most
jjust ratio of the distances ot the Earth and Saturn from the Sun* For the
cube root of 1is 1, and the square of it is 1 ;and te ailie oot off B0 iks
greater than 3, and theretore the square of it is greater than 9. And Satuin,
at its mean distance frem the Sun, is slightly highee than nine times the
mean distanece of the Earth from the Sun. Fuethet on, in Chaptet 9, the
use of this theorem wiill be necessary for the demenstiation of the eceen-
tricities.

Niintihlly JIX]: If now you wish to measure with the same yardstick,
so to speak, the true daily jjoumeys of each planet through the ether, two
ratios are to be compounded—the ratio of the true (not the apparent)
diuemall ares of the eccentic, and the ratio of the mean inteiwalls of each
planet from the Sun (because that s the same as the ratio of the ampli-
tude of the sphenes), i.e., the tiwe disnali/ asc of eacth phnaer is 1o be nalifjplied
by the semidiameler of its sphere; the products willl be numibeis fitted for
investigating whether or net these jjowrirys are in harmomiie raties.

Tenthly [X]: In order that you may truly know how great any one of
these diurmal jjowineys appears to be to an eye stationed as it were at the
Sun, although this same thing can be got immediately from the asiane-
my, nevertfirikss it wiilll also be maniffest if you mulltiply the tatie of the
jjourirys By the inverse ratie not of the mean, but of the true intervals
which exist at any position en the eceenties: Mulighy thejpuney of the
uppser by the inigevehl of the lowerr phneer fiom: the Sim, and! eomveesshly mulifiply
theifsineyey of the lowsrr by the ineeveh! of the uppser fiom the Swum.

Eleventhly [XI]: And in the same way, if the gpparent movements are
given, at the aphelion of the one and at the perihelion of the other, or
convetselly or alternat@lly, the ratios of the distances of the aphelion of the
one to the perihelion of the othet may be elicited. But whete the mean
movements must be knewn first, viz., the invetse ratio of the periodie
times, whetefrom the ratio of the sphetes is elicited by Atticle VIII sbove:
then if the meamn prpoiciahal bemeern the appaiephit meveenin of eittieer o of its
mRaiy mRwemtns be tallenn, this measy pripolnieial is to the semdinpsireter of its
spireee (whileh is already knewm) as e nram mMOseREn: s 19 e disacee of



) O H AANNNNEES S KKEEPP L E R

interval sought. Let the periodic times of two planets be 27 and 8.
Therefore the ratio of the mean diurmal movement of the one to the
other is 8 : 27. Therefore the semidiameters of their spheres wiilll be as 9
to 4. For the cube root of 27 is 3, that of 8 is 2, and the squares of these
roots, 3 and 2, are 9 and 4. Nlow let the apparent aphellial movement of
the ene be 2 and the perihellial mevement of the other 331/3. The mean
propoitiials between the mean movements 8 and 27 and these appar-
ent ones wiill be 4 and 30. Therefore If the mean proporiional 4 gives the
fnean distanee of 9 to the planet, then the mean movement of 8 gives &
apheliial distanee 18, which egrresponds o the apparent mevement 2; and
if the ather mean properiionall 30 gives the other planet & mean distance
8F 4, then its mean mevement of 27 willl give it a peritrlial inteval of
33/5.1 sy, theretore, that the aphelial distanee of the former iste the per-
ihefial distanee of the |a¢ter 3 18 t8 33/5. Henee it is elear that if the con-
$0nances Between the extreme mevemens of twe planets ae found and
the perigdic times sre established for bath, the extreme and the mean
distances are Necessarily given, wiietare alse the eccentricities:

Twelfthly [XII]: It is also possible, from the different extreme move-
ments of one and the same planet, to find the mean movement. The mean
movement is not exactly the arithmetic mean betweem the extreme
movements, nor exactly the geomettiic mean, but it is as much less than
the geomettiic mean as the geomettic mean is less than the (arnidimetic)
mean between both means. Let the two extreme movemens be 8 and
10: the mean mevement will be less than 9, and also less than the square
tfoot of 80 by half the difference between 9 and the square root of 80. In
this way, if the aphellial mevement is 20 and the perieliial 24, the mean
mevement willl Be less than 22, even less than the square reet of 480 by
half the difference between that reet and 22. There is use for tis thes-
rem in what follgws:.

Thirteenthly [XII[]: From the foregoing the following proposition is
demonstrated, which is going to be very necessary for us: Just as the ratio
of the mean movemenis of two planets is the inverse ratio of the 3/2th
powets of the sphetes, so the ratio of two apparent converging extreme
movements always falls short of the ratio of the 3/2th powets of the
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interwalls corresponding to those extreme movements; and in what ratio
the product ot the two ratios ot the corresponding interwalls to the two
mean intervalls or to the semidiametens of the two spheres falls short of
the ratio of the square roots of the spheres, in that ratio does the ratio of
the two extreme converging movements exceed the ratio of the corre-
sponding intervalls; but if that compound tatio weie to exceed the ratio
of the square roots of the sphetes, then the ratio of the converging meve:
ments would be less than the ratio of their intervals.?

4. IN WHAT THINGS HAVING TO DO WITH THE PLANETARY MOVEMENTS
MAVE THE HARMONIC CONSONANCES BEEN EXPRESSED BY THE CREATOR,
AND IN WHHAT way?

Accondingly, if the image of the rétrogradation and stations is taken
away and the proper movememits of the planets in their real eccentric
otbits are winnowed out, the following distinct things still remain in the
planets: 1) The distances from the Sun. 2) The periodic times. 3) The
diuemal eccenttic arcs. 4) The diuenall delays in those arcs. 5) The angles
at the Sun, and the diurnal area apparent to those as it were gazing from
the Sun. And again, all of these things, with the exception of the period-
{e times, are variable in the tetal eireuit, mest variable at the mean len-
gitudes, but least at the extremes, when, tUFRingG away from ene exireme
lengitude, they begin te returh te the sppesite. Hience when the planet
is lowest and nearest te the sun and thereby delays the least iR ene degree
oF its eeeentiiic, and conveisely in oRe day traveises the greatest divrnal
are of its eceentric and appears fastest from the Sun: then its Mevement
femaing for some time iR this strengih withewt perceptipie variation,
Rk, sfter passing the perihelion, the pianet gradvalily Begins t8 depart
Farther from the SuR iA 2 SFRIGAE line; 2t that Same Hme it deays 1oRger
iR the degrees oF its eccentric Eircle; 8r, iFyQu consider the mevement of
8Re day; 6 the foliowing day it g8es forward |ess and ApPeais even More
sow From the SuR unth it has drawn clgse 18 the Righest apsis and Mmade
its distanee Hom the SHR very great: for Hhen (gngest oF Al dass it delay
iR gne degree 8F iis eceentric: 8t 8R Hhe CORHALY iR 8Re day it Hraversss
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its least arc and makes a much smaller apparent movement and the least
of its total circuit.

Finallly, all these things may be considered either as they exist in any
one planet at different times or as they exist in different planets: Whence,
by the assumption of an infinite amount of time, all the affects ot the
circuit ot one planet can concur in the same momenit of time with all the
affects of the cireuit of another planet and be compaied, and then the
total eceentiies, a5 compared with ene aneier. have the same ratie as
their semidiameters or mean intevalls: but the ares of twe escenteics,
whiieh are similar or designated by the same number (of degiees), hever-
thelless have their true lengths unequal in the ratie of their escentries.
Far examplie, ene degree inl the spheie oF Saurn is appreximatelly twice
% long % ene degiee in the sphete of Jupiter And comvenisely, the
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diurnal arcs of the eccentrics, as expressed in astronomical terms, do not
exhibit the ratio of the true journeys which the globes complete in one
day through the ether, because the single units in the wider circle of the
upper planet denote a quarter part of the journey, but in the narrower

circle of the lower planet a smaller part.

7. THE UNIVERSAL CONSONANCES OF ALL SIX PLANETS, LIKE COMMON
FOUR-PART COUNTERPOINT, CAN EXIST

But now, Urania, there is need for louder sound while I climb along
the harmonic scale of the celestial movements to higher things where the
true archetype of the fabric of the world is kept hidden. Follow after, ye
modern musicians, and judge the thing according to your arts, which
were unknown to antiquity. Nature, which is never not lavish of herself,
after a lying-in of two thousand years, has finally brought you forth in
these last generations, the first true images of the universe. By means of
your concords of various voices, and through your ears, she has whis-
pered to the human mind, the favorite daughter of God the Creator, how
she exists in the innermost bosom.

(Shall I have committed a crime if [ ask the single composers of this
generation for some artistic motet instead of this epigraph? The Royal
Psalter and the other Holy Books can supply a text suited for this. But
alas for you! No more than six are in concord in the heavens. For the
Moon sings here monody separately, like a dog sitting on the Earth.
Compose the melody; I, in order that the book may progress, promise
that I will watch carefully over the six parts. To him who more properly
expresses the celestial music described in this work, Clio will give a
garland, and Urania will betroth Venus his bride.)

It has been unfolded above what harmonic ratios two neighboring
planets would embrace in their extreme movements. But it happens very
rarely that two, especially the slowest, arrive at their extreme intervals at
the same time; for example, the apsides of Saturn and Jupiter are about
81° apart. Accordingly, while this distance between them measures out

the whole zodiac by definite twenty-year leaps,” eight hundred years pass
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by, and nonettieikss the
leap whiich concludes the
eighth centuny, does not
carty precisely to the
very apsides; and if it
digiesses mueh further,
another eight hwndred
years must be awaited,
that a more fortunate
leap than that ene may
be sought; and the whele F
reute must be repeated &
many Hmes & the mess-
ure of digression is con-
tained in the length of
ane leap. Mieneoven, the
gther single pairs of

plangts have perieds & that, aithough ASt 8 19Rg: But meanwhite there
gecur A8 gther €onsenances ot (wo Planels, BRIWEeR MOvEmEents
whereek nat Bath are exiremes But gng or BAth &g | 'msm%céiﬁ&%; aq
these eonsenances exist & it were m different tnings (iensioniys): FSr
Because SAYIR tendk Hom & 18 b and sightly furt nsf and jug et from
B 18 9 2nd further: therefore Retwesn fypiter and SRYMN there &an &ist
the fsllowing eonsenances, over and aBave e 8%&%% the majgr A
m*ﬂgE EH ;8 and the perfect Fourth: &t Hsf N gk the ik Higudh the

unin main ams e am Il E{ e remaining one, but tBe
unin: 1(, main ’111’1% € am € remainin one ut t 61’—
rou the am eo a major whole tone. Eor there wi
;ec St rou%lpl € am a major wtlln l|e tone. Eor there WIH

Pe § periett PH%EQ plgtt H‘l%rr%W/ Pom 8 0% §qtthj1rrp1 Eg & ggﬂu I1ttgrr 3Htt 5188
oM A SF SEM 19 7 oF Jupiter S‘H through o the /nermediates
hetwesn the & 3 3 A Sk St and the & and 49 Sk upiiet: But e
8etave S‘H the perfect Hih &t 019 2‘% he points OF the spsides But
ars, w ot a greater interval asits own, received it in order that it

ars, w. Ot a greater interval as 1ts OWl’l recerved 1t 1n order that it

SH Ilg a‘so make an octave wit t e u per anets tEroug some amp ||
S also make an octave wit per anets t roug some amp -

ge of tuning. R/I/lercury receiveg an |nterval] great enough for it to set up
¢ ot tuning. Mercury recerved an interval great enough for 1t to set up
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= almost all the consonances
with all the planets within
one of its periods, which is
not longer than the space of
theee monitis. Om the other
hand, the Earth, and Venus
fueh more so, on aceount of
the smallness of their inter-
vals, limit the esnsenaness,
which they ferm net merely
with the ethers but with ene
anether in espeeial, te visible
fewness. But if theee planets
e te cepesrd iR one
Rarmeny, many perigdie

FEtUERR Jf6 19 Be awaited
T — 1 peveriRlRss there afe many

eonsenances, 8 that they may 8 much the mere easily take place,
whifle each neargst egnsenance follows after its neighber, ad very
giten threefsid conSBRANCES AHe Seen (8 exist Betweed Mars, the Farth,
And My, Bt the £8Rs8NANceR 8F fQHF PIANSS ABW Begin 18 Be
seatiered tRroHgRBY: centuves, And these 8F Ave PlaneR Hvoyghoyt
thavsands af years:

But that all six should be in concord has been fenced about by the
longest intervalls of time; and I do not know whether it is @bsolutely
impassible for this to occut twice by precise evolving or whether that
points to a certain beginning of time, from which every age of the wotld
has flowed. But if only one sextuple ean oeeuf, or only one notable
ameng many, indubitably that could be taken as a sign of the Creation.

But if only one sextuple harmomny can occur, ot only one notable one
among many, indubiitaiblly that could be taken as a sign of the Creation.
Therefore we must ask, in exactly how many forms are the movements
of all six planets reduced to one common harmony? The method of

inquity is as follows: let us begin with the Earth and Venus, because these

Froutpitcee of Fratichino Gafari's

Practica Musicae
(Miibny, 13496).
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two planets do not make more than two consonances and (wherein the
cause of this thing is comprehemdled)) by means of very short intensifica
tions of the movemeniis. Therefore let us set up two, as it were, skeletal
outlines of harmenies, each skeletal outline determined by the two
extreme numbenrs wherewith the limiits of the tunings are designated, and
let us search out what fits in with them from the variety of movements

granted to each planet.
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Tihe universe as a lemmonious

arrangement basad on the nuriber 9.
” MHamasiias Kircher's Musurgia
Jj Uniivensallis (Rome, 15650).
| —_— —_
THE END
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HIS LIFE AND WORK

On February 5, 1676, Isaac Newton penned a letter to his bitter enemy,
Robert Hooke, which contained the sentence, “If I have seen farther, it
is by standing on the shoulders of giants.” Often described as Newton’s
nod to the scientific discoveries of Copernicus, Galileo, and Kepler
before him, it has become one of the most famous quotes in the history
of science. Indeed, Newton did recognize the contributions of those
men, some publicly and others in private writings. But in his letter to
Hooke, Newton was referring to optical theories, specifically the study
of the phenomena of thin plates, to which Hooke and René Descartes
had made significant contributions.

Some scholars have interpreted the sentence as a thinly veiled insult
to Hooke, whose crooked posture and short stature made
him anything but a giant, especially in the eyes of the extremely vindic-
tive Newton. Yet despite their feuds, Newton did appear to humbly
acknowledge the noteworthy research in optics of both Hooke and
Descartes, adopting a more conciliatory tone at the end of the letter.

Isaac Newton is considered the father of the study of infinitesimal
calculus, mechanics, and planetary motion, and the theory of light and
color. But he secured his place in history by formulating gravitational
force and defining the laws of motion and attraction in his landmark
work, Mathematical Principles of Natural Philosophy (Philosophiae Naturalis
Principia Mathematica) generally known as Principia. There Newton fused
the scientific contributions of Copernicus, Galileo, Kepler, and others

into a dynamic new symphony. Principia, the first book on theoretical
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physics, is roundly regarded as the most important work in
the history of science and the scientific foundation of the modern
worldview.

Newton wrote the three books that form Principia in just eighteen
months and, astonishingly, between severe emotional breakdowns—
likely compounded by his competition with Hooke. He even went to
such vindictive lengths as to remove from the book all references to
Hooke’s work, yet his hatred for his fellow scientist may have been the
very inspiration for Principia.

The slightest criticism of his work, even if cloaked in lavish praise,
often sent Newton into dark withdrawal for months or years. This trait
revealed itself early in Newton’s life and has led some to wonder what
other questions Newton might have answered had he not been obsessed
with settling personal feuds. Others have speculated that Newton’s
scientific discoveries and achievements were the result of his vindictive
obsessions and might not have been possible had he been less arrogant.

As a young boy, Isaac Newton asked himself the questions that had
long mystified humanity, and then went on to answer many of them. It
was the beginning of a life full of discovery, despite some anguishing first
steps. Isaac Newton was born in the English industrial town of
Woolsthorpe, Lincolnshire, on Christmas Day of 1642, the same year in
which Galileo died. His mother did not expect him to live long, as he
was born very prematurely; he would later describe himself as having
been so small at birth he could fit into a quart pot. Newton’s yeoman
father, also named Isaac, had died three month’s earlier, and when
Newton reached two years of age, his mother, Hannah Ayscough, remar-
ried, wedding Barnabas Smith, a rich clergyman from North Witham.

Apparently there was no place in the new Smith family for the young
Newton, and he was placed in the care of his grandmother, Margery
Ayscough.The specter of this abandonment, coupled with the tragedy of
never having known his father, haunted Newton for the rest of his life.
He despised his stepfather; in journal entries for 1662 Newton, examin-
ing his sins, recalled “threatening my father and mother Smith to burne

them and the house over them.”



IS AmcC NNEEVWWV TT @ N




T HEE

150

Newvorw: at 12.

I L L Ws TRATTEEDD O N T HEE S H @ WLLDDEERRS S O FF GGl AN T S

Miuch like his adulthood, Newtanis childhood was filled with
episodes of harsh, vindictive attacks, not only against perceived enemies
but against friends and family as well. He also displayed the kind of
curiosity early on that would define his life’s achievements, taking &n
interest in meehamical modells and architectural drawing. Nlewton spent
counilless howts building €loeks, fllaming kites, sundialls, and miniature
millls (powered by mice) a5 welll as drawing elaborate sketehes of animals
and ships. At the age of five he attended scheolls a Skillingten and Stoke
but was consideted one of the peorest students, reeeiving eomments in
teachers’ repeits sieh as “inattentive™ and “idle.” Despite his euriosity and
demonsiiable passion for learning, he was unable te apply himself to
scheelweik.

By the time Newton reached the age of ten, Barnabas Smith had
passed away and Hannah had come into a considetable sum from Smith’s
estate. Isaac and his grandmother began living with Hannah, a half-thred-
er, and two half-sisters. Because his work at school was wninspiring,
Hannah decided that Isaac would be better off managing the farm and
estate, and she pulled him out ot the Free Grammar School in Grantham.
Unffortumately for her, Newton had even less skill of intetest in manag-
ing the family estate than he had in scheelwerk. Hanmahs brether,
Wiillliam., 2 €lergyman, deeided that it would Be best for the family if the
absent-minded Isase returned to scheol te finish his edueation.

This time, Newton lived with the headmaster of the Free Grammar
Schooll, John Stokes, and he seemed to turn a cornet in his education.
One story has it that a blow to the head, administered by a sdhoolyard
bullly, semehow enlightened him, enabling the young Newton to reverse
the negative cousse of his edueationall promise. New demenstrating
intellectual aptitude and euriesiy; Newton began preparing for further
study at a univenrsity. He deeided to attend Trinity Colllege, his ynele
Willliamy's alma mater, st Cambridge University:

At Triniity;, Nlewton became a subsizar, receiving an allowance toward
the cost ot his education in exchange for petforming various chotes such
as waiting tables and cleaning rooms for the faculty. But by 1664 he was
elected scholat, which guaranteed him fimancidl suppott and freed him



I § AmMcC NNEEWW TT @ N

from meniial duties. Wien the university closed because of the bubonic
plague in 1665, Newton retreated to Lincolnshire. In the ecighteen
montihs he spent at home during the plague he devoted himsellf to
mechanics and mathemafics, and began to concentrate on optics and
gravitation. Thiis “ammus mirabilis’ (miraculous year), as Newton called it,
was one of the most productiive and fruitful petiods of his life. It is also
around this time that an apple, according to legend, fell onto Newton's
head, awakening him frem a nap undet a tree and spurring him on to

Canttor of the story that
Néawoon discovered gravity
whem he was struck on the
by afaling; apple.
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Nawtann conductingg e-eppefiments
witth & pigan in his room at
Trinityy College.

——————

define the laws of gravity. Howewver far-fetched the tale, Newton himself
wrote that a tailing apple had “occasioned” his foray into grawvitational
contemypllation, and he is believed to have performed his pendulum
experimenis then. “[ was in the prime of my age for invention,” Newton
later recalled, “and minded Mathemnaiiicks and Philosophy mote than at
any time since.”

When he returned to Cambriidige, Nlewton studied the philosophy of
Aristotle and Descartes, as well as the science of Thomas Holbbes and
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Robert Boyle. He was taken by the mechanics of Copernicus and
Galileo’s astronomy, in addition to Kepler’s optics. Around this time,
Newton began his prism experiments in light refraction and dispersion,
possibly in his room at Trinity or at home in Woolsthorpe. A develop-
ment at the university that clearly had a profound influence on Newton’s
future—was the arrival of Isaac Barrow, who had been named the
Lucasian Professor of Mathematics. Barrow recognized Newton’s
extraordinary mathematical talents, and when he resigned his professor-
ship in 1669 to pursue theology he recommended the twenty-seven-year
old Newton as his replacement.

Newton’s first studies as Lucasian Professor centered in the field of
optics. He set out to prove that white light was composed of a mixture
of various types of light, each producing a different color of the spec-
trum when refracted by a prism. His series of elaborate and precise
experiments to prove that light was composed of minute particles drew
the ire of scientists such as Hooke, who contended that light traveled in
waves. Hooke challenged Newton to offer further proof of his eccentric
optical theories. Newton’s way of responding was one he did not out-
grow as he matured. He withdrew, set out to humiliate Hooke at every
opportunity, and refused to publish his book, Opticks, until after Hooke’s
death in 1703.

Early in his tenure as Lucasian Professor, Newton was well along in
his study of pure mathematics, but he shared his work with very few of
his colleagues. Already by 1666, he Rad discovered general methods of
solving problems of curvature—what he termed “theories of fluxions
and inverse fluxions.” The discovery set off a dramatic feud with sup-
porters of the German mathematician and philosopher Gottfried
Wilhelm Leibniz, who more than a decade later published his findings on
differential and integral calculus. Both men arrived at roughly the same
mathematical principles, but Leibniz published his work before Newton.
Newton’s supporters claimed that Leibniz had seen the Lucasian
Proféssor’s papers years before, and a heated argument between the two
camps, known as the Calculus Priority Dispute, did not end until Leibniz

died in 1716. Newton’s vicious attacks which often spilled over to touch
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on views about God and the universe, as well as his accusations of pla-
giarism, left Leibniz impoverished and disgraced.

Miost historiians of science believe that the two men in fact arrived at
their ideas independentily and that the dispute was poimnitless. Newton's
vitriolic aggression toward Leibniiz took a physical and emotiomal toll on
Newton as well. He soon found himself involved in another battle, this
time over his theory of colot, and in 1678 he suffered a severe mental
breakdown. The next year, his mother, Hannah passed away, and Newton
began to distance himself from othets. In sectet, he delved into @chemy,
a field widely regarded already in Newtons time as fruitless This gpisode
in the scientists life has been a soutce of embaifassment to many
Newton sehellats. Omlly leng after Niewton died did it becorne gpparent
that his interest in chemiical experiments was related to his later researeh
in eelestial meehanics and Gravitation.

Newton had already begun forming theornies about motion by 166886,
but he was as yet unable to adequately explain the mechanics of circular
motion. Some fifty years earlier, the German mathematician and
asttonomer Johannes Kepler had proposed three laws ot planetary
motion, which accuratelly described how the planets moved in relation to
the sun, but he eould net explain why the planets moved as they diidl The
€losest Kepler eame to undeistanding the forees involved was to say that
the sun and the planets were “magnetically” related.

Newton set out to discover the cause ot the planets' elliptical orbits.
By applying his own law of centrifugal force to Kepler’s third law of
planetary motion (the law of harmenigs) he deduced the inverse-square
law, which states that the force of gravity between any two objects is
inversely propettional to the square of the distance between the objeet’s
centers. Newten was thereby eoming to recoghize that gravitation is
universal—that ene and the same foree causes an apple to fall to the
greund aAd the Mieon to race around the Earth. He then set out to test
the iAverse-squaie relation apainst knewn data. He aceepted Galiles’s
estimate that the Mieen is sixty earth radii from the Earth, but the inge-
suraey 6t his ewn estimate ot the Earth's dimeter made it impessible {9
eomplete the test to his sdlistaction. frenicalll, it was s exehange ot
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letters in 1679 with his old adversary Hooke that renewed his interest in
the problem. This time, he turned his attention to Keplei's second law, the
law ot equal areas, which Nlewton was able to prove held true because of
centripetal force. Hooke, too, was attempting to explain the planetary
orbiits, and some of his letters on that account were of particullar interest
to Newton.

At an infamous gathering in 1684, three memibets of the Royal
Society—Robett Hooke, Edmond Hallley, and Chtiistopher Wiren, the
noted architect of S. Pauls Cathedrial—engaged in a heated discussion
about the inverse-squaie relation governing the motions of the planets,
In the early 1670s, the talk in the coffeehouses of London and other
intellectual centets was that gravity emanated from the Sun in all diree-
tions and tell off a a rate inverse to the square of the distance, thus

Withiam: Blalless 1795 color
puits of Newton.
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becoming more and more diluted over the surface of the sphere as that
surface expands. The 1684 meeting was, in effect, the birth of Principia.
Hooke declared that he had derived from Keplers law of ellipses the
proof that gravity was an emanating force, but would withhold it from
Hillley and Ween until he was ready to make it public. Furious, Halley
went to Cambiidige, told Newton Heeke's elaim, and propesed the fol-
lewing preblem. “Wihak would be the form of a planets erbit abeut the
Sun if it wete drawn towards the Sun by a foree that varied inversely as
the square ef the distance?” Newit@ns response was staggering. "It
woulld be a1 ellipse,” he answered immedipiell, and then teld Halley
that he had solved the preblem four years earlier bBut had misplaced the
preef in his effice.

At Hallley’s request, Newton spent three moniihs reconstituting and
impeoving the proof. Then, in a butst of energy sustained for cigihteen
moniths, during which he was so caught up in his work that he often for-
got to eat, he further developed these ideas untiil their presentation filled
theee volumes. Newton chose to title the wotk Philosophiae Naturalis
Principia Meitiemeirees, in deliberate contiast with Desecartes’ Principia
Philosophiae. The theee books of Newt@wns Prineipia provided the link
between Keplers laws and the physieal word. Hallley reacted with “jey
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and amazement” to Newtanis discoveries. To Hallley, it seemed the
Lucasian Professor had succeeded where all others had tailed, and he per-
sonally fiimanced] publication of the massive work as a masterpiece and a
gift to humaniity.

Where Galileo had'shown that objects were “pulled” toward the cen-
ter of the Earth, Nlewton was able to prove that this same torce, gravity,
affecied the otbits of the planets. He was also familiar with Galileos work
on the motion of projectilles, and he asserted that the Mooy orbit
areund the Earth adhered to the same principles. Newton demonstrated
that gravity explained and prediet the Moo motions as well as the ris-
ing and falling of the tides on Earth. Boek 1 of Prineipia encompasses
Newtns theee laws of motien:

1. Eeeyy body perseweres in its statte of restingg, or unifforiyly mongg ir a right
livee, umtbess it is compenbd to chengge thatt state by ffpeces impesssed upam it

2. Trlee changee of muttoon is prapeotioretal to the muiiectfocce  impesssdd; amil is
mattée in the diveciton of the right line in wiicth thattffoeee is inippeessal

3. To evany actiom theree is alwayps opposedd an equai! resctiory; of, the mmidtual
actionss of two bodlées upnm each otheer ave afwayps eques/, arl dirscwst]! to cootiary
diineatone.s.

Book 2 began for Niewton as something of an afterthought to Book
1; it was not included in the original outline of the work. It is essential-
ly a treatise on fluid mechaniics, and it allowed Nlewton room to display
his mathematicall ingenuiity. Toward the end of the book, Niewton com-
cludes that the vortices invoked by Descartes to explain the motions of
planets do net held up to scrutimy, for the motions could be performed
in free spaece without vortices. How that is so, Nlewton wtote, “may be
undeistood by the first Beok; and 1 shall new mete fully treat of it in the
fellewing Beok.”

In Book 3, subtitled System of the World, by applying the laws of
motion from book 1 to the physical world Newton concluded that
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“there is a power of gravity tending to all bodies, proportional to the sev-
eral quantities of matter which they contain.” He thus demonstrated that
his law of universal gravitation could explain the motions of the six
known planets, as well as moons, comets, equinoxes, and tides. The law
states that all matter is mutually attracted with a force directly propor-
tional to the product of their masses and inversely proportional to the
square of the distance between them. Newton, by a single set of laws, had
united the Earth with all that could be seen in the skies. In the first two

“Rules of Reasoning” from Book 3, Newton wrote:

We are to admit no more causes of natural things than such as are both true and
sufficient to explain their appearances. Therefore, to the same natural effects we

must, as far as possible, assign the same causes.

It is the second rule that actually unifies heaven and earth. An
Aristotelian would have asserted that heavenly motions and terrestrial
motions are manifestly not the same natural effects and that Newton’s
second rule could not, therefore, be applied. Newton saw things
otherwise.

Principia was moderately praised upon its publication in 1687, but
only about five hundred copies of the first edition were printed.
However, Newton’s nemesis, Robert Hooke, had threatened to spoil any
coronation Newton might have enjoyed. After Book 2 appeared, Hooke
publicly claimed that the letters he had written in 1679 had provided sci-
entific ideas that were vital to Newton’s discoveries. His claims, though
not without merit, were abhorrent to Newton, who vowed to delay or
even abandon publication of Book 3. Newton ultimately relented and
published the final book of Principia, but not before painstakingly remov-
ing from it every mention of Hooke’s name.

Newton’s hatred for Hooke consumed him for years afterward. In
1693, he suffered yet another nervous breakdown and retired from
résearch. He withdrew from the Royal Society until Hooke’s death in
1703, then was elected its president and reelected each year until his own

death in 1727. He also withheld publication of Opticks, his important
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study of light and color that would become his most widely read work,
until after Hooke was dead.

Newton began the eighteenth century in a government post as
warden of the Royal Mint, where he utilized his work in alchemy to
determine methods for reestablishing the integrity of the English cur-
rency. As president of the Royal Society, he continued to battle perceived
enemies with inexorable determination, in particular carrying on his
longstanding feud with Leibniz over their competing claims to have
invented calculus. He was knighted by Queen Anne in 1705, and lived to
see publication of the second and third editions of Principia.

Isaac Newton died in March 1727, after bouts of pulmonary inflam-
mation and gout. As was his wish, Newton had no rival in the field of
science. The man who apparently formed no romantic attachments with
women (some historians have speculated on possible relationships with
men, such as the Swiss natural philosopher Nicolas Fatio de Duillier)
cannot, however, be accused of a lack of passion for his work. The poet
Alexander Pope, a contemporary of Newton’s, most elegantly described

the great thinker’s gift to humanity:

Nature and Nature’s laws lay hid in night:
God said, “Let Newton be! and all was light.”

For all the petty arguments and undeniable arrogance that marked his
life, toward its end Isaac Newton was remarkably poignant in assessing his
accomplishments: “I do not know how I may appear to the world, but to
myself I seem to have been only like a boy, playing on the seashore, and
diverting myself, in now and then finding a smoother pebble or prettier
shell than ordinary, whilst the great ocean of truth lay all undiscovered

before me.”’
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PRINCIPIA

THE MATHEMATICAL PRINCIPLES OF NATURAL PHILOSOPHY

AXIOMS, OR LAWS OF MOTION

LAW I. EVERY BODY PERSERVERES IN ITS STATE OF REST, OR OF UNIFORM
MOTION IN A RIGHT LINE, UNLESS IT IS COMPELLED TO CHANGE THAT
STATE BY FORCES IMPRESSED THERON.

Projectiles persevere in their motions, so far as they are not retarded
by the resistance of the air, or impelled downwards by the force of grav-
ity A top, whose parts by their cohesion are perpetually drawn aside from
rectilinear motions, does not cease its rotation, otherwise than as it is
retarded by the air. The greater bodies of the planets and comets, meet-
ing with less resistance in more free spaces, preserve their motions both

progressive and circular for a much longer time.

LAW II. THE ALTERATION OF MOTION IS EVER PROPORTIONAL TO THE
MOTIVE FORCE IMPRESSED; AND IS MADE IN THE DIRECTION OF THE
RIGHT LINE IN WHICH THAT FORCE IS IMPRESSED.

If any force generates a motion, a double force will generate double
the motion, a triple force triple the motion, whether that force be
impressed altogether and at once, or gradually and successively. And this
motion (being always directed the same way with the generating force),
if the body moved before, is added to or subducted from the former
motion, according as they directly conspire with or are directly contrary
to each other; or obliquely joined, when they are oblique, so as to pro-

duce a new motion compounded from the determination of both.

163



164

T

H

E

I'LLUSTRATED ON THE SHOULDERS O F GI1ANTS

LAW IIl. TO EVERY ACTION THERE IS ALWAYS OPPOSED AN EQUAL
REACTION: OR THE MUTUAL ACTIONS OF TWO BODIES UPON EACH
OTHER ARE ALWAYS EQUAL, AND DIRECTED TO CONTRARY PARTS.
Whatever draws or presses another is as much drawn or pressed by
that other. If you press a stone with your finger, the finger is also pressed
by the stone. If a horse draws a stone tied to a rope, the horse (if I may
so say) will be equally drawn back towards the stone: for the distended
rope, by the same endeavor to relax or unbend itself, will draw the horse
as much towards the stone, as it does the stone towards the horse, and will
obstruct the progress of the one as much as it advances that of the other.
If 2 body impinge upon another, and by its force change the motion
of the other, that body also (because of the equality of the mutual
pressure) will undergo an equal change, in its own motion, towards the
contrary part. The changes made by these actions are equal, not in the
velocities but in the motions of bodies; that is to say, if the bodies are not
hindered by any other impediments. For, because the motions are equally
changed, the changes of the velocities made towards contrary parts are
reciprocally proportional to the bodies. This law takes place also in

attractions, as will be proved in the next scholium.

COROLLARY I. A BODY BY TWO FORCES CONJOINED WILL DESCRIBE THE
DIAGONAL OF A PARALLELOGRAM, IN THE SAME TIME THAT IT WOULD
DESCRIBE THE SIDES, BYT THOSE FORCES APART.

If a body in a given time, by the force M impressed apart in the place
A, should with a uniform motion be carried from A to B; and by the
force N impressed apart in the same place, should be carried from A to
C; complete the parallelogram ABCD, and, by both forces acting togeth-
er, it will in the same time be carried in the diagonal from A to D. For
since the force N acts in the direction of the line AC, parallel to BD, this
force (by the second law) will not at all alter the velocity generated by
the other force M, by which the body is carried towards the line BD.The
body therefore will arrive at the line BD in the same time, whether the
force N be impressed or not; and therefore at the end of that time it will

be found somewhere in the line BD. By the same argument, at the end
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of the same time it will be found somewhere in the line CD. Therefore
it will be found in the point D, where both lines meet. But it will move

in a right line from A to D, by Law L.

COROLLARY 11. AND HENCE IS EXPLAINED THE COMPOSTION OF ANY ONE
DIRECT FORCE AD, OUT OF ANY TWO OBLIQUE FORCES AC AND CD; AND,
ON THE CONTRARY, THE RESOLUTION OF ANY ONE DIRECT FORCE AND
INTO TWO OBLIQUE FORCES AC AND CD: WHICH COMPOSITION AND
RESOLUTION ARE ABUNDANTLY CONFIRMED FROM MECHANICS.

As if the unequal radii OM and ON drawn from the center O of any
wheel, should sustain the weights A and P by the cords MA and NP; and
the forces of those weights to move the wheel were required. Through
the center O draw the right line KOL, meeting the cords perpendicu-
larly in K and L; and from the center O, with OL the greater of the
distances OK and OL, describe a circle, meeting the cord MA in D: and
drawing OD, make AC paralle] and DC perpendicular thereto. Now, it
being indifferent whether the points K, L, D, of the cords be fixed to the
plane of the wheel or not, the weights will have the same effect whether
they are suspended from the points K and L, or from D and L. Let the
whole force of the weight A be represented by the line AD, and let it
be resolved into the forces AC and CD; of which the force AC, drawing
the radius OD directly from the center, will have no effect to move the
wheel: but the other force DC, drawing the radius DO perpendicularly,
will have the same effect as if it drew perpendicularly the radius OL equal
to OD; that 1s, it will have the same effect as the weight P, if that weight
is to the weight A as the force DC is to the force DA; that is (because of
the similar triangles ADC, DOK), as OK to OD or OL. Therefore the
weights A and P, which are reciprocally as the radii OK and OL that lie in
the same right line, will be equipollent, and so remain in equilibrio; which
is the well known property of the balance, the lever, and the wheel. If
either weight is greater than in this ratio, its force to move the wheel will
be so much greater.

If the weight p, equal to the weight P, is partly suspended by the cord
Np, partly sustained by the oblique plane pG; draw pH, NH, the former
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perpendiicullar € the horizon, the latter to the plane pG; and if the force
of the weight p tending dowmwmands is represented by the line pH, it may
be resolved into the forces pN, HN. If there was any plane pQ, perpen-
dicular to the cord pN, cutting the other plane pG in a line parallel to
the horizon, and the weight p was supported only by those planes pQ,
pG, it would press those planes perpendicuilarly with the forces pN, HN;
to wit, the plane pQ with the force pN, and the plane pG with the force
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might stretch the cord, because the cord, now sustaining the weight, sup-
plies the place of the plane that was removed, it will be strained by the
same force N which pressed upon the plane before. Therefore, the ten-
sion of this oblique cord pN will be to that of the other perpendicular
cord PN as pN to pH. And therefore if the weight p is to the weight A
ina ratio compounded of the reciprocal ratio of the least distances of the
cords PN, AM, from the center of the wheel, and of the direct ratio of
pH to pN, the weights will have the same effect towards moving the
wheel and will therefore sustain each other; as any one may find by
experiment.

But the weight p pressing upon those two oblique planes may be
considered as a wedge between the two internal surfaces of a body split
by it; and hence the forces of the wedge and the mallet may be deter-
mined; for because the force with which the weight p presses the plane
pQ is to the force with which the same, whether by its own gravity, or
by the blow of a mallet, is impelled in the direction of the line pH
towards both the planes, as pH to pH; and to the force with which it
presses the other plane pG, as pN to NH. And thus the force of the screw
may be deduced from a like resolution of forces; it being no other than
a wedge impelled with the force of a lever. Therefore the use of this
Corollary spreads far and wide, and by that diffusive extent the truth
thereof is farther confirmed. For on what has been said depends the
whole doctrine of mechanics variously demonstrated by different
authors. For from hence are easily deduced the forces of machines, which
are compounded of wheels, pullies, levers, cords, and weights, ascending
directly or obliquely, and other mechanical powers; as also the force of

the tendons to move the bones of animals.

COROLLARY IIl. THE QUANTITY OF MOTION, WHICH IS COLLECTED BY
TAKING THE SUM OF THE MOTIONS DIRECTED TOWARDS THE SAME PARTS,
ANIS THE DIFFERENCE OF THOSE THAT ARE DIRECTED TO CONTRARY
PARTS, SUFFERS NO CHANGE FROM THE ACTION OF BODIES AMONG

THEMSELVES.
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For action and its opposite reaction are equal, by Law III, and there-
fore, by Law II, they produce in the motions equal changes towards
opposite parts. Therefore if the motions are directed towards the same
parts, whatever is added to the motion of the preceding body will be sub-
ducted from the motion of that which follows; so that the sum win be the
same as before. If the bodies meet, with contrary motions, there will be an
equal deduction from the motions of both; and therefore the difference of
the motions directed towards opposite parts will remain the same.

Thus if a spherical body A with two parts of velocity is triple of a
spherical body B which follows in the same right line with ten parts of
velocity, the motion of A will be to that of B as 6 to 10. Suppose, then,
their motions to be of 6 p\arts and of 10 parts, and the sum will be 16
parts. Therefore, upon the meeting of the bodies, if A acquire 3, 4, or 5
parts of motion, B will lose as many; and therefore after reflection A will
proceed with 9, 10, or 11 parts, and B with 7, 6, or 5 parts; the sum
remaining always of 16 parts as before. If the body A acquire 9, 10, 11, or
12 parts of motion, and therefore after meeting proceed with 15, 16, 17,
or 18 parts, the body B, losing so many parts as A has got, will either pro-
ceed with 1 part, having lost 9, or stop and remain at rest, as having lost
its whole progressive motion of 10 parts; or it will go back with 1 part,
having not only lost its whole motion, but (if I may so say) one part
more; or it will go back with 2 parts, because a progressive motion of 12
parts is taken off. And so the sums of the conspiring motions 15+1 or
16+0, and the differences of the contrary motions 17-1 and 18-2, will
always be equal to 16 parts, as they‘ were before the meeting and reflec-
tion of the bodies. But, the motions being known with which the
bodies proceed after reflection, the velocity of either will be also known,
by taking the velocity after to the velocity before reflection, as the
motion after is to the motion before. As in the last case, where the motion
of the body A was of 6 parts before reflection and of 18 parts after, and
the velocity was of 2 parts before reflection, the velocity thereof after
reflection will be found to be of 6 parts; by saying, as the 6 parts of
motion, before to 18 parts after, so are 2 parts of velocity before

reflection to 6 parts after.
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But if the bodies are either not spherical, or, moving in different right
lines, impinge obliquely one upon the other, and their motions after
reflection are required, in those cases we are first to determine the posi-
tion of the plane that touches the concurring bodies in the point of con-
course; then the motion of each body (by Corol. IT) is to be resolved into
two, one perpendicular to that plane, and the other parallel to it. This
done, because the bodies act upon each other in the direction of a line
perpendicular to this plane, the parallel motions are to be retained the
same after reflection as before; and to the perpendicular motions we are
to assign equal changes towards the contrary parts; in such manner that
the sum of the conspiring and the difference of the contrary motions
may remain the same as before. From such kind of reflections also some-
times arise the circular motions of bodies about their own centers. But
these are cases which I do not consider in what follows; and it would be

too tedious to demonstrate every particular that relates to this subject.

COROLLARY IV. THE COMMON CENTER OF GRAVITY OF TWO OR MORE
BODIES DOES NOT ALTER ITS STATE OF MOTION OR REST BY THE
ACTIONS OF THE BODIES AMONG THEMSELVES: AND THEREFORE THE
COMMON CENTER OF GRAVITY OF ALL BODIES ACTING UPON EACH
OTHER (EXCLUDING OUTWARD ACTIONS AND IMPEDIMENTS) IS EITHER
AT REST, OR MOVES UNIFORMLY IN A RIGHT LINE.

For if two points proceed with an uniform motion in right lines, and
their distance be divided in a given ratio, the dividing point will be either
at rest, or proceed uniformly in a right line. This is demonstrated here-
after in Lem. XXIII and its Corol., when the points are moved in the
same plane; and by a like way of arguing, it may be demonstrated when
the points are not moved in the same plane. Therefore if any number of
bodies move uniformly in right lines, the common center of gravity of
any two of them is either at rest, or proceeds uniformly in a right line;
because the line which connects the centers of those two bodies so mov-
ing is divided at that common center in a given ratio. In like manner the
common center of those two and that of a third body will be either at

rest or moving uniformly in a right line because at that center the
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distance between the common center of the two bodiies, and the center
of this last, is divided in a given ratio. In like manner the common cen-
ter ot these three, and ot a fourth bodly, is either at rest, or moves wni-
formly in a right line; because the distance between the common center
ot the three bodiies, and the center of the fourth is there also divided in
a given tatio, and so on ad infinitum. Thetefore, in a sysiem of bodies
whete thete is neither any mutual action among themselves, not any for-
eign force impressed upon them from without, and which conseguently
move uniformly in right lines, the eommomn eenter of gravity of them all
is either at rest or meves Uniformly forward in a right line.

Moneower, in a system of two bodies mutwallly acting upon each
othet, since the distances between their centets and the common center
ot gravity ot both are reciprocallly as the bodiies, the relative motions of
those bodiies, whethet of approaching to ot of receding from that center,
will be equal among themsellves. Theiefore since the changes whieh
happen to metions are equal and directed to contiary parts, the commeon
eenter of these bedies, by their mutual actien between themselNes, is
neither promoted ner retarded, ner suffers any ehange & te its state of
fnotion of rest. But in 2 sysiem ot several Bedies, Because the COMMORA
center of gravity ef any twe aeting Mulkwallly Upen eseh other suffers Re
ehange in its state By that actien; A€ Mueh less the sommen eenter of
gravity of the others with whieh that setien dees net intervene: But the
distanee between these twe senters is divided by the sommen eenter of
gravity of all the bedies inte parts reciprecally propertienal i the tgtal
sums of these bedies whose centers they are: and therefgre whie these
twe eenters Fetain their Sate of metion oF Fest, the commen center of &l
dees 250 retain its state: it is manitest that the commen center of #h Rever
suffers any change iA the state ot its motien o rest from the actisps of
Ay twe Bedies Between themseives: But iR sieh 2 system Al the actions
8t the Badies amang themReives elther happen Betwesn Ko BAdES: of
e compesed g actians interchanged petween sSme twa Badies: and
therefare they 48 Rever praduce any Ateration (A the coMMan Senter 9
Al F 18 ks ate S MtioR oF rest Wheilgre snce Hat centel. when e
Bodies 48 NSt 26t Mutvally 9ne UPSH angHher Sliher Is &t Ied S Mves
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uniformly forward in some right line, it wiil, notwiithstanding the mutual
actions of the bodiies among themsellves, always persevere in its state, either
of rest, or of proceeding uniformly in a right line, unless it is forced out
of this state by the action of some power imptessed from without wpon
the wholle sysiem. And thetefore the same law takes place in a system
consisting of many bodiies s in one single body;, with regard to their per-
severing in their state of motion or of rest. For the progiessive metion,
whethet of one single body, of of a wholle system of bodies, is always to
be estimated from the metien of the center of gravity.
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COROLLARY V. THE MOTIONS OF BODIES INCLUDED IN A GIVEN SPACE
ARE THE SAME AMONG THEMSELVES, WHETHER THAT SPACE IS AT REST,
OR MOVE UNIFORMLY FORWARDS IN A RIGHT LINE WITHOUT ANY
CIRCULAR MOTION.

For the differences of the motions tending towards the same parts,
and the sums of those that tend towards contrary parts, are, at first (by
supposition), in both cases the same; and it is from those sums and dif-
ferences that the collisions and impulses do arise with which the bodies
mutually impinge one upon another. Wherefore (by Law 1I), the effects
of those collisions will be equal in both cases; and therefore the mutual
motions of the bodies among themselves in the one case will remain
equal to the mutual motions of the bodies among themselves in the
other. A clear proof of which we have from the experiment of a ship;
where all motions happen after the same manner, whether the ship is at

rest, or is carried uniformly forwards in a right line.

COROLLARY VI. IF BODIES, ANY HOW MOVED AMONG THEMSELVES, ARE
URGED IN THE DIRECTION OF PARALLEL LINES BY EQUAL ACCELERATIVE
FORCES, THEY WILL ALL CONTINUE TO MOVE AMONG THEMSELVES, AFTER
THE SAME MANNER AS IF THEY HAD BEEN URGED BY NO SUCH FORCES.
For these forces acting equally (with respect to the quantities of the
bodies to be moved), and in the direction of parallel lines, will (by Law
II) move all the bodies equally (as to velocity), and therefore will never
produce any change in the positions or motions of the bodies among

themselves.

SCHOLIUM.

Hitherto I have laid down such principles as have been received by
mathematicians, and are confirmed by abundance of experiments. By the
first two Laws and the first two Corollaries, Galileo discovered that the
descent of bodies observed the duplicate ratio of the time, and that the
motion of projectiles was in the curve of a parabola; experience agreeing
with both, unless so far as these motions are a little retarded by the resist-

ance of the air. When a body is falling, the uniform force of its gravity
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acting equally, impresses, in equal particles of time, equal forces upon that
body, and therefore generates equal velocities; and in the whole time
impresses a whole force, and generates a whole velocity proportional to
the time. And the spaces described in proportional times are as the veloc-
ities and the times conjunctly; that is, in a duplicate ratio of the times.

And when a body is thrown upwards, its uniform gravity impresses forces
and takes off velocities proportional to the times; and the times of ascend-
ing to the greatest heights are as the velocities to be taken off, and those
heights are as the velocities and the times conjunctly, or in the duplicate
ratio of the velocities. And if a body be projected in any direction, the
motion arising from its projection is compounded with the motion aris-
ing from its gravity. As if the body A by its motion of projection alone
could describe in a given time the right line AB, and with its motion of
falling alone could describe in the same time the altitude AC; complete
the paralellogram ABDC, and the body by that compounded motion will
at the end of the time be found in the place D; and the curve line AED,
which that body describes, will be a parabola, to which the right line AB
will be a tangent in A; and whose ordinate BD will be as the square of
the line AB. On the same Laws and Corollaries depend those things
which have been demonstrated concerning the times of the vibration of
pendulums, and are confirmed by the daily experiments of pendulum
clocks. By the same, together with the third Law, Sir Christ. Wren, Dr.
Wallis, and Mr. Huygens, the greatest geometers of our times, did sever-
ally determine the rules of the congress and reflection of hard bodies, and
much about the same time communicated their discoveries to the Royal
Society, exactly agreeing among themselves as to those rules. Dr. Wallis,
indeed, was something more early in the publication; then followed Sir
Christopher Wren, and, lastly, Mr. Huygens. But Sir Christopher Wren
confirmed the truth of the thing before the Royal Society by the exper-
iment of pendulums, which Mr. Mariotte soon after thought fit to explain
in a treatise entirely upon that subject. But to bring this experiment to an
accurate agreement with the theory, we are to have a due regard as well
to the resistance of the air as to the elastic force of the concurring

bodies. Let the spherical bodies A, B be suspended by the



T HEE

| L L WS ITTRRAATTEEDD [eR ] T HEE

parallel and equal strings AC,
BD, from the centets C, D.
About these centets, with those
inteiwalls, describe the semicir-
cles EAF, GBHI, bisected by the
tadii CA, DB. Bring the body A
to any point R of the LAP, and
(withdrawing the body B) let it
go frem thence, and after one
oseillation suppese {t te felurn
te the peint V: thea RV will be
the retardatien arising from the
resistanee of the air. OF this RV
let ST Be a fourth part, situated
in the middie, t8 wit, 8 & RS
and TV may Be equal, 3nd RS
may Be te ST & 3 te 2 then will
ST represent very neatly the
retardation during the descent
Hrom S8 A: Restere the Bady B
t8 its place: and. suppesing the
Bady A t8 Be et fll Hom the
point $ the velgeity thereat iR
the place 8f reffection A, With-
8t senst Bl% SH3L Wilh Be e
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same 8 It it had deseended i
Vgg from the peint T Mggn
ieh 85091% fhis velgsity may Be represented By the Cﬁga Hﬂ% e
%A For it %98?85% fion welh known 19 gesmeters: fhat fhe velgsity oF
Ben ulous Body in the 1owest paint is 2 the chord gt the 3{8& ih it
a5 descrined In ifs descent Afer refjection. suppose the body 4 comes

E8 EE’% place & 20

find the plaeg v,

osci||ation return to t

omw i.
TOm w

the Bady, B 13 the place k- With
i tRe %{/ A

OSCI”QUOD return to tplg Biggg {“ Sst HIIZX/' g gl ourt

AW the Bady B &
2ing 15t 92, should fter She

rth part St 1V, 5 place
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in the middle thereof as to leave
ts equal to tv, and let the chord
of the arc tA represent the
veloeity which the body A had
in the place A immediatelly after
teflection. For t wiilll be the true
and eorteet place to which the
bedy A sheuld have ascended, if
the resistenee of the aif had
Been taken off. In the same way
we are to esrreet the plaee k t8
which the Bedy B ascends, by
finding the plgee Lte whieh it
sheuld Rave ascended iR vaeus:
Apd thus everything may be
subjected 18 experiment, i the
SAME Manner & 1 We Were feal-
ly placed in vacus. These things
Being dane, we are I8 take the
praduct (IF I DRy s o chize
Bady A, By the chgid 8F the &¢
TA (Which represents its vegd:
), that we may have its matisn
IA the piaee A lmms% %E%W

Before reHeston: snd then B¥

the chord gFthe et A Hat we
My have K moten ia H}S
face A& Imm %hg&em aF reHestisn: ARd 88 we e 19 1ake the progust
SFthe Bady B By the chord Sk the e Bt that we may have the msHsA
sk ﬁe sam‘é {nmnne e \9 fer refestion: And in fike manner. when tw
BO%IES are 0to [,rom 8 Eerent Haces we are to Pn the motion
1€S are O to rom rent B aces, we are to fina the motion

of. eac aswelﬁ Be;ore as a%ter reHectlon an en we may compare t

Or each, as we etore as atter retlection; an €n we may compare t
motions petween themselves, an H ect tﬂ Hects of tﬂe reHectJon
lllOIIOIlS CtWCCI’l t ClllSClVCS an ect t ects Oft e retlection
Jl'. us tr wit u ums of.ten t, in unequal arswelll a
us tr IIl IIl wit Ben ulums ot ten eet 1n une ual as wel as

Némaniain theony of gravity
can even contrilbuter to our
undbretanditigg of wiatt /happens
whem &1ssiar el ppessukier ifits
own gravitationat! field.

In a standhrrd! situattom:, a star
balanzes the nualiear and the
gravitatiwoals/ forces. Lightt escapes
the sunface of the star.

M the star loses its muclear
gravitty, it begins to act on the
escaping light.

A the star collapses, the light is
drawm back to the surface.

Fimailly, the gravitationab! field
of the collapsed star is too
powerffiu! for the light to esoape,
aeating what! we knaw as a
black hole.

Al thiis is irpiléet in Niewton's
origirall theoviies, altfiougll: it was

not fullly propesed! uwiill long
after his diesth,
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equal bodiies, and making the bodies to concur after a descent through
large spaces, as of 8, 12, or 16 feet, | found always, without an error of 3
inches, that when the bodies concurtred together directily, equal changes
towards the contrary parts were produced in their motioms, and, of con-
sequence, that the action and reaction were always equal. As it the body
A impinged upon the body IBat rest with 9 parts of motion, and losing
7. proceeded after reflection with 2, the body 1B was carried backwards
with those 7 parts. If the bodiies concurted with contrary motions, A with
twelve parts of motion, and Bwith six, then it A receded with 2,13 reced-
ed with 8; to wit, with a deduetion of 14 parts of motion on each side.
For from the motion of A subdueting twelve parts, nething willl fremain;
but subdueting 2 parts more, a metion will be generated of 2 parts
towards the contrary way; and so, from the metion of the bedy B of 6
parts, subdueting 14 parts, & Motien is generated of 8 parts iowaids the
entary way. But if the bedies were made Both t6 meve towaids the
same way, A. the swifter, with 14 parts of mekion, B, the slower, with §,
and after reflection A went on with 5, B likewise went on with 14 parts;
9 parts being transferred from A t9 B: And 9 in Sther csses: By the con-
oress and collision of Bedies, the quantity of metien, collected from the
sum of the metiens directed towards the same way, o from the differ-
ence of thase that were directed towards contiary Ways, was Rever
changed. FOr the errar o A {AER OF WA i meastres may be ey
ascribed 18 the difficulty of execHting everyiRing With aecewraey. 1t was
NBt &35y 18 16t g8 e twe pendutims S8 exactiy together that the Bog:
&5 shouhd impinge 8ne HPSR Ehe SHAEE IN e |owermest place AB: RO
18 mark e piaces s and k. 18 Which e Badies ascended afer conghess:
Nay and some erfis, 182, Might have Rappensd Hom fhe ynegual
eIy OF Hhe pars 8 the penduiovs Radiey hemseNes, and Hom ihe
IFregHharity o the textute pracesding Hom Siher sases

But to prevent an objection that may perhaps be alleged against the
tule, for the proof of which this experiment was made, as if this rule did
suppose that the bodies were either absolutelly hard, or at least perfectly
elastic (wheteas no such bodies are to be found in natuse), 1 musstaddd,

that the experiments we have been describing, by no means diepending
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upon that quality of hardness, do succeed as well in sott as in hard hod-
ies. For if the rule is to be tried in bodiies not perfectly hard, we are only
to diminish the reflection in such a certain proportion as the quantity of
the elastic force requiies. By the theory of Wiren and Huygens, bodies
absolutely hard return one from another with the same velocity with
whiich they meet. But this may be affiimed with moie eertainty ot bod-
ies. perfectly elastie. In bodies impetfectly elastic the veloeity of the
feturn is to be diminished together with the elastic foree; beeause that
foree (exeept when the paris of bedies are bruiised By their congiess, of
suffer somie sueh extension 3 happens under the strekes ef a hammer)
is (% far 35 | ean peiceive) eertain and determined, and makes the
Bediies to return one from the gther with a relative veleeity, Whieh is if
2 given ratie te that relative velgeity with whieh they met. This 1 tried
in ballis oF weell, made up tightl, and strongly eempyessed. Far, fist, by
letting g8 the pendwiows Bedies, and measuring their reflection, | deter-
mined the quantity of their elastic foree; and them, secording te this
foree, estimated the reflections that gught t8 Rappen in Bther eases ok
congRss: ARd with this compuiation giher experimenis made aferwatds
did aceardingy agree; the Balis Aways receding one Hom the ather with
7 relative veloeity, Which was 18 the relative: velgeity with which they
Mmet 55 28Ut 5 18 8. Balis 8F steet Fefyrned with 2lmast the same veloc:
[y these 8F cork with 2 veloeity something &S, But in Bails o glass the
Propartion was & aBsut 18 {8 18: ARd thvs the Hird £, 8 FF J It
regards percussions and reHectians; is praved By 7 thesry exactly agree:
[Rg with &xperience:

In attractions, 1 briefly demonstrate the thing after this manner.
Suppose an obstacle is interposed to hinder the congmess of any two
bodiies A, B, mutuallly attracting one the other: then if either bodly, as A,
is more attracted towards the other body B, than that other body B is
towards the first body A, the obstacle wiill be more strongly urged by the
pressure of the body A than by the pressure ot the body B, and therefore
willl net remain In eguilibrio: but the stronger pressure will peevail, and
willl make the system of the two bodiies, together with the obstacle, to
meve directlly towards the parts en whieh B lies; and i free spaees, to go
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forward in infinitum with a motion perpetually accelerated; which is
absurd and contrary to the first Law. For, by the first Law, the system
ought to persevere in its state of rest, or of moving uniformly forward in
a right line; and therefore the bodies must equally press the obstacle, and
be equally attracted one by the other. I made the experiment on the
loadstone and iron. If these, placed apart in proper vessels, are made to
float by one another in standing water, neither of them will propel the
other; but, by being equally attracted, they will sustain each other’s pres-
sure, and rest at last in an equilibrium.

So the gravitation betwixt the earth and its parts is mutual. Let the
earth FI be cut by any plane EG into two parts EGF and EGI, and their
weights one towards the other will be mutually equal. For if by anoth-
er plane HK, parallel to the former EG, the greater part EGI is cut into
two parts EGKH and HKI, whereof HKI is equal to the part EFG, first
cut off, it is evident that the middle part EGKH, will have no propen-
sion by its proper weight towards either side, but will hang as it were,
and rest in an equilibrium betwixt both. But the one extreme part HKI
will with its whole weight bear upon and press the middle part towards
the other extreme part EGF; and therefore the force with which EGI,
the sum of the parts HKI and EGKH, tends towards the third part EGE
is equal to the weight of the part HKI, that is, to the weight of the third
part EGE And therefore the weights of the two parts EGI and EGF, one
towards the other, are equal, as I was to prove. And indeed if those
weights were not equal, the whole Earth floating in the nonresisting
ether would give way to the greater weight, and, retiring from it, would
be carried off in infinitum.

And as those bodies are equipollent in the congress and reflec-
tion, whose velocities are reciprocally as their innate forces, so in the
use of mechanic instruments those agents are equipollent, and mutu-
ally sustain each the contrary pressure of the other, whose velocities,
estimated according to the determination of the forces, are recipro-
cally as the forces.

So those weights are of equal force to move the arms of a balance;

which during the play of the balance are reciprocally as their velocities

178



'S ArMcCC NNEEWN TT @ N

Nemwsnianenityle orrery with the later discovered asteroid lndit.
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upwards and downwards; that is, if the ascent or descent is direct, those
weights are of equal force, which are reciprocally as the distances of the
points at which they are suspended from the axis of the balance; but if
they are turned aside by the interposition of oblique planes, or other
obstacles, and made to ascend or descend obliquely, these bodies will be
equipollent, which are reciprocally as the heights of their ascent and
descent taken according to the perpendicular; and that on account of the
determination of gravity downwards.

And in like manner in the pulley, or in a combination of pullies, the
force of a hand drawing the rope directly, which is to the weight, whether
ascending directly or obliquely, as the velocity of the perpendicular ascent
of the weight to the velocity of the hand that draws the rope, will sustain
the weight. .

In clocks and such like instruments, made up from a combination of
wheels, the contrary forces that promote and impede the motion of the
wheels, if they are reciprocally as the velocities of the parts of the wheel
on which they are impressed, will mutually sustain the one the other.

The force of the screw to press a body is to the force of the hand that
turns the handles by which it is moved as the circular velocity of the
handle in that part where it is impelled by the hand is to the progressive
velocity of the screw towards the pressed body.

The forces by which the wedge presses or drives the two parts of the
wood it cleaves are to the force of the mallet upon the wedge as the
progress of the wedge in the direction of the force impressed upon it by
the mallet is to the velocity with which the parts of the wood yield to
the wedge, in the direction of lines perpendicular to the sides of the
wedge. And the like account is to be given of all machines.

The power and use of machines consist only in this, that by dimin-
ishing the velocity we may augment the force, and the contrary: from
whence in all sorts of proper machines, we have the solution of this
problem; To move a given weight with a given power, or with a given
force to overcome any other given resistance. For if machines are so con-
trived that the velocities of the agent and resistant are reciprocally as their

forces, the agent will just sustain the resistant, but with a greater
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disparity of velocity will overcome it. So that if the disparity of velocities
is so great as to overcome all that resistance which commonly arises either
from the attrition of contiguous bodies as they slide by one another, or
from the cohesion of continuous bodies that are to be separated, or from
the weights of bodies to be raised, the excess of the force remaining, after
all those resistances are overcome, will produce an acceleration of motion
proportional thereto, as well in the parts of the machine as in the resisting
body. But to treat of mechanics is not my present business. I was only
willing to show by those examples the great extent and certainty of the
third Law of motion. For if we estimate the action of the agent from its
force and velocity conjunctly, and likewise the reaction of the impediment
conjunctly from the velocities of its several parts, and from the forces of
resistance arising from the attrition, cohesion, weight, and acceleration of
those parts. the action and reaction in the use of all sorts of machines will
be found always equal to one another. And so far as the action is propa-
gated by the intervening instruments, and at last impressed upon the
resisting body, the ultimate determination of the action will be always

contrary to the determination of the reaction.
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The: spacecraft Caasiri's interptanetaryy trajectory. A spacecrafl requives compléve mattematicss to calculatie trejectories,

orbits, emdi slingatiot: effects, .Hi! these arc based squaraily om Néwtd's S theoretical! medéts;, whitth arc over three hundfed? years old.
The: compliedtioss of caloulated! orbits e final! launctiivge of the Titam protfe remaiin @ remankabbée testimonyy to Nuanton's
contritbution to science.
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BOOK III.

RULES OF REASONING IN PHILOSOPHY.

RULE I. WE ARE TO ADMIT NO MORE CAUSES OF NATURAL THINGS THAN

SUCH AS ARE BOTH TRUE AND SUFFICIENT TO EXPLAIN THEIR APPEARANCES.
To this purpose the philosophers say that Nature does nothing in

vain, and more is in vain when less will serve; for Nature is pleased with

simplicity, and affects not the pomp of superfluous causes.

RULE 1l. THEREFORE TO THE SAME NATURAL EFFECTS WE MUST, AS FAR AS
POSSIBLE, ASSIGN THE SAME CAUSES.

As to respiration in a man and in a beast; the descent of stones in
Europe and in America; the light of our culinary fire and of the Sun; the

reflection of light in the Earth, and in the planets.

RULE I1l. THE QUALITIES OF BODIES, WHICH ADMIT NEITHER INTENSION
NOR REMISSION OF DEGREES, AND WHICH ARE FOUND TO BELONG TO
ALL BODIES WITHIN THE REACH OF OUR EXPERIMENTS, ARE TO BE
ESTEEMED THE UNIVERSAL QUALITIES OF ALL BODIES WHATSOEVER.

For since the qualities of bodies are only known to us by experi-
ments, we are to hold for universal all such as universally agree with
experiments; and such as are not liable to diminution can never be
quite taken away. We are certainly not to relinquish the evidence of
experiments for the sake of dreams and vain fictions of our own devis-
ing; nor are we to recede from the analogy of Nature, which uses to be
simple, and always consonant to itself. We no other way know the
extension of bodies than by our senses, nor do these reach it in all bod-
ies; but because we perceive extension in all that are sensible, therefore
we ascribe it universally to all others also. That abundance of bodies are
hard, we learn by experience; and because the hardness of the whole
arises from the hardness of the parts, we therefore justly infer the hard-

ness of the undivided particles not only of the bodies we feel but of all
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others. That all bodies are impenetrable, we gather not from reason, but
from sensation. The bodies which we handle we find impenetrable, and
thence conclude impenetrability to be an universal property of all bod-
ies whatsoever. That all bodies are moveable, and endowed with certain
powers (which we call the vires inertiae) of persevering in their motion,
or in their rest, we only infer from the like properties observed in the
bodies which we have seen. The extension, hardness, impenetrability,
mobility, and vis inertia of the whole, result from the extension, hardness,
impenetrability, mobility, and vires inertia of the parts; and thence we con-
clude the least particles of all bodies to be also all extended, and hard and
impenetrable, and moveable, and endowed with their proper vires inertiae.
And this is the foundation of all philosophy. Moreover, that the divided
but contiguous particles of bodies may be separated from one another, is
matter of observation; and, in the particles that remain undivided, our
minds are able to distinguish yet lesser parts, as is mathematically demon-
strated. But whether the parts so distinguished, and not yet divided, may,
by the powers of Nature, be actually divided and separated from one
another, we cannot certainly determine.Yet, had we the proof of but one
experiment that any undivided particle, in breaking a hard and solid
body, suffered a division, we might by virtue of this rule conclude that
the undivided as well as the divided particles may be divided and actual-
ly separated to infinity.

Lastly, if it universally appears, by experiments and astronomical
observations, that all bodies about the Earth gravitate towards the Earth,
and that in proportion to the quantity of matter which they sevefally
contain, that the Moon likewise, according to the quantity of its matter,
gravitates towards the Earth; that, on the other hand, our sea gravitates
towards the Moon; and all the planets mutually one towards another; and
the comets in like manner towards the Sun; we must in consequence of
this rule, universally allow that all bodies whatsoever are endowed with a
principle of mutual gravitation. For the argument from the appearances
concludes with more force for the universal gravitation of all bodies than
for their impenetrability; of which, among those in the celestial regions,

we have no experiments, nor any manner of observation. Not that [
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affirm gravity to be essential to bodies: by their vis insita | mean nothing
but their vis inertiae. This is immutable. Their gravity is diminished as they

recede from the earth.

RULE IV. IN EXPERIMENTAL PHILOSOPHY WE ARE TO LOOK UPON
PROPOSITIONS COLLECTED BY GENERAL INDUCTION FROM PHENOMENA
AS ACCURATELY OR VERY NEARLY TRUE, NOTWITHSTANDING ANY
CONTRARY HYPOTHESES THAT MAY BE IMAGINED, TILL SUCH TIME AS
OTHER PHENOMENA OCCUR, BY WHICH THEY MAY EITHER BE MADE
MORE ACCURATE, OR LIABLE TO EXCEPTIONS.

This rule we must follow, that the argument of induction may not be

evaded by hypotheses.

OF THE MOTION OF THE MOON’S NODES.

PROPOSITION 1. THE MEAN MOTION OF THE SUN FROM THE NODE iS
DEFINED BY A GEOMETRIC MEAN PROPORTIONAL BETWEEN THE MEAN
MOTION OF THE SUN AND THAT MEAN MOTION WITH WHICH THE SUN
RECEDES WITH THE GREATEST SWIFTNESS FROM THE NODE IN THE
QUADRATURES.

“Let T be the Earth’s place, Nn the line of the Moon’s nodes at any
given time, KTM a perpendicular thereto, TA a right line revolving about
the center with the same angular velocity with which the Sun and the
node recede from one another, in such sort that the angle between the
quiescent right line N# and the revolving line TA may be always equal
to the distance of the places of the Sun and node. Now if any right line
TK be divided into parts TS and SK, and those parts be taken as the mean
horary motion of the Sun to the mean horary motion of the node in the
quadratures, and there be taken the right line TH, a mean proportional
between the part TS and the whole TK, this right line will be propor-
tional to the Sun’s mean motion from the node.

“For let there be described the circle NKuM from the center T and

with the radius TK, and about the same center, with the semi-axis TH

185



186

T HEE

I'L L WS TTRATTEEDD O N T HHEE S H @ UWLLDDEERRS § O FF GGl 1AANI T §

and TN, let there be described an ellipsis NHj#L;and in the time in which
the Sun recedes frem the node through the arc Na, it there be drawn the
right lineTid, the area of the sector NI willl be the exponent ot the sum
of the motions of the Sun and node in the same time. Let, theretore, the
extremely small arc aA be that which the right line Tha, revelving
according to the aforesaid law, will uniformly describe in a given parti-
cle of time, and the extremely small sector TAu willl be as the sum of the
veloeities with which the sun and node are carried two different ways in
that time. Nlow the SUA's veleeity is almest uniform, its inequaliity being
s small a5 scareely to produee the least inequality in the mean metien
F the nedes. The other part of this sum, namelly; the mean guantity of
the velgeity of the nede, is inereased in the reeess from the syzygies in a
duplicate ratig of the sine of its distanee from the Sun (By Cor. Prop:
XXX, of this Book), and, being greatest in its quadratuwies with the Swn
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in K, is in the same ratio to the Sun’s velocity as SK toTS, that is, as (the
difference of the squares of TK and THI, or) the rectangle KHM doTH2,
But the ellipsis NBH divides the sector ATa, the exponent of the sum of
these two velocitiies, into two parts ABba and BTi%, propottional to the
veloeities. For produce BT to the cirele in (B and from the point B let fall
upon the greater axis the perpendicwlias BG, which being produced both
ways may meet the cirele iR the peints F and f; and because the space
AB/ba is te the secter TBIb & the rectangle Ab te BT- (that rectangle
being egual te the difference of the squares ef TA and TB, because the
right line A@ is equallly eut inT, and uneauallly in B), theiefare when the
space Addhn i§ the greatest of all in K, this ratie will be the same 5 the
fatie of the restangle KHNI te HT-. But the greatest mean veleeity of
the nede was shewn 3beve te be in that very ratis te the velseity of the
Sun; and therefore in the quadiatunes the secter AT is divided inte parts

I the: force of gravifyy iras less,
o increased! mare: rapidlly wwith
distance: tham Newiaos's heory
priediciss, the orbits of the rilenets
arountd the stilt woultd net ke
stattlp: ellipsas. Theyy wwould
eithesr fly away from the sun,
OF spinall in.
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proportiiomal to the velocities. And because the rectangle KHMt is to HT?2
as FBfto BG?, and the rectangle AB is equal to the rectangle FBf, there-
fore the little area ABba, whetre it is greatest, is to the remaining sectorTH &
as the rectangle AB to BGZ. But the ratio of these little areas always was
as the rectangle AB( to BTZ; and therefore the little area ABba in the place
A isless than its cortespondent little area in the quadratuies in the dupli-
eate ratio of BG to BT, that is, in the dupliicate ratio of the sine of the Sun’s
distanee from the noede. And therefore the sum of all the little areas ABba,
to wit, the space ABN, will be as the metien of the nede 1A the time in
whieh the Sun hath been geing ever the are NIA sinee he left the node;
and the remalning space, namelly; the elliptic sector NITB, will be as the
SUAS fMean metien IR the same time. And beeause the mean anAual
metien of the Rede is that metieR whieh it performs in the time that the
Sun esmplieies ane peried of its course, the mean metien of the mede
from the Sun will be te the mean metien of the Sun itself & the rea of
the cirele t8 the srea of the llipsis; that is, 5 the right lineTK to the right
line THr, whieh is 8 mean propertional Between TK and TS; ok, whieh
comes te the same &5 the mean prapertienal TH ta the right line TS
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PROPOSITION XXXVI. PROBLEM XVIl.

TO FIND THE FORCE OF THE SUN TO MOVE THE SEA.

The Sun’s force ML or PT to disturb the motions of the Moon, was
(by Prop. XXV.) in the Moon’s quadratures, to the force of gravity with
us, as 1 to 638092,6; and the force TM — LM or 2PK in the Moon’s syzy-
gies is double that quantity. But, descending to the surface of the Earth,
these forces are diminished in proportion of the distances from the
Center of the Earth, that is, in the proportion of 601/2 to 1; and there-
fore the former force on the Earth’s surface is to the force of gravity as 1
to 38604600; and by this force the sea is depressed in such places as are
90 degrees distant from the Sun, But by the other force, which is twice
as great, the sea is raised not only in the places directly under the Sun,
but in those also which are directly opposed to it; and the sum of these
forces is to the force of gravity as 1 to 12868200. And because the same
force excites the same motion, whether it depresses the waters in those
places which are 90 degrees distant from the sun, or raises them in the
places which are directly under and directly opposed to the sun, the
aforesaid sum will be the total force of the Sun to disturb the sea, and will
have the same effect as if the whole was employed in raising the sea in
the places directly under and directly opposed to the Sun, and did not act
at all in the places which are 90 degrees removed from the Sun.

And this is the force of the Sun to disturb the sea in any given place,
where the Sun is at the same time both vertical, and in its mean distance
from the Earth. In other positions of the Sun, its force to raise the sea is as
the versed sine of double its altitude above the horizon of the place direct-
ly, and the cube of the distance from the earth reciprocally.

COR. Since the centrifugal force of the parts of the Earth, arising from
the Earth’s diurnal motion, which is to the force of gravity as 1 to 289, rais-
es the waters under the equator to a height exceeding that under the poles
by 85472 Paris feet, as above, in Prop. XIX., the force of the sun, which we
have now showed to be to the force of gravity as 1 to 12868200, and there-
fore is to that centrifugal force as 289 to 12868200, or as 1 to 44527, will
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be able to raise the waters in the places
directly under and directly opposed to
the Sun to a height exceeding that in
the places which are 90 degrees
removed from the Sun only by one
Paristoot and 1131/30 inches; for this
measure is to the measure ot 85472
feet a5 1 to 44527.

PROPOSITION XXXVill. PBROBILEM XIX.

T®© FIND THE FIGWRE OF THE MOGNS’
B ODY.

If the Moonis body were fluid
like our sea, the force of the Earth to
raise that fluid in the nearest and
remotest parts would be to the force
of the Moon by which our sea is
raised in the places under and oppo-
site to the Mioon s the accelerative
geavity of the Moon tewaids the
Earth to the aecelerative gravity of
the Earth tewards the Mioon. and the
diameter of the Moon te the diame:
ter of the Earth eenjunetly; that is, &
39,788 t8 1, and 100 te 365 &om-
hunctty, oF 88 1081 t8 100. Wihenefore,
sinee gur 63, By the foree of the
Mieom, is raised 8 §3/5 fest, the 1unar
fluid weuid be raised By the force ok
the Earth t8 93 feet; and upen this
aceount the figure of the Maoon
weuld be 2 spheraid, whese greaiest
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One: of Norions: s greatest
discovenies wes in the science
of optizs. He foundi thatt if light
from the Sun pases through a
priamy, it breaks up into its
companent:t colors ({gpectrum),
the colors of the rwainbow.
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OPFPOSITE RAGE
Casdhii space craft

laundfiingg prote which mpara-
chutes down am Titar;, ome of
Saltss rmoons

diameter produced would pass through the center of the Earth, and
exceed the diameters perpendiicullar thereto by 186 feet. Such a fiigure,
therefore, the Mioon affects, and must have put on from the beginning.

QE.l.

COR.. Hence it is that the same face of the Mloon always respects the
earth; nor can the body of the Mioon possibly rest in any other position,
but would return always by alibratory motion to this situation; but those
librations, howewet, must be exceedinglly ow, because ot the weakmess oft
the forces which excite them; so that the face ot the Mloom, which should
be always obverted to the earth, may, for the reason assigned in Prop.
XWVII. be turned towards the other focus of the Moo orbit, without
being immediatelly drawn baeck, and converted again towaids the Earth.

END OFf THE MATHEMATICAL RRINCIRBLES
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Alpert Einstoin (1579-1955)

HIS LIFE AND WORK

Genius isn’t always immediately recognized. Although Albert Einstein
would become the greatest theoretical physicist who ever lived, when he
was in grade school in Germany his headmaster told his father, “He’ll
never make a success of anything” When Einstein was in his mid-
twenties, he couldn’t find a decent teaching job even though he had
graduated from the Federal Polytechnic School in Zurich as a teacher of
mathematics and physics. So he gave up hope of obtaining a university
position and applied for temporary work in Bern. With the help of a
classmate’s father, Einstein managed to secure a civil-service post as an
examiner in the Swiss patent office. He worked six days a week, earning
$600 a year. That’s how he supported himself while working toward his
doctorate in physics at the University of Zurich.

In 1903, Einstein married his Serbian sweetheart, Mileva Maric, and
the couple moved into a one-bedroom flat in Bern. Two years later, she
bore him a son, Hans Albert. The period surrounding Hans’s birth was
probably the happiest time in Einstein’s life. Neighbors later recalled see-
ing the young father absentmindedly pushing a baby carriage down the
city streets. From time to time, Einstein would reach into the carriage
and remove a pad of paper on which to jot down notes to himself. It
seems likely that the notepad in the baby’s stroller contained some of the
formulas and equations that led to the theory of relativity and the devel-
oprment of the atomic bomb.

During these early years at the patent office, Einstein spent most of

his spare time studying theoretical physics. He composed a series of four
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The young Einstein.

seminal scientific papets, which set forth some of the most momentous
ideas in the long history of the quest to comprehend the univetse. Space
and time woulld never be looked at the same way again. Einstein’s work
won him the Nebell Prize in Physies in 1921, as welll as much popular
aeelaim.

As Einstein pondered the woutkiings of the uniiverse, he received fibadn-
es of understanding that were too deep for woids. “These thoughts did
not come in any verbal formulation,” Einstein was once quoted as say-
ing. “I rarely think in wourds at all. A thought comes, and 1 may try to
expiess it in words afterward.”

Einstein eventuallly settled in the United States, where he publicly

championed such causes as Zionism and nuclear disarmament. But he
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maintained his passion for physics. Right up until his death in 1955,
Einstein kept seeking a unified field theory that would link the phe-
nomena of gravitation and electromagnetism in one set of equations. It
is a tribute to Einstein’s vision that physicists today continue to seek a
grand unification of physical theory. Einstein revolutionized scientific
thinking in the twentieth century and beyond.

Albert Einstein was born at Ulm, in the former German state of
Wiiettemberg, on March 14, 1879, and grew up in Munich. He was the
only son of Hermann Einstein and Pauline Koch. His father and uncle
owned an electrotechnical plant. The family considered Albert a slow
learner because he had difficulty with language. (It is now thought that
he may have been dyslexic.) Legend has it that when Hermann asked the
headmaster of his son’s school about the best profession for Albert, the
man replied, “It doesn’t matter. He’ll never make a success of anything.”

Einstein did not do well in school. He didn’t like the regimentation,
and he suffered from being one of the few Jewish children in a Catholic
school. This experience as an outsider was one that would repeat itself
many times in his life.

One of Einstein’s early loves was science. He remembered his father’s
showing him a pocket compass when he was around five years old, and
marveling that the needle always pointed north, even if the case was
spun. In that moment, Einstein recalled, he “felt something deeply hid-
den had to be behind things.” Another of his early loves was music.
Around the age of six, Einstein began studying the violin. It did not
come naturally to him; but when after several years he recognized the
mathematical structure of music, the violin became a lifelong passion—
although his talent was never a match for his enthusiasm.

When Einstein was ten, his family enrolled him in the Luitpold
Gymnasium, which is where, according to scholars, he developed a
suspicion of authority. This trait served Einstein well later in life as a
scientist. His habit of skepticism made it easy for him to question many
long-standing scientific assumptions.

In 1895, Einstein attempted to skip high school by passing an

entrance examination to the Federal Polytechnic School in Zurich,
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where he hoped to pursue a degree in electrical engineering. This is what

he wrote about his ambitions at the time:

If I were to have the good fortune to pass my examinations, I would go to Zurich.
T would stay there for four years in order to study mathematics and physics. I imag-
ine myself becoming a teacher in those branches of the natural sciences, choosing
the theoretical part of them. Here are the reasons which lead me to this plan.
Above all, it is my disposition for abstract and mathematical thought, and my lack

of imagination and practical ability.

Einstein failed the arts portion of the exam and so was denied admis-
sion to the polytechnic. His family instead sent him to secondary school
at Aarau, in Switzerland, hoping that it would earn him a second chance
to enter the Zurich school. It did, and Einstein graduated from the poly-
technic in 1900. At about that time he fell in love with Mileva Maric, and
in 1901, she gave birth out of wedlock to their first child, a daughter
named Lieserl.Very little is known for certain about Lieserl, but it appears
that she either was born with a crippling condition or fell very ill as an
infant, then was put up for adoption, and died at about two years of age.
Einstein and Maric married in 1903.

The year Hans was born, 1905, was a miracle year for Einstein.
Somehow he managed to handle the demands of fatherhood and a full-
time job and still publish four epochal scientific papers, all without ben-
efit of the resources that an academic appointment might have provided.

In the spring of that year, Einstein submitted three papers to the
German periodical Annals of Physics (Annalen der Physik). The three
appeared together in the journal’s volume 17. Einstein characterized the
first paper, on the light quantum, as “very revolutionary.” In it, he exam-
ined the phenomenon of the quantum (the fundamental unit of energy)
discovered by the German physicist Max Planck. Einstein explained the
photoelectric effect, which holds that for each electron emitted, a specif-
ic amount of energy is released. This is the quantum effect that states that
energy is emitted in fixed amounts that can be expressed only as whole

integers. This theory formed the basis for a great deal of quantum

198



A IL BEERRTT EH INNSSTT E I N

mechamnics. Einstein suggested that light be considered a collection ot
independent particles ot enetrgy, but remarkaiblly, he offered no experi-
mental data. He simply argued hypotfheticallly for the existence of these
“light quantum” for aesthetic reasons.

Initiallly, physicists were hesitant to endorse Einsteim's theony. It was
too great a departure from scientifically accepted ideas ot the time, and
far beyond anything Planck had discovered. It was this first paper, titled
"On a Heunistic View concerniing the Production and Transformation of
Light"—not his work on relativity—that won Einstein the Nobel Prize
in Physies in 1921,

Bnsen witt: Hisffistt wife,
Witwna anill their som,
Fanss Albbrers, 19906.

199



260

ICHE! IS LTURS A B & TDE DONN T HHEE S M DUWLLLDDERRKB S OFF GGlIIANTS

In his second paper, “On a New Determination of Molecular
Dimensions”—uwhiich Einstein wrote as his doctoral diisserctation—and
his third, “On the Movement of Small Particles Suspended in Stationary
Liquids Reguiited by the Mollecular-Kinetic Theoty of Heat,” Einstein
proposed a method to determine the size and motion of atoms. He also
explained Brownian motion, & phenomenom described by the British
botanist Rofbeit Brown after studying the ertatie movement of pollen
suspended in fluid. Einstein asserted that this movement was eaused by
impaets between atoms and molleeulles. At the time, the very existenee of
atems was still a subjeet of scientific debate, so there eould be ne wnder-
estimating the impeortance of these two papets. Einstein had eonfirmed
the atemie theary of matter:

In the last of his 1905 papers, entitled “Om the Electrodynamiics of
Moving Bodiies,” Einstein presented what became known as the gpecial
theotky of relativity. The papet reads mote like an essay than a scientitic
commuwniation. Entitely theotetiicall, it contains no notes of
bibliogtaphiic citations. Einstein weote this 9,000-woid treatise in just five
weeks, yet historians of science consider it every bit as comprehensive
and revolutionaty as Isaac Newtom$ Principia.

Wihat Nlewton had done for our understanding of gravity, Einstein had
done for our view of time and space, managing in the process to owardhrow
the Niewtomian conception of time. Nlewton had declared that “absolute,
true, and mathematical time, of itself and from its own nature, flows equably
without relation to anything extermal.” Einstein held that all observers
should measute the same speed for light, regatdiess of how fast they dham-
selves are moving, Einstein also asserted that the mass of an object is not
unchangeablle but rathet inereases with the objects veledity: Experiments
|ater proved that a small partiele of matter, when secelerated to 86 pereent
of the speed of light, has twiee @ Mueh ass & it dees a rest:

Another consequence of relativity is that the relation between
energy and mass may be expressed mathemativallly, which Einstein did in
the famous equation E=me2.THis expression—that energy is equivalent
to mass times the square of the speed of light—led physicists to wnder-
stand that even miniscule amounts of matter have the poteniiial to yield
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enormous amounmits of energy. Completelly converting to energy just a
part of the mass of a few atoms would, then, result in a colossal
explosion. Thus did Einstein's modest-looking equation lead scientiists to
consider the consequemces of splitting the atom (nuclear fisson) and, at
the urging of governments, to develop the atomic bomb. In 1909,
Einstein was appointed professor of theoretiical physies at the Unilersity of
Zuiiich, and three years later he fulfilled his ambitien to return to the
Federall Pelytechnie Schoeel a5 a fuill professor. Other prestigious academie
appeintmens and directorshilps followed. Throughouwt, he eontinued to
work en his theoty ef gravity as well as his genetall theeky of relativity:
But # his professional status eontinued te rise, his mariiage and health Einseitn ara s second mife
began te deteriorake. Hie and Mifleva began diveice proceedings in 1914, B wiith CHarttéee Qbiagpliv,
the same year he sccepted @ protessorship & the Uminessity of Belin. %/
Wwinen he later fell ill, his eousin Eise nursed Rim Back to health, M4  orrosite mce
ound 1918 they were married. Bissenin near the time uwiem he
Where the special theory of relativity radically altered concepts of won the Nétit! ppize.

time and mass, the general theory of relativity changed our concept of
space. Newton had wriitten that “absolute space, in its own nature, with-
out relation to anything exteenall, remains always similar and immovable.”
Newtonian space is Euclidean, infinite, and unbounded. Its geometric
strueture is complletelly independent of the physical matter oeeupying it.
In it, all bodiies gravitate toward one anothet without having any effect
on the structuie of space. 1A stark contiast, Einsteins genetal theoty of
relativity asserts that net only dees @ bodyys gravitational mass act on
other bediies, it also intluenees the strueture of space. It a bedy is massive
eneugh, it induces space te eurve areund it. IR sueh a regien, light
appeas te bend.

In 1919, Sir Arthur Eddington sought evidence to test the general
theony. Eddington organized two expeditioms, one to Brazil and the other
to West Africa, to observe the light from stars as it passed near a massive
body—the Sun—duriing a total solar eclipse on Mlay 29. Under normal
circumstances such observatioms would be impassible, as the weak light
from distant stars woulld be blotted out by daylight, but during the eclipse
such light would btietly be visible.
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In September, Einstein received a telegram from Hendrik Lorentz, a
fellow physiciist and close friend. It read: “Eddington found star displace-
ment at rim of Sun, preliminary measurements between nine-temiths of a
second and twice that value.” Eddingtomnis data wete in keeping with the
displacement predicted by the special relativity theomy. His photographs
from Beazil seemed to show the light from known stars in a different
position 1n the sky during the eelipse than they weie at nighttime, when
their light did net pass neat the Sun. The theery of general relativity had
been eonfirmed. forever changing the esuise of physies. Years Iater, when
a stwdent of Einstein's asked hew he weuld have reacted had the thesry
been dispreved, Einstein replied, “Then I weuld have felt serry for the
dear Lerd. The theeky is correst.”

Confiirmation of general relativity made Einstein world-famous. In
1921, he was elected a member of the British Rayal Society. Honorary
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degrees and awards greeted him at every city he visited. In 1927, he
began developing the foundation of quantum mechanics with the Danish
physicist Niels Bohr, even as he continued to pursue his dream of a uni-
fied field theory. His travels in the United States led to his appointment
in 1932 as a professor ‘of mathematics and theoretical physics at the
Institute for Advanced Study in Princeton, New Jersey.

_ A vyear later, he settled permanently in Princeton after the ruling
Nazi party in Germany began a campaign against “Jewish science.”
Einstein’s property was confiscated, and he was deprived of German cit-
izenship and positions in German universities. Until then, Einstein had
considered himself a pacifist. But when Hitler turned Germany into a
military power in Europe, Einstein came to believe that the use of force
against Germany was justified. In 1939, at the dawn of World War II,
Einstein became concerned that the Germans might be developing the
capability to build an atomic bomb—a weapon made possible by his own
research and for which he therefore felt a responsibility. He sent a letter
to President Franklin D. Roosevelt warning of such a possibility and urg-
ing that the United States undertake nuclear research. The letter, com-
posed by his friend and fellow scientist Leo Szilard, became the impetus
for the formation of the Manhattan Project, which produced the world’s
first atomic weapons. In 1944, Einstein put a handwritten copy of his
1905 paper on special relativity up for auction and donated the pro-
ceeds—six million dollars—to the Allied war effort.

After the war, Einstein continued to involve himself with causes and
issues that concerned him. In November 1952, having shown strong sup-
port for Zionism for many years, he was asked to accept the presidency of
Israel. He respectfully declined, saying that he was not suited for the posi-
tion. In April 1955, only one week before his death, Einstein composed a
letter to the philosopher Bertrand Russell in which he agreed to sign his
name to a manifesto urging all nations to abandon nuclear weapons.

Einstein died of heart failure on April 18, 1955. Throughout his life,
he had sought to understand the mysteries of the cosmos by probing it
with his thought rather than relying on his senses. “The truth of a theo-

ry is in your mind,” he once said, “not in your eyes.”
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THE PRINCIPLE OF RELATIVITY
Transidieed by W Perettt amd! G B.Blagfery

ON MHE ELECTROQDYWNAMLIGS OF MOVING BODIES

It is known that Miaxwetll’s electrodynamics—as usually undetstood at the
present time—wihemn applied to moving bodies, leads to asymmetries
which do not appear to be inherent in the phenomena. Take, for exam-
ple, the reciprocal electrodynamiic action of a magnet and a conductor.
The observable phenomenon here depensis only on the relative motion
of the conductor and the magnet, whemneas the customary view draws a
sharp distinction between the two cases in which either the one or

the other ot these bodies is in motion. Eor if the magnet is in motion and
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the conductor at rest, there arises in the neighborhood of the magnet an
electric field with a certain definite energy, producing a current at the
places whete parts of the conductor are situated. But if the magnet is
stationary and the conductot in motion, no electric field arises in the
neighborhood of the magnet. In the conductor, however, we find an
electromotive foree, to whieh in itself there is no cortesponding energy,
but which gives rise—asswming egquality of relative motion in the tweo
eases discussed—to electric curienis of the same path and intensity &
these produced by the electrie form in the former ease.

Exampiles of thiis sort, together with the unsuccessful attempts to dis-
cover any motion of the Earth relatively to the “light medium,” suggest
that the phenomema of electrodynamics as well as of mechamiics possess

Binssénits’s view of the action of

massive bodies warping the
space-timec coeomti rum.
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no properties corresponding to the idea of absolute rest. They suggest
rather that, as has already been shown to the first order of small quanti-
ties, the same laws ot electrodynamiics and optics will be valid for all
frames ot reference for whiich the equations ot mechaniics hold good* We
wiill raise this conjecture (the puepott ot which will hereafter be called
the “Priinciiple ot Rellativity™) to the status of a postulate, and also intro-
duee another postulate, which is only apparently irrecomciilablle with the
formet, namelly, that light is always propagated in empty space with a def-
inite veleeity ¢ whieh is independent ot the state ot metion of the
emitting body. These two postullates suffice tor the attaimment of a sim-
ple and consistent theery ot the electrodynanmies ot meving bodies based
on Maxwellls theery for stationary bedies. The intreduction ef a
“luminiferous ether” will preve te be superflueus inasmueh # the view
hete to be developed will net reguire a0 “abselutely staionary space”
provided with special properties, et 8GN 3 vEloeity-veetor 18 3 point
6k the empty space in Which elestromagnetic processes take place.

The theory to be developed is based—like all dkentxatiynamics—on
the kinematiics of the rigid bodly, since the assartions of any such theory
have to do with the relationships between rigid bodies (systems of coor-
dinates), clocks, and electromagnetic proeesses. [nsufficient consideration
of this eircumstance lies at the root of the difficulties which the eletro-
dynamies ot moving bodies at present ENCOUNters.

I. KINEMATICAL RART

§ |. DEEINITION OF S4MAULTAMNEITY

Let us take asystem of coordinates in which the equations of Newtonian
mechanmiics hold good.” In otder to render our presentation mote precise
and to distinguish this sysiem of cootdinates verbally from othets which
willl be introduced hereatter, we call it the “stationary systam.”

It @ material point is at rest relatively to this system ot coordimates, its
position can be defined relatively thereto by the employment of rigid
standards of measurement and the methods of Euclidean geomettiy;, @nd
can be expiessed in Cartesian coordinates,
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If we wish to describe the motion of a material point, we give the
values of its coordinates as functions of the time. Now we must bear
carefully in mind that a mathematical description of this kind has no
physical meaning unless we are quite clear as to what we understand by
“time.” We have to take into account that all our judgments in which
time plays a part are always judgments of simultaneous events. If, for
instance, I say, “That train arrives here at 7 o’clock,” I mean something
like this: “The pointing of the small hand of my watch to 7 and the
arrival of the train are simultaneous events.”

It might appear possible to overcome all the difficulties attending the
definition of “time” by substituting “the position of the small hand of my
watch” for “time.” And in fact such a definition is satisfactory when we
are concerned with defining a time exclusively for the place where the
watch is located; but it is no longer satisfactory when we have to connect
in time series of events occurring at different places, o—what comes to
the same thing—to evaluate the times of events occurring at places
remote from the watch.

We might, of course, content ourselves with time values determined
by an observer stationed together with the watch at the origin of the
coordinates, and coordinating the corresponding positions of the hands
with light signals, given out by every event to be timed, and reaching him
through empty space. But this coordination has the disadvantage that it
is not independent of the standpoint of the observer with the watch or
clock, as we know frogn experience. We arrive at a2 much more practical
determination along the following line of thought.

If at the point A of space there is a clock, an observer at A can deter-
mine the time values of events in the immediate proximity of A by
finding the positions of the hands, which are simultaneous with these
events. If there is at the point B of space another clock in all respects
resembling the one at A, it is possible for an observer at B to determine
the time values of events in the immediate neighborhood of B. But it is
not possible without further assumption to compare, in respect of time,
an event at A with an event at B.We have so far defined only an “A time”

and a “B time.” We have not defined a common “time” for A and B, for
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the latter cannot be defined at all unless we establish by definition that the
“time” required by light to travel from A to B equals the “time” it
requires to travel from B to A. Let a ray of light start at the “A time” t4
from A towards B, let it at the “B time” tg be reflected at B in the direc-

tion of A, and arrive again at A at the “A time” £4.

In accordance with definition the two clocks synchronize if

tB —tA = t'A— tB.

We assume that this definition of synchronism is free from contra-
dictions, and possible for any number of points; and that the following
relations are universally valid:

1. If the clock at B synchronizes with the clock at A, the clock at A
synchronizes with the clock at B.

2. If the clock at A synchronizes with the clock at B and also with
the clock at C, the clocks at B and C also synchronize with
each other.

Thus with the help of certain imaginary physical experiments we
have settled what is to be understood by synchronous stationary clocks
located at different places, and have evidently obtained a definition of
“simultaneous” or “synchronous,” and of “time.” The “time” of an event
is that which is given simultaneously with the evens by a stationary clock
located at the place of the event, this clock being synchronous; and
indeed synchronous for all time determinations, with a specified station-
ary clock.

In agreement with experience we further assume the quantity

2AB

1 =c
FATIA

to be a universal constant—the velocity of light in empty space.
It is essential to have time defined by means of stationary clocks in
the stationary system, and the time now defined being appropriate to the

stationary system we call it “the time of the stationary system.”
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§ 2. ON THE RELATIVITY OF LENGTHS AND TIMES

« The following reflections are based on the principle of relativity and
on the principle of the constancy of the velocity of light. These two prin-
ciples we define as follows:

1. The laws by which the states of physical systems updergo change
are not affected, whether these changes of state be referred to the one or
the other of two systems of coordinates in uniform translatory motion.

2. Any ray of light moves in the “stationary” system of coordinates
with the determined velocity ¢, whether the ray be emitted by a station-
ary or by a moving body.

Hence
light path

velocity = _—
time interval

where time interval is to be taken in the sense of the definition in § 1.

Let there be given a stationary rigid rod; and let its length be [ as
measured by a measuring-rod which is also stationary. We now imagine
the axis of the rod lying along the axis of x of the stationary system of
coordinates, and that a uniform motion of parallel translation with veloc-
ity v along the axis of x in the direction of increasing x is then imparted
to the rod. We now inquire as to the length of the moving rod, and imag-
ine its length to be ascertained by the following two operations:

(a) The observer moves together with the given measuring-rod and the
rod to be measured, and measures the length of the rod directly by super-
posing the measuring-rod, in just the same way as if all three were at rest.

(b) By means of stationary clocks set up in the stationary system and
synchronizing in accordance with § 1, the observer ascertains at what
points of the stationary system the two ends of the rod to be measured
are located at a definite time. The distance between these two points,
measured by the measuring-rod already employed, which in this case is
at rest, is also a length which may be_designated “the length of the rod.”

In accordance with the principle of relativity the length to be dis-
covered by the operation (a)—we will call it “the length of the rod in the

moving system”—must be equal to the length [ of the stationary rod.
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The length to be discovered by the operation (b) we will call “the
length of the (moving) rod in the stationary system.” This we shall deter-
mine on the basis of our two principles, and we shall find that it differs
from I

Current kinematics tacitly assumes that the lengths determined by
these two operations are precisely equal, or in other words, that a mov-
ing rigid body at the epoch t may in geometrical respects be perfectly
represented by the same body at rest in a definite position. .

We imagine further that at the two ends A and B of the rod, clocks
are placed which synchronize with the clocks of the stationary system,
that is to say that their indications correspond at any instant to the “time
of the stationary system” at the places where they happen to be. These
clocks are therefore “synchronous in the stationary system.”

We imagine further that with each clock there is a moving observ-
er, and that these observers apply to both clocks the criterion established
in § 1 for the synchronization of two clocks. Let a ray of light depart from
A at the time* ¢, let it be reflected at B at the time tg, and reach A again
at the time f',. Taking into consideration the principle of the constancy

of the velocity of light we find that

7 r
_TAB_ and th - tg = _TAB

tg — i) =
B A c - c+ v

where rpp denotes the length of the moving rod—measured in the
stationary system. Observers moving with the moving rod would thus
find that the two clocks were not synchronous, while observers in the
stationary system would declare the clocks to be synchronous.

So we see that we cannot attach any absolute signification to the con-
cept of simultaneity, but that two events which, viewed from a system of
coordinates, are simultaneous, can no longer be looked upon as simultane-
ous events when envisaged from a system which is in motion relatively to

that system.
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ON THE INFLUENGE OF GRAVITATION ON THE PROPOGATION OF LIGHT
Transbusdd ffoom “Ubker dem Einjiffesss der Sewedddefaft autf die
Hsizieangrg des LiathessAndhionalen dey Biyiik, 35, 1911.

In a memair published four years ago® I tried to answer the question
whether the propagation of light is influenced by gravitation. I return to
this theme, because my previous presentation of the subject does not satis-
fy me, and for a stronger reason, because I now see that one of the most
impottant consequences of my fermer treatiment is capable of being tested
experimeniallly. For it follows from the theoty hete to be brought forward,
that rays of light, passing close to the Sun, are deflected by its gravitational
field, so that the angular distanee between the Sun and a fixed star appear-
ing near te it is apparently inereased by neatly = second of ae.
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In the course of these reflections further results are yielded which
relate to gravitation. But as the exposition of the entire group of consid-
erations would be rather difficult to follow, only a few quite elementary
reflections will be given in the following pages, from which the reader
will readily be able to inform himself as to the suppositions of the theo-
ry and its line of thought. The relations here deduced, even if the theo-

retical foundation is sound, are valid only to a first approximation.

§ I.A HYPOTHESIS AS TO THE PHYSICAL NATURE OF THE GRAVITATIONAL FIELD

In a2 homogeneous gravitational field (acceleration of gravity y) let
there be a stationary system of coordinates K, orientated so that the lines
of force of the gravitational field run in the negative direction of the axis
of z.In a space free of gravitational fields let there be a second system of
coordinates K', moving with uniform acceleration (y) in the positive
direction of its axis of z.To avoid unnecessary complications, let us for
the present disregard the theory of relativity, and regard both systems
from the customary point of view of kinematics, and the movements
occurring in them from that of ordinary mechanics.

Relatively to K, as well as relatively to K', material points which are
not subjected to the action of other material points, move in keeping

with the equations

For the accelerated system K' this follows directly from Galileo’s
principle, but for the system K, at rest in a homogeneous gravitational
field, from the experience that all bodies in such a field are equally and
uniformly accelerated. This experience, of the equal falling of all bodies
in the gravitational field, is one of the most universal which the observa-
tion of nature has yielded; but in spite of that the law has not found any
place in the foundations of our edifice of the physical universe.

"But we arrive at a very satisfactory interpretation of this law of expe-
rience, if we assume that the systems K and K' are physically exactly

equivalent, that is, if we assume that we may just as well regard the

egMﬁ
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system K as being in a
space free from gravita-
tional fields, it we then
regard K as wuniformly

accelerated. This assunyp-

tion of exact physical
equivalence makes it
impassible for us to
speak of the absolute
aceeleratiom of the sys-
tern of reference, jjust a5
the usual theery ef rela-
tHvity forbids us te talk of
the abselute veleeity et @
systerm:” and it makes (he
equall falling ef all bedies
in & gravitatiepall field
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As long as we
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processes in the resim
where Nemtanis mechenics hollds sway, we are certain of the eguivalence
of the systems K and K'. But this view ot ouns wiill not have any deeper
significance umless the systems K and K’ are equivalent wiith respect to all
physical progesses, that is, unlless the laws of nature wiith respeet to K are
in entire agreement with those with respeet to K'. By asquming this to be
§6, We artive at a prineiple wibieh, if it is really true, has great Reuistic
impoiance. For by theowiikall eonsideration ot pioresses wihieh take
place relatively te a system of referenee with uniferm aceeleration, we
abtain information as te the eareer of pieresses if 3 hOMRARIRVIR Grav-
{tatiomall feld. W@ shall new shew; first of all, from the standpeiint of the
erdinary theery of relativiy, what degiee of piobaiility is iARerent in Guf
RypIesiR.
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§ 2. ON THE GRAVITATION OF ENERGY

One result yielded by the theory of relativity is that the inertia mass
of a body increases with the energy it contains; if the increase of energy
amounts to E, the increase in inertia mass is equal to E/¢ * when ¢ denotes
the velocity of light. Now is there an increase of gravitating mass corre-
sponding to this increase of inertia mass? If not, then a body would fall
in the same gravitational field with varying acceleration according to the
energy it contained. That highly satisfactory result of the theory of rela-
tivity by which the law of the conservation of mass is merged in the law
of conservation of energy could not be maintained, because it would
compel us to abandon the law of the conservation of mass in its old form
for inertia mass, and maintain it for gravitating mass.

But this must be regarded as very improbable. On the other hand,
the usual theory of relativity does not provide us with any argument
from which to infer that the weight of a2 body depends on the energy
contained in it. But we shall show that our hypothesis of the equivalence
of the systems K and K’ gives us gravitation of energy as a necessary
consequence.

Let the two material systems S; and S,, provided with instruments of
measurement, be situated on the z-axis of K at the distance h from each
other’, so that the gravitation potential in S, is greater than that in S; by
Yh. Let a definite quantity of energy E be emitted from S, towards S;.
Let the quantities of energy in S; and S, be measured by contrivances
which—brought to one place in the system z and there compared—
shall be perfectly alike. As to the process of this conveyance of energy by
radiation we can make no a priori assertion, because we do not know the
influence of the gravitational field on the radiation and the measuring
instruments in S; and S,.

But by our postulate of the equivalence of K and K' we are able, in
place of the system K in a homogeneous gravitational field, to set the
gravitation-free system K', which moves with uniform acceleration in the
direction of positive z, and with the z-axis of which the material systems
S, and S, are rigidly connected.

We judge of the process of the transference of energy by radiation

OPPOSITE PAGE

Einstein’s theoretical model
reveals that time and space

are inseparable. While Newton's

time was separate from space,
if it were a railroad track that
stretched to infinity in both
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directions, Einstein’s understand-
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tivity shows that time and space
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One cannot curve space without
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has a shape. Nevertheless, as
shown opposite, time appears
have a one-way direction.
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from S, to Sy from a system K, which is to be free from acceleration. At
the moment when the radiation energy E, is emitted from S, toward S,
let the velocity of K' relatively to K, be zero. The radiation will arrive at
S when the time h/c has elapsed (to a first approximation). But at this
moment the velocity of Sy relatively to K, is yh/c = v. Therefore by the
ordinary theory of relativity the radiation arriving at S; does not possess
the energy E,, but a greater energy E,, which is related to E,, to a first

approximation by the equation®
By =Ep(142) <Ex(14y 2
1=E2 +r =E2 +}’[2 (1)

By our assumption exaétly the same relation holds if the same process
takes place in the system K, which is not accelerated, but is provided with
a gravitational field. In this case we may replace yh by the potential ® of
the gravitation vector in S, if the arbitrary constant of @ in S; is equat-

ed to zero. We then have the equation

E
El=E2 +""'22'(I> (13)

This equation expresses the law of energy for the process under observa-
tion. The energy E; arriving at Sy is greater than the energy E,, meas-
ured by the same means, which was emitted in S,, the excess being the
potential energy of the mass E,/c in the gravitational field. It thus proves
that for the fulfillment of the principle of energy we have to ascribe to
the energy E, before its emission in Sy, a potential energy due to graVity,
which corresponds to the gravitational mass E/c *. Our assumption of the
equivalence of K and K' thus removes the difficulty mentioned at the
beginning of this paragraph which is left unsolved by the ordinary theo-
ry of relativity.

The meaning of this result is shown particularly clearly if we consid-
er the following cycle of operations:

1.The energy E, as measured in S,, is emitted in the form of radia-
tion in S, towards S;, where, by the result just obtained, the energy

E(1 + yh/c), as measured in Sy, is absorbed.
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2.A body W of mass M is lowered from S, to S, work Myh being
done in theprocess.

3.The energy E is transferred from S, to the body W while W is in
S1. Let the gravitational mass M be thereby changed so that it acquires
the value M".

4.Let W be again raised to S,, work M'"yh being done in the process.

- 5. Let E be transferred from W back to S,.

The eftect of this cycle is simply that S; has undergone the increase
of energy Eyh/c?, and that the quantity of energy M'yk - Myh has been
conveyed to the system in the form of mechanical work. By the princi-

ple of energy, we must therefore have

h
Ey—2=M'ylz—Myb,
I's

or
M’-M = E/c2..(1b)

The increase in gravitational mass is thus equal to E/c 2, and therefore
equal to the increase in inertia muass as given by the theory of relativity.
The result emerges still more directly from the equivalence of the
systems K and K', according to which the gravitational mass in respect of
K is exactly equal to the inertia mass in respect of K'; energy must there-
fore possess a gravitational mass which is equal to its inertia mass. If a mass
M, be suspended on a spring balance in the system K', the balance will
indicate the apparent weight My on account of the inertia of M. If the
quantity of energy E be transferred to M, the spring balance, by the law
of the inertia of energy, will indicate (M + E/c¢?)y. By reason of our fun-
damental assumption exactly the same thing must occur when the

experiment is repeated in the system K, that is, in the gravitational field.
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3. TIME AND THE VELOCITY OF LIGHT IN THE GRAVITATIONAL FIELD

If the radiation emitted in the uniformly accelerated system K'in S,
toward S; had the frequency v, relatively to the clock in S, then, rela-
tively to Sy, at its arrival in Sy it no longer has the frequency v,, relative-
ly to an identical clock in S;, but a greater frequency v, such that to a

first approximation
[1or7
vi=vy[l+y—]|.
i 2 Y 2 2)

For if we again introduce the unaccelerated system of reference K, rel-
atively to which, at the time of the emission of light, K' has no velocity,
then Sy, at the time of arrival of the radiation at Sy, has, relatively to K,
the velocity yh/c, from which, by Doppler’s principle, the relation as
given results immediately.

In agreement with our assumption of the equivalence of the systems
K'and K, this equation also holds for the stationary system of coordinates
K, provided with a uniform gravitational field, if in it the transference by
radiation takes place as described. It follows, then, that a ray of light emit-
ted in S, with a definite gravitational potential, and possessing at its emis-
sion the frequency v,—compared with a clock in S,—will, at its arrival
in Sy, possess a different frequency v{—measured by an identical clock in
Sy. For yh we substitute the gravitational potential @ of S,—that of S,
being taken as zero—and assume that the relation which we have
deduced for the homogeneous gravitational field also holds for other

forms of field. Then

v = vz(l +:%) . (22)
This result (which by our deduction is valid to a first approximation) per-
mits, in the first place, of the following application. Let v, be the vibra-
tion-number of an elementary light-generator, measured by a delicate
clock at the same place. Let us imagine them both at a place on the sur-
face of the Sun (where our S, is located). Of the light there emitted, a

portion reaches the Earth (S,), where we measure the frequency of the
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arriving light with a clock U in all respects resembling the one just men-

tioned. Themty (2a),
V= voftlw&—

where @ is the (negative) difference of gravitational potemtiial between
the surface of the Sun and the Earth. Thus according to our view the
spectral lines of sunlight, as compared with the corresponding spectral
lines of terrestiial sources of light, must be somewhat displaced toward

the red, in fact by the relative amount

I tire reveridilofed Heowiduld
appear theve arc few aagguments
Jor it @nd @ @osmoes against it
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If the conditioms under which the solar bands arise were exactly kmown,
this shiftimg would be susceptible of measurement. But as other influ-
ences (pressure, temperatune) affect the position ot the centers ot the
spectral lines, it is difficult to discover whether the inferred influence of
the gravitational potenttiiall really exists.”

On a superficial consideration equation (2), or (2a), respectively,
seems to assert an absurdiity. If there is constant transmission of light from
$7 to Sj, how can any other number of periods per second arrive in §j
than is emitted in S;? But the answer is simple. We cannot regard v, Or
tespectively v, simply as frequencies (as the number of periods per sec-
ond) sinee we have net yet determined the time in system K. What v,
denotes is the number ot periods with reference to the time-uniit of the
eloek U in S;, whille il denotes the number of periods per second with
teference teo the identical eloek in §. Nothing compells us te asaume that
the eleeks U in different gravitation petentialls must be regarded  going
& the same rate. On the conkay, We Must certainly define the time iA K
in sweh & way that the AUMBeY oF wave crests and troughs between S ard
§| is independent ot the sbsolute valye of time; foF the praeess wnder
gbservation is By nature & Sationary ene. If we did net satishy this condi-
tion, we should arrive & 2 definition of time By the application of whieh
time weuld merge explicitly inte the 1aws of nature, aAd s weuld &&r-
tainly Be unnatal and unpractical. Theretere the twe cloeks in §) and
§7 da nat Bath give the “time™ egrectty, 1 we meastre time in § with
the elgek U then we must meastre Hme i S5 with 2 elgek which gges
L+ M/¢ times mare Sowly than the dock U when compared with
5 8ne and the same place: For when meastred By sieh 2 dlock the He:
guency 8F the fay 8F light which is considered aBave is & ik smisson
I $
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and is therefore, by (2a), equall to the frequency v | of the same ray of light
on its arrival in §j.

This has a consequence whiich is of fundamemtal importance tor our
theony. Eor if we measure the velocity of light at different places in the
accelerated, gravitation free system K', employing clocks U of identical
constitution, we obtain the same magmitude at all these places. The same
hellds good, by our fundamenital assumption, for the system K as welll. But
from wihat has just been said we must use clocks of unlike constitution,
for measuring time at places with differing gravitation potenitall. For

measuring time at a place wihich, telatively to the origin of the coordi-
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OPPOSITE RAGE
The: gravifationala! field of & /mas-
sive body like the Sun waips the
patti: of light from a distents star.

nates, has the gravitation potentiial €. we must employ a clock whidh—
when removed to the origin of coordimates —goes (1 + O/>) times
more slowly than the clock used for measuring time at the otigin of
cooidinates. It we call the velocity oft light at the origin of coordinates
then the veloeity of light ¢ at a place wiith the gravitation potential & will
be given by the relation

The principle ot the constancy of the velocity of light holds good
according to this theory in a different form from that which usually

undeniies the ordinary theory of relativity.

4. BENDING OF LIGHITRAS IN THE GRAVITATIONAL FIELD

From the proposition which has jjust been proved, that the velocity of
light m the gravitational field is a function of the place, we may easily
infer, by means of Huygienss princiiple, that light-nays propagated across
a gravitational field undergo deflection. For let E be a wave front of a
plane light-wave at the time f, and let Pj and P, be two poimtis in that
plane at

2 n

unit distance from each other. Pj and Pt lie in the plane of the paper,
whiich is chosen so that the differential coefficient of @. taken in the
direction of the notmall to the plane, vanishes, and therefore also that of
c.\Weeadintain tthe ceoneagpontiing weaxe ffoontaat dime rt+ it car, reathar, ittsllie
ot section with the plane ot the papet, by describing circles round the
points Pj and Po with radii c/r and c>d: respectielly, whete ¢ and o
denote the veloeity of light at the points P, and Pt respeciielly, and by
drawing the tangent te these eireles The angle through whieh the light=
fay is deflected in the path egitis therefore
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if we calculate the angle positively when the ray is bent toward the side
of increasing «'.The angle of deflection per unit of path of the light-ray
is thus

Finallly, we obtain for the deflection which alight-ray experiences toward

the side n' on any path (s) the expression
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We might have obtained the same result by
directly considering the propagation of a ray of
light in the uniformly accelerated system K',
and transferring the result to the system K, @nd
thence to the case of a gravitatiomal field of any
form.

By equation (4) a ray of light passing aiwng
by a heavenly body suffers a deflection to the
side of the dimimishing gravitational potential,
that is, on the side directed toward the heavem-
ly bodly, of the magnitude

wihere k denottes the constant of gravitation, M

the mass of the heavenly bodly, A the digrance

of the ray from the center of the bodly. A ray of
light going past the Sun wouild =ccordingly

undergo deflection to the amoumt of 47ld% =

.83 seconds of arc. The angular distance of the

star from the center of the Sun appears to be

increased by this amoumit. As the fiixed! stars in

the parts ot the sky near the Sun are visible

during total eclipses of the Sun, this conse-

quence of the theotry may be compared with

experiemce. With the planet Jupiter the dis-

placementt to be expected reaches to #bout

L/ X dFtHbaatomt o BivanTd wvalddbe arpest
desirable thing If astronemess wewld take wp

the questieh heie raised. Fot apart from amy

theery there {3 the guestian whether it s pos:

siBle with the equipment 3t present available {9
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THE FOUNDATION OF

THE GENERAL THEORY OF RELATIVITY
Transtbuedd from “Dée Grunddlege der alljieroéiren
Ruvhititatatethicyrieyialdmnalen der Phygisik, 49, 1916.

A. FUNDAMENTAL CONSIDERATIONS ON THHE POSTULATE OF RELATIVITY

§ I. OBSERVATIONS ON THE SPECIAL THEQRY OF RELATIVITY
The special theory of relativity is based on the following postulate, which
is also satified by the mechamics of Galileo and INewton.

If a system of coordinates K is chosen so that, in relation to it, phys-
ical laws hold good in their simplest form, the same laws also hold good
in relation to any other system of coordinates K' moving in uniferm
translation relatively to K. This postulate we call the “special principle of
relativity.” The word “special” is meant to intimate that the principle is
restricted to the case when K' has a motion of uniferm translation rela-
tively te K, but that the eguivalence ot K' and K does not extend to the
case ot non-unitorm meotien of K' relatively to K.

Thus the special theory of relativity does not depart from classical
mechamiics through the postulate of relativity, but through the postulate
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of the constancy ot the velocity of light in vacuo, from whiich, in com-
bination with the special principle of relativity, thete follow; in the well-
known way, the relativity of simultangiyy, the Lorentzian transiermation,
and the related laws for the behavior of moving bodies and clocks.

The modiffication to which the special theory of relativity has suib-
jected the theory of space and time is indeed far-reaching, but one
impottant point has remained unaffected. For the laws of geometryy, even
according to the special theoty of relativity: are to be interpreted direct-
ly as laws relating to the possible relative positions of solid bodiies at rest;
and. In a mote geneial way, the laws of kinemalies are te be interpreted
a laws whieh describe the relations of measuring bodiies and elecks. To
two selected materiall points of a stationary rigid bedy there always €of=
fesponds a distanee of guite definite length, whiieh is independent of the
leeality and erientation of the Bodly and is alse independent ef the time.
To twe selected peositions of the hands of a elack at rest relatively t8 the
privileged system of referenee there Always coriespends an intervall ef
time of a definite length, which is independent ef place and time. We
shalll soen see that the genesal theety oF relativity cannet adhere t8 this
simple physical interpretation of space and time.

ABOME (BOTH RAGES)
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§ 2. THE NEED FOR AN EXTENSION OF THE POSTULATE OF RELATIVITY

In classical mechanics, and no less in the special theory of relativity,
there is an inherent epistemological defect which was, perhaps for the
first time, clearly pointed out by Ernst Mach. We will elucidate it by the
following example: Two fluid bodies of the same size and nature hover
freely in space at so great a distance from each other and from all other
masses that only those gravitational forces need be taken into account
which arise from the interaction of different parts of the same body. Let
the distance between the two bodies be invariable, and in neither of the
bodies let there be any relative movements of the parts with respect to
one another. But let either mass, as judged by an observer at rest relatively
to the other mass, rotate with constant angular velocity about the line
joining the masses. This is a verifiable relative motion of the two bodies.
Now let us imagine that each of the bodies has been surveyed by means
of measuring instruments at rest relatively to itself, and let the surface of
S{ prove to be a sphere, and that of S, an ellipsoid of revolution.
Thereupon we put the question—What is the reason for this difference
in the two bodies? No answer can be admitted as epistemologically sat-
isfactory, unless the reason given is an observable fact of experience. The law
of causality has not the significance of a statement as to the world of expe-
rience, except when observable facts ultimately appear as causes and effects.

Newtonian mechanics does not give a satisfactory answer to this
question. It pronounces as follows: The laws of mechanics apply to the
space R, in respect to which the body Sy is at rest, but not to the space
R, in respect to which the body S, is at rest. But the privileged space R4
of Galileo, thus introduced, is a merely factitious cause, and not a thing that
can be observed. It is therefore clear that Newton’s mechanics does not
really satisfy the requirement of causality in the case under consideration,
but only apparently does so, since it makes the factitious cause R,
responsible for the observable difference in the bodies S; and S,.

The only satisfactory answer must be that the physical system con-
sisting of S; and S, reveals within itself no imaginable cause to which the
differing behavior of S; and S, can be referred. The cause must therefore

lie outside this system. We have to take it that the general laws of motion,
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whiich in particular determine the shapes of Sj and S, must be such that
the mechamiical behavior of S| and S, is partly conditioned, in quite
essential respects, by distant masses which we have not included in the
system under consideration. These distant masses and their motions rela-
tive to S; and S; must then be regarded as the seat of the causes (which
must be susceptible to observation) of the different behaviot of out two
bodies S} and $;.They take over the rble of the factitious cause Rj. Of
all imaginable spaees Ri;, Ra, &te., il any kind of motion relatively to one
anether, there is none whieh we may leek upen a privileged a prioti
witheut reviving the abeve-mentioned epistemological objection. The
lavs of piivpides music be of sueth a Raibiee thatr they applly e sysirmas of reference i
any kindl 6f metien. Aleng this read we arrive at @ extensien ef the pes:
tulate of relativity:

In addition to this weighty argument from the theory of knowledge,
there is a well known physical fact which favors an extension of the the-
oty of relativity. Let K be a Galilean system of reference, i.e. a system rel-
atively to which (at least in the four-dimensional region undet considier-
stion) a mass, sufficiently distant from other masses, is moving with wni-
form motien in a straight line. Let K' be a second system of reference

which is moving relatively to K in uniformly acedbesatadctsaskicioonTheen,

telatively te K', a mass sufficiently distant from other masses would have
@A aeeelerated motion sueh that its aceeleration and direction of acceler-
atien are independent of the material esmpesitien and physical state of
the mass:
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Does this permiit an observer at rest relatively to K' to infer that he is on
a “really” accelerated system of reference? The answer is in the negative;
for the above-mentioned relation of freely mowable masses to K' may be
interpreted equallly well in the following way. The system of reference K'
is unaceelerated, but the space-time territory in question is under the
sway of a gravitationall field, which generates the aceelerated meiion of
the bedies relatively te K'.

Thiis view is made possible for us by the teaching of experience as to
the existence of a field of force, namelly, the gravitationall field, which
possesses the rematkable propetty of imparting the same aceeleration to
all bodies." The mechamical behavior of bodiies relatively to K' is the same
a6 presents itself to expetience In the case of systems whieh we are went
to regard as “stationary” of as “privilleged.” Therefore, from the physieal
standpeint, the assumption readily suggests itself that the systems K and
K' may beth with egual right be loeked upen # “stationany.” that is to
say, they have an eguall title a5 systems of reference for the physieal
deseription of phensmena.

It willl be seen from these reflections that in pursuing the general the-
ory ot relativity we shall be led to a theory of gravitation, since we are
able to “produce” a geavitational field merely by changing the system of
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coordinates. It will also be obvious that the principle of the constancy of
the velocity of light in vacuo must be modified, since we easily recognize
that the path of a ray of light with respect to K' must in general be
curvilinear, if with respect to K light is propagated in a straight line with

a definite constant velocity.

§ 3. THE SPACE-TIME CONTINUUM. REQUIREMENT OF GENERAL CO-VARIANCE FOR
THE EQUATIONS EXPRESSING GENERAL LAWS OF NATURE

In classical mechanics, as well as in the special theory of relativity, the
coordinates of space and time have a direct physical meaning. To say that
a point-event has the X1 coordinate x1 means that the projection of the
point-event on the axis of X1, determined by rigid rods and in accor-
dance with the rules of Euclidean geometry, is obtained by measuring off
a given rod (the unit of length) x1 times from the origin of coordinates
along the axis of X1.To say that a point-event has the X4 coordinates
x4 = t, means that a standard clock, made to measure time in a definite
unit period, and which is stationary relatively to the system of coordi-
nates and practically coincident in space with the point-event,'” will have
measured off x4 = ¢ periods at the occurrence of the event.

This view of space and time has always been in the minds of physi-
cists, even if, as a rule, they have been unconscious of it. This is clear from
the part which these concepts play in physical measurements; it must also
have underlain the reader’s reflections on the preceding paragraph (§ 2)
for him to connect any meaning with what he there read. But we shall
now show that we must put it aside and replace it by a more general
view, in order to be able to carry through the postulate of general rela-
tivity, if the special theory of relativity applies to the special case of the
absence of a gravitational field.

In a space which is free of gravitational fields we introduce a Galilean
system of reference K (x, y, 2, #), and also a system of coordinates K'
(«',y', 2, £) in uniform rotation relatively to K. Let the origins of both sys-
tenis, as well as their axes of Z, permanently coincide. We shall show that
for a space-time measurement in the system K' the above definition of the

physical meaning of lengths and times cannot be maintained. For reasons
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of symmetry it is clear that a circle around the origin in the X,Y plane
of K may at the same time be regarded as a circle in the X', Y' plane of
K'. We suppose that the circumference and diameter of this circle have
been measured with a unit measure infinitely small compared with the
radius, and that we have the quotient of the two results. If this experi-
ment were performed with a measuring-rod at rest relatively to the
Galilean system K, the quotient would be B.With a measuring-rod at rest
relatively to K', the quotient would be greater than B. This is readily
understood if we envisage the whole process of measuring from the
“stationary” system K, and take into consideration that the measuring-
rod applied to the periphery undergoes a Lorentzian contraction, while
the one applied along the radius does not. Hence Euclidean geometry
does not apply to K'. The notion of coordinates defined above, which
presupposes the validity of Euclidean geometry, therefore breaks down in
relation to the system K'. So, too, we are unable to introduce a time
corresponding to physical requirements in K', indicated by clocks at rest,
relatively to K'. To convince ourselves of this impossibility, let us imagine
two clocks of identical constitution placed, one at the origin of coordi-
nates, and the other at the circumference of the circle, and both
envisaged from the “stationary” system K. By a familiar result of the
special theory of relativity, the clock at the circumference—judged from
K—goes more slowly than the other, because the former is in motion
and the latter at rest. An observer at the common origin of coordinates,
capable of observing the clock at the circumference by means of light,
would therefore see it lagging behind the clock beside him. As he will
not make up his mind to let the velocity of light along the path in ques-
tion depend explicitly on the time, he will interpret his observations as
showing that the clock at the circumference “really” goes more slowly
than the clock at the origin. So he will be obliged to define time in such
a way that the rate of a clock depends upon where the clock may be.
We therefore reach this result: In the general theory of relativity,
space and time cannot be defined in such a way that differences of the
spatial coordinates can be directly measured by the unit measuring-rod,

or differences in the time coordinate by a standard clock.
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The method hitherto employed for laying coordinates into the
space-time continuum in a definite manner thus breaks down, and there
seems to be no other way which would allow us to adapt systems oft
coordinates to the four-dimensional universe so that we might expect
from their application a particullatly simple formulation of the laws of
nature. So there is nothing for it but to regard all imaginable systems of
coordimates, on principle, as equally suitable for the description of nature.
Thiis conhes to requiring that:

Trer genecann] lawss of natmec are to be expesssed by equetitiosts uttérlt holbi! geod
for all systémss of coorditaiesss, thatt is, are couariam! with respeatt to amy sibsbitittiions
witateerer (gereailfy cocoucidia).

It is clear that a physical theory which satisfies this postulate wiilll also
be suitable for the general postulate of relativity. For the sum of all substi-
tutions in any case includes those which correspond to all relative motions
of three-dimensional systems of coordimates. That this requirement of
general covariance, which takes away from space and time the last
femnant ot physiecal objectiviity, is & natural one, will be seen from the
following reflestion. All eur space-time verifieations invariably ameunt to
& determination of space-time eoineidences. If, for example, events eon-
sisted merely in the metien of matetial peinks, then ultimately nothing
would be gbservable but the meetings of twe er more of these paints.
Mereewer, the results 6f eur measurings are nothing but veritieations of
s4eh meetings of the material peints of sur measuring instruments with
gther materall peinis, esineidences between the hands of & elgek ard
peints on the eleek digl, and observed peint-evenis happening at the
same plaee &t the same time:

The introduction of a system of reference serves no other purpose
than to facilitate the description of the totality of such coincidences. We
allot to the uniivetse four space-time variables x-y, %, x,, x, iinssudh awsy
that for every point-event there is a coreesponding system of values of
the variables X...xy. To two coincident point-evwems thete corresponds
one system of values of the variables x....x.. |.e. eoineidence is charac-
terized by the identity of the coordiimates. If, in place of the variables

we introduce functions of them, x{;, x, x'3, x'4, @ @ new system
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ot coordimates, so that the systems ot values are made to correspond to
one another without ambiguityy, the equality ot all tour coordinates in the
new system will also serve as an exptession for the space-time coinci-
dence of the two point-ewenis. As all our physical experience can be
ultimately reduced to such coincidences, there is no immediate reason
for preferring certain systems of coordimates to otheis, that is to say, we
areive at the requirement of general covariance.
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COSMOLOGICAL CONSIDERATIONS ON THE GENERAL
THEORY OF RELATIVITY

Transihteed ifamn “Kosmololgigihdie Betantitinggren zaur
aligemeiioen Retbiitivdtéttabiorie,” Sitanyspebiotidite der
Preussisehenr: dkkad. d. Wisssescubisgten, 19477,

It is well known that Poissons eguation

V2p=4jKp

in combination with the equations of motion of a material point is not as
yet a perfect substitute for Newtanis theory of action at a distance.
There is still to be taken into account the condition that at spatial infinity
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the potentiial ¢ tends toward a fixed limiting value. There is an anaogous
state of things in the theory of gravitation in general relativity. Here, too,
we must supplement the differential equations by limiting conditions at
spatial infinity, if we really have to regard the univetse as being of infinite
spatial extent,

In my treatment of the planetary problem I chose these limiting
conditioms in the form of the following assumption: it is possible to seect
a system of reference so that at spatial infinity al the grawitztional
potentialls g,,, become constant. But it is by no means evident apriori that
we may lay down the same limiting conditions when we wish to take
larger portions of the physical univetse into consideration. In the follow-
ing pages the reflections will be given which, up to the present, I have
made on this fundamenially important question.

Tihee paradox of worrioies brings
up the notion that if we travel
back in time we have the power to
alter the pest, and, therefore, the
ffiwsme too. Milalr happens if you
€an go hack in time and Killl your
grandifittieer before your ffthieer or
motier was conceived?
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§ |. THE NEWTONIAN THEORY

It is well known that Newton’s limiting condition of the constant
limit for ¢ at spatial infinity leads to the view that the density of matter
becomes zero at infinity. For we imagine that there may be a place in uni-
versal space round about which the gravitational field of matter, viewed
on a large scale, possesses spherical symmetry. It then follows from
Poisson’s equation that, in order that ¢ may tend to a limit at infinity, the
mean density p must decrease toward zero more rapidly than 1/r2 as the
distance r from the center increases." In this sense, therefore, the universe
according to Newton is finite, although it may possess an infinitely great
total mass.

From this it follows in the first place that the radiation emitted by the
heavenly bodies will, in part, leave the Newtonian system of the universe,
passing radially outwards, to become ineffective and lost in the infinite.
May not entire heavenly bodies fare likewise? It is hardly possible to give
a negative answer to this question. For it follows from the assumption of
a finite limit for ¢ at spatial infinity that a heavenly body with finite
kinetic energy is able to reach spatial infinity by overcoming the
Newtonian forces of attraction. By statistical mechanics this case must
occur from time to time, as long as the total energy of the stellar sys-
tem—transferred to one single star—is great enough to send that star on
its journey to infinity, whence it never can return.

We might try to avoid this peculiar difficulty by assuming a very high
value for the limiting potential at infinity. That would be a possible way,
if the value of the gravitational potential were not itself necessarily con-
ditioned by the heavenly bodies. The truth is that we are compelled to
regard the occurrence of any great differences of potential of the gravi-
tational field as contradicting the facts. These differences must really be of
so low an order of magnitude that the stellar velocities generated by them
do not exceed the velocities actually observed.

If we apply Boltzmann’s law of distribution for gas molecules to the
stars, by comparing the stellar system with a gas in thermal equilibrium, we
find that the Newtonian stellar system cannot exist at all. For there is a

finite ratio of densities corresponding to the finite difference of potential
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between the center and spatial infinity. A vanishing of the density at infin-
ity thus implies a vanishing of the density at the center.

It seems hardly possible to surmount these difficulties on the basis
of the Newtonian theory. We may ask ourselves the question whether
they can be removed by a'modification of the Newtonian theory. First of
all we will indicate a method which does not in itself claim to be taken
seriously; it merely serves as a foil for what is to follow. In place of

Poisson’s equation we write

2
V¢ - Ap = daxp @)

where A denotes a universal constant. If pg be the uniform density of dis-
tribution of mass, then

9=- 4TMP0 3
is a solution of equation (2). This solution would correspond to the case
in which the matter of the fixed stars was distributed uniformly through
space, if the density p is equal to the actual mean density of the matter
in the universe. The solution then corresponds to an infinite extension of
the central space, filled uniformly with matter. If, without making any
change in the mean density, we imagine matter to be non-uniformly
distributed locally, there will be, over and above the ¢ with the constant
value of equation (3), an additional ¢, which in the neighborhood of
denser masses will so much the more resemble the Newtonian field as Ad
is smaller in comparison with 4mkp.

A universe so constituted would have, with respect to its gravitation-
al field, no center. A decrease of density in spatial infinity would not have
to be assumed, but both the mean potential and mean density would
remain constant to infinity. The conflict with statistical mechanics which
we found in the case of the Newtonian theory is not repeated. With a
definite but extremely small density, matter is in equilibrium, without any
internal material form (pressures) being required to maintain

equilibrium.
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§ 2.THE BOUNDARY CONDITIONS ACCORDING TO THE GENERAL THEOQRY OF RELATIVITY

In the present paragraph I shall conduct the reader over the road that
I have myself traveled, rather a rough and winding road, because other-
wise I cannot hope that he will take much interest in the result at the end
of the journey.The conclusion I shall arrive at is that the field equations
of gravitation which I have championed hitherto still need a slight mod-
ification, so that on the basis of the general theory of relativity those fun-
damental difficulties may be avoided which have been set forth in § 1 as
confronting the Newtonian theory. This modification corresponds per-
fectly to the transition from Poisson’s equation (1) to equation (2) of § 1.
We finally infer that boundary conditions in spatial infinity fall away alto-
gether, because the universal continuum in respect of its spatial dimen-
sions is to be viewed as a self-contained continuum of finite spatial (three
dimensional) volume.

The opinion which I entertained until recently, as to the limiting
conditions to be laid down in spatial infinity, tock its stand on the fol-
lowing considerations. In a consistent theory of relativity there can be no
inertia relatively to “space,” but only an inertia of masses relatively to one
another. If, therefore, I have a mass at a sufficient distance from all other
masses in the universe, its inertia must fall to zero. We will try to formu-
late this condition mathematically. ‘

According to the general theory of relativity the negative momentum
is given by the first three components, the energy by the last component

of the covariant tensor multiplied by Jr;

dx
ol g1 = )
where, as always, we set
ds? = g, dz.dx, (5)

In the particularly perspicuous case of the possibility of choosing the sys-

tem of coordinates so that the gravitational field at every point is spatially
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isotropiic, we have more simply
& = - Afdk + dy + dbes |+ 1A,

It, moteawert, at the same time

1=¥A'B

we obtain from (4), to a first approximation for small velocities,

B, 4 e, 4 0
m%ém' Bdd B dv
for the components of momenturn, and for the energy (in the static case)

mvVI3

From the expressions tor the momenturm, it follows that m—% plays
VB '

the part of the rest mass. As m is a constant peculjar to the point of mass,
the lSan of the rest mass. As mis a constant peculiar to the point of mass,

independently of 1ts position, this expression, if we retain the condition
|ndeBendentIy ot its position, this expression, If we retain the condition

Jg_ = 11 at spatial infinjty, can vanish only when A diminishes to zero,
=1at spatial infinity, can vanish only when A diminishes to zero,

while B 1ncreases to infinity. It seems, there{ore,t at such a degeneration
while B increases to infinity. It seems, therefore, that such a degeneration

Sf the Sosfficients gur i3 required by the postilate of refativity of aff 1ner-

tia. This requirement implies that the potential energy mV ecomes mfl-
tla ? 1S reauwement |m8 1es that the otentlgll ener E Becomes |n¥|-

Ritely great & infinty: RS & RaInt of mass ean never leave the i
3 & mors detalled invediganan Baws that the @me thing 3ppliss 1
light-rays & SEm of th tRvers With wieh behavisr of the Graviaiah-
4 oishials 4 IRfinity weuld not therefore i the nsk of wasing wway
WRICR Was mosted ust RGW 1R €aRREctSR with the Nawtoman thesry:

| With 13 BSIRE otif that the Smplifying AMBHSRS 2 18 the gravk:
fatgRa potshials 3R which this resadning is based: have Bssh weducsd
frerely foF the ke of Tueidity: 1t is Bessible 8 find gensral Formufations
for the Behavior of the o & IRfinity Which express the exentials of the
qHEsHoR Without farther restHictive ASsmpHShS

At this s2gs; With the kind asiencs of the mathematician
3. crommst | thvestigated centrally symmetical el gravieonal



A IL BEERRTT EE INNSSTTE I N

fields, degenerating at infinity in the way mentioned. The gravitational
potentialls o.... were applied, and from them the energy-tensor T}, of
matter was calculated on the basis of the field equations of grawitation.
But here it proved that for the system of the fixed stars no boundaty con-
ditions of the kind can come inte question at all, as was also rightly
emphasized by the astronomer de Sitter recently:
For the contravariant energy-tensor T}, of pondenable matter is given by
B,
ds dbs

where p is the density of matter in natural measure. With an gppropriate
choice of the system of coordinaties the stellar velocitiies are very small in
compatiison with that of light. We may, therefore, substitute Jg/dx’
for ds Thiis shows us that all compomnenis of THY must be very small in
compatison with the last component T#%. But it was quite impaessible to
reconciille this condition with the chosen boundary conditions. In the ret-
rospect this result does net appear astonishing. The fact of the small
velocities of the stars allows the conelusion that wherever there are fitxed
stars, the gravitational potentdial (in our case VB) ean never be mueh
greater than here en Earth.Tiis fellews from statistieal reasoning, exact-
ly & in the ease of the Newi@niian theony. At afy fate, eur caeulations
have eenvineed me that sueh eonditions ef degeneration fof the ... in
spatial infinity may net be pestulated.

After the failure of this attempt, two possibilities present themselves.

(a) We may requiire, as in the problem of the planets, that, with a suit-
able choice of the system of reference, the gmn in spatial infinity gpprox-

imate to the values 190 00
0 --i ®Ooo
© 0o- 1100
0 0 0 1

(b) We may refrain entirely from laying down boundary conditions for
spatial infinity claiming general validity; but at the spatial limit of the
domain under consideration we have to give the g/}, separately in each
individual case, as hitherto we were accustomed to give the initial comn-

ditions for time separately.
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The possibility (b) holds out no hope of solving the problem, but
amounts to giving it up. This is an incontestable position, which is taken
up at the present time by de Sitter." But I must confess that such a
complete resignation in this fundamental question is for me a difficult
thing. I should not make up my mind to it until every effort to make
headway toward a satisfactory view had proved to be vain.

. Possibility (4) is unsatisfactory in more respects than one. In the first
place those boundary conditions presuppose a definite choice of the
system of reference, which is contrary to the spirit of the relativity
principle. Secondly, if we adopt this view, we fail to comply with the
requirement of the relativity of inertia. For the inertia of a material point
of mass m (in natural measure) depends upon the g,; but these differ but
little from their postulated values, as given above, for spatial infinity. Thus
inertia would indeed be influenced, but would not be conditioned by
matter (present in finite space). If only one single point of mass were
present, according to this view, it would possess inertia, and in fact an
inertia almost as great as when it is surrounded by the other masses of the
actual universe. Finally, those statistical objections must be raised against
this view which were mentioned in respect of the Newtonian theory.

From what has now been said it will be seen that I have not
succeeded in formulating boundary conditions for spatial infinity.
Nevertheless, there is still a possible way out, without resigning as
suggested under (b). For if it were possible to regard the universe as a
continuum which is finite (closed) with respect to its spatial dimensions, we
should have no need at all of any such boundary conditions. We shall
proceed to show that both the general postulate of relativity and the fact
of the small stellar velocities are compatible with the hypothesis of a
spatially finite universe; though certainly, in order to carry through this idea,

we need a generalizing modification of the field equations of gravitation.

/OPPOSITE AND FOLLOWING PAGE
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largely since Einstein’s death—
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OPPOSITE PAGE

The Final Brane in string
theory represents the end
and the beginning of the
sequence of an unfolding

universe—the big bang that
comes from the big crunch.

§3.THE SPATIALLY FINITE UNIVERSE WITH A UNIFORM DISTRIBUTION OF MATTER

According to the general theory of relativity the metrical character
(curvature) of the four-dimensional space-time continuum is defined at
every point by the matter at that point and the state of that matter.
Therefore, on account of the lack of uniformity in the distribution of
matter, the metrical structure of this continuum must necessarily be
extremely complicated. But if we are concerned with the structure only
on a large scale, we may represent matter to ourselves as being uniform-
ly distributed over enormous spaces, so that its density of distribution is
a variable function which varies extremely slowly. Thus our procedure
will somewhat resemble that of the geodesists who, by means of an ellip-
soid, approximate to the shape of the Earth’s surface, which on a small
scale is extremely complicated.

The most important fact that we draw from experience as to the dis-
tribution of matter is that the relative velocities of the stars are very small
as compared with the velocity of light. So I think that for the present we
may base our reasoning upon the following approximative assumption.
There is a system of reference relatively to which matter may be looked
upon as being permanently at rest. With respect to this system, therefore,
the contravariant energy-tensor TH of matter is, by reason of (5), of the

simple form

000 0
000 0
000 0 (6)
000 p

The scalar p of the (mean) density of distribution may be a priori a func-
tion of the space coordinates. But if we assume the universe to be spa-
tially finite, we are prompted to the hypothesis.that r is to be independ-
ent of locality. On this hypothesis we base the following considerations.
As concerns the gravitational field, it follows from the equation of

motion of the material point that a material point

4’ d g %
d;v +{(xﬁ, v} Ta_dxﬁ =0
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when g4, is independent of locality. Since, further, we presuppose inde-
pendence of the time coordinate x, for all magnitudes, we may demand

for the required solution that, for all x<,

ag =1 ™)

Further, as always with static problems, we shall have to set

814 =84=834=0 (8)

It remains now to determine those components of the gravitational
potential which define thé purely spatial-geometrical relations of our
continuum (g;1, ¢12, --- £33)- From our assumption as to the uniformity
of distribution of the masses generating the field, it follows that the cur-
vature of the required space must be constant. With this distribution of
mass, therefore, the required finite continuum of the xy, x,, x3, with con-
stant x4, will be a spherical space.

We arrive at such a space, for example, in the following way. We start
from a Euclidean space of four dimensions, &1, €5, €3, £,, with a linear

element do; let, therefore,
do® = dE + dE, + dE + dE. )
In this space we consider the hyper-surface
R’-g +8+8+8, 10)

where R denotes a constant. The points of this hyper-surface form a
three-dimensional continuum, a spherical space of radius of curvature R.

The four-dimensional Euclidean space with which we started serves
only for a convenient definition of our hyper-surface. Only those points
of the hyper-surface are of interest to us which have metrical properties
in agreement with those of physical space with a uniform distribution of

matter. For the description of this three-dimensional continuum we may

248



ALBERT EINSTEIN

employ the coordinates £, £,, €5 (the projection upon the hyperplane
E4 = 0) since, by reason of (10), £, can be expressed in terms of
&4, &5, €. Eliminating £, from (9), we obtain for the linear element of

the spherical space the expression

do? = Y,uvdgudgv |

!

oy =B + Eu&y
RZ - o2 J
p

(11)

where 8, = 1,if p=v; 8, = 0,if u#v,and p’ =& +& +& The coor-
dinates chosen are convenient when it is a question of examining the
environment of one of the two points £ = &, = &3 = 0.

Now the linear element of the required four-dimensional space-time
universe is also given us. For the potential g, both indices of which

differ from 4, we have to set

Zuly
o=~ (b0 + @ T a) (12)

which equation, in combination with (7) and (8), perfectly defines the

behavior of measuring-rods, clocks, and light-rays.

§ 4. CONCLUDING REMARKS

The above reflections show the possibility of a theoretical construc-
tion of matter out of gravitational field and electromagnetic field alone,
without the introduction of hypothetical supplementary terms on the
lines of Mie’s theory. This possibility appears particularly promising in that
it frees us from the necessity of introducing a special constant 8 for the
solution of the cosmological problem. On the other hand, there is a pecu-
liar difficulty. For, if we specialize (1) for the spherically symmetrical stat-
ic case we obtain one equation too few for defining the g, and $,,,,, with
the result that any spherically symmetrical distribution of electricity appears
capable of remaining in equilibrium. Thus the problem of the constitution
of the elementary quanta cannot yet be solved on the immediate basis of

the given field equations.
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Stephen Hawking is considered the most brilliant theoretical physi-
cist since Einstein. He 'has also done much to popularize science. His
book, A Brief History of Time, sold more than 10 million copies in 40 lan-
guages, achieving the kind of success almost unheard of in the history of
science writing. His subsequent books, The Universe in A Nutshell, and The
Future of Spacetime, with Kip S.Thorne and others, have also been well-
received.

He was born in Oxford, England on January 8, 1942 (300 years after
the death of Galileo). He studied physics at University College, Oxford,
received his Ph.D. in Cosmology at Cambridge and since 1979, has held
the post of Lucasian Professor of Mathematics. The chair was founded in
1663 with money left in the will of the Reverend Henry Lucas, who had
been the member of Parliament for the University. It was first held by
Isaac Barrow, and then in 1663 by Isaac Newton. It is reserved for those
individuals considered the most brilliant thinkers of their time.

Professor Hawking has worked on the basic laws that govern the uni-
verse. With Roger Penrose, he showed that Einstein’s General Theory of
Relativity implied space and time would have a beginning in the Big
Bang and an end in black holes. The results indicated it was necessary to
unify General Relativity with Quantum Theory, the other great scientif-
ic development of the first half of the twentieth century. One conse-
quence of such a unification was that he discovered that black holes
should not be completely black but should emit radiation and eventual-
ly disappear. Another conjecture is that the universe has no edge or
boundary in imaginary time.

Stephen Hawking has twelve honorary degrees, and is the recipient
of many awards, medals, and prizes. He is a Fellow of the Royal Society
and a Member of the U.S. National Academy of Sciences. He continues
to combine family life (he has three children and one grandchild) and his
research into theoretical physics together with an extensive program of

travel and public lectures.
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ENDNOTES

NICOLAUS COPERNICUS
1. This foreword, at first ascribed to Copernicus, is held to have been written by Andrew
Osiander, a Lutheran theologian and friend of Copernicus, who saw the De Revolutionibus

through the press.

2. Prolemy makes Venus move on an epicycle the ratio of whose radius to the radius of the
eccentric circle carrying the epicycle itself is nearly three to four. Hence the apparent mag-
nitude of the planet would be expected to vary with the varying distance of the planet from
the Earth, in the ratios stated by Osiander. Moreover, it was found that, whenever the plan-
et happened to be on the epicycle, the mean position of the Sun appeared in line with EPA.
And so, granted the ratios of epicycle and eccentric, Venus would never appear from the
Earth to be at an angular distance of much more than 40° from the center of her epicycle,

that is to say, from the mean position of the Sun, as it turned out by observation.
3.The three introductory paragraphs are found in the Thorn centenary and Warsaw editions.

4. The “orbital circle” (orbis) is the great circle whereon the planet moves in its sphere
(sphaera). Copernicus uses the word orbis, which designates a circle primarily rather than a
sphere because, while the sphere may be necessary for the mechanical explanation of the

movement, only the circle is necessary for the mathematical.

GALILEO GALILEI
1.“Natural motion” of the author has here been translated into “free motion>—since this is
the term used today to distinguish the “natural” from the “violent” motions of the

Renaissance. [Trans.|

JOHANNES KEPLER
1. For in the Commentaries on Mars, chapter 48, page 232, 1 have proved that this Arithmetic
mean is either the diameter of the circle which is equal in length to the elliptic orbit, or else

is very slightly less.

2. Kepler always measures the magnitude of a ratio from the greater term to the smaller,
rather than from the antecedent to the consequent, as we do today. For example, as Kepler

speaks, 2:3 is the same as 3:2, and 3:4 is greater than 7:8.—C. G. Wallis.

3.That is to say, since Saturn and Jupiter have one revolution with respect to one another
every twenty years, they are 81° apart once every twenty years, while the end-positions of
this 81° interval traverse the ecliptic in leaps, so to speak, and coincide with the apsides

approximately once in eight hundred years.—C. G. Wallis
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1.The preceding memoir by Lorentz was not at this time known to the author.

2. Le. to the first approximation.

3. We shall not here discuss the inexactitude which lurks in the concept of simultaneity of

two events at approximately the same place, which can only be removed by an abstraction.

4.“Time” here denotes “time of the stationary” and also “position of hands on the moving

clock situated at the place under discussion.”
5. A. Einstein, Jahrbuch fiir Radioakt. und Elektronik, 4, 1907.

6. Of course we cannot replace any arbitrary gravitational field by a state of motion of the
system without a gravitational field, any more than, by a transformation of relativity, we can

transform all points of a medium in any kind of motion to rest.
7.The dimensions of S; and S,, are regarded as infinitely small in comparison with h.
8. See above.

9. L. E Jewell (Journ. de Phys., 6, 1897, p. 84) and particularly Ch. Fabry and H. Boisson
(Comptes rendus, 148, 1909, pp. 688-690) have actually found such displacements of fine
spectral lines toward the red end of the spectrum, of the order of magnitude here calculat-

ed, but have ascribed them to an effect of pressure in the absorbing layer.

10. Of course an answer may be satisfactory from the point of view of epistemology, and yet

be unsound physically, if it is in conflict with other experiences.

11. Edtvds has proved experimentally that the gravitational field has this property in great

accuracy.

12. We assume the possibility of verifying “simultaneity” for events immediately proximate
in space, or—to speak more precisely—for immediate proximity or coincidence in space-

time, without giving a definition of this fundamental concept.

13.D is the mean density of matter, calculated for a region which is large as compared with
the distance between neighboring fixed stars, but small in comparison with the dimensions

of the whole stellar system.

14. Akad de Sitter.Van Wetensch. te Amsterdam, November 8, 1916.
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