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Welcome to the study of physics. This volume, more of a
student's guide than a text of the usual kind, is part of a
whole group of materials that includes a student handbook,
laboratory equipment, films, programmed instruction, readers,
traasparencies, and so forth. Harvard Project Physics has
designed the materials to work together. They have all been
tested in classes that supplied results to the Project for
use in revisions cf earlier versions.

The Project Physics course is the work of about 200 scien-
tists, scholars, and teachers from all parts of the country,
responding to a call by the National Science Foundation in
1963 to prepare a new introductory physics course for nation-
wide use. Harvard Froject Physics was established in 1964,
on the basis of a two-year feasibility study supported by the
Carnegie Corporaiion. On the previous pages are the names of
our colleagues who helped during the last six years in what
became an extensive national curriculum development program.
Some of them worked on a full-time basis for several years:;
others were part-time or cccasional consultants, contributing
to some aspect of the whole course; but all were valued and
dedicated collaborators who richly earned the gratitude of
everyone who cares about science and the improvement of
science teaching.

Harvard Project Physics has received financial support
from the Carnegie Corporation of New Yorkx, the Ford Founda-
tion, the National Science Foundation, the Alfred P. Sloan
Poundation, the United States Office of Education and Harvard
University. In addition, the Project has had the essential
support of several hundred participating schools throughout
the United States and Canada, who used and tested the course

as it went through several successive annual revisions.

The last and largest cycle of testing of all materials

is now completed; the final version of the Project Physics
course will be published in 1970 by Holt, Rinehart and
Winston, Inc., and will inconrporate the final revisions and
improvements as necessary. To this end we invite our

students and instructors to write to us if in practice they
too discern ways of improving the course materials.

The Directors
Harvard Project Physics
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Prologue . Curiously, the oldest science, astronomy, deals
with objects which are now known to be the most distant.

Yet to you and me, as to the earliest observers of the skies,
the sun, moon, planets and stars do not seem to be far
away. On a clear night they seem so close that we can al-

most reach out and touch them.

The lives of the ancient people, and indeed of nearly
all people who lived before electric lighting, were dom-
inated by heavenly events. The working day began when the
sun rose and ended when the sun set. Human activity was dom-
inated by the presence or absence of daylight and the sun's

warmth, changing season by season.

Over the centuries our clock has been devised so we can
subdivide the days, and the calendar developed so we can re-
coxrd the passage of days into years. Of all the units used
in regular 1life, "one day" is probably the most basic and
surely the most ancient. For counting longer intervals, a
"moon” or month was an obvious unit. But the moon is unsat-
isfactory as a timekeeper for establishing the agricultural
year.

When, some 10,000 years ago, the nomadic tribes settled
down to live in towns, they became dependent upon agricul-
ture for their food. They needed a calendar for planning
their plowing and sowing. Indeed, throughout recorded his-
tory most of the world's population has been involved in
agriculture in the spring. If the crops were planted too
early they might be killed by a frost, or the seeds rot
in the ground. But if they were planted too late, the crops
right not ripen before winter came. Therefore, a knowledge
of the times for planting and harvesting had high survival
value. A calendar for the agricultural year was very impor-
tant. The making and improvement of the calendar were often

the tasks of priests, who also set the dates for the religious

festivals. Hence, the priests became the first astronomers.

Many of the great buildings of ancient times were con-
structed with careful astronomical orientation. The great
pyramids of Egypt, tombs of the Pharaohs, have sides that
run due north-south, and east-west. The impressive, almost
frightening, circles of giant stones at Stonehenge in Eng-
land appear to have been arranged aboul 2000 B.C. to permit
accuratc astronomical observations of the positions of the
sun and moon. The Mayanc and the Incas ian America, as well
as the Chinese, put enormous effort into buildings from

which they could measure the changes in the positions of the

Even in modern times outdoors-
men use the sun by day and the
stars by night as a clock. Di-
rections are indicated by the

sun at rising and setting time,
and true south can be'determined
from the position of the sun at
noon. The pole star gives a
bearing on true north after dark.
The sun is also a crude calendar,
its noontime altitude varying
with the seasons.

If you have never watched the
night sky, start observations
now. Chapters 5 and 6 are based
on some simple observations of
the sky.




Stonehenge, England, apparently sun, moon and planets. Thus we know that for thousands of
a prehistoric observatory. years men have carefully observed the motions of the heaven-

ly bodies.

At least as early as 1000 B.C. the Babylonians and Egyp-
tians had developed considerable ability in timekeeping.
Their recorded observations are now .:ing slowly unearthed.
But the Egyptians, like the Mayans and others, were intexr-
ested in practical forecasts and date-setting. To the best
of our knowledge they did not try to explain their okserva-
tions other than by tales and myths. Our westexn culture

owes much to the efforts of the Egyptians and Babylonians

who carefully recorded their observations of heavenly cycles.
But our debt is greatest to the Greeks who began trying to

explain what was seen.

The observations to be explained were begun out of idle
curiosity, perhaps by shepherds to pass away the time, and
later took on practical importance in calendar making. ‘hese
simple observations became, during following centuries, the

basis for one of the greatest of scientific traumphs: the

work of Isaac Newton. The present unit tells how he united

Section of Babylonian clay tab- the study of motions on the earth with the study of motions
let, now in the British Museum, . . . . .

records the positions of Jupiter in the heavens to produce a single universal science of
from 122 B.C. to 60 B.C. motion.

2

A ullToxt Provided by ERIC




Q

ERIC

JAFullToxt Provided by ERIC

The Greeks recognized the contrast between forced and
temporary motions on the earth and the unending cycles of
motions in the heavens. About 600 B.C. they began to ask a
new question: how can we explain these cyclic events in the
sky in a simple way? What order and sense can we make of
the heavenly happenings? The Greeks' answers, which are
discussed in Chapter 5, had an important effect on science.
For example, as we shall see, the writings of Aristotle,
about 330 B.C., became widely studied and accepted in western
Europe after 1200 A.D., and were important in the scientific
revolution that followed.

After the conquests of Alexander the Great, the center of
Greek thought and science shifted to Egypt at the new city
of Alexandria, founded in 332 B.C. There a great museum,
actually similar toc a modern research institute, was created
about 290 B.C. and flourished for many centuries. But as
the Greek civilization gradually declined, the practical-
minded Romans captured Egypt, and interest in science died
out. In 640 A.D. Rlexandria was taken by the Moslems as they
swept along the southern shore of the Mediterranean Sea and
moved northward through Spain to the Pyrenees. Along the
way they seized and preserved many libraries of Greek
documents, some of which were later translated into Arabic
and seriously studied. During the following centuries the
Moslem scientists made new and better observations of the
heavens, although they did not make major changes in the ex-
planations or theories of the Greeks.

During this time, following the invasions by warring
tribes from northern and central Europe, civilization in
western Europe fell to a low level, and the works of the
Greeks were forgotten. Eventually they were rediscovered by
Europeans through Arabic translations found in Spain when
the Moslems were forced out. By 1130 A.D. complete manu-
écripts of one of Aristotle's books were known in Italy and
in Paris. After the founding of the University »f Paris in
1170, many other writings of Aristotle were acquired and
studied both there and at the new English Universities, Ox-
ford and Cambridge.

During the next century, Thomas Aquinas (1225-1274) blended
major elements of Greek thought and Christian theology into
a single philosophy. This blend, known as Thomism, was widely
accepted in western Europe for several centuries. In achiev-
ing this commanding and largely successful synthesis, Aquinas
accepted the physics and astronomy of Aristotle. Because the
science was blended with theology, any questioning of the

[
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Louis XIV visiting the French
Academy of Sciences, which he
founded in the middle of the
seventeenth century. Seen through
the right-hand window 1s the Paris
Observatory, then under construc-
tion.

science seemed also‘to be a questioning of the theology.
Thus for a time there was little criticism of the Ari.totelian

science.

The Renaissance movement, which spread out across Europe
from Italy, brought new art and new music. Also, it brought
new ideas about the universe and man's place in it. Curiosi-
ty and a questioning attitude became acceptable, even prized.
Men acquired a new confidence in their ability to learn avout
the world. Among those whose work introduced the new age
were Columbus and Vasco da Gama, Gutenberg and da Vinci,
Michelangelo and Diirer, Erasmus, Vesalius, and Agricola,
Luther, and Henry VIII. The chart opposite page 29 shows
their life spans. Within this emerging Renaissance culture
lived Copernicus, whose reexamination of astronomical the-
ories is discussed in Chapter 6.

Further changes in astronomical theory were made by Kepler
through his mathematics and by Galileo through his observa-
tions and writings, which are discussed in Chapter 7. 1In
Chapter 8 we shall see that Newton's work in the second half
of the seventeenth cehtury extended the ideas about earthly
motions so that they could also explain the motions observed
in the heavens—a magnificent synthesis of terrestrial and
celestial dynamics.

‘(, -




Greac scientific advances can affect ideas outside science.
For exanple. Newton's impressive work helped to bring a new
sense o? couridence. Man now seemed capable of understanding
all things in heaven and earth. This great change in attitude
was a characteristic of the Age of Reason in the eighteenth
century. To a degree, what we think today and how we run our
affairs are still based on these events of three centuries
ago.

The decisive changes in thought that developed at
start of the Renaissance within a period of a century can be
compared to changes during the past hundred years. This
period might extend from the publication in 1859 of Darwin's
Origin of Species to the first large-scale release of atomic

energy in 1945. Within this recent interval lived such

scientists as Mendel and Pasteur, Planck and Einstein, Ruther-
ford and Bohr. The ideas they and others introduced into
science during the last century have had increasing importance.
These scientific ideas are just as much a part of our time
ar. the ideas and works of such persons as Foosevelt, Ghandi
.nd Pope John XXIII; Marx and Lenin; Freud and Dewey; Picasso

., and Stravinsky; or Shaw and Joyce. If, therefore, we under-
stand the way in which science influenced the men of past
centuries, we shall be better prepared to understand how
science influences our thought and lives today.

Ly e “

THE orim_ﬁv,;Q"it‘;’!s‘l?EG,I‘Efo

BY MRANS O MATORAL SRLECTROY, .,/

See "The Black Cloud" in Project
Physics Reader 2.

a vawrmy v
[



Chapter 5 Where is the Earth? — The Greeks’ Answers

Section Page
5.1 Motions of the sun and stars 7
5.2 Motions of the moon 9
5.3 The wandering stars 10
5.4 Plato's problem 12
.5 The first earth-centered 14
solution
.6 A sun-centered soiution 16
5.7 rhe geocentric system of 18
Ptolemy

o e e

P -




5.1Motions of the sun and stars. The facts of everyday astron-

omy, the heavenly happenings themselves, are the same now as
in_the times of the Greeks. You can observe with the unaided
eye most of what they taw and recorded. You can discover
some of the long-known cycles and rhythms, such as the sea-
sonal changes of the sun's height at noon and the monthly
phases of the moon. If our purpose were only to make ac-
curate forecasts of eclipses and planetary positions, we
could, like the Babylonians and Eqyptians, focus our atten-
tion on the cycles and rhythms. If, however, like the
Greeks, we wished to explain these cycles, we must imagine
some sort of relatively simple model or theory with which we
can predict the observed variations. But before we can under-
stand the several theories proposed in the past, we must
review the major observations which the theories were to

explain: the motions of the sun, moon, planets and stars.

Each day the sun rises above your horizon on the eastern
side of the sky and sets on the western side. At noon, half-
way between sunrise and sunset, the sun is highest above your
horizon. Thus, a record of your observations of the sun
would be similar to that shown in Fig. 5.1 (a). Every day
the same type of pattern occurs from sunrise to sunset. Thus See "Roll Call" in Project
the sun, and indeed all the objects in the sky, show a daily Project Physics Reader 2.

motion. They rise on the eastern horizon, pass a highest
point, and set on the western horizon. This is called the

daily motion. //'ﬁ. ~~

Day by day from July through November, the noon height //

of the sun above the horizon becomes less. Near December 22, ,/“/_’,-“tf - .
the sun's height at noon (as seen from the northern hemi- f‘,‘f i )\ﬁ . ’
sphere) is least and the number of hours of daylight is
smallest. During the next six moaths, from January into
June, the sun's height at noon ¢lowly increases. About June Fig. 5.1

L . a) Daily path of the sun through
21 it is greatest and the daylight is longest. Then the the sky.
sun's gradual southward motion begins again, as Fig. 5.1 (b)

indicates.

This year-long change is the basis for the seasonal or
solar year. Apparently the ancient Egyptians thought that
the year had 360 days, but they later added five feast days
to have a year of 365 days that fitted better with their
observations of the seasons. MNow we know that the ~>slar year

IOl RS B B S P RS I
is 365.24220 days long. The fraction of a day, 0.24220, raises Dec.22  Mar21 June 21 Sert 33 pee.22

a problem for the calendar maker, who works with whole days. b) Noon altitude of the sun as

If you used a calendar of just 365 days, after four years seen from St. Louis, Missouri
throughout the year.

New Year's Day would come early by one day. In a century

you would be in error by almost a month. In a few centuries

Fig. 5.2 Midnight sun photographed at 5-minute intervals over
the Ross Sea in Antarctica. The sun appears to move from
right to left.
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Fig. 5.3 Orion traiis, a combi-
nation star and trail photogra h.
The camera shutter was opened for
several hours while the stars
trailed, then closed for a few
minutes, then reopened while the
camera was driven to follow the
stars for a few minutes.

Fig. 5.4 Time exposure showing
star trails around the North
Celestial Pole. The diagonal
line was caused by an artificial
earth satellite. You can use

a protractor to determine the
duration of the exposure; the
stars move about 15° per hour.

Which of the star trails in
Fig. 5.4 might be that of Pola-
ris? Defend your choice.

8

the date called January first would come in the summertime!
In ancient times extra days or even whole months were in-
serted from time to time to keep a calendar of 365 days and
the seasons in fair agreement.

Such a makeshift arrangement, is, however, hardly satis-
factory. In 45 B.C. Julius Caesar decreed a new calendar
which averagec 365 1/4 days per year (the Julian calendar),
with one whole day (a leap day) being inserted each fourth
year. This calendar was used for centuries during which the
small difference between the decimal parts 0.25 and 0.24220
accumulated to a number of days. Finally, in 1582 A.D.,
under Pope Gregory, a new calendar (the Gregorian calendar)
was announced. This had only 97 leap days in 400 years. To
reduce the number of leap days from 100 to 97 in 400 years,
century years not divisible by 400 were omitted as leap years.
Thus the year 1900 was not a leap year, but the year 2000
will be a leap year (try comparing 97/400 to 0.24220).

You may have noticed that a few stars are bright and many
are faint. Some bright stars show colors, but most appear
whitish. .People have grouped many of the brighter stars into
patterns, called constellations, such as the familiar Big
Dipper and Orion. The brighter stars may seem to be larger,
but if you look at them through binoculars, they still ap-
pear as points of light.

Have you noticed a particular star pattern overhead and
then several hours later seen that it was near the western
horizon? What happened? During the interval the stars in
the western side of the sky moved down toward the horizon,
while those in the eastern part of the sky moved up from the
horizon. A photograph exposed for some time would show the
trails of the stars, like those shown in Fig. 5.3. During
the night, as seen from a point on the northern hemisphere
of our earth, the stars appear to move counter-clockwise
around a point in the sky called the North Celestial Pole,
which is near the fairly bright star polaris, as Fig. 5.4
suggests. Thus the stars like the sun show a daily motion
across the sky.

Some of the star patterns, such as Orion (the Hunter) and
Cygnus (the Swan, also called the Northern Cross), were
named thousands of years ago. Since we still see t..e same
star patterns described by the ancients, we c¢con rrnzlnde that
these star patterns change very little, if at all, over the
centuries. Thus in the heavens we observe both stability
over the centuries as well as smooth, orderly daily motion.

To explain this daily rising and setting almost every early
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culture has pictured the sun, moon, planets and stars as
attached to a great bowl that turns around the earth each
day.

But there are other motions in the sky. If you have ob-
served the star patterns in the west just after twilight on
two evenings several weeks apart, you have probably noticed
during the second observation that the stars appeared nearer
the horizon than when you made your first observation. As
measured by sun-time, the stars set about four minutes ear-

lier each day.

From these observations we can conclude that the sun is
slowly moving eastward relative to the stars, even though we
cannot see the stars when the sun is above the horizon. One
complete cycle of the sun against the background of stars
takes a year. The sun's yearly path among the stars is
called the ecliptic. It is a great circle in the sky and is
tilted at about 23%° to the equator. The point at which the
sun, moving along the ecliptic, crosses the equator from
south to north on March 21 is called the Vernal Equinox.
Thus we have three motions of the sun to explain: the daily
rising and setting, the annual eastward cycle among the

stars, and the north-south seasonal motion.

If you told time by the stars,
would the sun set earlier or
later each day?

See "The Garden of Epicurus" in

_Project Physics Reader 2.

$G5.2

What evidence do we have that the ancient
people observed the sky?

For what practical purposes were
calendars needed?

Q3 What are the observed motions of the sun
during one year?

Q4 In how many-years will the Gregorian
calendar be off by one day?

Motions of the moon. The moon also moves eastward against

the background of the stars and rises nearly an hour later
each night. When the moon rises at sunset—when it is op-
posite the sun in the sky—the moon is bright and shows a
full disc (full moon). About fourteen days later, when the
moon is passing near the sun in the sky (new moon), we can-
not see the moon at all. After new moon we first see the
moon as a thin crescent low in the western sky at sunset.

As the moon rapidly moves further eastward from the sun, the
moon's crescent fattens to a half circle, called "quarter

moon, "

and then within another week on to full moon again.
After full moon, the pattern is reversed, with the moon slim-
ming down to a crescent seen just before sunrise and then

several days being invisible in the glare of sunlight,

As early as 380 B.C. the Greek philosopher Plato recognized

that the phases of the moon could be explained by thinking of

These end of section questions
are intended to help you check
your understanding before going
to the next section. Answers
start on page 123,

17 days old




the moon as a globe reflecting sunlight and moving around the
earth, with about 29 days between new moons. Because the
moon appears to move so rapidly relative to the stars, people

early assumed the moon to be close to the earth.

The moon's path around the sky is close to the yearly
path of the sun; that is, the moon is always near the eclip-
tic. The moon's path is tipped a bit with respect to the
sun's path; if it were otherwise, we would have an eclipse

of the moon at every full moon and an eclipse of the sun at !

every new moon. The moon's motion is far from simple and

Moon: 3 days old

has posed persistent problems for astronomers as, for ex-

ample, predicting accurately the times of eclipses.

Q5 Describe the motion of the moon during Q6 Why don't eclipses occur each month?
one month.

5.3The wandering stars. Without a telescope we can see, in

addition to the sun and moon, five rather bright objects
which move among the stars. These are the wanderers, or
planets: Mercury, Venus, Mars, Jupiter and Saturn. (With
@5un the aid of telescopes three more planets have been discov-
@ Mercury o) ered: Uranus, Neptune and Pluto; but none of these was
known until nearly a century after the time of Isaac Newton.)
Like the sun and moon, all the planets are observed to rise
P daily in the east and set in the west. Also like the sun
and moon, the planets generally move eastward among the

stars. But at certain times each planet stops moving

OEarth
eastward among the stars and for some months moves west-
Fig. 5.5 The maximum angles ward. This westward, or wrong-way motion, is called
from the sun at which we observe .
Mercury and Venus. Both planets retrograde motion.
can, at times, be observed at
sunset or at sunrise. Mercury In the sky Mercury and Venus are always near the sun.

is never observed to be more

X As Fig. 5.5 indicates, the greatest angular distance from
than 28° from the sun, and Venus

is never more than 48° from the the sun is 28° for Mercury and 48° for Venus. Mercury and
sun. Venus show retrograde motion after they have been farthest
® sun east of the sun and visible in the evening sky. Then they

quickly move westward toward the sun, pass it, and reappear

! in the morning sky. During this motion they are moving

@ Venus : (o)
N ; L7 westward relative to the stars, as is shown by the plot for
-, ] o Mercury in Fig. 5.7.
A
~ ! .
b 5/”7\§ In contrast, Mars, Jupiter and Saturn may be found in
~‘i?.arth any position in the sky relative to the sun. As these

planets (and the three discovered with the aid of telescopes)
move eastward they pass through the part of the sky opposite
to the sun. When they pass through the point 180° from the
sun, i.e., when they are opposite to the sun, as Fig. 5.6

indicates, they are said to be in opposition. When each of
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these planets nears the time of its opposition, it ceases its

eastward motion and for several months moves westward (see Planet _Earth Sun
Fig. 5.7). BAs Table 5.1 and Fig. 5.7 show, the retrograde i ’ ¢ o
motion of Saturn lasts longer, and has a smaller angular dis- Fig. 5.6 Opposition of a planet
pPlacement than do the retrograde motions of Jupiter and Mars. occurs when, as seen from the

earth, the planet is opposite to
the sun, and crosses the neridian

. -at midnight.
Table 5.1 Recent Retrograde Motions of the Planets

Westward . . " -
Planet Duration of Retrograde Days* Displacement* ~~ Db - s
Mercury April 26 to May 30, 1963 34 15° P Q\\" o
Venus May 29 to July 11, 1964 43 19° .t " ol
Mars Jan. 29 to April 21, 1965 83 22° »m\ \ '
Jupiter Aug. 10 to Dec. 6, 1963 118 10° A T
Saturn  June 4 to Oct. 21, 1963 139 7° e .
Uranus Dec. 25, '65 to May 24, 1966 152 4° o e . B
Neptune Feb. 22 to Aug. 1, 1966 160 3°
Pluto Dec. 28, '65 to June 2, 1966 156 20

*These intervals and displacements vary somewhat from cycle
to cycle.

The planets change considerably in brightness. When ] .
Venus is first seen in the evening sky as the "evening star," > O 2
the planet is only fairly bright. But during the following
four to five months as Venus moves farther eastward from the : Lo . I
sun, Venus gradually becomes so bright that it can often be "f LT
seen in the daytime if the air is clear. Later, when Venus
scoots westward toward the sun, it fades rapidly, passes the
sun, and soon reappears in the morning sky before sunrise as
the "morning star." Then it goes through the same pattern

of brightness changes, but in the opposite order: soon
bright, then gradually fading. The variations of Mercury E W

follow much the same pattexn. But because Mercury is always Fig. 5.7 The retrograde motions

seen near the sun during twilight, Mercury's changes are of Mercury (marked at 5-day in-
. eps tervals), Mars (at 10-day inter-
difficult to observe. vals), and Saturn (at 20-day
. . . intervals) in 1963, plotted on
Mars, Jupiter and Saturn are brightest about the time a star chart. The dotted line
that they are highest at midnight and opposite to the sun. is the annual path of the sun,
Yet over many years their maximum brightness differs. The called the ecliptic.

change is most noticeable for Mars; the planet is brightest
when it is opposite the sun during August or September.

Not only do the sun, moon and planets generally move east-
ward among the stars, but the moon and planets (except Pluto)
are always found within a band only 8° wide on either side of
the sun's path,.

Q7 In what part of the sky must you look to Q10 When do Mars, Jupiter and Saturn show
see the planets Mercury and Venus? retrograde motion?

Q8 In what part of the sky would you look Q11 In what ways do the retrograde motions
to see a planet which is in opposition? of the planets differ? Is each the same

at every cycle? 11
Q9 when do Mercury and Venus show retrograde
motion?

Q
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5.4Plato's probliem. About 400 B.C. Greck philosophers asked a
new question: how can we explain the cyclic changes observed

in the sky? Plato asked for a theory or general explanation
to account for what was seen, or as he phrased it: '"to save
the appearances." The Greeks appear to have been the first
people to desire theoretical explanations to account for
natural phenomena. Their start was an important step toward
science as we know it today.

How did the Greeks begin their explanation of the motions

observed in the heavens? What were their assumptions?

At best, any answers to these questions must be tentative.
While many scholars over the centuries have devoted themselves
to the study of Greek thought, the documents available as the
basis for our knowledge of the Greeks are mostly copies of
copies and translations of translations in which errors and
omissions occur. 1In some cases all we have are reports from
later writers of what certain philosophers did or said, and
these may be distorted or incomplete. The historians' task
is difficult. Most of the original Greek writings were on
papyrus or cloth scrolls, which have decayed through the ages.
Many wars, much plundering and burning, have also destroyed

many important documents. Especially tragic was the burning

of the famous library of Alexandria in Egypt, which contained
several hundred thousand documents. (Actually, it was burned
three times: in part by Caesar's troops in 47 B.C.; then

in 390 A.D. by a Christian fanatic; and the third time in

640 A.D. by Moslems when they overran the country.) Thus,
while the general picture of Greek culture seems to be

rather well established, many interesting particulars and

details are not known.

The approach taken by the Greeks and their intellectual
followers for many centuries was stated by Plato in the
fourth century B.C. He stated the problem to his students
in this way: the stars—eternal, divine, unchanging beings—
move uniformly around the earth, as we observe, in that most
perfect of all paths, the endless circle. But a few celestial
objects, namely the sun, moon and planets, wander across the
sky and trace out complex paths, including even retrograde
motions. Yet, surely, being also heavenly bodies, they too
must really move in a way that becomes their exalted status.
This must be in some combination of circles. How then can

we account for the observations of planetary motions and
"save the appearances"? 1In particular, how can we explain

the retrograde motions of the planets? Translated into more

modern terms, the problem is: determine the combination of
simultaneous "niform circular motions that must be assumed
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for each of the objects to account for the observed irregu-
lar motions. The phrase "uniform circular motion" means that
the body moves around a center at a constant distance, and
that the rate of angular motion around the center (such as

one degree per day) is uniform or constant.

Notice that the problem is concerned only with the posi-
tions of the sun, moon, and planets. The planets appear to
be only points of light moving against the background of
stars. From two observations at different times we ob-
tain a rate of motion: a value of so many degrees per day.
The problem then is to find a "mechanism," some combination
of motions, that will reproduce the observed angular motions
and lead to predictions in agreement with observations. The
ancient astronomers had no observational evidence about the
distances of the planets; all they had were directions, dates
and rates of angular motion. Although changes in brightness
of the planets were known to be related to their positions
relative to the sun, these changes in brightness were not in-
cluded in Plato's problem.

Plato's statement of this historic problem of planetary
motion illustrates the two main contributions of Greek

philosophers to our understanding of the nature of physical
theories:

l. According to the Greek view, a theory should be based
on self-evident concepts. Plato regarded as self-evident the
concept that heavenly bodies must have perfectly circular
motions. Only in recent centuries have we come to understand

that such commonsense beliefs may be misleading. More than
that—we have learned that every assumption must be criti-
cally examined and should be accepted only tentatively. As
we shall often see in this course, the identification of
hidden assumptions in science has been extremely difficult.
Yet in many cases, when the assumptions have been identified
and questioned, entirely new tleoretical approaches have
followed. b

2. Physical theory is built on observable and measurable
phenomena, such as the motions of the planets. Furthermore,
our purpose in making a theory is to discover the uniformity
of behavior, the hidden likenesses underlying apparent irreg-
ularities. For organizing our observations the language of
number and geometry is useful. This use of mathematics,
which is widely accepted today, was derived in part from
the Pythagoreans, a group of mathematicians who lived in
southern Italy about 500 B.C. and believed that "all things
are numbers." Actually, Plato used the fundamental role of
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numbers only in his astronomy, while Aristotle avoided
measurements. This is unfortunate because, as the Prologue
reported, the arguments of Aristotle were adopted by Thomas
Aquinas, whose philosophy did not include the idea of mea-

surement of change as a tool of knowledge.

Plato's assumption that heaverly bodies move with "uniform
motion in perfect circles" was accepted for many centuries
FIRE by those working on the problem of planetary motion. Not un-
til around 1600 A.D. was this assumption abandoned.

dry, hot Plato and many other Greek philosophers assumed that there

were a few basic elements that mixed together to cause the
apparent variety observed in the world. Although not every-
EARTH AIR one agreed as to what these elements were, gradually four

were accepted as the explanation of phenomena taking place

cold foist on earth. These elements were: Fire, Air, Water and Earth.
Because substances found on earth contained various mixtures
of these elements, these compound substances would have a

WATER wide range of properties and changes.

In the heavens, which were separate from the earth and
were the abode of the gods, perfection must exist. Therefore
motions in the heavens must be eternal and perfect, and the
only perfect unending geometrical form was the circle. Also,
the unchanging heavenly objects could not be composed of ele-
ments normally found at or near the earth, but were composed
of a changeless fifth element of their own—the quintessence.

Plato's astronomical problem remained the most significant
problem for theoretical astronomers for nearly two thousand
years. To appreciate the later efforts and consequences of
the different interpretation developed by Kepler, Galileo
and Newton, let us examine what solutions to Plato's problem

were developed by the Greeks.

Q12 what assumptions did Plato make in his incomplete?
problem?
014 what basic assumption did the Greeks
Q13 Why is our knowledge of Greek science make about the nature of a theory?

6.5The first earth-centered solution. The Greeks observed that

the.earth was obviously large, solid and permanent, while
. the heavens seemed to be populated by small, remote, ethereal
v objects that continuously went through their various motions.
" What was more natural than to conclude that our big, heavy
earth was the steady, unmoving center of the universe? Such
an earth-centered model is called geocentric. With it the
daily motion of the stars could easily be explained: they
were attached to, or were holes in, a large surrounding

spherical dome, and were all at the same distance from us.

14
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Daily, this celestial sphere would turn around an axis
through the earth. As a result all the stars on it would
move in circular paths around the pole of rotation. 1In this
way the daily motions could be explained.

The observed motion of the sun through the year was ex-
plained by use of a more complex model. To explain the sun's
motion among the stars a separate invisible shell was
needed that carried the sun around the earth. To explain .
the observed annual north-south motion of the sun the axis
of this sphere for the sun should be tipped from the axis of
the dome of the stars. (See Fig. 5.8.)

__435"

. . Fig., 5.8 The annual north-south
The motions of the planets—Mercury, Venus, Mars, Jupiter (seasonal) motion of the sun was
and Saturn-—were more difficult to explain. Because Saturn explained by having the sun on a
. sphere whose axis was tilted 23°
moves most slowly among the stars, its sphere was assumed to from the axis of the sphere of
be closest to the stars. 1Inside the sphere for Saturn would the stars.

be spheres for faster-moving Jupiter and Mars. Since they
all require more than a year for one trip around the sky,
these three planets were believed to be beyond the sphere of
the sun. Venus, Mercury and the moon were placed between

the sun and the earth. The fast-moving moon was assumed to §¥ 7 DEE4cotmooxarn g
23
f

reflect sunlight and to be closest to the earth. : La Flguicsﬁnombrc ‘

Such an imaginary system of transparent shells or spheres
can provide a rough "machine" to account for the general mo-
tions of heavenly objects. By choosing the sizes, rates f
and directions of motion of the supposed linkages between &
the various spheres a rough match could be made between the
model and the observatioas (as in Fig. 5.9). If additional
observations reveal other cyclic variations, more spheres and
linkages can be added.

Eudoxus, Plato's friend, concluded that 27 spheres or mo- Dﬁada&hﬁmm.chpl“
Quellechofeeft fa Sphere.

tions would account for the general pattern of motions. Egg,meh“Tmmhwhﬁmwﬂ.m

povatl: contcs lr Lignes g on fout proceadles
-mldmu

Later Aristotle added 29 more motions to make a total of 56. Qed

. . . R hoft cft | exicu de la Sphere.
An interesting description of this system is given by the ;zﬁzzﬁ-;ﬁwmﬁwmm,wf
poet Dante in the Divine Comedy, written in 1300 A.D., shortly

after Aristotle's writings became known in Europe.

Fig. 5.9 A geocentric cosmolo-

Aristotle was not happy with this system, for it did gical scheme. The earth is fixed
not get the heavenly bodies to their observed positions at at the center of concentric ro-

. . . L. . . tating spheres, The sphere of
quite the right times. In addition, it did not account at the moon (lune) separates the
all for the observed variations in brightness of the planets. terrestrial region (composed of

concentric shells of the four

But we must not ridicule Greek science for being different elements Earth, Water, Air and

from our science. The Greeks were just beginning the de- Fire) from the celestial region.
. s o . . . In the latter are the concentric
velopment of scientific theories and inevitably made as- spheres carrying Mercury, Venus,

sumptions that we now consider unsuitable. Their science Sun, Mars, Jupiter, Saturn and
the stars., To simplify the dia-
gram, only one sphere is shown
ferent kind of science from ours. Furthermore, we must for each planet. (From the
DeGolyer copy of Petrus Apianus'

Cosmographie, 1551.)
L5

was not "bad science," but in many ways it was a quite dif-
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realize that to scientists 2000 years from now our efforts

may seem strange and inept.

Even today scientific theory does not and cannot account
for every detail of each specific case. As you have already
seen, important general concepts, like velocity and accelera-

'
tion, must be invented for use in organizing the observations.

Uy
(9]
(34}
(V]

Scientific concepts are idealizations which treat selected
aspects of observations rather than the totality of the raw
data. !

As you might expect, the history of science contains many
examples in which the aspects neglected by one researcher
turned out later to be quite important. But how would better
systems for making predictions be developed unless there
were first trials? Through tests and revisions theories may
be improved or they may be completely replaced.

Q15 What is a geocentric system? Q16 Describe the first solution to Plato's
problem.

5.6 A sun-centered solution. For nearly two thousand years af-

ter Plato and Aristotle the geocentric model was generally
accepted. However, another radically different model, based
on different assumptions, had been proposed. In the third
century B.C., Aristarchus, perhaps influenced by the writings
of Heracleides, who lived a century earlier, suggested that
a much simpler description of heavenly motion would result
if the sun were considered to be at the center, with the
earth, planets and stars all revolving around it. A sun-

centered system is called heliocentric.

Unfortunately, because the major writings of Aristarchus
have been lost, our knowledge of his work .s based mainly on
comments made by other writers. Archimedes wrote that
Aristarchus found, from a long geometrical analysis, that the
sun must be at least eighteen times farther away than the
moon. Since the distance to the moon was known roughly,
this put the sun several million miles away. Furthermore
Aristarchus concluded that this distant sun must be much
larger than the earth. He believed that the larger lody,
which was also the source of sunlight, should be at the
center of the universe.

Aristarchus proposed that all the daily motions observed

in the sky could be easily explained by assuming “hat the
earth rotates daily on an axis. Furthermore, the annual

changes in the sky, including the retrograde mo%ions of the

planets, could be explained by assuming that the earth and
the five visible planets move around the sun. In this model

16
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Fig. 5.10 Retrograde motion of
an outer planet. The numbers in
the motion previously assigned to the sun around the earth (b) correspond to the numbered

. . ositions in (a).
was assigned to the earth moving around the sun. Also, no- P (a)

i | n 1 planets.
tice that the earth became just one among severa P (a) Actual configurations of

How such a system can account for the retrograde motions :::éee;::?og?d Planet for retro-
of Mars, Jupiter and Saturn can be seen from Figs 5.10 (a)
and (b}, in which an outer planet and the earth are assumed (a)
to be moving around the sun in circular orbits. The outer
planet is moving more slowly than the earth. As a result,
when we see the planet nearly opposite to the sun, the earth
moves rapidly past the planet, and to us the planet appears
to be moving backward, that is westward, or in retrograde
motion, across the sky.

@ Sun

The heliocentric (sun-centered) hypothesis has one
further advantage. It explains the bothersome observation
that the planets are brighter and presumably nearer the
earth during their retrograde motion.

Even so, the proposal by Aristarchus was attacked on
three bases:

.
First, it 4id violence to the philosophical doct:rnes

that the earth, by its very immobility and position, is dif-
ferent from the celestial bodies, and that the natural place
of the earth is the center of the universe. In fact, his
contemporaries considered Aristarchus impious for suggesting
that the earth moved. Also, the new picture of the solar
system contradicted common sense and everyday observations:
certainly, the earth seemed to be at rest.

Second, the attackers offered observational evidence to
refute Aristarchus. If the earth were moving in an orbit
around the sun, it would also be hoving back and forth be-
low the fixed stars, such as the North Star. Then the angle
from the vertical at which we have to look for any star

would be different when seen from the various points in the (b) Apparent path of the planet
earth's annual path (see Fig. 5.11). This shift, called the against the background stars as

parallactic shift of the fixed stars, should occur on the seen from the earth.

hasis of Aristarchus' heliocentric hypothesis. But it was
not observed by the Greek astronomers.

This awkward fact could be explained in two ways. The stel- *-star
lar parallax could be too small to be observed with the naked
eye, though this would require the stars to be either enor-
mously distant, perhups some hundreds of millions of miles
away. Or the earth could be fixed, and the theory of Aris-
tarchus was wrong.
Today with telescopes we can observe the parallactic
shift of stars so we know that Aristarchus was correct. The

Earth's orbit

—’———_s

Fig. 5.11 How the changing po-

sition of the earth in its orbit ® sun
should cause a parallactic shift
in a star's position. ——————

Q
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stellar parallax is too small to be seen with the naked
eye—and indeed so small that even with t:lescopes it was
not measured until 1838. The largest parallactic shift is
an angle of only 1.5 seconds of arc, equivalent to the
diameter of a penny seen at a distance of about two miles!
The parallax exists, but we can sympathize with the Greeks
who rejected the heliocentric theory because the parallactic
shift required by the theory could not be observed at that

time.

Third, Aristarchus does not seem to have used his system
for making predictions of planztary positions. His work
seems to have been purely quaiitative, a general picture of
how things might be.

Here were two different ways to describe the same obser-
vations. But the new proposal required a drastic change
in man's image of the universe—not tc speak of the fact
that the stellar parallax which it predicteu ~as not observed.
Actually Aristarchus' heliocentric hypothesis had so little
influence on Greek thought that we might have neglected it
here as being unimportant. But fortunately his arguments
were recorded and eighteen centuries later stimulated the
thoughts of Copernicus. Ideas, it seems, are not bound by
space or time, and cannot bz accepted or dismissed with

final certainty.

Q77 What two radically new assumptions were Q19 What change predicted by Aristarchus'
made by Aristarchus? theory was not observed by the Greeks?

Q18 How can the model proposed by Aristarchus GZ0 Why was Aristarchus considered impious?
explain retrograde motion?

5.7 The geocentric system of Ptolemy. Disregarding the Helio-

centric model suggested by Aristarchus, the Greeks continued
to develop their planetary theory as a geocentric system.
As we have seen, the first solution in terms of crystalline
spheres lacked accuracy. During the 500 years after Plato

‘ and Aristotle, astronomers began to want a more accurate
theory for the heavenly timetables. Of particular impor-
tance were the positions of the sun, moon and planets along
the ecliptic. A better theory must account for both the

large general motions and the numerous smaller cyclic varia-

tions. To fit the observations, a complex theory was needed

for each planet.

Several Greek astronomers made important contributions
which resulted about 150 A.D. in the geocentric theory of
Claudius Ptolemy of Alexandria. Ptolemy's book on the mo-
tions of the heavenly objects is a masterpiece of analysis,

which used many new geometrical solutions.
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Ptolemy wanted a system that would predict accurately

the positions of each planet. But the type of system and
motions he accepted was based on the assumptions of Aris-

totle. In the preface to The Almagest Ptolemy states:

For indeed Aristotle quite properly divides also
the theoretical [in contrast to the practical] into
three immediate genera: the physical, the mathema-
tical, and the theological....The kind of science
which se ks after Him is the theological; for such
an act can only be thought as high above somewhere
near the loftiest things of the universe and is ab-
solutely apart from sensible things. But the kind
of science which traces through the material and
the hot, the sweet, the soft, and such things,
would be called physical, and such an essence...
is to be found in corruptible things and below the
the lunar sphere. Aand the kind of science which
shows up quality with respect to forms and local
motions, seeking figure, number, and magnitude, and
also place, time, and similar things, would be
defined as mathematical.

Then he defines the problem and states his assumptions:

...we wish to find the evident and certain appear-
ances from the observations of the ancients and our
own, and applying the consequences of these concep-
tions by means of geometrical demonstrations.

And so, in general, we have to state, that the
heavens are spherical and move spherically; that the
earth, in figure, is sensibly spherical...; in posi-
tion, lies right in the middle of the heavens, like
a geometrical center; in magnitude and distance, [the
earth] has the ratio of a point with respect to the
sphere of the fixed cstars, having itself no local
motion at all.

Ptolemy then argues that each of these assumptions is

once for all clear from the very appearances that the earth
is in the middle of the world and all weights move towards

The strength
of his belief is illustrated by his statement: "...it is

L3

it." Notice that he has mixed the astronomical observations-:

Now some people, although they nave nothing to
oppose to these arguments, agree on something, as
they think, more plausible. aAnd it seems to them
there is nothing against their supposing, for
instance, the heavens immobile and the earth as
turning on the same axis [(as the stars] from west
to east vury nearly one revolution a day....

But it has escaped their notice that, indeed,
as far as the appearances of the stars are con-
cerned, nothing would perhaps keep things from

This mixture of astron-
omy and physics became highly important when he referred to
the proposal of Aristarchus that the earth might rotate and
revolve:

19




being in accordance with this simpler conjecture,
but that in the light of what happens around us
in the air such a notion would seem altogether
absurd.

Here Ptolemy recognizes that the "simple conjecture" of
a moving and rotating earth would perhaps satisfy the as-
tronomical obsexrvations. But he rejects this conjecture
by spelling out what would "happen around us in the air."
The earth would spin at a great speed under the air, with
the result that all clouds would fly past toward the west,
and all birds or other things in the air would be carried
away to the west. If, however, the air turned witlh ihe
earth, "none the less the bcdies contained in it would al-

wdys seem to be outstripped by the movement of both {the
earth and the air]."

On these assumptions and arguments Ptolemy developed
very clever and rather accurate procedures by which the posi-
tions of each planet could be derived on a geocentric model.
In the solutions he used circles and three other geometrical
devices. Each device provided for variations in the rate
of angular motion as seen from the earth. To appreciate
Ptolemy's problem, let us examine one of the many small vari-
ations he was attempting to explain.

One irregularity that must be explained will be immediate-
ly apparent if you consult a calendar. Let us divide the
sun's total path around the sky into four equal segments,
each an arc of 90°, and start from where the sun's path
crosses the celestial equator on March 21. Although there
may be a variation of one day between years, due to the in-
troduction of a "leap day," the sun is usually farthest
north on June 21, kack at the equator on September 23, then
farthest south on December 22.

As Table 5.2 shows, the actual motion of the sun during
the year is not at a uniform rate.
Table 5.2

Irregular Motion of the Sun in Moving through 90° Arcs

Day count Difference
of year in days
Center a protractor on point C March 21 80th day 92
of Fig. 5.12 and measure the de-
grees in the arcs 1-2, 2-3, 3-4 June 21 172nd day 94
and 4-1. Consider each 1° September 23 266th day 90
around C as one uiy. Make a
graph of the days needed for December 22 356th day 89
. the plate. to move through the March 21 (80 + 365) 445th day
four arcs as seen from the earth,
E.

20
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1. The eccentric. Previously, astronomers had held,
with Plato, that the motion of a planet must be at a uniform
angular rate and at a constant distance from the center of
the eartn. This is what we defined in Sec. 5.4 as uniform
circular motion. Although Ptolemy believed that the earth
was at the center of the universe, it need not be at the
center around which the radius t“rned at a uniform rate. He
used a new arrangement called an eccentric (Fig. 5.12) which
has the radius of constant length moving uniformly around
the center C, but with the earth E located off-center. As
seen from the off-center earth, the pla' ts, sun, etc.,
would require unequal numbers of days to move through the
quadrants, 1-2, 2-3, etc. '

An eccentric motion, as shown in Fig. 5.12, will account
for the type of irregularity reported in Table 5.2. However,
the scale of Fig. 5.12 is misleading; the earth need be off-
set from the center by only a small amount to satisfy the
data of Table 5.2. Notice that Ptolemy was giving up the
old notion that the earth must be at the center of the mo-
tion.

2. The epicycle. While the eccentric can account for
small variations in the rate of motion, 1t cannot describe
any such radical change as retrograde motion. To account
for retrograde motion, Ptolemy used another type of motion,
the epicycle (see Fig. 5.13). The planet P is considered to
be moving at a uniform rate on the circumference of a small
circle, called the epicycle. The center of the epicycle D
moves at a uniform rate on a large circle, called the
deferent, around its center C.

With a relatively large radius or short period for the
epicycle, the planet would be seen to move through loops.
If from the center C we look out nearly in the plane of the
motion, these loops would look like retrograde motions.
Fig. 5.14 shows the motions produced by a simple mechanical
model, an "epicycle machine."

An epicycle -an be used to describe many kinds of motion.
We may select - ratio of the radius of the epicycle to
that of the deferent. Also we may choose the directions and
rates of angular motion of the epicycle. To obtain apparent
retrograde motion as seen from the center of the deferent,
the epicycle must turn rapidly or have a radius which is a

sizable fraction of the radius of the deferent.

To describe the three outer planets Ptolemy had to make
a strange assumption. As Fig, 5,15 shows, he had to have
the radius of each epicycle always parallel to the line from

3

Fig. 5.12 An eccentric. The
angular motion is at a uniform
rate around the center, C. But
the earth, E, is off-center.

P

> )

Fig. 5.13 An epicycle. The
planet P revolves on its epi-
cycle about D, D revolves on
the deferent (large circle)
centered at the Earth C.

(a)

Fig. 5.14 Retrograde motion
created by a simple epicycle
machine,

(a) Stroboscopic photograph of
epicyclic motion. The flashes
vere made at equal time intervals,
Note that the motion is slowest
in the loop.

(b) Loop seen from near its plane.
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Venus

Mercury /

Moon\ \ / Sun
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E

Fig. 5.15 Simplified reprasentation of the Ptolemaic system. The
scale of the upper drawirg, which shows the earth and sun, is ten
times that of the lower drawing, which shows the planets that are
further than the sun. The planets are shown along a line to em-
phasize the relative sizes of the epicycles. The epicycles of the
moon are not included.

22




the sun to the earth. This required that each epicycle

have a period of exactly one year. As we shall see in
Ch. 6, Copernicus wondered about this limitation of the epi-

cycles.

Not only may the use of an epicycle describe retrograde
motion, it also could explain the greater brightness of the
planets when they were near opposition, as you can see from
Fig. 5.14.
changes in brightness would oblige us to assume that the

However, to accept this explanation of the

planets actually moved through space on epicycles and defer-
ents. This assumption of "real motions" is quite different
from that of considering the epicycles and deferents as only

useful computing deviées, like algebraic equations.

3. The equant. But even with combinations of eccentrics
and epicycles Ptolemy was not able to fit the motions of the
five planets. There were more variations in the rates at
which the planets moved than could be fitted by eccentrics
and epichles. For example, as we see in Fig. 5.16, the ret-
rograde motion of Mars is not always of the same angular

size or duration. To allow for these motions Ptolemy intro-
duced a third geometrical device, called the equant (Fig.
5.17), which is a modified eccentric. The uniform angular
motion is around an off-center point C, while the earth E
{and the observer) is equally off-center, but in the opposite

direction.

Although Ptolemy displaced the earth from the center of
the motion, he always used a uniform rate of angular motion
around some center. To that extent he stayed close to the
assumptions of Plato. By a combination of eccentrics, epi-
cycles, and equants he described the motion of each planet
separately. His geometrical analyses were equivalent to a
complicated equation for each individual planet. Ptolemy
did not picture these motions as an interlocking machine
where each planet moved the next. However, Ptolemy adopted
the old order of distances: stars, Saturn, Jupiter, Mars,
Sun, Venus, Mercury, Moon, Earth. Because there was no in-
formation about the distances of the planets, thc:orbitsrare
usually shown nested inside each other so that thgir‘epi-

cycles do not quite overlap (see Fig. 5.15).

Notice how radically this set of geometrical motions
differed from the propositions of Plato stated 500 years
earlier. Although Ptolemy used uniform angular motions and
circles, the centers and radii of these motions could now be
adjusted and combined to provide the best fit with observa-

tions. No longer was the center of the motion at the earth,

Rars 1938

Fara 1930

et ' wt w'

Fig. 5.16 Mars is plotted at
four-day intervals on three con-
secutive oppositions. Note the
different sizes and shanes of
the retrograde curves.
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Fig. 5.17 An equant. The planet
P moves at a uniform rate around
the off-center point C. The
earth E is equally off-center

in the opposite direction.
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but the center could be offset by whatever amount was needed.

For each planet separately Ptolemy had a combination of mo-
tions that predicted its observed positions over long peri-
ods of time to within about two degrees.

However, there were some difficulties. For example, his
proposed motions for the moon involved such large epicycles
that during a month the observed angular diameter of the

moon should change by a factor of two.

The Ptolemaic description was a series of mathematical
devices to match and predict the motion of each planet
separately. A recently discovered manuscript of Ptolemy's
describes his picture of how the planet orbits were related
in a way similar to that shown in Fig. 5.15. Nevertheless,
in the following centuries most people-—including Dante—
believed that the planets really moved on some sort of
crystalline spheres as Eudoxus had suggested, but that the
motions were described mathematically by Ptolemy's combina-
tions of geometric devices.

In Ptolemy's theory of the planetary motions there were,
as in all theories, a number of assumptions:

1. that the heaven is spherical in form and ro-
tates around the earth once a day;

2. that the earth is spherical;

3. that the earth is at the center of the heavenly sphere;

4. that the size of the earth is negligible compared to
the distance to the stars;

5. that the earth has no motions;

6. that uniform angular motion along circles is the

only proper behavior for celestial objects.

Although now discarded, the Ptolemaic system, proposed
in 150 A.D., was used for about 1500 years. What were the
major reasons for this long acceptance? Ptolemy's theory:

1. predicted fairly accurately the positions of the
sun., moon and planets;

2. did not predict that the fixed stars should show
a parallactic shift;

3. agreed in most details with the philosophical
doctrines developed by the earlier Greeks, in-
cluding the idea of "natural motion" and "natural
place";

4. had commonsense appeal to all who saw the sun,
moon, planets and stars moving around them;

5. agreed with the comforting assumption that we
live on an immovable earth at the center of the
universe.

arda A




Also:

6. could survive better because at that time there were

very few theoretical astronomers.

7. fitted in with Thomas Aquinas' widely accepted syn-

$G5.4

thesis of Christian belief and Aristotelian physics.

Yet Ptolemy's theory was eventually displaced by a helio-

centric one. Why did this occur? What advantages did the

new theory have over the o0ld? From our present point of

view, on what basis do we say that a scientific theory is

successful or unsuccessful? We shall have to face such

persistent questions in what follows.

Q21What assumptions did Ptolemy make for
his theory?

Q22 What arguments did Ptolemy use against
the idea that the earth rotated?

Q23 What limitation did Ptolemy have to
assign to his epicycles?

Q24 Was the Ptolemaic system proposed as a

description of real planetary orbits,
or only as a means for computing posi-
tions?

Q25 In what way did Ptolemy disregard the
assumptions of Plato?

Q26 ny was Ptolemy's system accepted for
more than a thousand years?

Study Guide

5.1 a) List the observations of the mo-
tions of heavenly bodies that you might
make which would have been possible in
ancient Greek times.

b) For each nbservation, list some
reasons why the Greeks thought these
motions were important.

5.2 Describe the apparent motions of the
stars and their times of rising and
setting if the earth's shape were:

a) saucer-shaped,

b) flat,

c) a pyramid or cube,

d) a cylinder having its axis north-
south.

5.3 Throughout Chapter 5, many references

Q
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are made to the importance of recording
observations accurately.

a) Why is this so important in as-
tronomy?

b) Why are such records more impor-
tant in astronomy than in other
areas of physics you have already
studied?

54 As far as the Greeks were concerned,
and indeed as far as we are concerned,
a reasonable argument can be made for
either the geocentric or the heliocentric
theory of the universe.

a) In what ways were both ideas suc-
cessful?

b) In terms of Greek science, what
are some advantages and disad-
vantages of each system?

c) What were the major contributions
of Ptolemy?
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Chapter 6 Does the Earth Move? — The Works of Copernicus and Tycho

Section

6.1 The Copernican system

6.2 New conclusions

6.3 Arguments for the Copernican
system

6.4 Arguments against the Coper-
nican system

6.5 Historical consequences

6.6 Tycho Brahe
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6.8 Tycho's compromise system

/%;”/ oz 4;%
//(% /ﬁ’
// //7
;/Z//*

B W/
/ ,

7
/

€>
numﬂ“

//// i \\\,

gh the vault of the heavens to new spheres.

v Q NN ii:
W?/‘ ;%zfali*{il ) (> =—

Page

27
31
34

35

39
41
44
46

= s f
\ \\t
=Y




6.1 The Copernican system. Nicolaus Copernicus (1473-1543) was

still a young student in Poland when Columbus discovered
America. Copernicus was an outstanding astronomer and
mathematician, and also was a talented and respected church-
man, jurist, administrator, diplomat, physician, classicist
and economist. During his studies in Italy he learned
Greek and read the writings of earlier philosophers and
astronomers. As a canon of the Cathedral of Frauenberg

he was busy with civic and church affairs, but increasingly
he worked on h.s astronomical studies. On the day of his
death in 1543, he saw the first copy of his great book which
opened a whole new vision of the universe.

6.1).

Copernicus titled his book De Revolutionibus Orbium

Fig. 6.1 Nicolaus Copernicus
(1473-1543). In Polish his
which suggests an Aristotelian notion of concentric spheres. name was Kopernik.

Coelestium, or On the Revolutions of the Heavenly Spheres,

Copernicus was indeed concerned with the old problem of
Plato: the construction of a planetary system by combina-
tions of the fewest possible uniform circular motions. He
began his study to rid the Ptolemaic system of the equants
which were contrary to Plato's assumptions. In his words,
taken from a short summary written about 1530,

...the planetary theories of Ptolemy and most other
astronomers, although consistent with the numerical
data, seemed likewise to present no small difficulty.
For these theories were not adequate unless certain
equants were also conceived; it then appeared that a
planet moved with uniform velocity neither on its
deferent nor about the center of its epicycle. Hence
a system of this sort seemed neither sufficiently ab-
solute nor sufficiently pleasing to the mind.

Having become aware of these defects, I often con-
sidered whether there could perhaps be found a more
reasonable arrangement of. circles, from which every
apparent inequality would be derived and in which
everything would move uniformly about its proper cen-
ter, as the rule of absolute motion requires. What wr= "the rule of absolute
motion"?
In De Revolutionibus he wrote:

We must however confess that these movements [of
the sun, moon, and planets] are circular or are com-
posed of many circular movements, in that they main-
tain these irregularities in accordance with a
constant law and with fixed periodic returns, and
that could not take place, if they were not circular.
For it is only the circle which can bring back what
is past and over with....

I found first in Cicero that Nicetas thought that
the Earth moved. And afterwards I found in Plutarch
that there were some others of the same opinion....
Therefore I also...began to meditate upon the mobility
of the Earth. And although the opinion seemed absurd,
nevertheless, because I knew that others before me had
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been granted the liberty of constructing whatever cir-
cles they pleased in order to demonstrate astral phe-
nomena, I thought that I too would be readily permitted
to test whether or not, by the laying down that the
Earth had some movement, demonstrations less shaky than
those of my predecessors cculd be found for the revolu-
tions of the celestial spheres....I finally discovered
by the help of long and numerous observations that if
the movements of the other wandering stars are correla-
ted with the circular movement of the Earth, and if

the movements are computed in accordance with the rev-
olution of each planet, not only do all their phenomena
follow from that but also this correlation binds togeth-
er so closely the order and magnitudes of all the
planets and of their spheres or orbital circles and the
heavens themselves that nothing can be shifted around
in any part of them without disrupting the remaining
parts and the universe as a whole.

After nearly forty years of study Copernicus proposed
a system of more than thirty eccentrics and epicycles

See the Preface to Copernicus'
Revolutionibus in Project Physics

which would "suffice to explain the entire structure of Reader 2,

the universe and the entire ballet of the planets." Like
the Almagest, De Revolutionibus uses long geometrical

analyses and is difficult to read. Examination of the

two books strongly suggests that Copernicus thought he was
producing an improved version of the Almagest. He used
many of Ptolemy's observations plus a few more recent ones.
Yet his system, or theory, differed from that of Ptolemy in
several fundamental ways. Like all scientists, Copernicus
made many assumptions as the basis for his system:

"l. There is no one center of all the celestial circles
or spheres,

2, The center of the earth is not the center of the
universe, but only of ([gravitation] and of the lunar sphere.

3. All the spheres revolve about the sun...and therefore
the sun is the center of the universe,

4. The ratio of the earth's distance from the sun to the
[sphere of the stars] is so much smaller than the ratio of the
earth's radius to its distance from the sun that the distance
from the earth to the sun is imperceptible in comparison with
the [distance to the stars].

5. Whatever motion appears in the [sky] arises not from any
motion of the [sky], but from the earth's motion. The earth
together with its (water and air] performs a complete rotation
on its fixed poles in a daily motion, while the [sky remains]
unchanged.

6. What appear to us as motions of the sun arise not from
its motion but from the motion of the earth and...we revolve
about the sun like any other planet. The earth has, then,

more than one motion.

29
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Fig. 6.2 Copernicus' diagram
of his heliocentric system.
(From his manuscript of De
Revolutionibus, 1543.) This
simplified representation omits
the many epicycles actually used
in the system.

30

7. The apparent retrograde...motion of the planets arises
not from their motion but from the earth's. The motions of
the earth alone, therefore, are sufficient to explain so many
apparent [motions] in the {sky]."

Comparison of this list with the assumptions of Ptolemy,
given in Chapter 5, will show some identities as well as

some important differences.

Notice that Copernicus proposed that the earth rotates
daily. As Aristarchus and others had realized, this rotation
would account for all the daily risings and settings observed
in the sky. Also Copernicus proposed, as Aristarchus had
done, that the sun was stationary and the center of the
universe. The earth, like the other planets, moved about
some point near the sun. Thus the Copernican system is a
heliostatic (fixed sun) system ir which the sun is located .
near, but not at, the various centers around which the
planets moved.

Figure 6.2 shows the main concentric spheres carrying the
planets around the sun. His text explains the outlines of
the system:

The ideas here stated are difficult, even almost
impossible, to accept; they are quite contrary to
popular notions. Yet with the help of God, we will
make everything as clear as day in what follows, at
least for those who are not ignorant of mathematics....

The first and highest of all the spheres is the
sphere of the fixed stars. It encloses all the other
spheres and is itself self-contained; it is immobile;
it is certainly the portion of the universe with ref-
erence to which the movement and positions of all the
other heavenly bodies must be considered. If some
people are yet of the opinion that this sphere moves,
we are of a contrary mind; .nd after deducing the mo-
tion of the earth, we shall show why we so conclude.
Saturn, first of the planets, which accomplishes its
revolution in thirty years, is nearest to the first
sphere. Jupiter, making its revolution in twelve
years, is next. Then comes Mars, revolving once in
two years. The fourth place in the series is occu-
pied by the sphere which contains the earth and the
sphere of the moon, and which performs an annual
revolu:ion. The fifth place is that of Venus, re-
volving in nine months. Finally, the sixth place
is occupied by Mercury, revolving in eighty days.

In the midst of all, the sun reposes, unmoving.
Who, indeed, in this most beautiful temple would
place the light-giver in any other part than that
whence it car illumine all other parts.,.?

In this ordering there appears a wonderful sym-
metry in the world and a precise relation between the
motions and sizes oi the spheres which no other ar-
rangement offers.




What reason did Coperni~us give for re- The earth is spherical.

h . "
Jecting the use of equants? The earth is only a point compared to

. i s .
What could Copernic.s have meant when he the distances to the stars

said, "There is no one center of all the The heavens rotate daily around the
celestial circles or spheres," and yet earth.

“"All the spheres revolve around the sun
as their mid-point, and therefore the
sun is the center of the universe"? Heavenly motions are circular.

The earth has one or more motions.

The observed retrograde motion of
the planets results from the earth's
motion around the sun.

In the following table mark with a P the
assumptions made by Ptolemy, and with a
C those made by Copernicus.

6.2 New conclusions. As often happens in science, a new way

of looking at the observations—a new theory—leads to new
types of conclusions. Copernicus used his moving-earth
model to get two results not possible with the Ptolemaic
theory. He found the periods of motion of each planet

around the sun. Also he found the distance of each

If a body is observed to make

) 6 full cycles of the sky in
from the sun. The distance between the earth and sun is 24 years, what approximately is
its orbital period?

planet from the sun in terms of the distance of the earth

known as the astronomical unit (A.U.).

To get the periods of the planets around the sun Coper-
nicus used observations that had been recorded over many
years. For the outer planets, Mars, Jupiter and Saturn, he
found the average number of years needed for the planet to
make one trip around the sky, as Table 6.1 shows. When
averaged over many years the period is rather close to the
planet's actual orbital period.

Table 6.1 Copernicus' Derivation of the Period of Mars,
Jupiter and Saturn around the Sun.

Fig. 6.3 Clock analogy of the
“chase" problem. The small
disk, representing the earth,
is on an extension of the minute
hand. The larger disk, repre-
Mars 79 42 79/42 6874 687.04 senting a planet, is on an ex-
Jupiter 71 6 71/6 11.8y 11. 86y tension of the hour hand. The
sun is at the center. The se-
Saturn 59 2 59/2 29.5y 29. 46y quence shows the earth over-
taking and passing the planet.

Years Cycles
of among the Period
Planet Obs. Stars Ratio Copernicus' Modern

For the quick-moving inner planets, Mercury and Venus,

the procedure of Copernicus had a form which we call the g:;i;fgg E;; gfgg
"chase problem." As an example of such a chase, consider (c) 12:05 (g) 9:45

the hour and minute hands of a clock or watch, as shown in @ 3:15

’ ’ ’
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Venus

Earth

Deferent

Epicycle

Fig. 6.4(a) The orbit of Venus
according to Ptolemy, The maxi-
mum angle between the sun and
Venus is about 45° east and west
of the line connecting the fixed
earth and the revolving sun.

r = 0.7R

Venus

Sun

Fig. 6.4(b)
according to Copernicus.
the earth in orbit around the
sun the same maximum angle be-
tween Venus and the earth-sun

The orbit of Venus,
With

line is observed. Here r = 0.7R
in astronomical units.
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Y Sun

Fig. 6.3. If you were riding on the long hour hand shown in
Fig. 6.3, how many times in 12 hours would the minute hand
pass between you and the center? If you are not certain,
slowly turn the hands of a clock or watch and keep count.
From this information, can you derive a relation by which
you would conclude that the period of the minute hand around

the center was one hour?

Now for a planetary application. We assume that Mercury
and Venus are closer than the earth is to the sun, and that:
they have orbital periods less than one year. Because the
earth is moving in the same direction as the planets, they
have to chase the earth to return to the same apparent posi-
tion in the sky—such as being farthest eastward from the sun.
We can solve such a chase problem by counting for an interval
of T years the number of times N a planet attains some partic-
ular position relative to the sun. The actual number of trips
the planet has made around the sun in this interval of T years
is the sum of N and T. The planet's period, years per revo-
is then T/(T + N).
him Copernicus formed the ratios T/(T + N) and found the

periods shown in Table 6.2.

lution, From observations available to

His results were remarkably
close to our present values.

Table 6.2 Copernicus' Derivation of Periods of Mercury
and Venus around the Sun

Number of
Times
Farthest
Years of East
Orbits of the Sun T Period

Planet T N (T+N) (T+N) Copernicus' Modern
Mercury 46 145 191 46/191y 88d 88.0d
Venus 8 5 13 8/13y 2244 224.74

For the first time in history, Copernicus was able to
derive distances to the planets in terms of the distance of
the earth from ti2 sun (the astronomical unit). Remember
that the Ptolemaic system had no distance scale; it provided
If, as

Copernicus proposed, the earth moved around the sun, the dis-

only a way of deriving .the directions to the planets.

tances of the inner planets to the sun could be found in
terms of the earth's distance, as Fig. 6.4 indicates, from
their maximum angles from the sun. The values found by Coper-

nicus (with the modern values in parentheses) are: Venus

0.72 (0.72 A.U.), Mercury 0.38 (0.39 A.U.). The earth's

distance from the sun has been taken as 1.00, or one A.U.

In the Copernican system, the large epicycles of Ptolemy,

shown in Fig. 5.15, p. 22, were replaced by the orbit of




the earth. The radius r of Ptolemy's epicycle was given by
Copernicus in terms of the radius R of the deferent, which
was taken as 10,000 (see Table 6.3). From these numbers

we can find for each planet the ratio of the radius of the
deferent to that of the epicycle; these are listed in the
third coluan of Table 6.3.

As Figs. 6.5(a) and (b) show, we can in imagination expand
the scale of the planet's orbit (according to Ptolemy), both
the deferent and epicycle, until the radius r of the epicycle
is the same size as the orbit of the sun about the earth (or
the earth about the sun). Figure 6.5c shows that we can then
displace all three bodies: planet, sun and earth, along

parallel lines and through equal distances. By this displace-

Fig. 6.5(a) The orbit of the

sun S around the earth E and the

deferent and epicycle of an outer
planet P, as shown in Fig. 5.15.

(b) The deferent and epicycle are
enlarged while maintaining the

- - same maximum aagle of displace-
ment for the epicycle until the
epicycle has the same radius,
r', as ES, the earth-to-sun
distance.

Fig. 6.5(a)

(c) The thrce bedies E, S and P

are displaced on varallel lines

by equal distances. The relative

Fig. 6.5(c) positions are the same as in part
(a), »ut now the sun is the cen-
ter of the system and the earth's
orbit replaces the epicycle of
the planet P.
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ment we move the earth from the center of all the motions and
put the sun at the center. Also, we have el.mirated the
planet's epicycle and replaced it by the orbit of the earth.
In addition, we have changed the irame of reference and put
the sun instead of the earth at the origin of the coordinate
system and the center of the planetary motions. Now the
model resembles the Copernican system. Furthermore, the

relative distance from the sun to each planet is set.
Table 6.3 The Sizes of Planetary Orbits
Ptolemy's Ratios

Deferent/Epicycle Copernicus'
(R/1) R, wher. r = 1 Modern Values

Saturn 10,000/1090 9.2 9.54 A.U.
Jupiter 10,000/1916 5.2 5.20
Mars 10,000/6580 1.52 1.52
Earth (one astronomical unit) 1.00 1.00
Venus 0.72 0.72
Mercury 0.38 0.39

Q4 What new results did Copernicus obtain possible with a geocentric model for the
with a moving-earth model which were not planetary system?

6.3Arguments for the Copernican System. Since Copernicus

knew that to many his work would seem absurd, "nay,
almost contrary to ordinary human understanding," he tried

to meet the old arguments against a moving earth in several
ways.

1. Copernicus argued that his assumptions agreed with
dogma at least as well as Ptolemy's. Copernicus has many
sections on the limitations of the Ptolemaic system (most
of which had been known for centuries). Other sections
pointed out how harmonious and orderly his own system
seems and how pleasingly his system reflects the mind of
the Divine Architect. To Copernicus, as to many scientists,
the complex events they saw were but symbols of the working
of God's mind. To seek symmetry and order in the observed
changes was to Copernicus an act of reverence. To him the
symmetry and order were renewed proof of the existence of
the Deity. As a highly placed and honored church dignitary,
he would have been horrified if he had becn able to foresee
that his theory would contribute to the sharp clash, in
Galileo's time, between religious dogma and the interpreta-

tions that scientists gave to their experiments.

2. Copernicus' analysis was as thorough as that of
Ptolemy. He calculated the relative radii and speeds of
the circular motions in his system so that tables of

pianetary motion could be made. Actually the theories of




Q

E

PAFullToxt Provided by ERIC

Ptolemy and Copernicus were about equally accurate in
predicting planetary positions, which for both theories
often differed from the observed positions by as much

as 2°, v. four diameters of the moon.

3. Copernicus cleverly tried to answer several objec-
tions that were certain to be raised against his helio-
centric system—as they had been, long ago, against that of
Aristarchus. To the argument that the earth, rotating so
rapidly about its own axis, would surely burst like a fly-
wheel driven too fast, he asked, "Why does the defender of
the geocentric theory not fear the same fate for his rotating
celestial sphere—so much faster because so much larger?"
To the argument that birds in flight and clouds should be
left behind by the rapidly rotating and revolving earth,
he answered that the atmosphere is dragged along with the
earth.

To the old question of the absence of parallax for
the fixed stars, he could only give the same answer as
Aristarchus:

...the dimensions of the world [universe] are so
vast that though the distance from the sun to the
earth appears very large as compared with the size
of the spheres of some planets, yet compared with
the dimensions of the sphere of the fixed star:

it is as nothing.

However, would you expect that those who believed in a small
earth-centered universe would be persuaded that the stars

were far away because their parallax was not observed? The

argument was logical, but not convincing.

4. Copernicus claimed that the greatest advantage of his
scheme was its simple description of the general motions of
the planets. Figure 5.7, p. 11, shows how the retrograde

motions will appear from a moving earth.

Yet for computations, because Copernicus would not use
equants, he needed more small motions than did Ptolemy to
account for the observations.

RIC

Q5 what arguments did Copernicus use in Q7 In what way was Copernicus' conclusion
favor of his system? about the distance to the stars not
convincing?
Q6 what were the largest differences between
observed planetary positions and those Q8 Did the Copernican system provide simple
predicted by Ptolemy and Copernicus? calculations of where the planets should
be seen?
6.4 Arguments against the Copernican system. Copernicus' hopes

for acceptance of his theory were not quickly fulfilled.
More than a hundred years passed before the heliocentric
system was generally accepted even by astronomers. In

the meantime the theory and its few champions met power-
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ful opposition. Most of the arguments were the same as

those used by Ptolemy against the heliocentric ideas of
Aristarchus.

1. Apart from its apparent simplicity, the Copernican
system had no scientific advantages over the geocentric
theory. There was no known observation that was explasined
by one system and not by the other. Copernicus introduced
no new types of observatious into his work. Furthermore,
the accuracy of his final predictions was little better
than that of Ptolemy's results. As Francis Bacon wrote
in the early seventeenth century: "Now it is easy to see
that both they who think the earth revolves and they who
hold the old construction are about equally and indiffer-
ently supported by the phenomena."

Basically, the rival systems differed in their choice
of reference systems used to describe the observed
motions. Copernicus himself stated the problem clearly:

Although there are so many authorities for saying
that the Earth rests in the centre of the world that
people think the contrary supposition...ridiculous;
...if, however, we consider the thing attentively,
we will see that the question has not yet been decided
and accerdingly is by no means to be scorned. For
every apparent change in place occurs on account of the
movement either of the thing seen or of the spectator,
or on account of the necessarily unequal movement of
both. For no movement is perceptible relatively to
things moved equally in the same directions—I mean
relatively to the thing seen and the spectator. Now
it is from the Earth that the celestial circuit is
beheld and presented to our sight. Therefore, if
some movement should belong to tne Earth...it will
appear, in the parts of the universe which are outside,
as the same movement but in the opposite direction, as
though the things outside were passing over. And the
daily revolution...is such a movement.

In that statement Copernicus invites the reader to shift
the frame of reference from that of an observer on the
earth to one at a remote position looking upon the whole
system with the sun at the center. As you may know from
personal experience, such a shift is not easy for us even
today. Perhaps you can sympathize with those who preferred
to hold to an earth-centered systum for describing what
they actually saw.

Physicists now generally agree that all systems of

reference are equivalent, although some may be more com-

Plex to use or think about. The modern attitude is that
the choice of a frame of reference depends mainly on
which will provide the simplest solution to the problem

Q

ERIC

PArulToxt Provided by ERIC

S e



ERIC

PAFulToxt Provided by ERIC

being stucied. We should not speak of reference systems as
being right or wrong, but rather as being convenient or incon-
venient. However, a reference system that may be acceptable
to one person may involve philosophical assumptions that are

unacceptable to another.

2. The lack of an observable parallax for the fixed stars
was against Copernicus' model. His only reply was unaccept-
able because 1t meant that the stars were practically an
infinite distance away from the earth. To us this is no
shock, because we have been raised in a society that accepts
the idea. Even so, such distances do strain our imagination.
To the opponents of Copernicus such distances were absurd.

The Copernican system led to other conclusions that were
also puzzling and threatening. Copernicus found actual dis-
tances between the sun and the planetary orbits. Perhaps
the Copernican system was not just a mathematical procedure
for predicting the positions of the planets. Perhaps Coper-
nicus had revealed a real system of planetary orbits in
space. This would be most confusing, for the orbits were
far apart. Even the few small epicycles needed to account
for variations in the motions did not fill up the spaces be-
tween the planets. Then what did fill up these spaces?
Because Aristotle had stated that "nature abhors a vacuum,"
there had to be something in all that space. As you might
expect, those who felt that space should be full of something
invented various sorts of invisible fluids and ethers to
fill up the emptiness. More recently analogous fluids have
been used in theories of chemistry, and of heat, light and
electricity.

3. Since no definite decision between the Ptolemaic
and the Copernican theories could be made on the astro-
nomical evidence, attention focused on the argument con-
cerning the immobility and central position of the earth.
For all his efforts, Copernicus was unable to persuade
most of his readers that the heliocentric system was at
least as close as the geocentric system to the mind and
intent of God. All religious faiths in Europe, including
the new Protestants, found enough Biblical quotations
(e.g., Joshua 10: 12-13) to assert that the Divine Archi-
tect had worked from a Ptolemaic hlueprint. 1Indeed, the
religious reformer Martin Luther branded Copeinicus as

"the fool who would overturn the whole science of astronomy. "

Eventually, in 1616, when storm clouds were raised by
the case of Galileo, the Papacy put De Revolutionibus on
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the Index of forbidden books as "false and altogether
opposed to Holy Scriptures," and withdrew its approval of
an earlier outline of Copernicus' work. Some Jewish
communities forbade the teaching of the heliocentric
theory. It was as if man insisted on the middle of the
stage for his earth, the scene of both his daily life

and prayer in a world he felt was created especially for
him.

The assumption that the earth was not the center of the
universe was offensive. But worse, the Copernican system
suggested that the other planets were similar to the
earth. Thus the concept of the heavenly ether was threat-
ened. Who knew but what some fool might next suggest that
the sun and possibly even the stars were made of earthly
materials? If the other celestial bodies, either in our
solar system or beyond, were similar to the earth, they
might even be inhabited, no doubt by heathens beyond the
power of salvation! Thus the whole Copernican scheme led

to profound philosophical questions.

4. The Copernican theory conflicted with the basic
propositions of Aristotelian physics. This conflict is
wa2ll described by H. Butterfield:

...at least some of the economy of the Copernican
system is rather an optical illusion of more recent
centuries. We nowadays may say that it requires
smaller effort to move thie earth round upon its axis
than to swing the whole universe in a twenty-four
hour revolution about the earth; but in the Aristo-
telian physics it required something colossal to
shift the heavy and sluggish earth, while all the
skies were made of a subtle substance that was sup-
posed to have no weight, and they were comparatively
easy to turn, since turning was concordant with
their nature. Above all, if you grant Copernicus

a certain advantage in respect of geometrical
simplicity, the sacrifice that had to be made

for the sake of this was tremendous. You lost

the whole cosmology associated with Aristoteli-
anism—the whole intricately dovetailed system in
which the nobility of the various elements and the
hierarchical arrangement of these had been so beau-
tifully interlocked. 1In fact, you had to throw
overboard the very framework of existing science,
and it was here that Copernicus clearly failed to
discover a satisfactory alternative. He provided

a neater geometry of the heavens, but it was one
which made nonsense of the reasons and explanations
that had previously been given to account for the
movements in the sky.

Although the sun-centered Copernican scheme was equiv-
alent to the Ptolemaic in explaining the astronomical
observations, to abandon the geocentric hypothesis seemed
"philosophically false and absurd," dangerous, and fan-
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tastic. What other reaction could one have expected?
Learned Europeans at that time recognized the Bible and
the writings of Aristotle as their two supreme sources of
authority. Both appeared to be challenged by the Coper-
nican system. Although the freedom of thought that marked
the Renaissance was just beginning, the old image of the

world provided security and stability to many.

Similar conflicts between the philosophical assumptions

underlying accepted beliefs and nose arising from scien-

tific studies have occurred many times. During the last
century there were at least two such conflicts. Neither
is completely resolved today. In biology the evolutionary
theory based on Darwin's work has had major philosophical
and religious overtones. 1In physics, as Units 4, 5 and

6 indicate, evolving theories of atoms, relativity, and
guantum mechanics nave challenged other long-held philo-
sophical assumptions about the nature of the world and
our knowledge of reality.

Q9 why did many people, such as Francis involved with religious beliefs?
Bacon, adopt a ho-hum attitude toward
the arguments about the correctness of Q12 In what way did the Copernican system
the Ptolemaic or Copernican systems? conflict with the accepted physics of
the time?

Q10 what was the major difference between

the Ptolemaic and the Copernican systems? Q13 List some conflicts between scientific
theories and philosophical assumptions
QM How did the astronomical argument become of which you are aware.

6.5 Historical consequences. Eventually, the moving-earth model

of Copernicus was accepted. However, the slowness of that
acceptance is illustrated by a recent discovery in the diary
of John Adams, the second President of the United States: he
wrote that at Harvard College on June 19, 1753, he attended
a lecture where the correctness of the Copernican system was
disputed.

Soon we shall follow the work which gradually led to the
general acceptance of the heliocentric theory. Yet within a
century the detailed Copernican system of uniform circular
motions with eccentrics and epicycles was replaced. We shall
see that the real scientific significance of Copernicus' work
lies in the fact that a heliocentric formulation opened a new
way for understanding planetary motion. This was through
the simple laws of ordinary (terrestrial) mechanics which
were developed during the 150 years that followed.

The Copernican model with moving earth and fixed sun

opened a floodgate of new possibilities for analysis and

description. According to this model the planets could

be considered as real bodies moving along actual orbits.
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Sun

Fig. 6.6 In the Copernican
system, the center of the def-
erent of Mars was offset from
the sun to point C. In addi-
tion, a small epicycle was
needed to account for minor
variations in the planet's
motion.

What other scientific theories
do you know which challenge the
assumption that man is the sum-
mit of creation?

Now Kepler and others could consider these planetary paths

in quite new ways.

In science, a new set of assumptions often leads to new
interpretations and unexpected results. Usually the sweep
of possibilities cannot be foreseen by those who begin the
revolution—or by their critics. For example, the people
who laughed at the first automobiles, which moved no faster
than a walking horse, failed to realize that those automo-
biles were but a crude beginning and could soon be improved,

while the horse was in its "final edition."

The memory of Copernicus is honored for two additional
reasons. First, he was one of those giants of the fif-
teenth and sixteenth centuries who challenged the contem-
porary world-picture. Second, his theory became a main
force in the intellectual revolution which shook man out

of his self-centered view of the universe.

As men gradually accepted the Copernican system, they
necessarily found themselves accepting the view that the
earth was only one among several planets circling the sun.
Thus it became increasingly difficult to assume that all
creation centered on mankind.

Acceptance of a revolutionary idea based on quite new
assumptions, such as Copernicus' shift of the frame of
reference, is always slow. Sometimes compromise theories
are proposed as attempts to unite two conflicting alter-
natives, that is, "to split the difference." As we shall
see in various Units, such compromises are rarely success-
ful. Yet the conflict usually stimulates new observations
that may be of long-term importance. These may lead to
the development or restatement of one theory until it is
essentially a new theory, as we shall see in Chapter 7.

Such a restatement of the heliocentric cheory came
during the years after Copernicus. While many men pro-
vided observations and ideas, we shall see that major
contributions were made by Tycho Brahe, Kepler, Galileo
and then Isaac Newton. New and better solutions to the
theoretical problems required major improvements in the
precision with which planetary positions were observed.
Such improvements and the proposal of a compromise theory
were the life work of the astronomer Tycho Brahe.

tion of Copernicus?

Q14 In terms of our historical perspective, the suspicion that there might be life
what was probably the greatest contrib '- on objects other than the earth? 1Is

such a possibility seriously considered
today?

Q16 How did the Copernican system encourage

40
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8.6 Tycho Brahe. Tycho Brahe (Fig. 6.7) was born in 1546 of
a noble, but not particularly rich, Danish family. By
the time Tycho was thirteen or fourteen, he had become
intensely interested in astronomy. Although he was
studying law, he secretly spent his allowance money on
astronomical tables and books such as the Almagest and
De Revolutionibus. Soon he discovered that both Ptolemy

and Copernicus had relied upon tables of planetary posi-
tions that were inaccurate. He concluded that before a

satisfactory theory of planetary motion could be created
See ""The Boy Who Redeemed His

Father's Name" in Project Physics

accuracy gathered during many years would be necessary. Reader 2,

new astronomical observations of the highest possible

Tycho's interest in studying the heavens was increased
by an exciting observation in 1572. Although the ancients
had taught that the stars were unchanging, Tycho observed
a "new star” in the constellation Cassiopeia. It soon
became as bright as Venus and could be seen even during
the daytime. Then over several years it faded until it
was no longer visible. To Tycho these changes were astonish-
ing: change in the starry sky! Since the ancients had firmly
believed that no changes were possible in the starry

heavens, at least one assumption of the ancients was

wrong. Perhaps other assumptions were wrong, too. wWhat

an exciting life he might have if he could study the
heavens, searching for other changes of the stars and

nlanets.
See "The Great Comet of 1965" in
After observing and writing about the "new star," Tycho Project Physics Reader 2.

travelled through northern Europe where he met many other
astronomers and collected books. Apparently he was con-
sidering moving to Germany or Switzerland wh ce he could
easily meet other astronomers. To keep the young scien-

tist in Denmark, King Frederick II made Tycho an offer

that was too attractive to turn down. Tycho was given an
entire small island, and also the income derived from various
farms to allow him to build an observatory on the island and
to staff and maintain it. The offer was accepted, and in a
few years Uraniborg ("Castle of the Heavens"™) was built

(Fig. 6.8). It was a large structure, having four large
observatories, a library, a laboratory, shops, and livirg
quarters for staff, students and observers. There was fven

a complete printing plant. Tycho estimated that the observ-
atory cost Frederick II more than a ton of gold. In terms

of the time of its building, this magnificent laboratory was
at least as significant, complex and expensive as some of

the great research establishments of our own tine. Primarily




Q

ERIC

PAFuiToxt Provided by ERIC

42

Fig. 6.7

At the top left is a plan of the observatory,
gardens and wall built for Tycho Brzhe at Urani-
borg, Denmark.

The cross section of the observatory, above
center, shows where most of the important in-
struments were housed. Under the arch near the
left is Tycho's largest celestial sphere.

At the left is the room containing Tycho's
great quadrant. On the walls are pictures of
Tycho and some of his instruments.

Above is a portrait of Tycho painted about

1597.
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a research center, Uraniborg was a place where scientists,

technicians and students from many lands could gather to

study astronomy. Here was a unity of action, a group effort
under the leadership of an imaginative scientist to advance
the boundaries of knowledge in one science.

In 1577 Tycho observed a b;ight comet, a fuzzy object
which moved across the sky erratically, urlike the orderly
motions of the planets. To find the distance to the comet
Tycho compared observations of its position seen from
Denmark with its positions observed from elsewhere in
Europe. At a given time, the comet had the same position B
among the stars even though the observing places were many
hundreds of miles apart. Yet the moon's position in the
sky was different when viewed from the ends of such long
baselines. Therefore, Tycho concluded, the comet must
be at least six times farther away than the moon. This
was an important conclusion. Up to that time comets had
been believed to be some sort of local event, like a cloud
in the sky. Now comets had to be considered as distant
astronomical objects which seemed to move right through
the crystalline spheres. Tycho's book on this comet was
widely read and helped to undermine belief in the old as-

sumptions about the nature of the heavens.

Fig. 6.9 The bright comet of
1965.

10 i 1 L ] [ I ] 1 1 1 1 1 i 1 30
12h 1th 10h 9h 8h 7h 6h 5h 4h 3h 2h 1h 24h 23h

Fig. 6.10 Motion of Halley's
Comet in 1909-10.

Q16 what stimulated Tycho to become inter— Q19 what evidence can you find that comets
ested in astronomy? had been considered as omens of some
) disaster?
Q17 Why were Tycho's conclusions about the
comet of 1577 important? Q20 How can you explain the observed motion
of Halley's comet during 1909-1910 as
Q18 In what ways was Tycho's observatory shown in Fig. 6.10?

like a modern research institute?




Fig. 6.11 One of Tycho's in-
struments, a quadrant; a device
for measuring the angular alti-
tude of heavenly objects.

Unfor tunately all of Tycho's
instruments have been destroyed
or lost

See "A Night at the Observatory"
in Project Physics Reader 2.

For a more modern example of
this same problem of instrumen-
tation, you may wish to read
about the development and con-
struction of the 200-inch Hale
telescope on Mt. Palomar.
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6.7 Tycho's observations.

Tycho's fame results from his life-

long devotion to making unusually accurate observations of
the positions of the stars, sun, moon, and planets. He

did this before the telescope was invented. Over the
centuries many talented observers had been recording the
positions of the celestial objects, but the accuracy of
Tycho's work was much greater than that of the best astrono-
mers before him. How was Tycho Brahe able to do what no

others had done before?

Singleness of purpose was certainly one of Tycho's
assets. He knew that observations of the highest preci-
sion must be made during many years. For this he needed
improved instruments that would give consistent readings.
Fortunately he possessed both the mechanical ingenuity to
devise such instruments and the funds to pay for their con-

struction and use.

Tycho's firxrst improvement on the astronomical instru-
ments of the day was to make them larger. Most of the
earlier instruments had been rather small, of a size that
could be moved by one person. 1In comparison, Tycho's
instruments were gigantic. For instance, one of his early
devices for measuring the angular altitude of planets was
a quadrant having a radius of about six feet (Fig. 6.11).
This wooden instrument was so large that it took many
men to set it into position. Tycho also put his instru-
ments on heavy, firm foundations. Another huge instrument
was attached to a wall that ran exactly north-south. By
increasing the stability of the instruments, Tycho increased
the reliability of the readings over long periods of time.
Throughout his career Tycho also created better sighting
devices, more precise scales and stronger support systems,
and made dozens of other changes in design which increased
the precision of the observations.

Not only did Tycho devise better instruments for making
his observations, but he also determined and specified the
actual limits of precCision of each instrument. He realized
that merely making larger and larger instruments does not
always result in greater precision; ultimately, the very
size of the instrument introduces errors since the parts
will bend under their own weight. Tycho therefore tried
to make his instruments as large and strong as he could
without at the same time introducing errors due to bending.
Furthermore, in the modern tradition, Tycho calibrated

each instrument and determined its range of systematic

error. (Novadays most scientific instruments designed




. “ A -
for precision work are accompanied by a statement, usually
in the form of a table, of systematic corrections to be

applied to the readings.)

Like Ptolemy and the Moslem observers, Tycho knew that
the light from each heavenly body was bent downward in-
creasinaly as the object neared the horizon (Figs. 6.12
and 6.13), an effect known as atmospheric refraction. To
increase the precision of his observations, Tycho carefully
determined the amount of refraction so that each observa-
tion could be corrected for refraction effects. Such
careful work was essential if improved records were to
be made.

At Uraniborg, Tycho worked from 1576 co 1597. After
the death of King Frederick II, the Danish government
became less interested in helping to pay the cost of
Tycho's observatory. Yet Tycho was unwilling to consider
any reduction in the costs of his activities. Because
he was promised support by Emperor Rudolph of Bohemia,
Tycho moved his records and several instruments to Prague.
There, fortunately, he took on as an assistant an able,
imaginative young man named Johannes Kepler. When
Tycho died in 1601, Kepler obtained all his records about
Mars. As Chapter 7 reports, Kepler's analysis of Tycho's
observations solved much of the ancient problem.

Fig. 6.12 The oblate setting
sun. The light's path through
the earth's atmosphere caused
the sun to appear both oval and
rough-edged.

Apparent Light path
Directfon froa star

Fig. 6.13 Refraction, or
bending, of light from a star
by the earth's atmosphere. The
amount of refraction shown in
the figure is greatly exagger-
ated over what actually occurs.
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Q21 what improvements did Tycho make in as- Q221In what way did Tycho correct his obser-
tronomical instruments? vations to provide records of higher
accuracy?

6.8 Tycho's compromise system. Tycho's observations were

intended to provide a basis for a new theory of planetary
motion which he had outlined (Fig. 6.14) in an early
publication. Tycho saw the simplicity of the Copernican
system by which the planets moved around the sun, but he
could not accept the idea that the earth had any motion.
In Tycho's system, all the planets except the earth moved
around the sun, which in turn moved around the stationary
earth. Thus he devised a compromise theory which, as he
said, included the best features of both the Ptolemaic

and the Copernican systems, but he did not live to publish

a quantitative theory. As we look at it today, his system

Fig. 6.14 Main spheres in is equivalent to either the Copernican or the Ptolemaic
Tycho Brahe's system of the

universe. The earth was fixed
~nd was at the center of the choice of what is regarded as stationary, that is, what
universe. The planets revolved
around the sun, while the sun,
in turn, revolved around the
fixed earth.

system. The difference between the three systems is the

frame of reference is chosen.

The compromise Tychonic system was accepted by some
people and rejected by others. Those who accepted
Ptolemy objected to Tycho's proposal that the planets
moved around the sun. Those who were interested in the
Copernican model objected to having the earth held
stationary. Thus the argument continued between those
holding the seemingly self-evident position that the
earth was stationary and those who accepted, at least
tentatively, the strange, exciting proposals of Coper-
nicus that the earth might rotate and revolve around
the sun. These were philosophical oxr aesthetic prefer- ]
ences, for the scientific evidence did not yet provide an
observational basis for a choice. To resolve the conflict
and to produce a drastically revised sun-centered model
was the work of Kepler wno analyzed Tycho's high-quality

observations of Mars.

All planetary theories up to this time had been devel-
oped only to provide some system by which the positions
of the planets could be predicted fairly precisely. 1In
the terms used in Unit I, these would be called kinematic
descriptions. The causes of the motions—what we now call
the dynamics of the motions—had not been questioned. The
motions were, as Aristotle said, "natural." The heavens
were still considered to be completely different from
earthly materials and to change in quite different ways.
That a common physics could describe both earthly and
heavenly motions was a revolutionary idea yet to be
proposed.
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The Copernican system opened again the argument mentioned

at the end of Chapter 5: were the Copernican orbits actual
paths in space, or only convenient computational devices?
We shalil see that the eventual success of the Newtonian
synthesis led to the confident assumption that scientists
were describing the real world. However, later chapters

of this text, dealing with receat discoveries and theories,
will indicate that today scientists are much iess certain

that they know what is meant by the word reality.

The status of the problem in the early part of the
seventeenth century was later well described by the
English poet, John Milton, in paradise lLost:

...He his fabric of the Heavens

Hath left to their disputes, perhaps to move
His laughter at their quaint opinions wide
Hereafter, when they come to model Heaven

And calculate the stars, how they will wield
The mighty frame, how build, unbuild, contrive
To save appearances, how gird the sphere

With centiic and eccentric scribbled o'er,

Cy 'le and epicycle, orb in orb.

Q23 In what ways did Tycho's system for plan- pernican system, with its many motions
etary motions resemble either the Ptole- on eccentrics and epicycles, reveals real
maic or the Copernican syctems? paths in space rather than being only

another means of computing planetary

Q24 To what degree do you feel that the Co- positions?

Study CGuide tas

6.1

Q

ERIC

PAFullToxt Provided by ERIC

The diagram to the right shows the
motions of Mercury and Venus east and
west of the sun as seen .‘rom the earth
during 1966-67. The time scale is in-
dicated at 10-day intervals along the
central line of the sun's position.

a) Can you explain why Mercury and
Venus appear to move from far-
thest east to farthest west more
quickly than from farthest west
to farthest east?

b) From this diagram can you find a
period for Mercury's apparent T
position in the sky relative to O decive 1o Son. tesr T
the sun? {3-day tntervele) i

¢} With the aid of the "watch model"
can you derive a period for Mer-
cury's orbital motion around the
sun?

d)} What are the major sources of un-
certainty in the rezults you de-

rived?
e) Similarly can you estimate the T
orbital period of Venus? ’//1

Sun’s postitfon ot
10-Js¥ intervels
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Chapter 7 A New Universe Appears — The Work of Kepler and Galileo

Section

7.1 The abandonmrent of uniform
circular motion

Kepler's Law of Areas

Kepler's Law of Elliptical
Orbits

Using the first two laws
Kepler's Law of Periods

The new concept of physical
law

Galileo's viewpoint

The telescopic evidence
Galileo's arguments

The opposition to Galileo

Science and freedom

foanyts Keepieri
Mathematici Carfarel
hanc lmaginem.

RGENTORATENS! BistioTrect
Confecr.




Since divine kindness granted us Tycho Brahe, the
most diligent observer, by whose observations an er-
ror of eight minutes in the case of Mars is brought
to light in this Ptolemaic calculation, it is fitting
that we recognize and honor this favor of God with
gratitude of mind. Let us certainly work it out, so
that we finally show the true form of the celestial
motions (by supporting ourselves with these proofs
of the fallacy of the suppositions assumed). I my-
self shall prepare this way for others in the follow-
ing chapters according to my small abilities. For
if I thought that the eight minutes of longitude were
to e ignored, I would already have corrected the
hypothesis found in Chapter 16 (that it, by bissect-
ing the eccentricity). But as it is, because they
could not be ignored, these eight minutes alone have
prepared the way for reshaping tne whole of astronomy,
and they are the material which is made into a great
part of this work.

The geometrical models of Ptolemy and Copernicus based
on uniform circular motions had to be abandoned. Kepler
had the finest observations ever made, but now he had no
theory by which they could be explained. He would have to
start over to account for the difficult questions: what is
the shape of the orbit followed by Mars, and precisely how
does the speed of the planet change as it moves along the

orbit? ty
Q1 what brought Kepler to the attention of problem, to describe the motions of the
Tycho Brahe? planets by combinations of circular mo-

tions, could not be solved?
Q2 Wwhy did Kepler conclude that Plato's

7.2 Keplexr's Law of Areas. Kepler's problem was immense. To soclve

it would demand the utmost of his imagination and computational
skills, as well as of his persistence and health.

As the basis for his study Kepler had only Tycho's observed
directions to Mars and to the sun on certain dates. But these
observations were made from a moving earth whose orbit was
not well known. Kepler realized that he must first determine
more accurately the shape of the earth's orbit so that he
would know where it was when the various observations of Mars
had been made. Then he might be able to use the observations
to determine the shape and size of the orbit of Mars. Finally,
to predict positions for Mars he would need some regularity
or law that described how fast Mars moved at various points
in its orbit.

Fortunately Kepler made a major discovery which was cru-
cial to his later work. He found that the orbits of the
eartn and other planets were in planes which passed through
the sun. With this simplifying model of planets moving in
individual planes Kepler could avoid the old patterns of
Ptolemy and Copernicus which required separate explanations
for the observed motions of the planets north and south of

Q
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Fig. 7.3 Edge-on view of orbit-
al planes of earth and planet.

-
e e

Fig. 7.4 How Kepler determined
approximately the shape of the
earth's orbit. Initially, (a)
Mars is opposite the sun. Af-
ter 687 days, (b) Mars has re-
turned to the same place in its
orbit, but the earth is almoat
45° short of being at {its ini-
tial position. After Mars makes
one more cycle, (c) the earth
lags by about 90°. Since the
directions from the earth to the
sun and Mars are known, the di-
rections of the earth as seen
from the sun and Mars are also
known. Where these pairs of
aight-lines cross must be points
on the earth's orbit.
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the ecliptic. Kepler discovered that the changing posi..ons
of a planet could result from the planet's motion in its or-

bit viewed from the earth moving in its plane (the plane of

the ecliptic) as shown in Fig. 7.3.

From his many studies Kepler knew that the earth and Mars
moved in continuous paths that differed a bit from circles.
His aim was to obtain a detailed picture or plot of the
orbits as they might be seen by an observer above the ecliptic
plane looking down on these moving bodies. To such an observ-
er the planets would look like marbles rolling alorg nearly
circu’ar paths on the floor. Although the heliocentric idea
gave a rough guide to what this system would look like, Kep-
ler's task was to find from the data the general rules, or
laws, that precisely fit the observations. As we work through
his brilliant analysis, you will see the series of problems

that he solved.

To derive the earth's orbit he began by considering the
moments when the sun, earth and Mars are essentially in a
straight line. After 687 days, as Copern:cus had found, Mars
would return to the same place in its orbit. Of course, the
earth at that time wcould not be at the same place in its
orbit as when the first observation was made. Nevertheless,
as Fig. 7.4 indicates, the directions of the earth as seen
from the sun and from Mars would be known. The crossing
point of the sight-lines from the sun and from Mars must be
a point on the earth's orbit. By working with several groups
of observations made 687 days apart, Kepler was able to de-

termine fairly accurately the shape of the earth's orbit.

The orbit Kepler found for the earth appeared to be al-
most a circle, with the sun a bit off center. Kepler also
knew, as you have read in Sec. 5.7, that the earth moves
around the sun fastest during December and January, and
slowest during June and July. Now he had an orbit and time-
table for the earth's motion. In Experiment 15 you made a

similar plot of the earth's orbit.

With the orbit and timetable of the earth known, Kepler
could reverse the analysis. He triangulated the positions
of Mars when it was at the same place in its orbit. For
this purpose he again used observations separated by one
orbital period of Mars (687 days). Because this interval is
somewhat less than two earth years, the earth is at different
Then the

two directions from the earth toward Mars differ, and two

positions in its oxbit at the two times (Fig. 7.5).

sight-lines can be drawn from the earth's positions; where




Mars' Orbit

they cross is a point on the orbit of Mars. From such
! pairs of observations Kepler fixed points on the orbit of
I Mars. From a curve drawn through such points you can get
i fairly accurate values for the size and shape of Mars'
i orbit. Kepler saw at once that the orbit of Mars was not

a circle around the sun. You will find the same result
i from Experiment 18.

Because Mars, like the earth, moves faster when nearer
} the sun, Kepler began to wonder why this occurred. Perhaps g:iﬁc;.zn z;: Eigizroge;::zig;d
the sun exerted some force which pushed the planets along triangulation.
their orbits. Here we see the beginnings of a major change
in interpretation. 1In the systems of Ptolemy and Coperni-
cus, the sun was not a special object in a mechanical or
dynamical sense. Even in the Copernican system each planet
moved around its special point near the sun. No physical
relation had been assumed, only a geometrical arrangement.
Motions in the heavens had been considered as perpetual
motions along circles. Now Kepler began to suspect that
there was some physical interaction between the sun and the

planets which caused the planets to move along their orbits.

While Kepler was studying how the speed of the planet
changed along its orbit, he made an unexpected discovery:
during equal time intervals a line drawn from the sun to the
moving planet swept over equal areas. Figure 7.6 illustrates
this for an orbit in which each pair of points is separated
by equal time intervals. Between points A and B, the planet

moves rapidly; between points G and H it moves slowly. Yet

the areas swept over by the line from the sun to the planet

Fig. 7.6 Kepler's second law.

are equal. Although Kepler discovered this Law of Areas A planet moves along its orbit
disc a the : : at a rate such that the line
before he scovered the exact shape of orbits, it has from the sun to the planet
become known as Kepler's second law. In its general form sweeps over areas which are
the Law of Areas states: the line from the sun to the moving 5:‘;2"“1"“81 to the time inter- -

-

planet sweeps over areas that are proportional to the time {
intervals,. .’ ;

Perhaps you are surprised that the first general law

about the motions of the planets is concerned with the areas

swept over by the line from the sun to the planet. After

we have considered circles, eccentric circles, epicycles and

equants to describe the motion, we come upon a quite unexpec-

ted property, the area swept over per unit time, as the first |
property of the orbital motion to remain constant. As we

shall see in Chapter 8, this major law of nature applies to

all orbits in the solar systew and also to double stars. Per-

haps yru can sympathize with Kepler, who wrote that he was in

ecstasy when, after great labor and ingenuity, he finally

found this law. At last the problem was beginning to crack.
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As we shall see, Kepler's other labors would have been of

little use without this basic discovery, even though it was

an empirical discovery—without any hint why this law should
be.
any other planet or comet) moves at a particular point of its

The Law of Areas establishes the rate at which Mars (or
orbit. But to use this for making predictions of positions,
viewed from the sun or from the earth, Kepler needed also to

know the precise size and shape of Mars' orbit.

Q3 What types of observations did Kepler
use for his study of Mars?

Q4 What were the new problems that Kepler
had to solve?

Q5 What important simplifying assumption

Q6 state Kepler's Law of Areas.

Q7 Summarize the steps Kepler used to de-
termine the orbit of the earth.

Q8 Describe the velocity changes of a planet
as it goes around the sun in an elliptical

about planetary orbits was added by orbit.

Kepler?

(See next section.)

7.3Kepler's Law of Elliptical Orbits.
have described and illustrated in Fig. 7.5, p. 53, Kepler

By using the analysis we

established some points on the orbit of Mars. But what sort

of a path was this? How could he describe it? As Kepler

said, "The conclusion is quite simply that the planet's path
is not a circle—it curves inward on both sides and outward
again at opposite ends. Such a curve is called an oval."

But what kind of oval?

Many different closed curves can be called ovals. Kepler

thought for a time that the orbit was egg-shaped. Becuuse
such a shape did not agree with Kepler's ideas of physical
interaction between the sun and the planet, he rejected the
possibility that the orbit was egg-shaped. Kepler concluded
that there must be some better way to describe the orbit and
that he could find it. For many months, during which he
often was ill and poverty-stricken, Kepler struggled with
the question incessantly. Finally he was able to show that
the orbit was a simple curve which had been studied in detail

by the Greeks two thousand years before. The curve is called

an ellipse.

at a slant.

It is the shape you see when you view a circle

As Fig. 7.8 shows, ellipses can differ greatly in shape.
They also have many interesting properties. For example,
you can draw an ellipse by looping a piece of string around
two thumb tacks pushed into a drawing board or cardboard at
points F, and F; as shown in Fig. 7.7. Then, with a pencil
point pull the loop taut and run the pencil once around the
(If the two thumb

tacks had been together, what curve would you have drawn?

loop. You will have drawn an ellipse.

What results do you get as you separate the two tacks more?)

A page from Kepler's notebooks.

RIC

minor axis y

Fig. 7.7 An ellipse showing the
semi-ma jor axis a, the semi-
minor axis b, and the two foci
F) and F,. The shape of an
ellipse is described by its
eccentricity, e, where

e = FO/OQ, or e = c/a.

(7.1)

In any ellipse the sum of the
distances from the two foci to
a point on the curve equals the
length of the major axis, or
(F1P + FyP) = 2a.

This property of ellipses allows
us to draw them by using a loop
of string around two tacks at
the foci. Should the length of
string tied into the loop have

a total length of (2a + 2c)?
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Each of the important points F, and F, is called a focus
of the ellipse.

What Kepler discovered was not merely that the orbit of
Mars is an ellipse—a remarkable enough discovery in itself
—but also that the sun is at one focus. (The other focus
is empty.) Kepler stated these results in his Law of Ellip-
tical Orbits: the planets move in orbits which are ellipses

and have the sun at one focus. That this is called Kepler's

first law, although discovered after the Law of Areas, is an

historical accident.

The long or major axis of an ellipse has a length 2a. The
short or minor axis, perpendicular to the major axis, has a
length 2b. The point O midway between the two foci, F; and
F2, is called the center, and the distance between the foci
is called 2c. Thus the distance from the center to either

focus is c.

The distance from any point P on the ellipse to the two
foci can easily be found. 1Imagine that the loop is pulled
out until your pencil is at the extreme point Q,. Here the
distance F1Q; is (a + c). At the other extreme point Q; the
distance from F; is also (a + c¢). When we subtract the

distance 2c between the foci, the remainder is
F)P + F,P = 2a.

For astronomical orbits the distance a is called the mean
distance of a point P from one focus (the sun).

As you probably discovered, the shape of an ellipse
depends upon the distance between the foci. For that reason
the shape of an ellipse is described by the ratio c¢/a, which
is called the eccentricity of the ellipse and is denoted
by e. Thus e = c/a. For a circle, which is an extreme form
of an ellipse, the foci are together. Then the distance
between foci is zero and the eccentricity is also zero.

Other ellipses have eccentricities ranging between 0 and 1.

If Fig. 7.7 were to represent a planetary orbit, the sun

would be at one focus, say F;, with no object at the other

11010000

focus. The planet would ke nearest the sun when it reached

Fig. 7.8 Ellipses of different point Q;, and farthest from the sun at point Q,. The point
eccentricities. A saucer was . . . . .
photographed at various angles. nearest the sun is called the perihelion point and the point

farthest from the sun is called the aphelion point. The

The terms perihelion and aphelion distances of these two points from the sun are called the
come from the Greek, in which
helios 1s tle sun, peri means
nearest, and apo means farthest.
What other words do you know in

perihelion distance and the aphelion distance respectively.

An example will show how these properties of an ellipse

which the prefixes peri and can be used to provide new interesting information. For the
apo, or ap, have similar mean~

Tngs? planet Mercury the perihelion distance (Q,F; in Fig. 7.7)

56
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has been found to be about 45.8 x 10® kilometers while the
aphelion distance F)Q, is about 70.0 x 10% kilometers. What
is the eccentricity of the orbit of Mercury?

e = c/a

{(Q1F) + F10,)
a=——2——,or

45.8 x 105 km + 70.0 x 108 km
2

= 57.9 x 10% km

c = (mean distance - perihelion distance)
= (0Q, - QF,)
= 57.9 x 106 km - 45.8 x 108 km

= 12.1 x 10% km,

12.1 x 106 km _
57.9 x 106 km ~ 0-21 -

Then e

As Table 7.1 shows, the orbit of Mars has the largest ec-
centricity of all the orbits that Kepler could study; those
of Venus, earth, Mars, Jupiter and Saturn. Had he studied
any planet other than Mars he might never have noticed that
the orbit was an ellipse. Even for the orbit of Mars, the
difference between the elliptical orbit and an of f-center
circle is quite small. No wonder Kepler later wrote that

“Mars alone enables us to penetrate the secrets of astronomy."

Table 7.1 The Eccentricities of Planetary Orbits

Orbital

Planet Eccentricity Notes

Mercury 0.206 Too few observations for Kepler to
study

Venus 0.007 Nearly circular orbit

Earth 0.017 Small eccentricity

Mars 0.093 Largest eccentricity among planets
Kepler could study

Jupiter 0.048 Slow moving in the sky

Saturn 0.056 Slow moving in the sky

Uranus 0.047 Not discovered until 1781

Neptune 0.009 Not discovered until 1846

Pluto 0.249 Not discovered until-1930

The work of Kepler illustrates the enormous change in out-
look in Europe that had begun well over two centuries before.
Scientific thinkers gradually ceased trying to impose human
forms and motivations upon nature. Instead, they were be-
ginning to look for and theorize about mathematical simpli-

cities and mechanical or other models. Kepler rejected the
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parabola

e>l hyperbola

Fig. 7.9 Conic sections. These
four figures are formed when a
cone is cut at different angles.

Empirical means '"based on ob-
servations, not on theory."
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ancient idea that each planet had a "soul." like

Where Coperni-

Instead he,
Galileo, began to search for physical causes.
cus and Tycho were willing to settle for geometrical models
by which planetary positions could be predicted, Kepler was
one of the first to seek causes for the motions. This new

desire for causal explanations marks the beginning of modern

physical science.

Like Kepler, we must have faith that our observations
represent some aspects of a reality that is more stable than
Like

Plato and all scientists, we assume that nature is basically

the emotions, wishes and behavior of human beings.
orderly, consistent and therefore understandable in a
simple way. This faith has led scientists to devote them-
selves to careful and sometimes tedious quantitative investi-
gations of nature. As we all know, great theoretical and
technical gains have resulted. Kepler's work illustrates
one of the scientific attitudes—to regard a wide variety
of phenomena as better understood when they can be described

by simple, preferably mathematical patterns.

After Kepler's initial joy over the discovery of the law
of elliptical paths, he may have asked himself the question:
why are the planetary orbits elliptical rather than some
other geometrical shape? W%hile we can understand Plato's de-
sire for uniform circular motions, nature's insistence on

the ellipse is a surprise.

In fact, there was no satisfactory answer to Kepler's
question until Newton showed, almost eighty years later, that
these elliptical orbits were required by a much more general
law of nature. Let us accept Kepler's laws as rules that
contain the observed facts about the motions of the planets.
As empirical laws, they each summarize the verifiable data
The first

as elliptical

from observations of the motion of any one planet.
law, which describes the paths of planets
around the sun, gives us all the possible positions of each

planet. That law, however, does not tell us when a planet

will be at any one particular position on its ellipse or how
rapidly it will then be moving. The second law, the Law of
Areas, describes how the speed changes as the distance from
the sun changes, but does not involve the shape of the orbit.
Clearly these two laws complement each other. With these
two general laws, numbers for the size and shape of the
orbit, and the date for one position, we can determine both
the position and angular speed of a given planet at any time
relative to the sun. Since we can also find where the earth
is at the same instant, we can derive the position of the

planet as seen from the earth.




09 what can you do to a circle to have it motion of Mars fortunate?
appear as an ellipse?
QM summarize the steps Kepler used to de-
Q10 why was Kepler's decision to study the termine the orbit of Mars.

7.4Using the first two laws. Fig. 7.10 represents the ellipti-

cal path of a planet with the sun at one focus. By a shért

analysis we can determine the ratios of the speeds vp and v, ,
of the planet when it is closest to the sun and farthest 4

from the sun. As you note in Fig. 7.10, at these two points e S e e _ ] Va
the velocity vectors are perpendicular to the radius. In VP\ .
Fig. 7.6, p. 53, the time intervals during which the planet AN ’
moved from one marked point to the next are equal. 1In imag- \\‘*xh-dw»f///

ination let us make that time interval very small, at. Then

the orbital speed becomes the instantaneous linear speed v. Fig. 7.10
Also, as Fig. 7.11 suggests, the distances from the sun

at the beginning and end of that interval are almost

equal, so we may use R for both distances. Since we know

that the area of any triangle is % base * altitude we

R
may write the area of any such long thin triangle between ® 1vat
the sun and a small section of the orbit as: area = % Rvat. - Sun R
But by Kepler's Law of Areas, when the time intervals at Fig. 7.11

g. 7.

are equal the areas swept over by the radius are also equal.
Thus we can equate the area at aphelion, R,, to the area at
perihelion, Rp' and have —

X Ravaft =% vapAt.
After cancelling out the common parts on both sides of the
equation, we have

Rava = vap. (7.2)

We can rearrange this equation to obtain the more interesting
form:

va/vp = Rp/Ra. (7.2a)

Eq. (7.2a) shows that the speeds at perihelion and aphelion $G7.3
are inversely proportional to the radii at these two points.
If we return to the example about the orbit of Mercury,
p. 57, we can find how the speeds at perihelion and aphelion §G75
compare:

va/vp = Rp/Ra

45.8 x 10% km/70.0 x 10% km

v_/v

= 0.65.
When Mercury is at perihelion at
. . 0.31 A.U., its orbital speed is
The speed of Mercury at aphelion is only about 2/3 that at 58 km/sec: iw:ac is its :rbital
perihelion. speed at aphelion at 0.47 A.U.?
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Does Eq. (7.2a), derived for perihelion and aphelion posi-
tions, apply to any point on the orbit, or was some assumption
hidden in our analysis? We must be careful not to fool our-

i selves, whether in words or in mathematical symbols. We did
make an assumption: that the displacement, vait, taken as
the altitude of the thin triangle, was perpendicular to the
radial, sun-planet line. Therefore our results apply only
to the two points in the orbit where the velocity vector is
perpendicular to the radius. This condition occurs only at
the perihelion and aphelion points.

The equation which takes the place of Eq. (7.2a) and holds
for any two points along the orbit is Rl(vl)L = RZ(VZ)L,
where the : means that we consider only the component of the
velocity which is perpendicular to the sun-planet line. Can
you see how you could use this knowledge to derive the
velecity at any point on the orbit? Remember that the

velocity vector is always tangent to the orbit. Figure 7.12
shows the relationships.

When we know the size and eccentricity of the elliptical
orbit and apply Kepler's two simple laws, we can predict for
past or future dates where the planet will be along its

Fig. 7.12 orbit. The elegance and simplicity of Kepler's two laws are

impressive. Surely Ptolemy and Copernicus would have been
amazed that the solution to the problem of planetary motions
could be given by such short statements. But we must not
forget that these laws were distilled from Copernicus' idea
of a moving earth, the great labors and expense that went
into Tycho's fine observations, and the imagination, devotion
and often agony of Kepler's labors.

7.5Kepler's Law of Periods. Kepler's first and second laws

were published in 1609 in his book Astronomia Nova, or New
Astronomy. But Kepler was dissatisfied because he had not
yet found any relation between the motions of the different
planets. So far, each planet seemed to have its own ellip-
tical orbit and speeds, but there appeared to be no overall
pattern relating all planets. Kepler, who had begun his
career by trying to explain the number of planets and their
spacing, was convinced that there must be some regularity,
or rule, linking all the motions in the solar system. His
conviction was so strong that he spent years examini:.g many
possible combinations of factors to find, by trial and error,
a third law that would relate all the planetary orbits. His
long search, almost an obsession, illustrates a belief that
has run through the whole history of science: that nature
is simple, uniform and understandable. This belief has
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s ces . to include the small epicycle
unusually difficult to explain. Years later, after he had used by Copernicus.

solved the problem, Kepler wrote that " . . . Mars alone

49

Fig. 7.1 Johannes Kepler (1571~
1630),

7.6 The new concept of physical law. One general feature of

Kepler's life-long work has had a profound effect on the
development of all the physical sciences. When Kepler began
his studies he still accepted Plato's assumptions about the
importance of geometric models and Aristotle's emphasis on
natural place to explain motion. But at the end he stated
mathematical laws describing how planets moved, and even at-
tempted to explain these motions in terms of physical forc-
es. His successful statement of empirical laws in
mathematical form helped to establish the equation as the
normal form of laws in physical science. Thus he contributed
to a new way of considering observations and stating con-

clusions.

More than anyone before him, Kepler expected an accept-
able theory to agree with precise and quantitative observa-
tion. In Kepler's system the planets no longer were
considered to move in their orbits because they had some
divine nature or influence, or because they had spherical
shapes which served as self-evident explanation for their

See "A Search for Life on Earth"
circular motions. Rather, Kepler tried to back up his in Project Physics Reader 2,

mathematical descriptions with physical mechanisms. In fact,
he was the first to look for a universal physical law based
on terrestrial phenomena to describe the whole universe in

See Galileo's "The Starry Messen-
quantitative detail. 1In an early letter he expressed his ger''in Project Physics Reader 2.

guiding thought:

I am much occupied with the investigation of the
physical causes. My aim in this is to show that

the celestial machine is to be likened not to a

divine organism but rather to a clockwork...insofar

as nearly all the manifold movements are carried out

by means of a single, quite simple magnetic force,

as in the case of a clockwork, all motions [are

caused] by a simple weight. Moreover, I show how

this physical conception is to be presented through

calculation and geometry. [Letter to Herwart, 1605.]

The world as a celestial machine driven by a single force,
in the image of a clockwork-—this was indeed a prophetic
goall Stimulated by William Gilbert's work on magnetism a
few years earlier, Kepler could imagine magnetic forces
from the sun driving the planets in their orbits. This was
a promising and reasonable hypothesis. As it turned out,
the fundamental idea that a single kind of force controls
the motions of all the planets wa: correct; but the force is

not magnetism and it is not needed to keep the planets moving.

Kepler's statements of empirical laws remind us of Gali-
leo's suggestion, made at about the same time, that we deal
first with the how and ther with the why of motion in free
fall. A half century later Newton used gravitational force
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Kepler the epicycle seemed "unphysical" because the center

of the epicycle was empty and empty space could not exert x
any force on a planet. Thus from the start of his study
Kepler was assuming that the orbits were real and that the
motions had some causes. Even though Kepler's teacher ad-
vised him to stick with "astronomical"” (only observational)
rather than physical assumptions, Kepler stubbornly stuck

to his idea that the motions must have causes. When finally
he published his results on Mars, in his book, Astronomia Nova,
the New Astronomy, it was subtitled Celestial Physics.

For a year and a half Kepler struggled to fit Tycho's
observations of Mars by various arrangements of an eccentric
and an equant. When, after 70 trials, success finally seemed
near he made a depressing discovery. Although he could rep-
resent fairly well the motion of Mars in longitude (along
the ecliptic), he failed miserably with the latitude (the
positions perpendicular to the ecliptic). However, even in
longitude his very best fit still had differences of eight
minutes of arc between the predicted and Tycho's observed

positions.
See "Kepler on Mars" in
Project Physics Reader 2. Eight minutes of arc, about a fourth of the moon's diam-

eter, may not seem like much of a difference. Others might
have been tempted to explain it as observational error. But,
with an integrity that has come to be expected of scientists,
Kepler did not use that explanation. He knew from his own
studies that Tycho's instruments and observations were rarely
in error by as much as two minutes of arc. Those eight min-

See "Kepler's Celestial Music"
in Project Physics Reader 2. utes of arc meant to Kepler that his best system using an

eccentric and an equant would not do.

In his New Astronomy Kepler wrote:

50

to tie together Kepler's three planetary laws for a helio-
centric system with the laws of terrestrial mechanics in a
magnificent synthesis (Chapter 8).

Q13 To what did Kepler wish to compare the Q14 Why is Kepler's reference to a "clock-
"celestial machine"? work" model significant?

7.7Galileo’s viewpoint. One of the scientists with whom Kepler

corresponded about the latest scientific developments was
Galileo. Kepler's contributions to planetary theory were
mainly his empirical laws based on the observations of
Tycho. Galileo contributed to both theory and observation.
As Chapters 2 and 3 reported, Galileo's theory was based on
observations of bodies moving on the earth's surface. His
development of the new science of mechanics contradicted
the assumptions on which Aristotle's physics and interpreta-
tion of the heavens had been based. Through his books and
speeches Galileo triggered wide discussion about the dif-
ferences or similarities of earth and heaven. Outside of
scientific circles, as far away as England, the poet John
Milton wrote, some years after his visit to Galileo in 1638:
...What if earth

Be but the shadow cf Heaven, and things therein
Each to the other like, more than on earth is thought?

{Paradise Lost, Book V, line 574, 1667.)

Galileo challenged the ancient interpretations of ex-
perience. As you saw earlier, he focused attention on new

Q concrpts: time and distance, velocity and acceleration,

EHQJ!: forces and matter in contrast to the Aristotelian qualities
oo e

or essences, ultimate causes, and geometrical models. In



city to city by the religious wars of the time. Few people,
} other than a handful of friends and correspondents, knew of

or cared about his studies and results.

l
i Galileo's situation was different. He wrote his numerous
| papers and books in Italian, which could be read by many
people who did not read scholaily Latin. These publica-
tions were the work of a superb partisan and publicist.
} Galileo wanted many to know of his studies ard to accept the
Copernican thneory. He took the argument far peyond a small
} group of scholars out to the nobles, civic leaders, and re-
ligious dignitaries. His reports and arguments, including
often bitter ridicule of individuals or ideas, became the
subject of dinner-table conversations. In his efforts to
inform and persuade he stirred up the ridicule and even
violence often poured upon those who have new ideas. In the
world of art similar receptions were given initially to
Manet and Giacometti, and in music to Beethoven, Stravinsky

and Schonberg.

7.8 The telescopic evidence. Like Kepler, Galileo was a Coper-

nican among Ptolemaeans who believed that the heavens were
eternal and could not change. Hence, Galileo was interested
in the sudden appearance in 1604 of a new star, one of those
observed by Kepler. Where there had been nothing visible in
the sky, there was now a brilliant star. Galileo, like Tycho
and Kepler, realized that such changes in the starry sky
conflicted with the old idea that the stars could not change.
Furthermore, this new star awakened in Galileo an interest

in astronomy which lasted throughout his life.

Consequently, Galileo was ready to react to the news he
received four or five years later that a Dutchman "had con-
structed a spy glass by means of which visible objects,

though very distant from the eye of the observer, were dis-

tinctly seen as if nearby." Galileo gquickly worked out the Fig. 7.13 Two of Galileo's
optical principles involved, and set to work to grind the telescopes displayed in Florence.
lenses and build such an instrument himself. His first tele-

scope made objects appear three times closer than when seen

with the naked eye. .Then he constructed a second and a third

telescope. Reporting on his third telescope, Galileo wrote:

Finally, sparing neither labor nor expense, I succeeded

in constructing for myself so excellent an instrument

that objects seen by means of it appeared nearly one

thousand times larger and over thirty times closer Galileo meant that the area of

than when regarded with our natural vision" (Fig. 7.13). the object was nearly 1000 times
larger. The linear magnifica-
tion was over 30 times.
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What would you do if you were handed "so excellent an in-
strument"? Like the men of Galileo's time, you probably
would put it to practical uses. "It would be superfluous,”
Galileo agreed,

to enumerate the number and importance of the advantages

of such an instrument at sea as well as on land. But

forsaking terrestrial observations, I turned to celes-
tial ones, and first I saw the moon from as near at

hand as if it were scarcely two terrestrial radii away.

After that I observed often with wondering delight both
the planets and the fixed stars....

What, then, were the findings that Galileo made with his
telescope? 1In the period of a few short weeks in 1609 and
1610 he made several discoveries, each of which is of first
rank.

First, Galileo pointed his telescope at the moon. What he
saw led him to the conviction that

...the surface of the moon is not smooth, uniform, and
precisely spherical as a great number of philosophers
believe it [and the other heavenly bodies] to be, but
is uneven, rough, and full of cavities and prominences,
being not unlike the face ¢f the earth, relieved by
chains of mountains, and deep valleys. [See Fig. 7.14.]

Galileo did not stop with that simple observation, which

was contrary to the Aristotelian idea of heavenly perfection.

He supported his conclusions with several kinds of observa-
Fig. 7.14 Two of Galileo's

early drawings of the moon. tions, including quantitative evidence. For instance, he
(From Galileo's Sidereus Nuncius, worked out a methcd for determining the height of a mountain
which is often translated as . .

The Sidereal Messenger or as on the moon from the shadow it casts. His valve of about

The Starry Messenger.) four miles for the height of some lunar mountains is not

far from modern results.

Next he looked at the stars. To the naked eye the Milky
Way had seemed to be a continuous blotchy band of light;
through the telescope it was seen to consist of thousands of

faint stars. Wherever Galileo pointed his telescope in the

sky he saw many more stars than could be seen with the un-
aided eye. This observation was contrary to the old argu-

ment that the stars were created to provide light so men
could see at night. If that were the explanation, there
should not be stars invisible to the naked eye—but Galileo |
found thousands. |

After his observations of the moon and the fixed stars,
Galileo turned his attention to the discovery which in his
opinion

...deserves to be considered the most important of all

—the disclosure of four PLANETS never seen from the

creation of the world up to our own time; together with
the occasion of my having discovered and studied them,
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their arrangements, and the observations made of their
movements during the past two months.
He is here referring to his discovery of four (of the twelve
now known) satellites which orbit about Jupiter (Fig. 7.15).
Here, before his eyes, was 2 miniature solar system with its
own center c¢f revolution around Jupiter. This was directly
opposed to the Aristotelian notion that the earth was at the
center of the universe and could be the only center of
revolution.

The manner in which Galileo discovered Jupiter's "planets"

is a tribute to his ability as an observer. Each clear

evening during this period he was discovering dozens if not

hundreds of new stars never before seen by man. When looking
in the vicinity of Jupiter on the evening of January 7, 1610,
he noticed *"...that beside the planet there were three star-
lets, small indeed, but very bright. Though I believe them
to be among the host of fixed stars, they aroused my curiosi-

ty somewhat by appearing to lie in an exact straight line..."

In his notebook he made a sketch similar to that shown in

the top line Fig. 7.16. wWhen he saw them again the following
night, he saw that they had changed position with reference
to Jupiter. Each clear evening for weeks he observed that
planet and its roving “starlets" and recorded their positions
in drawings. Within days he had concluded that there were
four "starlets" and that they were indeed satellites of
Jupiter. He continued his observations until he was able

to estimate the periods of their revolutions around Jupiter.

Of all of Galileo's discoveries, that of the satellites
of Jupiter caused the most stir. His book, The Starry
Messenger, was an immediate success, and copies were sold
as fast as they could be printed. For Galileo the result

was a great demand for telescopes and great public f.ne.

Galileo continued to use his telescope with remarkable
results. By projecting an image of the sun on a screen, he
observed sunspots. This was additional evidence that the
sun, like the moon, was not perfect in the Aristotelian
sense: it was disfigured rather then even and smooth. From
his observation that the sunspots moved acsross . he disk of
the sun in a regular pattern, he concluded that the sun

rotated with a period cf about 27 days.

He also found that Venus showed all phases, just as the
moon does (Fig. 7.17). Therefore Venus must move completely
around the sun as Copernicus and Tycho had believed, rather
than be always between the earth and sun as the Ptolemaic

astronomers assumed (see again Fig. 5.15). Saturn seemed

Fig. 7.15 Jupiter and its
four brightest satellites.
lower photograph was taken
hours later than the upper

The
3
one.

(Photographed at Yerkes Observa-
tory.)
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Fig. 7.16 Galileo observed and
recorded the relative position
of Jupiter's brightest satel-
lites 64 times between January 7
and March 2, 1610. The sketches
shown here are similar to Gali-
leo's first ten recorded observa-
tions which he published in the
first edition of his book Si-
dereus Nuncius, The Starry Mes-

senger.

If there are four bright satel-
lites moving about Jupiter, why
could Galileo sometimes see only
two or three? What conclusions
can you draw from the observa-
tion (see Figs. 7.15 and 7.16)
that they lie nearly along a
straight line?




to carry bulges around its equator (Fig. 7.18), but Galileo's

Fig. 7.17 Photographs of Venus telescopes were not strong enough to show that they were
at various phases taken with a

constant magnification. rings. With his telescopes he collected an impressive array

of new information about the heavens—and all of it seemed

to contradict the basic assumptions of the Ptolemaic world

scheme.
Q@15 Could Galileo's observation of all phases telescope provide new evidence for the
of Venus support the heliocentric theory, heliocentric theory?

the Tychonic system or Ptolemy's system?
Q177 what significance did observations of
Q16 In what ways did the invention of the Jupiter have in the development of
Galileo's ideas?

7.9Galileo's arguments. To Galileo these observations supported

his belief in the heliocentric Copernican system, but they

were not the cause of them. In his great work, the Dialogue
Concerning the Two Chief World Systems (1632), he stressed

arguments based on assumptions as much as on observations.
The observed motions of planets alone, says Galileo, do not
decide uniquely between a heliocentric and a geocentric
hypothesis, "for the same phenomena would result from either
hypothesis."” But Galileo accepted the earth's motion as
real because it seemed to him simpler and more pleasing.
Elsewhere in this course you will find other cases where a
scientist accepted or rejected an idea for reasons arising

from his strong belief in particular assumptions.

In the Dialogue Galileo presents his arguments in a
systematic and lively way. The Dialogue, like the Discourses
Concerning Two New Sciences, which are mentioned in Chapter 2,
is in the form of a discussion between three learned men.
Salviati, the voice of Galileo, wins most of the arguments.

His antagonist is Simplicius, an Aristotelian who speaks for
and defends the Ptolemaic system. The third member, Sagredo .

represents the objective and intelligent citizen not yet com-
mitted to either system. However, Sagredo's role is written

so that he usually accepts most of Galileo's arguments.

Galileo's arguments in favor of the Copernican system as
set forth in the Dialogue Concerning the Two Chief World
Systems were mostly those given by Copernicus (see Chapter

A small eighteenth-century re-
flecting telescope, now in the
Harvard University collection. 6), and Galileo made no use of Kepler's laws. However,
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Galileo had new evidence from his own observations. After
deriving the periods of Jupiter's four moons or satellites,
Galileo found that the larger the orbit of the satellite,
the longer was the period of revolution. Copernicus had al-
ready found that the periods of the planets increased with
their average distances from the sun. (Kepler's Third Law
stated the relation for the planets in detailed quantitative
form.) Now Jupiter's satellite system showed a similar pat-
tern. These new patterns of regularities would soon replace
the old assumptions of Plato, Aristotle and Ptolemy.

The Dialogue Concerning the Two Chief World Systems relies

upon Copernican arguments, Galilean observations and rea-

sonableness to attack the basic assumptions of the geocentric

model. Finally, Simpliclus, seemingly in desperation, dis-
misses all of Galileo's arguments with a characteristic

counterargument:

...with respect to the power of the Mover, which is
infinite, it is just as easy to move the universe as
the earth, or for that matter a straw.

But to this, Galileo makes a very interesting reply: notice

how he quotes Aristotle against the Aristoteleans:

...what I have been saying was with regard not to the
Mover, but only the movables....Giving our attention,
then, co the movable bodies, and not qucstioning that
it is a shorter and readier operation to move the
earth than the universe, and paving attention to the
many other simplifications and conveniences that fol-
low from merely this one, it is much more probable
that the diurnal motion belongs to :the earth alone
than to the rest of the universe ra.cepting the earth.
This is supported by a very true "waxim of Aristotle's
which teaches that..."it is point.ess to use many to
accomplish what may be done with fewer."

710 The opposition to Galileo. In his characteristic enthusiasm,

falileo thouqght that his telescopic discoveries would cause
everyone to realize the absurdity of the assumptions that
prevented a general acceptance of the Copernican system.
But men can believe only what they are ready to believe. 1In
their fight against the new Copernicans, the followers of
Aristotle were convinced that they were surely stibking to
facts and that the heliocentric theory was obviously false
and in countradiction with both observation and common sense.
The evidences of the telescope could be due to distortions.
After all, glass lenses change the path of light rays; and
even if telescopes seemed to work for terrestrial observa-
tion, nobody could be sure they worked equally well when

pointed at these vastly more distant celestial objects

£
®

.

Fig. 7.18 Sketches of Saturn
made from telescopic observations
during the seventeenth century.
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Consider each of Galileo's tele-
scopic observations separately
to determine whether it streng-
thened or weakened the case for
(a) the geocentric theory, and
(b) the philosophical assump-
tions underlying the geocentric
theory. Give particular atten-
tion to the observed phases of
Venus. Could these observations
of Venus be explained by the
Tychonic system? Could the
Ptolemaic system be modified to
have Venus show all phases?

7.11 Science and freedom.

Furthermore, theological heresies were implied in the
heliocentric view. Following Thomas Acuinas, the Scholastics
had adopted the Aristotelian argument as the only correct
basis for building any physical theory. The Aristotelians
could not even consider the Copernican system as a possible
theory without giving up many of their basic assumptions, as
you read in Chapter 6. To do so would have required them to
do what is humanly almost impossible: discard their common-
sense ideas and seek new bases for their moral and theological
They would have to admit that the earth is not

at the center of creation.

doctrines.
Then perhaps the universe was

not created especially for mankind. Is it any wonder that

Galileo's arguments stirred up a storm of opposition?

Galileo's observations were belittled by the Scholastics.
The Florentine astronomer, Francesco Sizzi (1611l), argued
why there could not, indeed must not be any satellites
around Jupiter:

There are seven windows in the head, two nostrils,
two ears, two eyes and a moutn; so in the heavens
there are two favorable stars, two unpropitious, two
luminaries, and Mercury alone undecided and indiffer-
ent. From which and many other similar phenomena of
nature such as the seven metals, etc., which it were
tedious to enumerate, we gather that the number of
planets is necessarily seven [including the sun and
moon] ... .Besides, the Jews and other ancient nations,
as well as modern Europeans, have adopted the divi-
sion of the week into seven days, and have named them
from the seven planets; now if we increase the number
of planets, this whole system falls to the ground....
Moreover, the satellites are invisible to the naked
eye and therefore can have no influence on the earth,
and therefore would be useless, and therefcre do not
exist.

A year after his discoveries, Galileo wrote to Kepler:

You are the first and almost the only person who,
even after a but cursory investigation, has...given
entire credit to my statements....What do you say of
the leading philosophers here to whom I have offered
a thousand times of my own accord to show my studies,
but who with the lazy obstinacy of a serpent who has
eaten his fill have never consented to look at the
planets, or moon, or telescope?

The political and personal tragedy

that occurred to Galileo is described at length in many
books. Here we shall only mention briefly some of the major
events. Galileo was warnea 1n 1616 by the inquisition to
cease teaching the Copernican theory as true, rather than
as just one of several possible explanations, for it was

now held contrary to iloly Scripture. At the same time

Copernicus' book was placed on tne Index Expurgatorius, and

As we saw before, Co-

was suspended "until corrected."
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pernicus had used Aristotelian doctrine to make his theory
plausible. But Galileo had reached the new point of view
where he urged acceptance of the heliocentric system on its
own merits. While he was himself a devoutly religious man,
he deliberately ruled out gquestions of religious faith ana
salvation from scientific discussions. This was a funda-
mental break with the past.

When, in 1623, Cardinal Barberini, formerly a dear friend
of Galileo, was elected to be Pope Urban VIII, Galileo
talked with him regarding the decree against the Copernican
ideas. As a result of the discussion, Galileo considered
it safe enough to write again on the controversial topic.
In 1632, after making some required changes, Galileo obtained
the necessary Papal consent to publish the work, Dialogue
Concerning the Two Chief World Systems. This book presented

most persuasively the Copernican view in a thinly disquised
discussion of the relative merits of the Ptolemaic and Co-
pernican systems. After the book's publication his opponents
argued that Galileo seemed to have tried to get arouad the
warning of 1616. Furthermore, Galileo's forthright and some-
times tactless behavior, and the Inquisition's need to
demonstrate its power over suspected heretics, combined to
mark him for punishment.

Among the many fa<ctors in this complex story, we must
remember that Galileo, while considering himself religiously
faithful, had become a suspect of the Inquisition. 1In
Calileo's letters of 1613 and 1615 he wrote that to him God's
mind contains all the natural laws; consequently he held
that the occasional glimpses of these laws which the human
investigator may gain were proofs and direct revelations of
the Deity, quite as valid and grand as those recorded in the
Bible. "From the Divine Word, the Sacred Scripture and
Nature did both alike proceed....Nor does God less admirably
discover himself to us in-Nature's actions than in the Scrip-
ture's sacred dictions." These opinions—held by many
present-day scientists, and no longer regarded as being in
conflict with theological doctrines—could, hcwever, be
regarded at Galileo's time as symptoms of pantheism. fThis
was one of the heresies for which Galileo's contemporary,
Giordano Bruno, had been burned at the stake in 1600. The
Ingnisition was alarmed by Galileo's contention that the
Bible was not a certain source of knowledge for the teaching
of natural science. Thus he quoted Cardinal Baronius'
saying: "The Holy Spirit intended to teach us [in the Bible]

how to go to heaven, not how the heavens go."

- . .
1 ~e ~ P2 N

Over 200 years after his confine-
ment in Rome, opinions had changed
so that Galileo was honored as in
the fresco "Galileo presenting his
telescope to the Venetian Senate"
by Luigi Sabatelli (1772-1850).
The fresco is located in the Tri-
bune of Galileo, Florence, which
was assembled from 1841 to 1850.
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Though he was old and ailing, Galileo was called to Rome

and confined for a few months. From the proceedings of
Galileo's trial, of which parts are 3till secret, we learn
that he was tried, threatened with torture, induced to make
an elaborate formal confession of imgproper behavior and a
denial of the Copernican theory. Finally he was sentenced

to perpetual house arrest. Accor.ing to a well-known legend,
at the end of his confession Galileo muttered "eppur si
muove"—"but it does move."” None of Galileo's friends in
Italy dared to defend him publicly. His book was placed

on the Index where it remained, along with that of Copernicus
and one of Kepler's, until 1835. fThus he was used as a
warning to all men that the demand for spiritual conformity

also required intellectual conformity.

But without intellectual freedom, science cannot flourish
for long. Perhaps it is not a coincidence that for 200
years after Galileo, Italy, which had been the mother of
outstanding men, produced hardly a single great scientist,
while elsewhere in Europe they appeared in great numbers.
Today scientists are acutely aware of this famous part of
the story of planetary theories. Teachers and scientists
in our time have had to face powerful enemies of open-minded
inquiry and of free teaching. Today, as in Galileo's time,
men who create or publicize new thoughts must be ready to
stand up before other men who fear the open discussion of

new ideas.

Plato knew that an authoritarian state is threatened by
intellectual nonconformists and had recommended for them
the well-known treatments: "reeducation, prison, or death."
Recently, Russian geneticists have been required to reject
well-established theories, not on grounds of persuasive new
scientific evidence, but because of conflicts with political
doctrines. Similarly, discussion of the theory of relatively
was banned from textbooks in Nazi Germany because Einstein's
Jewish heritage was said to invalidate his work for Germans.
Another example of intolerance was the "Monkey Trial" held
during 1925 in Tennessee, where the teaching of Darwin's
theory of biological evolution was attacked because it con-
flicted with certain types of Biblical interpretation.

The warfare of authoritarianism against science, like
the warfare of ignorance against knowledge, is still with
us. Scientists take comfort from the verdict of history.
Less than 50 years after Galileo's trial, Newton's great
book, the Principia, brilliantly united the work of Co-

pernicus, Kepler and Galileo witli Newton's new statements




of principles of mechanics. Thus the hard-won new laws and

new views of science were established.

What followed has SG 76

been termed by historians The Age of Enlightenment.

Q18 what major change in the interpretations
of observations was illustrated by the
work of both Kepler and Galileo?

Q19 what are some of the reasons that caused

Galileo to be tried by the Inquisition?

Study Guide

71 If a comet in an orbit around the sun

nas a mean distance of 20 A.U.
sun, what will be its period?

7.2 A comet is found to have a period of

75 years.

a) What will be its mean distance

from the sun?

b) If its orbital eccentricity is
0.90, what will be its least

distance from the sun?

c) What will be its velocity at ap-
helion compared to its velocity

at perihelion?

7.3 What is the change between the earth's

JAruitoxt provided by Eic

Palomar Observatory houses the
200-inch Hale reflecting tele-
scope. It is located on Palomar
Mountain in southern California.

lowest speed in July when it is 1.02
A.U. from the sun and its greatest speed
in January when it is 0.98 A.U. from the
sun?

The mean distance of the planet Pluto
from the sun is 39.6 A.U. What is the
orbital period of Pluto?

The eccentricity of Pluto's orbit is
0.254. wvhat will be the ratio of the
minimum orbital speed to the maximum
orbital speed of Pluto?

What are the current procedures by
which the public is informed of new
scientific theories? To what extent
do these news media emphasize any clash
of assumptions?
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LGV vt Llliipltii.iy alvuiia Lhic Orpilit, wihlic L€ mean
distance is a. Specifically, the law states that: the

squares of the periods of the planets are proportional to

the cubes of their mean distances from the sun. In the

short form of algebra, this is,

T2 = ka3, or T2/a® = k., (7.3)

For the earth, T is one year. The mean distance of the
earth from the sun, a, is one ‘astronomical unit, A.U. Then

by Eq. (7.3) we have

(1 year)? = k(1 A.U.)3, or k = 1 yr2/a.u.3.

Because this relation applies to all the planets, we can
use it to find the period or mean distance of any planet
when we know either of the quantities. Thus Kepler's third
+aw, the Law of Periods, establishes a beautifully simple

relation among the planetary orbits.

Lepler's three laws ire so simple that thei. great power
may be overlooked. When they are combined with his discovery
that each planet moves in a plane passing through the sun,
they let us derive the past and future history of each
planet's motion from only six quantities, known as the
orbital elements. Two of the elements are the size and shape
of the orbit in its plane, three other elements are angles
that orient the planet's orbit in its plane and relate the
piane of the planet to that of the earth's orbit, while the
sixth element tells where in the orbit the planet was on a
certain date. These elements are explained more fully in
optional Experiment 21 on the orbit of Halley's Comet.

It is astonishing that the past and future positions of
each planet can be derived in a simpler and more precise way

than through the multitude of geometrical devices on which

Introduction: Science in the seventeenth century. In the
44 years between the death of Galileo in 1642 and the publi-
cation of Newton's Principia in 1687, major changes occurred
in the social organization of scientific studies. The "New

Philosophy" of experimental science, applied by enthusiastic
and imaginative men, w.S giving a wealth of new results. Be-
cause these men were beginning to work together, tney formea
scientific societies 1n Italy, England anda France. One of
the most famous is the Royal Society of London foi Promoting
Natural Knowledge, which was founded in 1660, Through these
societies the scientific experimenters exchanged information,
debated new ideas, published technical papers, and sometimes
quarreled heartily. Each society sought support for its
work, argued agains* the opponents of the new experimental
activities and published studies in scientific journals,
which were widely read. Through the societizs scientific
activities were becoming well-defined, strong and inter-
national.

This development of scientific activities was part of the
general cultural, political and economic changes occurring
in the sixteenth and seventeenth centuries (see the chart).
Both craftsmen and men of leisure and wealth became involved
in scientific studies. Some sought the improvement of tech-
nb,b;ical methods and products. oOthers found the study of
nature through experimert a new and exciting hobby. But the
availability of money and time, the growing .nterest in sci-
ence and the creation of organizations ar: not enough to
explain the growing success of scientifi-. studies. Histori-
ans agree that this rapid growth of science de:ided upon

able men, well-formulated ..olLlems and good mathematical

.,
7
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%
7
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We know from observation that
the orbital period T of Jupiter
is about 12 years. What value
for a, the mean distance from
the sun, is predicted on the
basis of Kepler's third law?

Solution:

3
J

a T.7/k
J

144 (yr2)/1 (yr2/a.v.?)

164 A.6.3
= 3/T44 A.u.3

5.2 AU,

[
t

61
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precision .eplaced Tycho's observations.

These tables were also important for a quite different

reason. In them Kepler pioneered in the use of logarithms
and included a long section, practically a textbock, on the
nature of logarithms and their use for calculations. Kepler
had realized that logarithms, first described in 1614 by
Napier in Scotland, Qould be very useful in speeding up the
tedious arithmetic required for the derivation of planetary
positions.

We honor Kepler for his astronomical and mathematical
achievements, but these were only a few of the accomplish-
ments of this great man. As soon as Kepler learned of the
development of the telescope, he spent most of a year making
careful studies of how the images were formed. These he pub-
lished in a book titled Dioptrice, which became the standard
work on optics for many years. Like Tycho, who was much im-
pressed by the new star of 1572, Kepler similarly observed

and wrote about the new stars of 1600 and 1604. His obser-
vations and interpretations added to the impact of Tycho's
similar observations in 1572 that changes did occur in the
starry sky. In adiition to a number of important books on
mathematical and astronomical problems, Kepler wrote a popular

arnd widely read descriptiun of the Copernican system as modi-
fied by his own discoveries. This added to the growing in-
terest in and acceptance of the sun-centered model of the
planetary system.

Q12 State Kepler's third law, the Law of
Periods. Why is it usefui?
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See "Newton and the Principia"
in Project Physics Reader 2.

In Unit 1 a newton was defined
as the force needed to give an
acceleration of 1 meter per sec
to a 1l-kilogram mass. In new-
tons, what approximately is the
earth's gravitational attraction
on an apple?
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8.1 A sketch of Newton's life. 1Isaac Newton was born on Christ-

mas day, 1642, in the small English village of Woolsthorpe
in Lincolnshire. He was a quiet farm boy, who, like young
Galileo, loved to build and tinker with mechanical gadgets
and. seemed to have a liking for mathematics. wWith financial
help from an uncle he went co Trinity College of Cambridge
University in 1661. There he initially enrolled in the
study of mathematics as applied to astrology and he was an
eager and excellent student. In 1665, to escape the Black
Plague (bubonic plague) which swept through England, Newton
went home to the quiet farm in Woolsthorpe. There, by the
time he was twenty-four, he had quietly made spe.tacular
discoveries in mathematics (binomial theorem, differential
calculus), optics (theory of colors) and mechanics. Refer-
ring to this period, Newton once wrote:

I began to think of gravity extending to the orb of
the moon, ahad...from Kepler's rule [third law]...I de-
duced that the forces which keep the Planets in their
orbs must be reciprocally as the squares of their dis-
tances from the centers about which they revolve: and
thereby compared the force requisite to keep the moon
in her orb with the force of gravity at the surface of
the earth, and found them to answer pretty nearly. all
this was in the two plague years of 1665 and 1666, for
in those days I was in the prime of my age for inven-

tion, and minded mathematics and philosophy more than
at any time since.

Thus during his isolation the brilliant young Newton had
developed a clear idea of the first two Laws of Motion and
of the formula for gravitational attraction. However, he
did not announce the latter until many years after Huygens'
equivalent statement.

This must have been the time of the famous and disputed
fall of the apple. One of the better authorities for this
story is a biography of Newton written in 1752 by his friend
William Stukeley, where we can read that on one occasion
Stukeley was having tea with Newton in a garden under some
apple trees, when Newton recalled that

he was just in the same situation, as when formerly,

the notion of gravitation came into his mind. It was

occasion'd by the fall of an apple, as he sat in a

contemplative mood. Why should that apple always de-

scend perpendicularly to the ground, thought he to
himself. Why should it not go sideways or upwards,

but constantly to the earth's centre?

The main emphasis in this story should probably be placed on
the word contemplative. Moreover, it fits again the pattern
we have seen before: a great puzzle (here, that of the
forces acting on planets) begins to be solved when a clear-
thinking person contemplates a long-known phenomenon. Where
others had seen no relationship, Newton did. Similarly

~
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Galileo used the descent of rolling bodies to show the use-

fulness of mathematics in science. Likewise, Kepler used a
small difference between theory and observation in the motion
of Mars as the starting point for a new approach to planetary

astronomy.

Soon after Newton's return to Cambridge, he was chosen to
He taught
at the university and contributed papers to the Royal Society,

follow his teacher as professor of mathematics.

at first particularly on optics. iiis Theory of Light and

Colors, when finally published in 1672, involved him in so
long and bitter a controversy with rivals that the shy and
introspective man resolved never to publish anything more
(but he did) .

In 1684 Newton's devoted friend Halley came to ask his
advice in a dispute with Wren and Hooke about the force
that would have to act on a body moving along an ellipse in
accord with Kepler's laws. Halley was pleasantly surprised
to learn that Newton had already derived the rigorous
solution to this problem ("and much »ther matter"). Halley
then persuaded his reluctant friend to publish his studies,
which solved one of che most debated and interesting scien-
tific questions of the time. To encourage Newton, Halley
became responsible for all the costs of publication. In
less than two years of incredible labors, Newton hacd the
Principia (Fig. 8.2) ready for the printer.
the Principia in 1687 quickly established Newton as one of

the greatest thinkers in history.

Publication of

A few years afterwards, Newton had a nervous breakdown.
He recovered, but from then until his death 35 years later,
in 1727, he made no major new scientific discoveries. He
rounded out earlier studies on heat and optics, and turned
more and more to writing on theological chronology. During
In 1699 he
was appointed Master of the Mint, partly because of his

those years he received honors in abundance.

great interest in and knowledge about the chemistry of
metals, and he helped to re-establish the British currency,
In 1689 and 1701 rLe represented
rhis university in Parliament, and he was knighted in 1705

which had become debased.

*by Queen Anne. He was presidert of the Royal Society from
1703 to his death in 1727, and he wé&s buried in Westminster
Abbey.

Newton made the first reflecting
telescope.

PHILOSOPHI A&

NATURALIS

PRINCIPIA
MATHEMATICA

Autore TS. NEIWTON, Ten Coll Canrab. Soc. Matheleos|
Profcflore Lucafuure, & Socxtaris Regalis Sodats.

IMPRIMATUR

S. PEPYS, Ryg.S PRESES.
Jelu 5. 1685,

LONDINI,

Jufls Socsctatrs Regee ac Typn Fofipln Stegater, !‘roﬂat apud
plurcs Bibliopolas, Anao MDCLXXXVIL

Fig. 8.2 Title page of Principia
Mathematica. Because the Royal
Society sponsored the book, the
title page includes the name of
the Society's president, Samuel
Pepys, whose diary is famous.

Q1 why might we conclude that Newton's iso-
iation on the farm during the Plague
Years (1665-66) con“ributed to his sci-
entific achievements?

the scientific societies?
eties today perform the same functions?

Do such soci-

Q3 What was important about Newton's mood

when he noticed the apple fall?

Q2 'hat was the important role played by
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See Newton's Laws of Motion and
Proposition One in Project Phys-
ics Reader 2,

These Rules are stated by Newton
at the beginning of Book III of
the Principia, p. 398 of the
Cajori edition, University of
California .Press.

80

8.2 Newton's Principia. In the original preface to Newton's

Principia—one of the most important books in the history
of science—we find a clear outline of the book:

Since the ancients (as we are told by Pappus) es-
teemed the science of mechanics of greatest importance
in the investigation of natural things, and the mod-
erns, rejecting substantial forms and occult qualities,
have endeavored to subject the phenomena of nature to
the laws of mathematics, I have in this treatise cul-
tivated mathematics as far as it relates to philosophy
(we would say 'physical science’']...for the whole
burden of philosophy seems to consist in this—from
the phenomena of motions to investigate {induce] the
forces of nature, and then from these forces to demon-
strate [deduce] the other phenomena, and to this end
the general propositiois in the first and second Books
are directed. In the -hird Book I give an example of
this in the explication of the system of the World;
for by the propositions mathematically demonstrated
in the former Books, in the third I derive from the
celestial phenomena the forces of gravity with which
bodies tend to the sun and the several planets. Then
from these forces, by other propositions which are
also mathematical, I deduce the motions of the planets,
the comets, the moon, and the sea [(tides]....

The work begins with a set of definitions—mass, momentum,
inertia, force. Next come the three Laws of Motion and the
principles of composition of vectors (forces and velocities),
which were discussed in Unit 1. Newton then included an
equally remarkable and “‘mportant passage on "Rules of Rea-
soning in Philosophy."” The four rules or assumptions, re-
flecting his profound faith in the uniformity of all nature,
were inlended to guide scientists in making hypotheses.
These are still useful. The first has been called a Prin-
ciple of Parsimony; the second and third, Principles of
Unity. The'fourth is a faith without which we could not use

the prccess of logic.
In a short form, with some modern words, these rules are:

?I Nature is essentially simple; therefore we should not
introduce more hypotheses than are sufficient and necessary
for the explanation of observed facts. "Nature does nothing
...in vain, and more is in vain when less will serve." This
fundamental faith of all scientists is almost a paraphrase
of Galileo's "Nature...does not that by many things, which
may be done by few"—and he, ia turn, quoted the same opinion

from Aristotle. Thus the rule has a long history.

II. "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 reflection of light in the earth, and
in the planets."




III. pProperties common to all those bodies within reach
of our experiments are to be assumed (even 1f only tenta-
tively) to apply to all bodies in general. Since all physi-
cal objects known to experimenters had always been founa to
have mass, this rule would guide Newton to propose that
every object has mass.

IV. In "experimental philosophy," those hypotheses or
generalizations which are based on experience are to be
accepted as "accurately or very .early true, notwithstanding
any contrary hypotheses that may be imagined" until we have
additiona: evidence by which our hypotheses may be made

more accurate, or revised.

The Principia was an extraordinary document. Its three
main sections contained a wealth of mathematical and physi-
cal discoveries. But overshadowing everything else in the
book is the theory of universal gravitation, with Newton's
proofs and arguments leading to it. Newton uses a form of
argument patterned after that of Euclid-—the type of proofs
you encountered in your geometry studies. Because the
detailed mathematical steps used in the Principia are no
longer familiar, the steps which are given below have often
been restated in modern terms.

The central idea of universal gravitation can be very
simply stated: every object in the universe attracts every
other object. Moreover, the magnitude of these attractions
depends in a simple way on the distance between the objects.
Such a sweeping assertion certainly defies full and detailed
verification—for after all, we cannot undertake to measure

the forces experienced by all the objects in the universe!

Q4 wWrite a brief simple restatement of each QS5 Why is the Principia difficult for us
of Newton's Rules of Reasoning. to read?

8.3 A preview of Newton's analysis. We shall now preview New-

ton's development of his theory of universal gravitation.
Also we shall see how he was a2 "2 to use the theory to unify
the main strands of physical ,science which had been develop-
ing independently. As we proceed, notice the exteant to
which Newton relied on the laws found by Kepler; be alert

to the appearance of new hypotheses and assumptions; and
watch tor the interaction of experimental observations and
theoretical deductions. In short, in this notable and yet
typical case, aim for an understanding of the process of

the construction and verification of a theory; do not be
satisfied with a mere memorization of the individual steps.
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The curvature of planetary mo-

what were thz2 known laws about motion that Newton

unified?

He had his own three laws, which you met 1n Unit

1. Also he had the three Laws of Planetary Motion stated

by Keplex, which we considered in Chapter 7.

Newton (from Chapter 3)

1. A body continues in a
state of rest, or of uniform
motion in a straight line,
unless acted upon by a net
force. (Law of Inertia.)

2. The net force acting
on an object is directly
proportional to and in the
same direction as the
acceleration.

3. To every action there
is an equal and opposite
reaction.

Kepler (from Chapter 7)

1. The planets move in
orbits which are ellipses
and have the sun at one
focus.

2. The line from the sun
to a planet sweeps over
areas which are proportional
to the time intervals.

3. The squares of the
periods of the planets are
proportional to the cubes
of their mean distances
from the sun. T2 = k-a3
Egq. (7.3).

Now let us preview the argument by which these two sets

of laws can be combined.

According to Kepler's first law, the planets move in

tions requires a net force. orbits which are ellipses, that is, curved orbits. But

according to Newton's first law a change of motion, either
in direction or amount, results when a net force is acting.
Therefore we can conclude that a net force is continually
accelerating all the planets. However, this result does
not specify what type of force is acting or whether it

arises from some particular center.

Newton's second law combined with Kepler's first two
laws was the basis on which Newton achieved a brilliant

solution to a very difficult probl’em. Newton's second

law says that in every case the net force is exerted in

the direction of the observed acceleration. But what was

the direction of the acceleration? Was it toward one center

or perhaps toward many? By a geometrical analysis Newton

tfotion influenced by any central
force will satisfy the Law of
Areas.

found taat any moving body acted upon by a central force,
that is, any force centered on a point, when viewed from
that point, will move according to Kepler's Law of Areas.
Because the areas found by Kepler were measured around the
sun, Newton could conclude that the sun at the focus of

the ellipse was the source of the central force.
The net force accelerates the

lanets toward the sun. . :
P he su Newton considered a variety of force laws centered on
points at various places. Some of his results are quite
unexpected. For example, he found that circular motion

would res .t fro: an inverse-fifth power force law, F «1/RS,
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acting from a point on the circle! But, as we have just
seen, the center of the force on the planets had to be at
the sun, located at one focus of the elliptical orbits.

For an elliptical- orbit, or actually for an orbit along

any of the conic sections discussed in Chapter 7, the
central force from the focus had to be an inverse-square
force. F « 1/R?. 1In this way Newton found that only an
inverse-square force centered on the sun would result in
the observed motions of the planets as described by Kepler's
first two laws. Newton then clinched the argument by find-
ing that -nch a force law would also result in Kepler's
third law, the Law of Periods, T2 = ka3l

From this analysis Newton concluded that one general
Law of Universal Gravitation, that applied to the earth
and apples, also zpplied to the sun and the planets, and
all other bodies, such as comets, moving in the solar
system. This was Newton's great synthesis. He brought
tcgether the terrestrial laws of motioun, found by Galileo
and others, and the astronomical laws found by Kepler.

One new set of laws explained both. Heaven and earth were
united in one grand system dominated by the Law of Universal
Gravitation. No wonder that the English poet Alexander Pope
wrote:

Nature and Nature's laws lay hid in night:

God said, Let Newton be! and all was light.

As you will fi.d by inspection, the Principia was filled
wit long geometrical arguments and was difficult to read.
lappily, gifted popularizers wrote summaries, through which
many people learned Newton's arguments and conclusions. In
Europe one of the most widely read of these popular books
was publish.d in 1736 by the French philo<opher and reformer
Voltaire.

Readers of these books were excited, and perhaps puzzled
by the new approach and assumptions. From ancient Greece
until well after Copernicus, the ideas of natural place and
natural motion had been used to explain the general position
and movements of Lhe planets. The Greeks believed that the
planets were in their orbits because that was their proper
place. Furthermore, their natural motions were, as you
have seen, assumed to be at uniform rates in perfect circles,
or in combinations of circles. However, to Newton the nat-
ural motion of a bodv was at a uniform rate along a straight
line. Motion in a curve was evidence that a net force was
continually accelerating the planets away from their natural
ric “ion along straight lines. Whuat a reversai of the assump-

*ions about the type of motion which was "natural"!

If the strength of the force
varies inversely with the square
of the distance, that is,

F « 1/R2,

the orbits will be ellipses, or
some other conic section.




This sketch of Newton's argument outlines his procedure

and the interweaving of earthly physics with astronomical

Now we shall examine the details
of Newton's analysis and begin as he did with a study of the

conclusions from Kepler.

motion of bodies accelerated by a central force.
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Q6 Complete the following
ton's analysis:

Step 1. Kepler's ell
first law (inertia) =~ ?

Step 2. Newton's second law {(foxce)

+ Kepler's area law =+ ?

summary of New- Step 3. Add Kepler's ellipses =+ ?

Step 4. What observed properties of
the planetary orbits required that
F = 1/R??

Step 5. Does the result agree with
Kepler's Law of Periods?

ipses + Newton's

altitude base
cc' AB
BB' AC
AA! BC

Fig. 2.3 The altitude of a tri-
angle is tke perpendicular dis-
tance from the vertex of two
sides to the third side, which
is then the base.

Q Q' ()
® -0 lo)
Fig. 8.4(a)

(o]

Fig. 8.4(b) A body moving at a
uniform rate in » straight lire
is viewed from puint O.

8.4 Motion under a central force. How will a moving body re-

spond to a central force? Before we proceed with the
analysis, we need to review one basic property of triangles.
But,

8.3 shows, any of {he three sides can be chosen as the

The area of a triangle equals % base x altitude. as
Fig.
base with the corresponding vertex being the intersection

of the other two sides.

1. Suppose that a body, initially at rest at a point Q,
is exposed to a brief force, like a hammer blow, directed
It will
begin to move toward O, and after some definite time inter-
val at,
point Q’, i.e., through the distance QQ’.

toward O. The body will be accelerated toward O.
it will have moved a definite distance .o a new

(Fig. 8.4a.)

2. Suppose that the body was initially at some point
P and moving at a uniform speed v along the straight line
through PQ. (See Fig. 8.4b.)

at, it will move equal distances, PQ, QR, RS, etc.

In equal “rtervals of time,
How

will its motion appear tc¢ an observer at some point 0?

To prepare for what follows—and to make incidentally a
discovery that may be surprising—consider first the tri-
angles OPQ and OQR.
also equal altitudes, ON.

These have equal bases, PQ and QR; and
Therefore they have equal areas.
And therefore, the line from any observer not on the line,
say at point O, to a body moving at a uniform speed in a
straight line, like PQR will sweep over equal areas in
equal times. Strange as it may seem, Kepler's Law of Areas
applies even to a body on which there is no net force, and

which therefore is moving uniformly along a straight line.

3. How will the motion of the object be changed if at
point Q it is exposed to a brief force, such as a blow,
directed toward point 0? A combination of the constructions
in 1 and 2 above can be used to determine the new velocity
(See Fig. 8.4c.) As in 1 above,

vector. the force applied




AN

Fig. 8.4(c) A force applied
briefly to a body moving in a
straight line QR changes the mo-

rd
tion to QR'. (o

Fig. 8.4(d) The areas of OPQ
and QR' are equal.

at point O accelerates the object toward the center. 1In
the time interval at, a stationary object at Q would move
to point Q’. But the object was moving and, without this
acceleration, would have moved to point R. Then, as Fig.
8.4c indicates, the resultant motion is to point R’.

8.4d shows Fig. 8.4c combined with Fig. 8.4b.

Fig.

Earlier we found that the areas of the triangles OPQ and
Are the areas of the triangles OQR and OQR’
To examine this question we can consider the

OQR were equal.
also equal?
perpendicular distances of R and R’ from the line Q'Q as the
altitudes of the two triangles.

As Fig. 8.4e shows, R and

R’ are equally distant from the line ¢’'Q. Both triangles

also have a common base, 0Q. Therefore, the areas of tri-

angles OQR and OQR’ are equal. Thus we may conclude that
the line from the center of force, point O, to the body

sweeps over equal areas in equal time intervals.

blow of a
the body would
8.4f.

of triangles

If another blow dixected toward 0, even a
different magnituie, were given at point R,
move to some point S’’, as indicated in Fig. By a
similar analysis you can find that the areas
OR’S '’
area of triangle OPQ.

and OR'S’ are equal. Their areas also equal the

In th2 geometrical argument above we have considered
the force to be applied at intervals At. What motion
will result if each time interval At is made var ishingly
small and the force is applied continuously? As you
would suspect, and as can be shown by rigorous proof, the
argument holds for a continuously acting central force. We
then have an important conclusion: if a body is continuously
acted upon by any central force, it will move in accordance
with Kepler's Law of Areas. 1In terms of the planetary orbits
from which the Law of Areas was found, the accelerating
force must be a central force. Furthernore, the sun is at
Notice that the way in which the

strength of the central force depends on distar~ce has not

the cente~ of the force.

been specified.

Fig. 8.4(e) The distances of
R and R' from QQ' are equal.

.g'- .
0

Fig. 8.4(f) A force applied at
R' causes the body to move to
Sll

SG81

Does this conclusion apply if
the central force is one of re-
pulsion rather than attraction?

Q7

What types of motion satisfy Kepler's
Law of Areas?
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8.5 The inverse-square law of planctary force. 1In the last

section we found that the force influencing the motion of
a planet had to“be a central force toward the sun. But many
questions remained to be considered. How did the strength
of the force change with the planet's distance from the

center of motion? Would one general force law account

for the motions of all the planets? Or was a different

law needed for each planet? Would the force law be
consistent with Kepler's third law, T? « R}? How could thas
be tested? And from what observations could the amount of
the force be determined?

Clearly, the nature of the force law should now be
found; but how? The Law of Areas will not be useful, for
we have seen that it is satisfied by any central force. But
A Kepler's first law (elliptical orbits) and third law (the
relation between distance and period) remain to be used. We
could start by considering what the relation between force

See "Newton's Laws of Dynamics"
in Project Physics Reader 1. . and distance must be in order to satisfy the third law.

Newton preferred to assume a force law and tested it against
Kepler's third law.

Some clues suggest what force law to consider first. Be-
cause the orbits of the planets are curved toward the center
of motion at the sun, the force must be one of attraction
toward the sun. While the force might become greater wich
distance from the sun, we could expect the force to decrease
with distance. Possibly the force varies inversely with

the distance: F « 1/R. Or perhaps, like the brightness of
a light, the force decreases with the inverse square of the
distance: F « 1/R?. possibly the force weakens very
rapidly with distance: F « 1/R3, or even F « 1/Rn, where
n is some large number. One could try any of these pos-
Newton assumed that: sibilities. But here let us follow Newton's lead and test
1 whether F = 1/R? agrees with the astronomical results.
R Actually Newton's choice of this inverse-square law was ’

not accidental. oOthers such as Wren, Halley and Hooke

grav *

weie attempting to solve the same problem and were con-
sidering the same forxce law. In fact, Halley came to Newton
in 1684 specifically to ask if he could supply a proof of
the correctness of the inverse-square law which tl'e others

were seeking in vain. Even if Newton had not already de- ‘

How can you explain the nistori- rived the proof, it is likely that someone would have soon.

cal fact that many scientific . . .

discoveries have been made in- At any one time in the development of sclence, a rather anar-

dependently and almost simul- row range of interesting and important problems holds the

taneously by two or more men? . . . . . .

What examples can you list? attention of many scientists in a given field, and often
several solutions are proposed at al - the same time.
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Because Kepler's third, or Harmonic, law relates the
periods of different planets to their distances from the
sun, this law should be useful in our study of how the
gravitational attraction of the sun changes with distance.
We have another clue from Galileo's conclusion that the
distance d through which a body moves as a result of the
earth's gravitat. aal attraction increases with the square

of the time, t2. The full reiaticn is

d = kat?,

where a is a constant acceleration.

We wish to compare the central forces, or accelerations, dP = "Fall"
acting on two planets at different distances from the sun.
Fig. 8.5 indicates the geometry for two planets moving in
circular orbits. For convenience we can consider one of
the planets to be the earth, E. The other planet P can be
at any distance from the sun. According to Newton's Law of E R
Inertia, any planet continually tends to move in a straight
line. But we observe that it actually moves in an orbit
which is (nearly!) a circle. Then, as Fig. 8.5 indicates, E
in a small interval of time t the planet moves forward,

and also falls a distance d toward the sun. No matter

hov large the orbit is, the motion of each planet is similar Sun

to that of the others, though each has its own period T.

i Fig. 8.5 The "fall" >t the
This time t taken for either planet to move through the earth and a planet teward the

portion of the orbit indicated in Fig. 8.5 is a fraction of Sun.
the total time T required for the planet to make one revolu-

tion around the sun. No matter how large the orbit, the

fraction % required to move through this angle, will be the

same for any planet. But while the planet moves through

this arc, it also falls toward the sun through a distance 4.

From Fig. 8.5 we can also see that the distance d increases

in proportion to the distance R.

Now let us use Galileo's eguation to compare the "falls"
of two planets toward the sun:

2 2

dp k3 tp2 or dp 3 t"ls'2
= ’

dE EaE tE dE ap tE

But because the values of d are proportional to R, we can
replace the ratio (dp/dE) by (RP/RE) and have:

2
Rp 3p &

Rg

Now, if we can express the a's in terms of R's or t's, we

can see whether the result agrees with Kepler's third law.
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Assume that a « 1/R? .

In the analysis above we substi-
tuted 1/R2 for a in the general
relation R = at?. What results
do you get if you set a = 1/Rn,
where n is any number? What
value must n have to satisfy
Kepler's Third Law?

(&)

Like Newton, let us assume that a varies with 1/R2. By

rearranging the equation we have:

=
=
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This has the same form as Kepler's third lav but involves
the times t for the planet to move through a small arc,
rather than the full period T. However, we have seen that
the times t required for planets to move through the same
arcs of circular orbits were the same fractions & of their

T
total period. Thus we can replace t by T and have

—_ = 3 . 2
, oxr RP % 'I'P B

where the constant k adjusts the equality for the units in
which R and T are expressed. This last equation is Kepler's

Law of Periods which we saw as Eq. (7.3).

In Lhis derivation we have made a number of assumptions:
1) that Galileo's law of acceleration relating times and
distances of falling bodies on the earth applies %o the ac-
celeration of the planets toward the sun, and 2) that the
acceleration toward the sun changes as 1/R2. As a result we
have found that the planets should move according to Kepler's
Law of Areas. Since they do, we can (by Newton's fourth
~sule) accept our assumption that the sun's gravitational
attraction does change with 1/RZ,

We assumed that the orbits were circles. However, Newton
showed that any object moving in an orbit that is a conic
section (circle, ellipse, parabola or hyperbola) around a
center of force is being acted upon by a net force which
varies inversely with the square of the distance from the

center of force.

Q8 why is Kepler's third law (R? « T3) yse- the sun?
ful for testing how the gravitational
acceleration changed with distance from

Q9 what simplifying assumptions were made
in the derivation here?
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8.6 Law of Universal Gravitation. Evidently a central force is

holding the planets in their orbits. Furthermore, the
strength of this central force changes inversely with the
squar2 of the distance ifrom the sun. This strongly suggests
that the sun is the source of the force—but it does not
necessarily require this conclusion. wewtcn's results might
be fine geometry, but so far they include no physical mech-




anism. The French philosopher Descartes (1596-1650) had

proposed an alternate theory that all space was filled with

a subtle, invisible fluid which carried the planets around .e
the sun in a huge whirlpool-like motion. This was an ex-
tremely attractive idea, and at the time was widely ac-
cepted. However, Newton was able to prove that this mech-
anism could not account for the -juantitative observation

of planetary motion summarized in Kepler's laws.

Kepler, you recall, had still a different suggestion. He
proposed that some magnetic force reached out from the sun
to keep the planets moving. To Kepler this continual push_
was necessary because he had not realizeé the nature of
inertial motion. His model was inadequate, but at least he
was the first to regard the sun as the controlling mechanical
agent behind planetary motion. And so the problem remained:
was the sun actually the source of the force? If so, on
what chacacteristics of the sun did the amount of the force
depend? I Sun

At this point Newton proposed a dramatic solution: the
force influencing the planets in their orbits i: nothing
other than a gravitational attraction which the sun exerts
on the planets. This is a gravitational pull of exactly
the same sort as the pull of the earth on an apple. This

assertion, known as the Law of Universal Gravitation, says:

evéry object in the universe attracts every other

object with a gravitational force.

If this is so, there must be gravitational forces between a
rock and the earth, between the earth and the moon, between
Jupiter and its satellites—and between the sun and each of
the planets.

But Newton did not stop by saying only that there is a
gravitational force between the planets and the sun. He
further claimed that <he force is just exactly the right
size to account completely for the motion of every planet.

No other mechanism is needed...no whirlpools in invisible Hoon
fluids, no magnetic forces. Gravitation, and gravitation __—//;////
alone, underlies the dynamics of the heavens.

Because this concept is so commonplace to us, we are in
danger of passing it by without really understanding what
it was that Newton was claiming. First, he proposed a The sun, moon and earth each

pull on the other. The forces
are in matched pairs in agree-
universe from the effects of gravity. Less than a century ment with Newton's third law.

truly universal physical law. He excluded no object in the

before it would have been impious or foolish even to suggest
that terrestrial laws and forc2s were the same as those that

regulated the whole universe. But Kepler and Galileo had

PN
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begun the unification of the physics of heaven and earth.
Newton was able to carry a step further what had been well
begun. Because Newton was eventually able to unite the
mechanics of terrestrial opjects and the motion of celestial
bodies through one set of propositions, his result is called

the Newtonian synthesis.

A second feature of Newton's claim, that the orbit of a
planet is determined by the gravitational attraction between
it and the sun, was to move physics away from geometrical
explanations toward physical ones. e shifted the question
from "what are the motions?", which Kepler had answered, to
"what force effects the motion?" 1In both the Ptolemaic and
Copernican systems the planets moved about points in space
rather than about objects, and they moved as they did be-
cause they had to by their nature or geometrical shape, not
because forces acted on them. Newton, on the other hang,
spoke not of points, but of things, of objects, of physical
bodies. Without the gravitational attraction of the sun to
deflect them continually from straight-line paths, the
planets would fly out into the darkness of space. Thus, it
was the physical sun which was important rather than the
point at which the sun happened to be located.

Newton postulated a specific force. By calling it a
force of gravity he was not, however, explaining why it
should exist. He seems to be saying esseniially this: hold
a stone above the surface of the earth and release it. It
will accelerate to the ground. Our laws of motion tell us
that there must be a force acting on the stone driving it
toward the earth. We know the direction of the force and
we can find the magnitude of the force by multiplying the
mass of the stone by the acceleration. We can give it a
name: weight, or gravitational attraction to the earth.

Yet the existence of this force is the result of some unex-
plained interaction between the stone and the earth. Newton
assumed, on the basis of his Rules of Reasoning, that the
same kind of force exists between the earth and moon, or any
planet and the sun. The force drops off as the square of
the distance, and is of just the right amount to explain the
motion of the planet. But why such a force should exist re-
mained a puzzle, and is still a puzzle today.

Newton's claim that there is a mutual forxce between a
planet and the sun raised a new question. How can a planet
and the sun act upon each other at enormous distances with-
out any visible connections between them? On earth you can
exert a force on an object by pushing it or pulling it. We
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stone

Fig. 8.7(a) The gravitational
force on the earth is equal and
opposite to the gravitational
force on the stone.

' stone
of stone

on earth
= force or

of earth

on stone

m X a
stone stone

X a
Mearth earth

is proportional to the mass of the stone. Then by Newton's
third law the force experienced by the earth owing to the
stone is eq ally larce and opposite, or upward. Thus while
the stone falls, the earth rises. If the stone were fixed
in space and the earth free to move, the earth would rise
toward the stonc until they collided. As Fig. 8.7 indicates,
"the forces are equal and opposite," and the accelerations

are inversely proportional to the masses.

The concJusion that the forces are equal and opposite,
even between a very large mass and a small mass, may seem
contrary to common sense. Therefore, let us consider the
force between Jupiter and the sun, whose mass is about 1000
times that of Jupiter. As Fig. 8.8 indicates, we could con-
sider the sun as a globe containing a thousand Jupiters.
Let us call the force between two Jupiter-sized masses,
separated by the distance between Jupiter and the sun, as
one unit. Then Jupiter pulls on the sun (a globe of 1000
Jupiters) with a total force of 1000 units. Because each
of the 1000 parts of the sun pulls on the planet Jupiter
with one unit the total pull of the sun on Jupiter is also
1000 units. Remember that each part of the massive sun not
only pulls on the planet, but is also pulled upon by the
planet. The more mass there is to attract, the more there
is to be attracted.

- HHHHH

Pianet
—~®
MPlanet

w

Fig. 8.7(b) The gravitational
force on a planet is equal and
opposite to the gravitational
force, due to the planet, on the
sun.

Sun = 1000 Jupiters

0

Tt
tl |
O
Jupiter
Fig. 8.8 The gravitational for-
ces between the sun and a planet

are equal and opposite.

§G 8.3
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Force depends on mass of sun.

Force depends on mass of planet.

SG 8.7

Ftocal varies with (mr x ms)-

(8.1)
X m
F «mp C (8.2)
grav R2
= e Sl (8.3)
grav Rz

Try a thought experiment. Con-
sider the possibi.ities that
the force could depend upon the
masses in either of two other
weys:

(a) totzl force depends on
(m

+ m 0
sun planet)’ r

(b) total force depends on

( ).

m m
sun/ planet

Now in imagination let one of
the masses become zero. On the
basis of these choices, would
there still be a force even
though there were only one mass
left? Could you speak of a
gravitational force when there
was no body there to be accel-
erated?

9%

The gravitational attraction is proportional to the mass
of the large body and the attraction is also proportional to
the mass of the small body. How do we combine these two pro-
portionalities to get one ¢xpression for the total force? Do

we multiply the masses, add them, or divide one by the other?

Figure 8.8 already cuggests the answer. If we replaced
the sun (1000 Jupiters) by only one Jupiter, the force it
would exert on the planet would be only one unit. Likewise,
the planet would attract this little sun with a force of
only one unit. But because the sun is a thousand times
larger than Jupiter, each pull is 1000 units. If we could
make the planet Jupiter three times more massive, what
would the force be? You probably answered immediately:
3000 units. That is, the force would be mult}plied three
times. Thexrefore we conclude that the attraction increases
in direct proportion to increases in the rass of either
body, and that the total force depends upon the product
of the two masses. This conclusion should not be surpris-
ing. If you put one brick on a scale, it has a certain
weight (a measure of the earth's gravitational attraction
on the brick). If you put thrce bricks on the scale, what
will they weigh? That is, how much more will the earth
attract the three bricks compared to one brick?

Thus far we have concluded that the force between the sun
and a planet will be proportional to the product of the
masses [Eq. (8.1)]. Earlier we concluded that this force
also depends upon the inverse square of the distance between
two bodies. Once again we multiply the two parts to find

one force law [Eq. (8.2)] that relates both masses and dis-
tance.

Such a proportionality as (8.2) can be ch;nged into an
equation by introducing a gravitational constant, G, to allow
for the units of measurement used. Equation (8.3) is a bold
assertion that the force between the sun and any planet depends
only upon the masses of the sun and planet and the distance
between them. We should notice what the equation omits.

The force does not depend upon the name of the planet or its
mythological identifications. Furthermore, it does not con-
sider the mass of sun or earth as being in any way special

compared with the mass of some other planet.

According to Eq. (8.3) the gravitational force is deter-
mined by and only by the masses of the bodies and the dis-
tance separating them. This equation seems unbelievably
simple when we remember the observed complexity of the

planetary motions. Yet every one of Kepler's Laws of Plane-
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tary Motion is consistent with this relation, and this is
the real test whether or not Eq. (8.3) is useful.

Moreover, Newron's proposal that such a simple equation
defines the forces between the sun and planets is aot the
final step. He believed that there was nothing uhique or
special about the mutual force between sun and planets, or
the earth and apples: a relation just like Eq. (8.3) should
app'y universally to any two bodies having masses m; and m;
separated by a distance R that is large compared to the

diameters of the two bodies. In that case we can write a

"general law of universal gravitation" ([Eq. (8.4j]. The
numerical constant G, called the Constant of Universal
Gravitation, is assumed to be the same everywhere, whether
the objects are two sand grains, two members of a solacs
system, or two galaxies separated by half a universe. As
we shall see, our faith in this simple relationship has be-
come so great that we assume Eq. (8.4) applies everywhere
and at all times, past, present and future.

Even before we gather the evidence supporting Eq. (8.4),
the sweeping majesty of Newton's theory of universal gravita-
tion commands our wonder and admiration. You may be curious
as to how such a bold universal theory can be tested. The
more diverse these tests are, the greater will be cur grow-

ing belief in the correctness of the theory.

-

The general Law of Universal
Gravitation:

Q13

According to Newton's Law of Action and

Opposite Reaction, the earth should rise Q14 What meaning do you give to G, the
Constant of Universal Gravitation?

toward a falling stone. Why don't we
observe the earth's motion toward the
stone?

Testing a general law., To make a general test of an equa-
tion such as Eq. (8.4) we would need to determine the numer-

ical value of 21l quantities represented by the symbols on

both the left and right side of the edquality sign. Also we
should do this for a wide variety of cases to which the law
is supposed to apply and check to see if the values always
come out equal on bo*h sides. But we surely cannot proceed
that way. How would we determine the magnitude of Fgrav
acting on selestial bodies, except through the application
of this equation itself? Newton faced this same problemgw,
Furthermore, he had no reliable numerical values for the
masses of the earth and the sun, and none for the value

of G.

But worst of all—just what does R represent? as long

as we deal with particles or objects so small that their

size is negligible compared with the distance between them,

(8.4)
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«<ble to show, as we did in Section 8.5, that the general
statement of Eq. (8.4) applied also to the motion of planets
around the sun along orbits that are conic sections (in this
case, elliéses).

Q18 In what way did Newton compare the mo- . Q19 Explain the significance of the numeri-
tions of a falling apple and of the cal results of Newton's computation of
moon? the moon's acceleration. .

8.10 Gravitation and planetary motion. The line of discussion

used to consider the force of the earth's gravitational at-
traction upon the moon opens up a further opportunity to
check Newton's theory. Newton made a very important assump-
tion: the gravitational attraction must be the cause of
centripetal acceleration.

- . . , .
See "Gravity Experiments" in Squation (8.6) related the centr: .1 acceleration, a,,

Project Physics Reader 2. to the distance and period of a body moving in a circle.
Therefore, for a planet going in a circular orbit—a good

FC = mass x acceleration approximation for this purpose—the centripetal force Fc is
= mya just the acceleration multiplied by the mass of the planet
= m, (47 2R/T?) 8.7) fEq. (8.7)]. Earlier we found that the gravitational force
on'a planet in its orbit around the sun was given by Eq.
oy = © e (8.3) (8.3). Now we can equate the relations, Egs. (8.3) and
8 R< (8.7), for Fgrav and F,. After canceling the quantity mp
on both sides and rearranging the symbols, we have Eq.
but Fe = Foray (8.8) which has the form of Kepler's third law, T2 = kR3.
The quantity within the bracket of Eq. (8.8) occcupies the
same place as the constant k which we earlier found to be
so dp ﬁ135=:c fﬁf§ the same for all planets. The brackets contain only the
T2 R terms: G, which is supposed to be a universal constant; mg,
the mass of the sun; and the numbers 472, Since none of the
T 2 =[ﬁ13]R3 (8.8) terms in the brackets depends upon the particular planet,
P Cmg the bracket gives a value which applies to the sun's effect

Tp? = kR? is Kepler's Third Law. ~ OO 2nY planet.

This does not prove that k = 4n2/Gms. If, however, we

In Chapter 7 we wrote T2 = ka3, tentatively accept the relation, it follows that Gms = 412 /k.
‘:::rsrgi‘za.‘s ;::;‘::‘: ﬁsg::;ie:“ Therefore, while we have not seen how one could determine

8 we have used a for accelera- either G or mg separately, the determination of G would al-
tion. To lessen confusion we
use R here to describe the mean
distance of an orbit.

low us to calculate the mass of the sun, mg .
We must still question whethex G is really a universal
constant, i.e., one with the same value for all objects that

interact accorcding to Eq. (8.4). Although Newton knew in
principle how one might measure the numerical value of G, he
lacked the precision equipment necessary. However, he did

mm2 (8.4) provide a simple argument in favor of the constancy of G.

F
rav
& R? Consider a body of mass m; on the surface of the earth (of

mass mE), at a distance RE from the earth's center. The
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body's weight, which we call F is given by mjg. Then

grav’
we can again equate the earthly gravitational force, mg,
with the force predicted by the Law of Universal Gravitation.
The result is Eg. (8.9). At any one position on earth,

(REZ/mE) is constant (because R_ and m, are each constant)

regardless of what the numerica? value of this ratio may be.
Then, if all substances, at that place show precisely the
same value for g, the gfavitational acceleration in free
fall, the quantity G also must be constant there. This con-
clusion should hold regardless of the chemical composition,
texture, shape and color of the bodies involvéd in free fall.
That g is constant at a given location is just what Newton
showed experimentally. His measurements were made not by
just dropping small and large bodies, from which Galileo
had previously concluded that g cannot vary significantly.
Instead Newton used the more accurate method of timing pendu-
lums of equal lengths but of different materials such as wood
and gold. After exhaustive experiments, all pdbinting to
the constancy of g, and therefore of G at a given location,
Newton could write:

This [constancy] 1is the quality of ail bodies

within the reach of our experiments; and therefore
(by Rule 3) to be affirmed of all bodies whatsoever.

Thus G attained the status of the Universal Constant of
Gravitation-—one of the very few universal constants in
nature.

Weight = ¥

Fgrav = mg, but also

R.2
G =|:—E—-]g (8.9

Q20 How did Newton use the centripetal force

Q21 On what basis did Newton conclude that

in his analysis of the motions of the

G was a universal constant?

moon and planets? Q22 since the value »f g is not the same at
all places oun the earth, does this mean

that perhaps G is not really constant?

8.11 The tides. The flooding and ebbing of the tiaes, so im-

portant to navigators, tradesmen and explorers through

the ages, had remained a mystery despite the studies of
such men as Galileo. Newton, however, through the applica-
tion of the Law of Gravitation, was able to explain the
main feacures of the ocean tides. These he found to result
from the attraction of the moon and sun upon the fluid
waters of the earth. Each day two high tides normally oc-
cur. Also, twice each month, when the mocn, sun and earth
are in line, the tides are higher than'the average. Near
quarter moon, when the directions from the earth to the moon
and sun differ by about 90°, the tidal changes are smaller
than average.

Two questions about tidal phenomena demand special at-

tention. First, why do high tides occur on both sides of

What are the phases of the moon
when the moon, sun and earth
are in line?
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Fig. 8,11 Tidal forces. The
earth-moon distance indicated

in the figure is greatly reduced
because of the space limitations.

$G 8.16

the earth, including the side away from the moon? Second,
why does the time of high tide occur some hours after the

moon has crossed the north-south line (meridian)?

Newton realized that the tide-raising force would be the
difference between the pull of the moon on the whole solid
earth and on the fluid waters at the earth's surface. The
moon's distance from the solid earth is 60 earth radii. On
the side of the earth nearer the moon, the distance of the
water from the moon is only 59 earth radii. On the side of
the earth away from the moon the water is 61 earth radii
from the moon. Then the accelerations would be those
shown in Fig. 8.11. On the side near the moon the accelera-
tion is greater than that on the rigid earth as a whole,
so tbe fluid water on the surface of the earth has a net
On the far side of the earth,

the acceleration is less than it is on the earth as a whole,

acceleration toward the moon.

so the water on the far side has a net acceleration away from
the moon. We could say that the rigid earth is pulled away

from the water.

If you have been to the seashore or examined tide tables,
you know that the high tide does not occur when the moon

crosses the north-south line, but some hours later. To ex-

‘plain this even qualitatively we must remember that the

oceans are not very deep. As a result, the waters moving in
the oceans in response to the moon's attraction encounter
friction from the ocean floors, especially in shallow water,
and consequently the high tide is delayed. In any particular
place the amount of the delay and of the height of the tides
depends greatly upon the ease with which the waters can flow.
o general theory can be expected to account for all the
particular details of the tides. Most of the local predic-
tions in the tide tables are based upon the cyclic variations

recorded in the past.

Since there are tides in the fluid seas, you may wonder
if there are tides in the fluid atmosphere and in the earth
itself.
bends about like sieel.
foct high.
other weather changes.

There are. The earth is not comvletely rigid, Luv=:
The tide in the earth is about a
The atmospheric tides are generally masked by
However, at heights near a hundred
miles where satellites have been placed, the thin atmosphere

rises and falls considerably.

Q23 Why do we consider the acceleration of

the earth's center?

the moon on the ground below a high tide

to be the acceleration o1 the moon on

Q24 wWhy is there a high tide on the side of
the earth away from the moon?
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8.12 Comets. Comets, whose unexpected appearances had thirough

antiquity ancd the Middle Ages been interpreted as omens of
disaster. were shown by Halley and Newton to be nothing more
than come sort of cloudy masses that moved around the sun
according to Newton's Iaw of Gravitation. They found that
most comets ware visible only when closer to the sun thaa
the distance of Jupiter. Several of the very bright conets
were found to have orxbits that took them well ir *~- the
orbit of Mercury to within a few million r e 2 fun,

as Fig. 8.12 indicates. Some of the orbits nave eccent :ic-
ities near 1.0 and are almost parabolas, and those comets have
periods; of thousands or even millions of years. Other faint
comets have periods of only five to ten years. Unlike the
planets, whose orbits are nearly in the plane of the ecliptic,
the planes of comet orbits are tilted at all angles to the
ecliptic. In fact, about half of the long~period comeis move

in the direction opposite to’ the planetary motions.

Edmund Halley applied Newton's gravitational theory to
the motion of bright comets. Among those he studied were
the comets of 1531, 1607 and 1682 whose orbits he found to
be very nearly the same. Halley suspected that these might
be the same comet seen at intervals of about 75 years. If

this were the same comet, it should return in about 1757—as

Fig. 8.12 Schematic diagram of
the orbit of a comet projected
onto the ecliptic plane; comet
orbits are tilted at all angles.

Fig. 8.13 A scene from the
Bayeux tapestry, which was em-
broidered about 1070. The
bright comet of 1066 can be seen
at the top of the figure. This
comet was later identified as
being Halley's comet. At the
right, Harold, pretender to the
throne of England, is warned
that the comet is an i1l omen.
Later that year at the Battle
of Hastings Harold was defeated
by William the Conqueroxr.




See "Boy Who Redeemed His

Father's Name" in Project Physics
Reader 2.

See "Great Comet of 1965" in
Project Physics Reader 2.

it did—after moving out to 35 times the earth's distance

from the sun. This is Halley's comet, due to be near the

sun and bright again in 1985 or 1986.

With the period of this bright comet known, its approxi-
mate dates of appearance could be traced back in history.
In the records kept by Chinese and Japanese this comet has
been identified at every expected appearance except one
since 240 B.C.

are incomplete in Europe is a sad commentary upon the in-

That the records of such a celestial event

terests and culture of Lurope during the so-called "Dark
Ages." One of the few European records of this comet is
the famous Bayeux tapestry, embroidered with 72 scenes of
the Norman Conquest of England in 1066, which shows the
comet overhead and the populace cowering below (Fig. 8.13).
A major triumph of Newtonian science was its use to explain

comets, which for centuries had been frightening events.

Q25 In what way did Halley's study of comets
support Newton's theory?

T2 =|:5ﬁ-IR3 (8.8)

Gmg |

By rearrzngement, this *::omes

42 |83
T
3+ 2
msun RP TSac
=g T (8.11)
"p Sat P
R

p__|. 483,000,000 mi _ .,
Rg,. | 1,170,000 mi

2
;[
m, - 1T [259]

"sun _ 7.05 x 10

mp, 6,70 % 10

= 1050.
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8.13 Relative masses of tne planets compared to the sun.

The
masses of the planets having satellites can be compared to

the mass of the sun Ly the use of Egq. (8.8) even though we
do not know the value of the Universal Gravitational Con-
stant, G. This we can do by forming ratios involving the
periods and distances of the planets around the sun and
of satellites around the planets. As a start w2 rearrange
Eq. (8.8) into the form of Eq. (8.10). This relates the
period of a planet to its distance from thé sun and the
total mass of the sun plus planet, but the mass of the
planet can be neglected. If we change the subscripts, this
relation applies equally well to a planet P and one
satellites, Sat.

of the sun to the mass of the planet:

of its

Then we may find the ratio of the mass

R.3
. 472
mass of the sun-planet pair Mo un [ a ] T;7
. - m - ‘4n2 Rsae3 -~
mass of the planet-satellite pair p 2
G T
Sat
The brackets cancel. After some rearrangement we have
3
msun _ TSat RP
o = |7 R Ak - (8.11)
4 p . Sat

Now, for example, we can determine the relative mass of

Jupiter and the sun.

We know the period TS and the distance

RS between Jupiter and one of its satellites—Callisto, one




of the Galilean satellites. Also we know the orbital period

Tp and the distance Ry of Jupiter from the sun. Table 8.1
presents the modern data. In the margin we have worked out
the arithmetic.

Table 8.1. Data on the Motion of Callisto around Jupiter,
and on the Motion of Jupiter around the Sun.

Object Period (T), days Distance, R, miles
Callisto 16.71 1,170,000
Jupiter 4,332 483,000,000

In this way Newton found the masses of Jupiter, Saturn

and the earth compared to the sun's mass to be: 1/1067,

8.14
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1/3021 and 1/169,282. (The modern values are: 1/1048,
1/3499 and 1/331,950.) Thus the application of gravita-
tional theory permitted for the first tim. 2 determination
of the relative masses of the sun and planets.

SG 81
SG 812

Newton's relative value for the
mass of the earth was in error
because the distance from the
earth to the sun was not accu-
rately known.

Q26 Even though Newton did not know the value could he find such masses, in terms of
of G, how could he use Egq. (8.10), the sun's mass?
n = 42 | R3 Q27 1f the period of a satellite of Uranus
S G 72 ! is 1 day 10 hours and its mean distance

from Uranus is 81,000 miles, what is the

to derive relative masses of some planets ”
compared to the sun? For which planets mass:

mass of Uranus compared to the sun's

The scope of the principle of universal gravitation. Aal-

though Newton made numerous additional applications of his
Law of Universal Gravitation, we cannot consider them in
detail here. He investigated the causes of the irregular
motion of the moon and showed that its orbit would be con-
tinually changing. - As the moon mcves around the earth,

the moon's distance from the sun changes continually. This
changes the net force of the earth and sun on the orbiting
moon. Newton also showed th:t other changes in the moon's
motion occur because the earth is not a perfect sphere,

but has an equatorial diameter 27 miles greater than the
diameter through the poles. Newton commented on the problem
of the moon's motion that "the calculation of this motion is
difficult." Even so, he obtained predicted values in reason-
able agreement with the observed values available at his
time.

Newton investigated the variations of gravity at different
latitudes on the bulging and spinning earth. Also, from the
differences in the rates at which pendulums swung at differ-
ent latitudes he was able to derive an approximate shape for
the earth.
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what Newton had done was to create a whole new quantita-
tive approach to the study of astronomical motions. Because
some of his preaicted variations had not been obsecved,
new improved instruments were built. These were needed
anyway to improve the observations which could now be fit-
ted together under the grand theory. Numerous new theoret-
ical problems also needed attention. For example, what
were the predicted and observed interactions of the planets
upon their orbital motions? Although the planets are small
compared to the sun and are very'far apart, their inter-
actions are enough so that masses can be found for Mercury,
) Venus and Pluto, which do not have satellites. As precise
data have accumulated, the Newtonian theory has permitted
calculations about the past and future states of the plan-
etary system. For past and future intervals up to some
hundreds of millions of years, when the extrapolation

becomes fuzzy, the plsnetary system has been and will be
about as it is now.

What amazed Newton's contemporaries and increases our own
admiration for him was not only the range and genius of his
work in mechanics, not only the originality and elegance of
his proofs, but also the detail with which he developed
each idea. Having satisfied himself of the correctness of
his principle of universal gravitation, he applied it to a

See "Universal ‘sravitation' in
Project Physics Reader 2. wide range of terrestrial and celestial problems, with the

result that it became more and more widely accepted. Remem-
ber that a theory can never be completely proven; but it be-
comes increasingly accepted as its usefulness is more widely
shown.

The great power of the theory of universal gravitation
became even more apparent when others applied it to prob-
lems which Newton had not considered. It took almost a
century for science to comprehend, verify and round out his
work. At the end of a second century (the late 1800's), it
was still reasonable for leading scientists and philosophers
to claim that most of what had been accomplished in the
science of mechanics since Newton's day was but a develop-
ment or application of his work. Thus, due to the work of
Newton himself and of many scientists who followed him, the
list of applications of the principle of universal gravita-
tion is a long one.

¥

Q28 What are some of the reasons which caused Q29 What were some of the problems and ac~ ;
Newton to comment that "the calculation tions that needed further effort as a :

of the moon's motion is difficult"? (See result of Newton's theory? ? _
: Fig. 8.10.) ¢
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Lorces coula be exerted at such distances. Newton nimself,
however, did not claim to have discovered how the gravita-
tional force he had postulated was transmitted through space.
At least in public, Newton refused to speculate on how the
postulated gravitational force was transmitted through space.
He saw no way to reach any testable answer which would re-
place the unacceptable whirlpools of Descartes. As he said
in a famous passage in the General Scholium added to his
second edition of the Principia (1713):

...Hitherto I have not been able to discover the cause This quotation {is part of an
of those properties of gravity from phenomena, and I important comment, or General
frame no hypotheses; for whatever is not deduced from Scholium, beginning on page 543
.the phenomena is to be called an hyprthesis; and hy- of the Cajori edition, Univer-
potheses, whether metaphysical or physical, whether sity of California Press. The
of occult qualities or mechanical, have no place in quotation is on page 547.

experimental philosophy. 1In this philosophy par-
ticular propositions are inferred from the phenomena,
and afterwards rendered general by induction. Thus
it was that the impenetrability, the mobility, and
the impulsive force of bodies, and the laws of motion
and of gravitation were discovered. And to us it is
enough that gravity does really exist, and act ac-
coxding to the laws which we have explained, and
abundantly serves to account for all the motions of
the celestial bodies, -and of our sea.

We quoted Newton at length because this particular pas-
sage is frequently misquoted and misinterpreted. The
original Latin reads: hypotheses non fingo. This means:

“I frame no hypotheses," "I do not feign hypotheses," or
"I do not make false hypotheses."

Newton did make numerous hypotheses in his numerous publi-
cations, and his letters to friends contain n.any other
speculations which he did not publish. More light is ‘shed
on his purpose in writing the gfneral Scholium by his manu-
script first draft (written in January, 1712-13). Here

Newton very plainly confessed his inability to unite the
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8.16 The actual masses of celestial bodies. The full power of

the Law of Universal Gravitation could be applied only after

the numerical value of the proportionality constant G had

been determined. As we noted earlier, although Newton

understood the process for determining G experimentally,

the actual determination had to await the invention of —_

delicate instruments and special techniques.

The procedure is simple enough: in the laboratory,
measure all of the quantities in the equation

myny
= G R (8.4)

except G, which can then be computed. The masses of small

Fgrav

solid objects can be found easily enough from their weights.

Furthermore, measuring the distance between solid objects of

definite shape is not a problem. But how is one to measure
the small gravitational force between relatively small objects
in a laboratory when they are experiencing the large gravita-
tional force of the earth?

Fig. 8.14 Schematic diagram of
the device used by Cavendish for
determining the value of the

This serious technical problem of measurement was eventu—

ally solved by the English scientist Henry Cavendish (1731- gravitational constant, G. The
1810). As a device for measuring gravitational forces he large lead balls of masses M)

) ; ] and M2 were brought close to
employed a torsion balance (Fig. 8.14), in which the force the small lead balls of masses
to be measured twists a wire. This force could be measured ) and mp. The mutual gravita-

) ) tional attraction between M,
separately and the iwist of the wire calibrated. Thus, in and my and between M, and mg
the Cavendish experiment the torsion balance allowed measure-  c2useéd the vertical wire to be

. twisted by a measurable amount.
ments of the very small gravitational forces exerted on two

small. masses by two larger ones. This experiment hss been

Q progressively improved, and today the accepted value of G is

[El}\!(:‘ To derive the gravitational
G =6.67 x 10-11 Nm2/kg? force between two kilogram mas-
ses, one meter apart:
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physics of the heavens which explains the motion of bodies
by the forces between them. Therefore the general statewent
that a universal gravitational force exists has to be turned
into a quantitative one that gives an expression for both
the magnitude and direction of the force between any two
objects. It was not enough to assert that a mutual gravi-
tational attraction exists between the sun and say Jupiter.
Newton had to specify what quantitative factors determine
the size of that mutual force, and how it could be measured,
either directly or indirectly.

While studying Newton's Laws of Motion in Unit 1, you
first encountered the concept of mass. Indeed, Newton's

second law, F = ma, states that the acceleration of any

object dependgeﬁpon the net force and the mass. Consider
the two spheres in Fig. 8.6. Let us say that body B has
double the mass of body A. Newton's second law tells us
that if a net force causes body A to be accelerated a cer-
tain amount, double that force will be needed to accelerate
a ap body B by the same amount. If we drop bodies A and B, the

earth's gravitational attraction causes them to accelerate

equally: ay = ag =g, so the force on B must be twice the

force on A. Twice the mass results in twice the force—

, Ground which suggests that mass itself is the key factor in deter-
Fig. 8.6. Because falling mining the magnitude of the gravitational force.
spl eres of unequal mass accele-

rate at the same rate, the Like Newton, let us propose that the gravitational force

gravitational forces on them on a planet, due tc the pull of the sun, must be proportional
must be proportional to their . . .
masses. to the mass of the planet itself. It immediately follows

that this force is also proportional to the mass of tre sun.
We can see that the second proportionality follows, if we
consider the problem in terms of a stone and the earth. We
saw before that the downward force of gravity on the stone

TN

How to Find the Mass of a Double Star

r

lo <emonstrate the power of Lewton's
laws, let us study a counle star
can even derive its mass fro~ ycour ~un . @
cbservations. -
An interesting double st L A finding chart for Kruger

period, which can be seen as a u ; sard . .
star with a six-inch telescope, is user gg,t:;c¥e2ifchlumarc, cast ’ * *
60. The find-chart siows its lccatio:
less than one degree south of =he varianle
star Delta Cephei in the northern sky. . e~ .

o
.o

The sequential photogranhs (rig. 8.15), ¢
snaced in provortion to their dates, )
show the double star on the right. An- i
other star, which just happens to be in e . .
the line of sight, shows on the left.

The photographs show the revolution
within the dcuble-star system, which s
a period of about 45 years. As you can
see, the components were farthest apart,
about 3.4 seconds of arc, in the mid-
1940's. The chart of the relative DOS1-
tions of the two components (rig. 8.16)
shows that they will be closest together
at 1.4 seconds of arc around 1971. The
circles mark the center of mass of the
two-star system. If you measure the
direction and distance of one star rela-
tive to the other at five-year intervals,
you can make a plot on granh paper which
shows the motion of one star relative to
the other. Would you exnect this to be
an ellipse? Should Kepler's Law of

Areas apply? Does it? Have you assumcr T
that the orbital nlane is pernendicular

)

Fig. 8§.15 The or-
bital and linear
motions of the vis-
uval binary, Kriiger
60, are hoth shown
in this chart, made
up of photographs
taken at Leander
McCormick Observa-
tory (1919 and
1933) and at Sproul
Observatory (1938

N

. «
'

to the line of sight? to 1965).
The seguential pictures show that the
center of mass of Kruger 60 is drifting Hewovr
away from the star at the left. If you
Q were to extend the lines back to earlier
E [(: dates, you would find that in the 1860's .
TEEE Krilger 60 passed only 4 seconds of arc From the sequential photographs and

from that x'erence star. the scale given there we can derive the
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The masses of the two stars of Kruger
60 can be found from the photographs
shown 1n Fig. 8.15 and the application
of Fq. (8.11). when we developed Eq.
{8.11) we assumed that the mass of one
body of each pair (sun-planet, or planet-
satell’ te) was negligible. In the equa-
tion the mass 1s actually the sun of the
two, so for the double star we must
write (m, + m,). Then we have
pair;”
pair_ _ RE )

(m - m ) pair _ + ‘E i

m
Py

,rh
i

m
sun

-

(3.11)

The arithmetic 1s greatiy simplified
if we take the periods in years and the
distances in Astronomical Units (A. U.}),
which are both unit for the earth. The
period of Kriger 60 is about 45 years.
The mean distance of the components can
be found in seconds of arc from the dia-
gram (Fig. 8.16). The mean separation is

_ 3.4 seconds + 1.4 seconds
- 2

max + nin
t > J

4.8 seconds _ 2.4 seconcs
2 : :

Larlier we found that the distance from
the sun to the pair is near

8.7 -~ 10* A.U. Then the mean angular
separation of 2.4 seconds eguals

2.4 <« 8.7 » 10 a.uU.
2.1 x 10"

=10 A.U.,

or the stars are separated by about the
same distance as Saturn is from the sun.
(We might have expected a result of this
size because we know that the period of
Saturn around the sun is 30 years.)

Now, upon substituting the numbers
into Lg. (8.11) we have:

(m _+m ) pair _ (l_-:(lg)s
m_ 15) 1
_ 1000 _
= 5570 - 0.50,

or, the two stars together have about
half the mass of the sun.

We can even separate this mass into
the two components. In the diagram of
mctions relative to the center of mass
we sec that one star has a smaller motion
and we conclude that it must be more
massive. For the positions of 1970 (or
those observad a cycle earlier in 1925)
the less massive star is 1.7 times farther
than the othey from the center of mass.

180
~_ ] Ll RS
S

bS

20 25" 30 35

- —————

SECONDS OF ARC

Fig. 8.16 Kruger 60's components trace elliptical orbits,
indicated by dots, around their center of mass marked by
circles, For the years 1932 to 1975, each dot is plotted
on September lst. The outer circle is calibrated in
degrees, so the position angle of the companion may be
read directly, through the next decade.

So ‘the masses of the two stars are in
the ratio 1.7 : 1. Of the total mass of
the pair, the less.massive star has

1 - .
1 + 1.7 0.5 = 0.18 .he mass of the sun,

while the other star has 0.32 the mass
of the sun. fThe more massive star 1s
more than four times brighter than the
smaller star. Both stars are red dwarfs,
less massive and considerably cooler
than the sun.

From many analyses of double stars as-~
tronomers have found that the mass of a
star is related to its total light out-
put, as shown in Fig. 8.17.

| 5G8.15
. ‘I

Luminonty

N

Moss

Fig. 8.17 The mass-luminosity relation. The three
points at the bottom represent white dwarf stars,
which do not conform to the relation.
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very large masses we compute for other large bodies. Per-
haps for this reason Cavendish preferred to give his

result not as the mass of the earth but as the mass divided
by its volume (known quite well from geographical surveys).
He concluded that the earth was 5.48 times as dense as water.
It is a tribute to his experimental skill that his result

is so close to the modern value of 5.52.

This large density for the earth raised questions of very
great interest to geologists. The average density of rock
found in the crust of the earth is only about 2.7, and even
the densest ores found rarely have densities greater than the
earth's overall average. Since much mass must be somewhere,
and it is not at the surface, apparently the material making
up the core of the earth must be of much higher density than
the surface material. Some increased density of deep rocks
should be expected from the pressure of the upper layers of
rock. But squeezing cannot account for most of the differ-
ence. Therefore, the center of the earth must be composed
of materials more dense than those at the surface and prob-
ably is compos=2d mainly of one or more of the denser common
elements. Iron and nickel are the most likely candidates,

but geologists are also considering other alternatives.

With the value of G known by experiment we can also find
the mass of the sun, or of any celestial object having some
type of satellite. Once we know the value of G, we can sub-

SG 8.3 stitute numbers into Eg. (8.10) and find mg. In the case of

23 the sun, the earth is the most convenient satellite to use
= 4R

) (8.10) for our computation. . The earth's distance from the sun is
G 1.50 x 10!!m, and its period is one year, or 3.16 x 107 sec.
We have already seen that G = 6.67 x 10~11 m3/kg-sec?. Upon
substituting these numbers in Egq. (8.10), we find the mass
mg = 4n2(1.50 x 10} m)® . 4n2(1.59 x 10" )3 o3
(6.67 x 101! m¥/kg sec?)(3.16 x 107 sec)?  (6.67 x10711)(3.16 x 107)2 _m® _  sec?
kg sec2
mg = 2.0 x 103 kg
of the sun to be 2.0 x 103% kg. Earlier we found that tne
mass of the earth was about 6.0 x 102" kg. Thus, the ratio
of the mass of the sun to the mass of the earth is
2 x 1030 k
_—i_gs x 102% kg '
which shows that the sun is 3.3 x 10% (about a third of a
million) times more massive than the earth.
108
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This same procedure can be used to find the actual mass
of any planet having a satellite, For planets not having
satellites, their attraction on other planets can be used.
But all methods rely at some point on the Law of Universal
Gravitation. The masses of the sun, moon and planets rela-
tive to the earth are listed in Table 8.2. Notice that the
planets taken together add up to not much more than 1/1000th
part of the mass of the solar system.

Table 8.2

The mass of the sun, moon, and planets relative to the
mass of the earth. The earth's mass is approximately
6.0 x 102“ kg.
See "Life Story of a Galaxy"

Sun

333,000.00

Jupiter

318.

Moon

0.012

Saturn

Mercury

0.056

Uranus

Venus

0.82

Neptune

Earth

Mars

1.00

Pluto

0.108

in Project Physics Reader 2.

See "Expansion of the Universe"
in Project Physics Reader 2,

See "The Stars Within Twenty-two
Light Years That Could Have
Habitable Planets' in Project
Physics Reader 2.

Q30 How was the value of G determined experi-
mentally by Cavendish?

Q31 what geological problems result from the
discovery that the mearn density of the
earth is 5,522

8.18 Beyond the solar system. We have seen how Newton's laws

have been applied to explaining much about the earth ana the
entire solar system. But now we turn to a new question. Do
Newton's laws, which are so useful within the solar system,

also apply at greater distances among the stars?

Over the years following publication of the Principia
several sets of observations provided an answer to this im-

portant guestion. At the time of the American Revolutionary
War, William Herschel, a musician turned amateur astronomer

was, with the help of his sister Caroline, making a remark-

able series of observations of the sky through his home-made

Fig. 8.18 The motion over many
years of one component of a
binary star system. Each circle
that sometimes one star had another star quite close. He indicates the average of observa-
tions made over an entire year.
Oper circles designate the years
183¢ -1873, Dark circles are
used for the years after 1873,

high-guality telescopes. While planning how to m asure the
parallax due to the earth's motion around the sur, he noted

suspected that some of these pairs might actually be double
stars held together by their mutual gravitational attrac-
tions rather than being just two stars in nearly the same
line of sight. Continued observations of the directions
and distances from one star to the other of the pair showed
that in some cases one star moved during a few years in a
small arc of a curved path around the other (see Fig. 8.18).
When enough observations had been gathered, astronomers
found that these double stars, far removed from the sun and

See "Space, The Unconquerable"

planets, also moved around each other in accordance with in Project Physics Reader 2,
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Fig. 8.9 The net gravitational The amount of force on A is, however, more difficult to
force on a point, A, in a . . . ~ .
spherical body i; tovards the determine. Some points, like G, are relatively near to A,

center, C. while many more, like H and I are farther away. To sum up
all the small attractions Newton developed a new mathematical
procedure called the infinitesimal calculus. Witl. it he con-
cluded that the the force on a particle at a point A depéhded
only upon the mass of material closer than A to the center.
The attractions of the material located further from the
center than point A canceled out.

Assume that a planet is a sphere A similar analysis shows that on an external spherical

of uniform density (which the object—an apple on a branch, or the moon, or a planet-—the
earth is not). Compute the grav-
itational attraction at points
3/4, 1/2, 1/4 of the radius R the center of the attracting spherical body. Then the dis-
from the center. The volume of
a sphere is %}ven by:

Volume = 4mR°/3, between centers.

total gravitational attraction acts as if i% originated at

tance R in the Law of Universal Gravitation is the distance

This is a very critical discovery. Now we can consider
the gravitational attraction frcm a rigid spherical body as

though its mass was concentrated at a point, called a mass-

point.
Q15 What_diffic'lties do we have in testing Q17 How did Newton go about devising some
a universalf law? tests of his Theory of Universal Gravi-
. tation even though he did not know the
Q16 What is meant by the term "mass point"? value of G? (See next section.)

8.9 The moon and universal gravitation. Before we digressed to

discuss what measurements we should use for distance R, we
were considering how Newton's equation for universal gravi-
tational attraction could be tested experimentally. To use
Eg. (8.4) to find any masses the value of G must be known.
However, the value of G was not determined for more than a

hundred years after Nevton proposed his equation. »

Newton had to test Eqg. (8.4) indirectly. Since he could

Kepler's laws, and therefore in agreement with Newton's
Law of Universal Gravitation. By the use of Eq. (8.11),
p. 102, astronomers have found the masses of these stars

range from about 0.1 to 50 times the sun's mass.

Q32 In what ways has the study of double Law of Universal Gravitation applies be-
stars led to the conclusion that Newton's tween stars?

8.17 Some influences on Newton's work. The scientific output of

Newton and his influence on the science of his time were
perhaps unequaled in the history of science. Hence, we

. should look at Newton as a person and wonder what personal
attributes led to his remarkable scientific insight. He
was a complicated, quiet bachelor intensely involved with
his studies, curiously close to the usual stereotype of a

genius, which is so often completely wrong.

Newton was a man of his time and upbringing; some of his
work dealt with what we today regard as pseudosciences. He
had an early interest in astrology. He seems to have spent
much time in his "laboratory,"” cooking potions that smelled
more of alchemy than of chemistry. VYet in all his activities,
he seems to have been guided and motivatéd by a search for

. . simple underlying general principles and never for quick
practical gains.

Throughout the discussion above we have been mixing the
physics of terrestrial bodies with the motions of celestial
bodies, just as Newton did. Since the relationships could

Q be verified, we truly have a synthesis of terrestrial and

EHQJ!: celestial physics of great power and generality. A brief
s o e .

reconsideration of Eq. (8.4) can remind us of the inclusive-
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Fig. 8.10 indicates, "fall" toward the earth at the rate of
9.80/3600 meters per second?, or 2.72 x 103 m/sec?. Does it:

As starting information Newton krnew that the orbital
period of the moon was very nearly 27% days. Also, he knew
that the moon’s average distance from tne earth is nearly
240,000 miles. But most important was the equation [Ej.
(8.5)] for centripetal acceleration, a, that you first
saw in Unit 1. That is, the acceleration, a,, toward the
center of attraction equals the square of the speed along
the orbit, v, divided by the distance between centers, R.
To £ind the average linear speed, v, we divide the total
circumference of the moon's orbit, 2nR, by the moon's period,
T. Then upon substitution for v2 in Eq. (8.5) we find
Eq. (8.6) for the centripetal acceleration in terms of the
radius of the moon's orbit and the orbital period of the
moon. When we substitute the known quantities and do the

arithmetic we find

a, = 2.74 x 1073 m/sec?.

From Newton's values, which were about as close as these,
he concluded that he had

compared the force requisite to keep the moon in her
orbit with the force of gravity at the surface of the
earth, and found them tn answer pretty nearly. ,

Therefore the force by which the moon is retained
in its orbit becomes, at the very surface of the éarth,
equal to the force of gravity which we observe in heavy
bodies there. And therefore (by Rules [of Reasoning]
1 and 2) the force by which the moon is retained in
its orbit is that very same force which we commonly
.call gravity....

By this one comparison Newton had not yet proved his law

of universal gravitational attraction. However, Newton was

4. that Kepler's three Laws of Planetary Motion hold,
and are interrelated;

5. that oceanic tides are the result of the net attrac-
tion of the sun and moon on the liquid waters.

Throughout Newton's work is his belief that celestial
phenomena are explainable by quantitative terrestrial laws.
He felt that his laws had a physical meaning and were not
just mathematical tricks or conveniences covering unknowable
true laws. Just the opposite; the natural physical laws
governing the universe were accessible to man, and the simple

mathematical forms of the laws were evidence of their reality.

Newton combined the skills and approaches of both the
experimental and theoretical scientist. He made ingenious
pieces of equipment, such as the first reflecting telescope,
and perfcrmed skillful experiments, especially in optics.
‘Yet he also applied his great mathematical and logical
powers to the creation and analysis of theories to produce
explicit, testable statements.

Many of the concepts which Newton used came from his
scientific predecessors and contemporaries. For example,
Galileo and Descartes had contributea the first step tc ¢
proper idea of inertia, which became Newton's First Law of
Motion, Kepler's planetary laws were central in Newton's
consideration of planetary motions. Huygens, Hooke and
others clarified the concepts of force and acceleration,

ideas which had been evolving for centuries.

In addition to his own experiments, he selected and used
data from a great variety of sources. Tycho Brahe was only
one of several astronomers whose observations of the moon'e

motion and "fall" produce the
curved orbit.

Predicted value of the earth's
gravitational acceleration at
the distance of the moon:

2.72 x 10~ 3 m/sec?.

a, = vi/R (8.5)

v = 2mR/T, and v 2= 4n2R2/T2

a, = 472R/T? (8.6)

Observed rate of moon's accelera-
tion toward the earth:
2.76 x 10 3m/sec?.

97




112

Q

ERIC

PAFullToxt Provided by ERIC

.

approach suggested that all observations could be interpreted
in terms of mechanical theories. In economics, philosophy,
religion and the developing "science of man," the successful
approach of Newton and the Newtonians encouraged the rising

Age of Reason.

One consequence of the mechanistic attitude, lingering
on to the present day, was a widespread beliz2f that with
Newton's laws (and later sirilar ones for electrodynamics)
the future of the whole universe and each of its parts
could be predicted. One need know only the several posi-
tions, velocities and accelerations of all particles at any

one instant. As Kepler had suggested, the universe seemed

to be a great clockwork. This was a veiled way of saying
that everything worth knowing was understandable in terms
of physics, and that all of physics had been discovered.
As you will see later in this course, in the last hundred
years scientists have been obliged to take a less certain
position about their knowledge of the world.

Today we honor Newtonian mechanics for less inclusive, but
more valid reasons. The content of the Principia historically
formed the basis for the development of much of our physics
and technology. Also the success of Newton's approach to his
problems provided a fruitful method which guided work in the

physical sciences for the subsequent two centuries.

We recognize now that Newton's mechanics holds only within
a well-defined region of our science. For example, although
the forces within each galaxy appear to be Newtonian, one can
speculate that non-Newtonian forces operate between galuries.
At the other end of the scale, among atoms and subatomic
particles, an entirely non-Newtonian set of concepts had

to be developed to account for the observations.

Even within the solar system, there are a few small recid-
ual discrepancies between predictions and observations. The
most famous is the too great angular motion of the perihelion
of Mercury's orbit: Newtonian calculations differ from the
observations by some 43 seconds of arc per century.

Such difficulties cannot be traced to a small inaccuracy
of the Law of Gravitation, which applies so well in thousands
of other cases. Instead, as in the case of the failure of
the Copernican system to account accurately for the details
of planetary motion, we must reconsider our assumptions. Out
of many studies has come the conclusion that Newtonian mechan-~
ics cannot he modified to explain certain observations. New-
tonian science is joined at one end with relativity theory,
which is important for bodies moving at high speeds. At the
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other end, Newtonian science borders on quantum mechanics,
which gives us a physics of atoms, molecules and nuclear
particles. But for the vast middle ground, Newtonian mechan-
ics still describes the world of ordinary experience and of

classical physics as accurately as it always did.

Q34

What were some of the major consequences
of Newton's work on scientists' view of
the world?

8.19

What is a theoxry? The making of theories to account for

observations is a majcr purpose of scientific study. There-
fore some reflecticn upon the theories encountered thus far
in this course may be useful. 1In later parts of the course
you will recognize many of these aspects of theories, and
others too. Perhaps you will come to agree that "there is
nothing more practical than a good theory."

A theory is a general statement relating selected aspects
of many observations. A theory:

1. should summarize and not conflict with a body of

tested observations. Examples: Tycho's dissatisfaction

with the inaccuracy of the Ptolemaic system, Kepler's
unwillingness to explain away the difference of eight
minutes of arc batween his predictions and Tycho's obser-
vations.

2. should permit predictions of new observations which

can be made naturally or arranged in the laboratory. Ex-

amples: Aristarchus' prediction of an annual parallax of
the stars, Galileo's predictions of projectile motions

and Halley's application of Newton's theory to the motions
of comets.

3. should be consistent with other theories. Example: New-
ton's unification of the earlier work of Galileo and of Kepler.

However, sometimes new theories are in conflict with others,

as for example, the geocentric and heliocentric theories of
the planetary system.

Every theory involves assumptions. The most basic are
those of Newton's Rules of Reasoning, which express a faith in
the stability of things and events we observe. Without such
an assumption the world is just a series of happenings which
have no common elements. In such a world the gods and god-
desses of Greek mythology, or fate, or luck prevent us from
finding any regularity and bases for predictions of what
will happen in similar circumstances.
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Specific assumptions also underlie every theory. In this
unit the major assumptions were those of a geocentric or a
heliocentric planetary system. The developmen: and gradual
acceptance of the heliocentric theory provided a model which
Kepler used to interpret the observations of Tycho. Then
Newton combined the theories of Galileo and Kepler into one
grand theory. Such a vast theory as Universal Gravitation is

sometimes called a “grand conceptual scheme."

Making and Judging Theories

How theories are made and judged is perhaps as interesting
as a description of what a theory is. No list of operations
necessarily applies to the devselopment of all theories.
Furthermore, different men proceed in different ways; each
has a personal style much like that of an artist. Even so,

a partial list of operations in theory making should help
you examine other theories which appear in later parts of

this course. Do not attempt to memorize this list.

Observations are focused only upon selected aspects of

the phenomena. Our interest centers upon the general ques-
tion: "In what way do the initial conditions result in this
reaction?" For example, Galileo asked, "How can I describe
the motion of a falling body?"

A theory relates many selected observations. A pile

of observations is not a theory. Tycho's observations
were not a theory, but were the raw material from which
one or more theories could be made.

Theories often involve abstract concepts derived from

observations. Velocity is difficult to observe directly,
but can be found by comparing observations of time and
position. Similarly, acceleration is difficult to measure
directly, but can be found from other observed quantities.
Such abstractions, sometimes called "constructs," are
created by scientists as useful ideas which simplify and
unite many observations,

Empirical laws organize many observations and reveal

how changes in one quantity vary with changes in another.

Examples are Kepler's three laws and Galileo's description
of the acceleration of falling bodies.

Theories never fit exactly with observations. The

factors in a theory are simplifications or idealizations;
conversely, a theory may neglect many known and perhaps
other unknown variables. Galileo's theory of projectile

motion neglected air resistance.




A bird in flight and two interpreta-
tions of flight: Constantin Brancusi's
"Bird in Space" (Museum of Modern Art,
New York, 1919) and the Wright Brothers'
"Kitty Hawk" flight (1903). Analogous-
ly, different theories may result from
the different intentions of their ori-
ginators,
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Predictions from theories may require new observations.

These often require improvemeqts in the precision of appara-
tus, or the creation of new types of instruments. The annual
parallax of the stars predicted by Aristarchus could not be
observed until telescopes were invented and developed so that
very small angles could be measured reliably.

Theories that have later been discarded may have been

initially useful because they encouraged new observations.

The idea that_comets were some local phenomenon led Tycho
to compare distant observations of the directions to a
comet.

Theories that permit quantitative predictions are

rreferred to qualitative theories. Aristotle's theories of

motion explained in a rough way how bodies moved, but Gali-
leo's theories were much more precise. The qualitative

planetary theory of Tycho and Descarte's vortex theory of

motion were interesting, but did not rely upon measurements.

An "unwritten text" lies behind most terms in the
seemingly simple statement of theories. For example,

"force equals mass times acceleration" is a simple sen-
tence. However, each word carries a specific meaning based
on observations and definitions and other abstractions.

Communication between scientists is essential. Sci-

entific societies and their journals, as well as numerous
international meetings, allow scientists to know of the
work of others. The meetings and journals also provide
for public presentations of criticisms and discussions.
Aristarchus' heliocentric theory had few supporters for
centuries, although later it influenced Copernicus who
read of it in the Almagest.

Some theories are so strange that they are accepted

very slowly. The heliocentric theory was so different
from our geocentric observations that many people were
reluctant to accept the theory. Strange theories often
involve novel assumptions which only a few men will at
first be willing or able to consider seriously. Novelty
or strangeness is, of course, no guarantee that a theory
is important; ﬁany strange theories prove to be quite
unuseful.

In the making of a theory, or in its later description

to others, models are often used as analogies. Physical

models are most easily understood. The chemists' ball-
models 92f atoms are an example. Similarly, a planetarium
projects images of heavenly bodies and their motions.

Thus models may reproduce some of the phenomena or suggest
behaviors predicted by the theory.
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However, models are man-made and are not the real phe-
nomena or the conceptions with which the theory deals in
detail. Although models are often quite useful, they can
also be misleading. They represent the theory only to the
degree that the maker includes some aspects of what he is
representing. Also, the maker may add other éspects which
do not relate to the original, e.g. chemists' atoms do not
have definite sizes like , the balls do that serve as visual
models.

Other models may be statistical or mathematical. It is
useful to consider all scie tific theories as models which
attempt to describe the suspected interworkings of some
quantities abstracted from observations.

The power of theories comes from their generality.

Theories are distillates from many observations, empirical
laws and definitions. The more precise a theorv is, the
better it will agree with specific observations. But most
important is the usefulness of a theory in describing a
wide range of observations and predicting quite new obsex-
vations. An aesthetic feeling of beauty anA niceness,
even of elegance is often stimulated bv a concise vet
broadly inclusive theory.

In arers other than science, conciseness and theory are used to achieve
beauty and elegance. Even the gardens around this 17th-century French
chateau reflect a preference for order.
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See "An Appreciation of The
Earth" in Project Physics

Reader 2.

Epilogue In this unit we have reached back to the begin-
nings of recorded history to follow the attempt of men to
explain the regular cyclic motions observed in the heavens.
Our purposes were double: to examine with some care the dif-
ficulties of changing from an earth-centered view of the
heavens to one in which the earth came to be seen as just
another planet moving around the sun. Also we wanted to put
into perspective Newton's synthesis of earthly and heavenly
motions. From time to time we have also suggested the im-
pact of these new world views upon the general culture, at
least of the educated people. We stressed that each con-
tributor was a creature of his times, limited in the degree
to which he could abandon the teachings on which he was
raised, or could create or accept bold new ideas. Gradually
through the successive work of many men over several genera-
tions, a new way of looking at heavenly motions arose. This
in turn opened new possibilities for even further new ideas,

and the end is not in sight.

Prominent in our study have been references to scientists
in Greece, Egypt, Poland, Denmark, Austria, Italy and Eng-
land. Each, as Newton said, stood on the shoulders of others.
For each major success there are many lesser advances or, in-
deed, failures. Thus we see science as a cumulative intel-
lectual activity, not restricted by national boundaries or
by time; nor is it inevitably and relentlessly sucrcessful,
but it grows more as a forest grows, with unexpected changes

in its different parts.

It must also be quite clear that the Newtonian synthesis
did not end the effort. In many ways it only opened whole
new lines of investigations, both theoretical and observa-
tional. In fact, much of our present science and also our
technology had its effective beginning with the work of
Newton. New models, new mathematical tools and new self-
confidence—sometimes misplaced, as in the study of the
nature of light—encouraged those who followed to attack the
new problems. A never-ending series of questions, answers

and more questions was well launched.

In the perspective of history it is intriguing to specu-
late why Newton turned to astronomy. Perhaps it was in part
because the motions of the planets had been a major and per-
sistent problem for centuries. But at least some of his
interest—and reason for success—lay in the fact that the
heavenly bodies do not move like those on the earth. 1In the
heavens there is no friction, or air resistance. Thus the
possibility that a few simple mathematical relationships be-

tween idealized factors could fit observations had its first
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major application to conditions which were close to the
idealized, simplified schemes—and it worked. Then scientists
could return to earthly phenomena with renewed confidence

that this line of attack could be profitable. We can wonder
how mechanics would have developed if we lived on a cloud-
bound planet from which the stars and planets were not
visible.

Among the many problems remaining after Newton's work was
the study of objects interacting not by gravitational forces
but by friction and collisions. =Experiments were soon to
raise questions about what aspects of moving bodies were
really important. This led, as the next unit shows, to the
identification of momentum and of kinetic energy, and then
to a much broader view of the nature and importance of
energy. Eventually from this line of study emerged other
statements as grand as Newton's Universal Gravitation: the
conservation laws on which so much of modern physics—and
technology—is based, especially the part having to do with
many interacting bodies making up a system. That account
will be introduced in Unit 3.
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2
Development of Equations in Chapter 8. (8.5) a, = %{ ’
F av © L ’ initially an
gx R? assumption but
v = 2aR/T ,
(8.1) F__. « m. , a conclusion and
grav s from the defini- s
tion of force . v2 = 4n2R2/72
T so
Mg “
(8.2) F___, <« , combines the two : (8.6) a_ = 4u2R/T2
gr R? relations above B
- However, because
w4
m F =ma,
(8.3) F__. =6 % elation (8.2) i
g R? restated as an 2
equation by in- Q; (8.7) Fc = ma_
clusion of con- =
stant G b
= m4n2R/T?
mjmz
(8.4) F = , Law of Universal
grav R? Gravitation for
any two masses:
m;, my.
SG 8.14 lA
SG 8.17 1{
Equate (8.3) and (8.7), . Fgrav = Weight
F =F, i% m
grav (] 41'.13 G rnE———. =mg ,
P R?
472 f% -
(8.8) T, 2 = (o R3 53 2
P Gmg AT (8.9) ¢ = | B g,
Rearrange (8.8) ;; or
x
8.12) = |=-
- (472y R3 g« Mg G |9
(8.10) mg = (-5—](;_;] if . i
Compare two examples of (8.16). 25
for planet and satellite o
2 i
(8.11) Msun - Tsat RP ;,
¢ 7 2 3 ?'Z:,_
e Tp Rsat z

120

centripetal ac-
celeration, from
Unit 1

, the*centripe-
tal force

which becomes
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8.2

8.3

8.4

8.7

If the velocity of a planet is greater
at A than at B, where is the sun located?
In what direction does the vector dif-
ference of the velocities at A and B
point?

a) Compare the force on the earth
due to the sun's gravitational attrac-
tion with the force on the sun due to
the earth's gravitational attraction.

b) If the mass of the sun is
3.3 x 105 x the mass of the earth, com-
pare the acceleration of the sun toward
the earth with the acceleration of the
earth toward the sun.

Draw a rough graph of the weight of
a l-kilogram mass in terms of its dis-
tance from the center of the earth.
Take the radius of the earth as R and
go out to 5R. Points at 2R, 3R, 4R,
and 5R would be sufficient. Will the
weight be zero at 100R? At 1000R?

Two bodies, A and B, are observed to
be moving in circular crbits. The or-
bital radius and periocl of body A are
both twice those of body B. Could both
bodies be moving around the sun? Ex-
plain your conclusion.

If the radius of planet A's orbit is
twice that of planet B's, what is the
ratio of (a) their periods, (b) their
orbital speeds, (c¢) their accelerations
toward the sun?

Two satellites revolve around differ-
ent planets at the same distance, R.
One satellite has a period three times
that of the other.

a) Which planet has the larger mass?
b) What is the ratio of the masses
oi the two planets?

At what altitude above the earth's
surface would the acceleration due to
gravity be

a) 3/4 g?
by 1/2 g?
c) 1/4 g2

a) What is the acceleration due to
gravity on the moon's surface? [Hint:
Equate the weight of any :ass m; on the
moon with the force exerted on it ac-
cozding to the Universal Law of Gravita-
tiorn..] The moon's radius is 1738 km,
and its mass is 7.15 x 1022 kgq.

b) How much would a 72-Kg astronaut
weigh on the moon's surface? What would
be his mass there?

Mass of Jupiter: 1.90 x 1027 kg.
Average distance from Jupiter to sun:
7.78 x 108 km.

8.10

an

8.12

8.13

Study Guide

a) At what point on an imaginary
line connecting the sun's center
with the center of Jupiter would
a spacecraft have no net force
from these two bodies?

b) How does the distance between
this point and the center of
Jupiter compare with the mean
orbital radius of the orbit of
Jupiter's outermost satellite
(orbital radius = 2.37 x 107
km) ?

¢) From your results in parts (a)
and (b) what peculiarities, if
any, would you expect to observe
in the satellite's motion?

d) Would you expect to find a satel-
lite even farther from Jupiter?

If two planets in another solar sys-
tem have the same average density, but
the radius of one of them is twice that
of the other:

a) which one would have the greater
surface gravitational pull?

b) what is the ratio between the
surface gravitational strengths
of the two planets?

Mars has two satellites, Phobos and
Deimos—Fear and Panic. The inner one,
Phobos, revolves at 5,800 miles from the
center of Mars with a period of 7 hrs
39 min.

a) Since the rotation period of Mars
is 24 hrs 37 min, what can you
conclude about the apparent mo-
tion of Phobos as seen from Mars?

b) What is the mass of Mars?

The shortest earth-Mars distance is
about 56 x 10® km; the shortest Mars-
Jupiter distance is about 490 x 106 km.
The masses of these planets are as fol-
lows:

Earth 5.96 x 102" kg
Mars 6.58 x 1023 kg
Jupiter 1.91 x 1027 kg,

a) When (under what conditions) do
these "shortest” distances oc-
cur?

b) What is the gravitational force
between the earth and Mars when
they are closest together? Be-
tween Jupiter and Mars?

c) Do you expect the motion of Mars
to be influenced more by the at-
traction of the earth or of
Jupiter?

Callisto, the second largest satellite
of Jupiter, is observed to have a period
of revolution of 1.442 x 106 sec, 1Its
mean orbital radius is 1.87 x 105 km.
Using only these data and the value of
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the Universal Gravitational Constant,
calculate the mass of Jupiter.
2

Making use of the expression %% = %—,
which follows directly from the Law of
Gravitation, show that the time taken
per revolution by a satellite at a dis-
tance R from the center of the earth is

given by:
%
T = 2n{ == ] .

Hint: make use of T = ZJR.

Two balls, each having a mass m, are
separated by a distance r. Find the
point which lies along the line joining
their centers where the gravitational
attractions cancel one another.

a) what will happen to this point
if both the balls are made twice
their size?

b) What will happen to this point if
one of the balls is made twice
as heavy as the other?

Mass of the moon: 7.18 x 1022 kg
Mass of the sun: 1.99 x 1030 kg
Mass of the earth: 5.96 x 102% kg
Average distance

from sun to

earth: 1.495 x 108 km
Average distance

from moon to

earth: 3.84 x 10° km.

a) Derive the gravitational pull of
the moon, and of the sun on the
earth.

b) Does the sun or the moon have the
greatest effect on the earth's
tides? Can you explain this
quantitatively?

8.17 At the earth's surface, a 1l-kg mass
standard weighs 9.81 newtons. The Midas
3 satellite launched July 27, 1964 or-
bits in a nearly circular orbit 3,430 km
above the earth's surface with a period
of 161.5 minutes. What is the centripetal
acceleration of the satellite? What is
the condition for a circular orbit?
(Remember, the radius of the satellite's
orbit is the height above the ground
plus the earth's radius.)
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Answers to End of Section Questions

Your self-che tk

Chapter 5

We conclude that the ancient peoples
watched the skies from: cave paintings
of star patterns, the orientation of the
pyramids in Egypt, Stonehenge and similar
structures in England, Scotland and
France; the alignment of observing win-
dows in buildings in Mexico and Peru.
Written records were made in Babylon,
Greece, Egypt, China since some centuries
B.C.

Calendars were needed for establishing
the proper times for agricultural activ-
ities and for religious rites.

During one year the sun shows three
motions: daily rising and setting, sea-
sonal drift eastward among the stars,
and seasonal north-south variation.

The difference between the Gregorian
calendar and the positions of the sun
will add up to one day during an interval
of 3,333 years.

During a month, which begins with new
moon, as the moon passes the sun, the
moon continually moves eastward but not
at an exactly even rate. The moon also
moves north and south so that it is al-
ways near the ecliptic.

Usually when the moon passes the sun,
or the direction opposite to the sun,
the moon is north or south of the eclip-
tic. Thus the moon's shadow misses the
earth at new moon. Similarly, the moon
moves above or below the earth's shadow
at full moon. However, twice a year
the moon is near the ecliptic at new and
full moon. These are the times when
eclipses of the sun and moon can occur.

Mercury and Venus are always observed
near the sun. They will be low in the
west after sunset, or low in the east
before sunrise.

When in opposition a planet is opposite
the sun. Therefore the planet would
rise at sunset and be on the north-south
line at midnlght.

Mercury and Venus show retrograde,
that is, westward motion among the stars,
after they have been farthest east of
the sun and visible in the evening sky.
At this time they are brightest, and
nearest the earth. They are then moving
between the earth and sun.

Mars, Jupiter and Saturn show retro-
grade motion when they are near opposi-
tion.

Q11

iy answers need not L0 a8 olanor ate

The retrograde motion of Mars has the
largest angular displacement, but the
shortest period. Saturn has the longest
period of the planets visible to the
naked eye, but has the smallest angular
displacement. The retrograde motion of
Jupiter is intermediate in displacement
and duration.

Plato assumed that the motions of the
planets could be described by some com-
bination of uniform motions along cir-
cles. He also assumed that the earth
was at-the center of the largest circle
for each planet.

Our knowledge of Greek science, as
well as that of every other ancient
civilization, is incomplete because many
of their written records have been
destroyed by fire, weathering and decay.
Yet each year new records are being un-
earthed and deciphered.

The Greeks around the time of Plato
assumed that a theory should be based
on self-evident propositions. “Quantita-
tive observations were rarely used as a
basis for judging the usefulness of a
theory.

A geocentric system is an earth-
centered system. It is also an observer-
centered system, because as observers we
are on the earth.

The first solution to Pla.o's problem
was made by Eudoxus. He described the
planetary motions by a system of trans-
parent crystalline spheres which turned
at various rates around various axes.

Aristarchus assumed that the earth
rotated daily—which accounted for all
the daily motions obServed in the sky.
He also assumed that the earth revolved
around the sun—which accounted for the
many annual changes observed in the sky.

If the earth were moving around the
sun, it would have a shorter period than
would Mars, Jupiter and Saturn. When
the earth moved between one of these
planets and the sun (with the planet be-
ing observed in opposition), the earth
would move faster than the planet. We
would see the planet moving westward in
the sky as retrograde motion.

The distance between the earth and
sun was known to be scme millions of
miles. If the earth revolved around the
sun during a year, the direction to the
stars should show an annual shift—the
annual parallax. This was not observed
until 1836 A.D.
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020 Aristarchus was considered to be im-

Q21 Ptolemy assumed:

pious because he suggested that the earth,
the abode of human life, might not be at
the center of the universe.

1) that the heaven
is spherical and rotates once each day
around the earth, 2) that the earth is
spherical, 3) that the earth is at the
center of the heavens, 4) that the size
of the earth is negligible in comparison
to the distance to the stars, 5) that
the earth has no motions, and €) that
uniform motion along circles is the
proper behavior for celestial objects.

Q22 If the earth rotated, Ptolemy argued

that birds would be left behind and that
great winds would continually blow from
the east.

Q23 The radii of the epicycles of Mars,

Q24

Q25

Q26

Jupiter and Saturn must always be paral-
lel to the line between the earth and
sun. This also meant that each of these
epicycles had a period of exactly one
year.

The Ptolemaic system was purely a
mathematical model and probably no one
believed it was a physical description.

Ptolemy displaced the earth from the
exact center of the universe with his
equants and eccentrics.

The Ptolemaic system survived because
it predicted the positions of sun, moon
and planets® because it agreed with the
philosophical and theological doctrines
and because it made sense, and it was
not chalicnged by a better, simpler
model.

Chapter 6

Q1 Copernicus rejected the use of

equants because a planet moving on an
equant did not move at a uniform angu-
lar velocity around either the center
of the equant or around the earth. This
was essentially an aesthetic judgment.

Q2 Apparently Copernicus meant that the

sun was not exactly at the center of
motion for any planet (he used eccen-
triecs). Yet in general the sun was in
the center of all the various planetary
motions.
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Q3

Q4

Q5

Q6

Q7

Assumed by
Ptolemy Copernicus
a) The earth is Yes Yes
spherical
b) The earth is on- Yes Yes

ly a point com-
pared to the
distances to
the stars

c) The heavens ro- Yes No
tate daily
around the

earth

d) The earth has No Yes
one Or more
motions

e) Heavenly motions Yes Yes
are circular

£f) The observed No Yes
retrograde
motion of the
planets results
from the earth's
motion around
the sun

Copernicus derived distances to the
planetary orbits in terms of the earth's
distance from the sun. He also derived
periods for the planetary motions a-
round the sun. So far as we know,
Aristarchus did not develop his helio-
centric theory to the point that he
reached similar results.

Copernicus argued that his heliocen-
tric system was inherently simpler than
the geocentric system of Ptolemy.

Also, his results agreed at least as
well as Ptolemy's with observations.
Furthermore, Copernicus argued that his
simple system reflected the mind of the
Divine Architect. )

The predictions made by both Ptolemy
and Copernicus differ from observations
by as much as 2", four diameters of the
moon.

Copernicus argued that the distance
to the stars must be very great because
they showed no annual shift (parallax).
But the distance required to make the
parallax unobservable was er srmously
greater than people wanted to accept.
That the predicted shift was not ob-
served was weak evidence. Negative
evidence is not very convincing even
when there seem to be only two possible
zlternative conclusions.




Q

EE

PArulToxt Provided by ERIC

RIC

Q8

Q9

Q10

Qll

Q12

Q13

Simple is a difficult word to inter-
pret. The actual computational scheme
required by the Copernican system was
not simple, even though the general
idea of a moving earth and a fixed sun
seemed simple.

As the quotation from Francis Bacon
indicates, the evidence did not permit
a clear choice between the two possible
explanations. To many people the argu-
ment seemed to be a tempest ‘1 a tea
cup.

The major differerce between the
Ptolemaic and the Copernican systems
was the assumption about the inobility
of the earth: daily rotatioa and annual
revolution about the sun. This was a
dif ference in the frame of reference.

Because the astronomical interpreta-
tions dealt with the structure of the
whole universe, they overlapped with
conclusions drawn from religious dis-
cussions. The synthesis by Thomas
Aquinas of Aristotelean science and
Christian theology increased the diffi-
culty of discussing one separately from
the other.

The Copernican system conflicted
with the accepted frame of referer:ze in
which the earth was central and sta-
tionary. The distances which Coperni-
cus derived for the separation of the
planets from the sun implied tha®: vast
volumes of space might be empty. This
conflicted with the o0ld assumption that
"nature abhors a vacuum."

Some conflicts between scientific
theories and philosophical assumptions
are:

a) the earth appears to be very old
although strict interpretation
of Biblical statements lead to
ages of only a few thousand
years, less than those attribut-
ed to ancient cities;

b) the geological assumption of
uniformitarianism—slow changes
throughout long times—conflict-
ed with the assumption of abrupt
changes in the earth's history
from major floods, earthquakes,
etc.;

c¢) the idea of slow genetic evolu-
tion in biology clashed with the
idea of a unique and recent
creation of mankind;

d) the astronomical conclusion that
the earth was only one of sev-
eral planets clashed with the
assumption that the earth was
created uniquely as the abode
of human life.

Q14

Q15

Qleé

Q17

Q18

Q19

Q20

Copernicus brought to general atten-
tion the possibility of a new explana-
tion of the astronomical observations.
This shift in assumptions permitted
others—Kepler, Galileo and later
Newron—to apply and expand the initial
propositions of Copernicus.

The Copernican system proposed that
the earth was just one of many planets
and was in no way uniquely created as
the abode of life. Therefore, there
might be life on other planets.

Currently astronomers conclude that
there might be some form of life on Mars
or Venus. The other planets in our so-
lar system seem to be too hot or too
cold, or to have other conditions op-
posed to life-as-we-know-it. There is
now general agreement that many other
stars probably have planets and that
life might well exist on some of them.

A clear distinction must be made be-
tween some form of life and what we call
intelligent life. Since the only means
by which we could learn of any intelli-
gent life on planets around other stars
would be through radio signals, intelli-
gent life means that the living orga-
nisms would transmit strong radio signals.
On earth this has been a possibility for
less than half a century. Thus we have,
in these terms, been "intelligent life"
for only a few years.

Tycho's observations of the new star
and then of the comet of 1577 directed
his attention to astronomical studies.

Tycho's conclusions about the comet
of 1577 were important because the com-
et was shown to be an astronomical
body—far beyond the moon. Also the
comet moved-erratically, unlike the
planets, and seemed to go through the
crystalline spheres of the Aristotelean
explanation.

Tycho's observatory was like a modern
research institute because he devised
new instruments and had craftsmen able
to make tihem, he had a long-term observ-
ing program, he included visitors from
other places, and he worked up and pub-
lished his results.

The Bayeaux tapestry shows the people
cowering below tne image of Halley's
comet. Other pictures may show similar
scenes. Many allusions to the dire ef-
fects of comets appear in Shakespeare and
other writers.

For several months during 1909-1910
Halley's comet moved westward—in retro-
grade motion. Because it stayed near
the ecliptic, we might suspect that its
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orbital plane makes only a small angle
with the earth's orbital plane (the
ecliptic plane). wWhether the comet is
moving in the direction of the planets
or in the opposite direction is not
clear. 1In Chapter 8 the motion of this
comet is mentioned. Also there is aa
Optional Activity which leads to an

explanation of the motion observed in

1909-1910.
Q21 Tycho made instruments larger and
stronger. Also he introduced the use

of finer scales so that fractions of
degrees could be determined more accu-
rately.

Q22 Tycho corrected his observations for
the effects of atmospheric refraction.
He established the amount of the cor-
rections by long series of observations
of objects at various angular distances
above the horizon.

Q23 The Tychonic system had some fea-
tures of both the Ptolemaic and the
Copernican systems. Tycho held the
earth stationary, but had the planets
revolving around the sun, which in turn
revolved around the earth.

Q24 Whether the Copernican system in its
entirety could be interpreted as a
"real" system of planetary paths in
space is doubtful. If the minor cycles
required to account for small observed
variations were neglected, the major
motions might be considered to repre-
sent "real" orbits. Copernicus did not
discuss this aspect of his system.

Chapter 7

Ql Tycho became interested in Kepler
through Kepler's book, in which he tried
to explain the spacing of the planetary
orbits by the use of geometrical solids.

Q2 After some 70 attempts with circles,
eccentrics and equants, Kepler still had
a difference of 8' between his best pre-
diction and Tycho's observed positions
for Mars. Kepler finally decided that
no combination of circular motions wonld
vield a solution. (He might have been
wrong.)

Q3 Kepler used the observations made by
Tycho Brahe. These were the most accu-
rate astronomical observations made up
to that time.
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First Kepler had to refine the orbit
of the earth. Then he could use the
earth's position to triangulate positions
of Mars in its orbit.

Kepler aiscovered that the planets
moved in planes which passed through
the sun. This eliminated the necessity
to consider the north-south motions of
each planet separately from its eastward
motion.

Kepler's Law of Areas: the line from
the sun to the moving planz. sweeps over
areas that are proportional to the time
intervals.

Kepler noted the direction of Mars
when it was in opposition. He knew that
after 687 days Mars was at the same
point in its orbit, but the earth was
at a different place. By reversing the
directions observed from the earth to
Mars and to the sun, he could establish
positions on the earth's orbit.

The component of a planet's velocity
perpendicular to the line from the sun
to the planet changes inversely with
the distance of the planet from the sun.

When a circle is not viewed from
directly above its center, it has an el-
liptical shape.

Of the naked-eye planets which Tycho
could observe, Mars has an orbit with
the largest eccentricity. If the orbit
of Mars was considerably less eccentric,
Kepler would not have found that its
orbit was an ellipse. He could not have
found that any of the other orbits were
ellipses.

Kepler knew that after 687 days Mars
had returned to the same point in its
orbit. Observations from the earth at
intervals of 687 days provided sight-
lines which crossed at the position of
Mars on its orbit.

Kepler's Law of Periods: the squares
of the periods of the planets are pro-
portional to the cubes of their mean dis-
tances from the sun. If the distance or
period of a planet is. known, the other
value can be computed.

Kepler compired the "celestial ma-
chine" to a gigantic clockwork.

Kepler's reference to a "clockwork”
is significant because it suggests a
"world machine." This idea was developed
as a result of Newton's studies.
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Q16

Q17

Q18

Q19

Q1

Q2

According to the Ptolemaic theory
Venus was always between the earth and
the sun. Therefore, it should always
show a crescent shape. However, Galileo
observed “hat it showed all phases, like
the moon. Therefore, to show full-phase
Venus had to pass behind the sun. Such
positions for Venus were consistent with
either the heliocentric or the Tychonic
system.

With the telescope Galileo discovered
the phases of Venus—which were contrary
to the Ptolemaic system. He also dis-
covered the system of satellites around
Jupiter—a miniature Copernican system,
but NOT around the earth or the sun.
Thus the earth was not the only possible
center of motion, as the Ptolemaeans had
contended. Galileo's telescopic obser-
vations of the moon, the sun, Saturn and
the stars were interesting, but not
¢ritically related to the heliocentric
model.

Galileo's observation of the satel-
lites of Jupiter showed that there could
be motions around centers other than the
earth. This contradicted basic assump-
tions in the physics of Aristotle and
the astronomy of Ptolemy. Galileo was
encouraged to continue and sharpened his
attacks on those earlier theories.

Kepler and Galileo emphasized the im-
portance of observations as the raw ma-
terial which must be explained by
theories.

Galileo was said to be impious. Also
he was sharp in his criticisms of others
end often used ridicule. Officially he
was tried for breaking his agreement not
to support the Copernican system as really
correct.

Chapter 8

Newton's isolation on the farm during
1665-66 provided time for him to con-
template a variety of scientific ques-
tions.

Scientific societies provided a forum
where ideas and experimental procedures
could be discussed. Publications from
the societies allowed scientists at a
distance to learn of the various studies
reported. Today the scientific societies
perform all these services. They also
sponsox international meetings and inter-
national cooperative activities.

Q3

Q4
Q5

Q6

Q7

Q8

Q9

Q10

Q11

Q12

Q13

Newton said that he was "contemplative"
when he saw the apple fall. He wondered
about what he saw and began to seek for
explanations.

You write your own answer to this one.

The Principia was originally written
in Latin. Even the translations are
difficult to read because Newton adopted
a very mathematical style with complicated
geometrical proofs.

a) Orbits are ellipses + Newtonian
inertia —> there is a net force acting.

b) Step (a) + Kepler's Law of Areas
around sun + Newton's Law of Areas around
center of force ——> sun must be at the
center of force.

c) For elliptical orbits (or any conic
section) around sun at one focus, F «
1/RL.

d) F « 1/R? —> ? Law of Periods.
Yes, only this force law will satisfy
Kepler's Law of Periods.

Kepler's Law of Areas is satisfied by
any central force when the areas are
measured from the center of force.

Only Keplexr's Law of Periods provides
information about the behavior of planets
which have different mean distances from
the sun. Their motions allow us to study
how the gravitational force from the sun
changes with distance.

The derivation assumed that: a) Gali-
leo's law of acceleration applied to
planetary motions as well as to falling
ston«3; b) that the strength of the
gravitational force varies as 1/R?;

c) that the planets move in circular or-
bits. We also assumed that the strength
of the gravitational force does not de-
pend upon direction, time (date) or the
relative velocities of the bodies.

Newton's Law of Universal Gravitation
predicts accurately an enormous number
ot observed changes.

Scientists could not imagine how one
object could influence another through
great distances in empty space. The
question of "action at a distance" comes
up again in Unit 4.

Newton did not publicly attempt to
explain gravitation because he could not
discover any causes from the observations.
Possible "causes" of gravitation are
still being discussed.

We do not observe the motion of the
earth toward a falling stone for two rea-
sons: 1) we are on the earth and would
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Q16

Q17.

Q18
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Q22

rise with it—that is, we see only the
change in the stone's position; also 2)
the mass of the stone is so minute com-
pared to the mass of the earth that the
motion of the earth would be undetectable.

The Constant of Universal Gravitation,
G, is a number by which we can equate
observed accelerations (and forces) with
the masses and distances supposedly re-
sponsible for those accelerations. So
far as we can tell, the value of G does
not change with position in the universe
or with the passage of time.

A universal law, like any other sci-
entific law, can be tested only in a
limited number of cases. The more varied
the cases are, the more confident we can
be about the usefulness of the law.

A mass point is a concept by which we
consider all the mass of a spherical
homogeneous body to be concentrated at
the center of the body.

Even though Newton did not know the
value of G, he could form ratios of
quantities with the result that the
value of G would cancel between the nu-
merator and the denominator. Thus Newton
could obtain relative masses of the plan-
ets and the sun.

Newton concluded that the moon was ac-
celerated toward the earth just as an
apple was. He compared the observed and
computed accelerations of the moon and
found that "they agreed tolerably well."

Newton, like other scientists, could
think up many possible explanations for
what is observed. Numerical results in-
dicate whether or not the ideas fit rea-
sonably well with observations.

Newton compared the centripetal force
on the moon, based on observations, with
the value he extrapolated from the ac-
celeration of falling apples and stones.

Newton concluded that the value of G
could be found from Eg. (8.9):

2
G = RE g
= - ¢
Mg

in which the size and mass of the earth,
Rg and mg, were dccepted as constant.
From numerous studies he concluded that,
for ayiven place, g was constant. Then
G must be constant.

No. The value of g, the gravitational
acceleration at a particular place, is
expected to differ between places. As
Newton showed, because of the earth's
rotation g depends upon latitude on the

128

Q23

Q24

Q25

Q26

Q27

earth. It also depends upon elevation, %
or distance from the earth's center. '
Local variations in the materials of the

rocks, the presence of nearby canyons or

peaks and other variations also affect

the value of g at a particular point.

But if g is constant at a point, then G

is also constant.

We consider the solid earth to be a
mass point responding all over to the
moon's attraction at the earth's center.
Although the solid earth bends a bit
under the differences in the moon's at-
tractions on the near and far sides,
this change is much less than the effects
of the moon's pull on the fluid waters,
which move readily under the moon's
changing attraction.

On the side of the earth away from
the moon, the attraction of the moon is
less than it is upon the center of the
solid earth. As a result, the earth is
pulled away from the fluid water on the
side away from the moon and there is a
net force away from the moon.

Newton had explained the motions of
the planets, which moved in nearly cir-
cular orbits. Halley then showed that
the same force laws would explain tne
motions of comets, which previously had
oeen considered as unexplainable. Some
of the comets, moving in very elongated
ellipses, even had periods not much
greater than Saturn (30 years).

By forming ratios of two expressions
like Eq. (8.10), Newton could compare
the masses of the sun and each planet
which had a satellite of known period.
These planets were, in Newton's time,
the earth, Jupiter and Saturn.

Wle can compute the mass of Uranus

compared to the mass of the sun by using
Eq. (8.11) ’

2 3
msun _ Tsat RP

mp Tp Rsat
_ jd.oh _ 1.416 @ _ -3
Toae = 17107 = 5350 = 3.88 x 1077 y
T = 84.0
b Y
- s -y
R . = 81,000 mi = 8.71 x 107* A.U.
R_ = 19.19 A.U.
p

19.19 A.U.
8.71 x 10-% A.U.

2
sun _ (3.88 x 1073 ¢

m 84.0 vy
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2 3
[4.62 x 10'5] [2.20 x 10‘*]

21.3 x 10710 x 10.65 x 1012
22.700.

Siace the mass of the sun is 332,000
times the mass of the earth,

mUranus _ 332,000

- 722,700

= 14.6.
mearth

The moon's orbit around the earth is
somewhat eccentric (e = 0.055). During
its cycles of the earth, the moon's
distance from the sun also changes. as
a result the accelerations on the moon
and therefore the orbit of the moon
change continuously. This is an example
of the "three-body" problem for which
no general solution has yet been devel-
oped.

Following Newton's work careful ob-
servations were needed to determine the
magnitude of many small variations which
his theéory predicted. Also the general
problem of the interactions between the
planets had to be worked out.

Cavendish used a torsion balance to
measure the gravitational attraction be-
tween metal spheres.

Geologists and astronomers were obliged
to explain hovw the mean density of the
eartih could be 5.52, which is much greatexr
than the density of surface rocks. Ap-
narently the earth has a central core of
high density.

The motions of double stars can be ex-
plained quantitatively by Newton's
Theory of Gravitation. Apparently the
gravitational force between such stars
is identical to that between the sun and
planets.

Newton is honored today for his de-
velopment of the Theory of Universal
Gravitation, for his development of the
mathematics called the infinitesimal
calculus, for his work in optics, for
his creation of the first reflecting
telescope, and for his serviec = to the
Royal Society and to his nat:- .al govern-
ment.

After Newton the idea of a great
World Machine was widely accepted for
several hundred years. More emphasis
was put upan precise observations to de-
termine the rate at which various pre-
dicted changes occurred. How to account

for gravitation and other "actions at a
distance" became an important problem.
Scientists felt confident that their
observations were revealing a "real
world" which could be explained in terms
of mechanical systems.
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Brief Answers to Study Guide

Chapter 5

5.1 Discussion
5.2 Discussion
5.3 Discussion
5.4 Discussion

Chapter 6

6.1 (a) (b) Discussion
(c) 87.5 days
(d) Discussion
(e) 224 days

Chapter 7

7.1 89.5 years

7.2 (a) 18 A.U.
(b) 1.8 A.U.
(c) 0.053
4%
249 years
0.594
Discussion

Chapter 8
8.1 Upper focus
8.2 3 x 106-°
8.3 An activity
8.4 No
8.5 (a) 2.8
(b) 0.71
(c) 0.25

(a) Shorter period

(b) 9:1

(a) 0.15

(b) 0.41

(e) 1.00

(a) 1.58 m/sec?

(b) 114 N

(a) 2.33 x 107 km

7.55 x 108 km

(b) About the same

(c) Discussion

(d) No

(a) Larger one

(b) 2:1

(a) Discussion

(b) 6.7 x 1023 kg

(a) Discussion

(b) 8.3 x 10'6 N

3.5 x 1017 N

(c) Discussion
8.13 1.86 x 1027 kg
8.14 Derivation

8.15 (a) The same point
(b) 1.41
8.16 (a) 1.93 x 1020 y
3.52 x 1022 N
(b) Discussion
(a) 4.2 m/sec?
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Scientific Instruments, Harvard University.

P, 71 Alinari--Art Reference Bureau.
P. 73 Bill Bridges.

Chapter 8
P. 74 Yerkes Observatory.

P. 77 (drawing) from a manuscript by
Newton in the University Library, Cambridge;
(portrait) engraved by Bt. Reading from a
painting by Sir Peter Lely. Trinity College
Library, Cambridge.

Figs. 8.15, 8.16 Courtesy of Sproul Ob-

. servatory, Swarthmore College.

P. 115 Bird in Space by Constantin
Brancusi, courtesy of the Museum of Modern
Art, New York; Wright Brothers Collection,
Smithsonian Institution.

P. 117 Henrard - Air-Photo.

P. 119 Print Collection of the Federal
Instiiute of Technology, Zurich.

All photographs not credited above were
made by the staff of Harvard Project Physics.

131



6SE | 000‘0bv‘E | 6¥61  ‘aodmny 000°82 sumdop
L L 2SS
S 000°022 9b8l  ‘lIPsse] 0062 snuesqn

005‘1L wimeg
ANNLAEN 40 SALITTILVG 00898 sondaf

€1 | 000'¥9€ L8L1 ‘PYIsH uoqQ )

8 | 000°2L2 L8L1 ‘PYSPH eIy, 00z v SIEN
¥ 000991 1581 ‘[1osse] PHquin €16°L yuey
4 000611 1681  ‘lisser] [Puy by— 009°L SnuUdA
1 000°18 8¥61  ‘1odmy epuely 61—

006‘T Amap

SANVAE[] 4O SILITIILVS 9°Z1— T10°0 iz D uool

8°9¢— 056°1€€ | 000‘v98 (@ ung

055 | 000‘v€0‘8 | 8681 ‘Sundyag sqaoyg
0o0‘otz‘z | 191  ‘ussed snyade]
000026 8v81 ‘puog uotizdAy
000°65L 5591 ‘sudddny ueny Aoueyug NAIA 03
000°L2¢ 291 ‘ruisseD ey 1I9e21D 110 o uoneyoy | 1| = SOIUA Ul
000 ¥€T ¥89l  (uissen suoi(g 1e 9pm sorenbyg | T M soourerqy
¢ ‘tutsse: HGERR o uony :
000:€81 bg9l  ‘uissen ~uSep jpouon | g | Ausuo .
00081 68L1 ‘PYISIH | snpeRauy ! “euyaug Hog susQg W
000°st1 68L1 ‘[PYdsidH sewiy le[ag

NYQLVG 4O SALITIALVG

8SL | 000100L‘¥L | $LGL ‘UOSIOYAN ;.u:w_.z v2°99¢ | L69" Lvz LL1S 6E
00°009‘+1 | 8061 ‘ONOPPIN ySig . . .
WMM 000000 1 | ooet ‘uosjoydiN [ yaudaslF 6v°L9¢ | 88L°¥91 LLS0°0E
529 | 000°000°CT | 1561 ‘uosjoyaIN qypmy, 99°69¢ | S10°¢8 0Z81°61
09z | 000°00€‘L | 8€61 ‘uosjoyaiN Qud T, 60°8L€ | 85¥°62 88£5°6
0007062 | SO6L  ‘dutudg Yaudadg 88°86E | 29811 8202°S
000/021'L | ¥061 ‘outudg o.m.m_._“_% Al
1 [ 000‘0L1% | 0191 ‘odpen !
M 000999 r 0191 ‘oopijen) | opswduen IIT 09°99¢ | +09 "¢ €L9L°C
€ 000‘LIY 0191  ‘odqi[en ndoany I] saedd
1
0

onyg
sumidaN
snuein)
wnjeg
oudnf

@| &0

soI3D)

000292 0191  ‘odpi[en oIl
000‘€tl 2681 ‘pieureg qyvg

¥6°6LL | 086°989 Lecs1
Tttt 1 98T769¢ 0000°1
26°€8S | 10L°¥TT €eCL’0

88°S11 [ 696°L8 128€°0
009°#1 LL81 ‘IleH sowtaqg sdep skep

008°s LLgT ‘lltH soqoyd

SIeN
quey
SHUdA
AmandN

¥aLan| 40 SILITLILVG

»o@%

SUVIN 'O SILITTIILVG

apo SOIUA
andt uqa -ué 1E319PIS | yonn
wEb yL plT | L58'8ET ! o.amvm 20 S TN
Jo

uonet | Ao
-fjouy | ~u2d0g3 uonnoAdY ung woJyj
O SO[UA] Ut 20 noudg doupsyJ Ued
ut 1012 =Mﬂ=_n_u.po& Qoueisiq A1200081(F

-weiq | I pordd uedN

SLINVIJ THJ

SALITTALYG THE SILITTILVS YIIHIL ANV SLINVId

PAFulToxt Provided by ERIC

E\.




ERI

PAFullToxt Provided by ERIC

Slossary

The following is a list of words that appear in the text, but which may not be familiar to the average

reader.

action at a distance. The process in which one
body exerts a force on another without any
direct or indirect physical contact between
the two.

angular altitude. The angle measured in dezrees
that a star, planet, the sun or the moon
appears above the horizontal.

angular motion. The orbital motion of a planet,
satellite or star, measured in degrees per
unit time.

angular size. The angle subtended by an object.
For instance, the sun, the moon and your
thumbnail at arm's length have about the
same angular gize,

aphelion. The point of an orbit that is furthest
from the sun.

arc length. The distance along an arc or orbit.

astrology. The study of the supposed influences
of the stars and planets on human affairs
(e.g., horoscopes).

Astronomical Unit (A.U.). The average distance
between the earth and the sun.

atmospheric refraction. The bending of 1light
rays that occurs when light enters the
atmosphere at an acute angle.

cause. An event or relationship that is always
followed by another particular event or re-
lationship; the absence of the first implies
the absence of the second, all other con-
ditions being equal.

celestial. Of the sky or the heavens.

celestial equator. The great circle formed by
the intersection of the plane of the earth's
equator with the celestial sphere.

celestial sphere. The imaginary spherical shell
containing the stars and having the earth
ar 2 center.

center of motion (or force). The point toward
which an orbiting body is accelerated by a
central force; the point toward which a
central force is everywhere directed.

central force. A force that is always directed
towards a particular point, called the
center of force.

centripetal acceleration. Acceleration of an
crbiting body toward the center of force.

comet. A luminous celestial body of irregular
shape having an elongated orbit about the
sun.

conic section. Any figure that is the total in-
tersection of a plane and a cone. The four
types are the circle, ellipse, parabola
and hyperbola,

Constant of Universal Gravitation (G). The con-
stant of proportionality between the
gravitational force between two masses, and
-the product of the masses divided by the
square of the distance of separation. (See

also gravitation.)

constellation. One of eighty-eight regions of
the sky; the star pattern in such a region.

cyclic variation. A change or process of change
that occurs in cycles, i.e., that repeats
itself after a fixed period of time, such as
the phases of the moon.

deferent. The circle along which the center of
an epicycle moves.

density. Mass per unit volume.

double star. A pair of stars that are relatively
close together and in orbit about each other.

eccentric. A circular orbit with the earth dis-
placed from the center, but on which the
orbiting body moves with constant velocity.

eclipse. The shadowing of one celestial body by
another: the moon by the earth, the sun by
the moon.

ecliptic. The yearly path of the sun against the
background of stars. It forms a great cir-
cle on the celestial sphere.

ellipse. A closed plane curve generated by a
point moving in such a way that the sums of
its distances from two fixed points is a
constant. The two points are called the
foci of the ellipse. If the two points are
the same, then the figure is a circle, and
the foci are its center.

empirical. Based on observation or sense experi-
ence,
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empirical law. A statement that concisely sum-
marizes a set of experimental data or ob-
servations. Example: Kepler's Law of
Areas.

epicycle. Part of the geometrical construction
formerly used to describe the motions of
celestial bodies; it is the small circle
whose center moves along the deferent.

equant. A circle on which the orbiting body
moves with constant angular velocity about
a point different from the center of the
circle, and such that the center of the
circle is midway between that point and
the earth.

equatorial bulge. The bulging of a planet or
star at its equator, due to the flattening
effect of the body's rotation.

equinox. A time when the sun's path crosses the
plane of the earth’s equator. The vernal
equinox occurs on approximately March 21,
the autumnal equinox on approximately Sep-
tember 22.

essences. The four basic elements thought by
the Greeks to compose all materials found
on the earth. They are: earth, water,
air and fire.

experimental philosophy. The term formerly used
for experimental science; the systematic
study of the external world based on ob-
servation and experiment.

focus. (See ellipse.)

frame of reference. The coordinate system, or
pattern of objects, used to describe a
position or motion.

geocentric. Having the earth as a center.

geologist. One who studies the material com-
position of the earth and its changes, both
past and present.

gravitation. The attractive force that every
pair of macses exerts on each other. 1Its
magnitude is proportional to the product of
the two masses and inversely proportional
to the square of the distance between them.

gravity. The gravitational force exerted by the
earth on terrestrial bodies; gravitation in
general.,

Halley's comet. A very bright comet, whose or-
bital period (about 75 years) was first
discovered by the astronomer Edmund Halley.

heliocentric. Having the sun (helios) as a cen-

ter.

hypothesis. An idea that is tentatively pro-
posed as a basis for a theory; a statement
that is not yet accepted as true, because
either it has not been proven for enough
cases, or it fails to explain all the ob-
served phenomena.

interaction. Action on each other, such as by
a mutual attractive force, or a collision.

inverse-square force. A central force whose
magnitude at any point is inversely pro-
portional to the square of the distance of
that point from the force center.

law. A prediction that under specified circum-
stances, a certain event will always occur,
or a certain relationship will be : re.

light year. The distance traveled by a ray of
light in one year (about 5.88 x 10!2 mi.)

mass-point. The center of gravitational force
of an object with mass. (See center of
force.)

model. A combination of physical or mathematical
devices that represents and suggests an
explanation for the behavior of some actual
physical system. Sy -nym: mechanism.

natural motion. The Aristotelian concept that
objects have a motion that is a property of
the object itself and therefore the natural
way in which the object moves. For example,
the Aristotelians thought that the sun's
natural motion was to revolve daily about
the earth, that the natural motion of fire
was to rise, of earth, to fall.

natural place. The concept in Aristotelian sci-
ence that every object has a particular
location where it belongs, and that if an
object is removed from this proper loca-
tion, it will tend to move back there. Thus
gravity was explained by saying that objects
fall to the surface of the earth because
this is their natural place.

Newtonian synthesis. Newton's system of mechan-
ics, which proposed that the same laws
govern both terrestrial and celestial mo-
tions. ’

North Celestial Pole. An imaginary point on the
celestial sphere about.which the stars ap-
pear (to an observer in the northern hemi-
sphere) to rotate. This apparent rotation
is due to the rotation of the earth.,

occult quality. A physical property or cause
that ig hidden from view, mysterious or un-
discoverable, but whose existence is assumed
in order to explain certain observed ef-
fects.



opposition. The moment when a body is opposite
the sun in the sky, i.e., when the earth is
between that body and the sun, and 1lies on
the line joining them.

orb. A sphere; usually refers to the imaginary
crystalline spheres formerly thought to
move the planets. Synonym: spherical shell.

orbit. The path of a celestial body that is re-
volving about some other body.

pantheism. The belief that God is the same as
nature or the physical universe.

parallactic shift. The quantity of apparent
change in position of an object due to a
change in position of the observer. (See

parallax.)

parallax. The apparent displacement of an ob-
ject due to a change in position of the
observer.

perihelion. The point of an orbit that is
nearest the sun.

period. The time taken by a celestial object to
go once completely around its orbit.

perspective geometry. The study of how three-
dimensional objects in space appear when
projected onto a plane.

phases of the moon. The variations of the ob-
served shape of the sunlit portion of the
moon during one complete revolution of the
moon about the earth.

phenomenon. An observed, or observable event.

physical cause. An action of one body on another
by direct or indirect physical contact.

Principle of Parsimony. Newton's first "Rule of
Reasoning" for framing hypotheses, which
asserts that nature is essentially simple
in its processes, and therefore that the
hypothesis that explains the facts in the
simplest manner is the "truest"™ hypothesis.

Principles of Unity. Newton's second and third
"Rules of Reasoning," which assert that
similar effects have similar causes, and
that if every experiment confirms a certain
hypothesis, then it is reasonable to assume
that the hypothesis is true universally.

quadrant. A device for measuring the angular
separation between stars, as viewed from
the earth. -

qualitative. Pertaining to descriptive qualities
of an object, texture, color, etc.

quantitative. Involving numbers, or properties
and relationships that can be measured or
defined numerically. Weight is a quantita-
tive property of an object, but texture is
not.

quintessence. The fifth basic element or "es-
sence" in the Greek theory of materials,
supposed to be the material of which all
celestial objects are composed.

regular geometrical solid. A three-dimensional
closed figure whose surface is made up of
identical regular plane polygons.

retrigrade motion. The apparent backward (i.e.,
westward) motion of a planet against the
background of stars that occurs periodical-
ly.

satellite. A small body that revolves around a
planet (such as the moon around the earth).

Scholastics. Persons who studied and taught a
very formal system of knowledge in the
Middle Ages, which based truth on authority
(the teachings of Aristotle and the Church
fathers), rather than on observation.

solar year. The interval of time between two
successive passages of the sun through the
vernal equinox.

statistics. The study dealing with the classifi-
cation and interpretation of numerical data.

sun-spots. Relatively dark spots that appear
periodically on the surface of the sun.
They are presumably caused by unusually
turbulent gases that erupt from the sun's
interior, and covl rapidly as they reach
the surface, which causes them to appear
darker than the surrounding solar matter.

systematic error. Error introduced into a mea-
surement (e.g., by inaccuracies in the
construction or use of the measuring equip-
ment), whose effect is to make the measured
values consistently higher or lower than the
actual value.

terrestrial. Pertaining to the earth, or
earthly.

theory. A system of ideas that relates, or sug-
gests a causal connection between certain
phenomena in the external world. (See
cause.)

torsion balance. An instrument which measures

very small forces by determining the amount
of twisting they cause in a slender wire.
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Index

Acceleration, 82, 90, 98-10u Descartes, Rene, 89, 111, 116
centripetal, 97 Dialogue Concerning the Two Chief World Systems,
Action at a distance, 91 68, 69, 71
Age of Reason, 5 Differential caleculus, 78
Alexandria, 3, 12 Dioptrice, 62
Almagest, 18, 19, 20, 29, 41, 116 Discourses Concerning Two New Sciences, 68
Aphelion distance, defined, 56 Double star
Aphelion point, 59, 60 finding its mass, 106
defined, 56 Kriger 60, 106
Aristarchus, 16, 18, 19, 30, 35, 36, 113, 116
arguments against, 17 Earth, see terrestrial motion, terrestrial me-
Aristotle, 3, 15, 16, 18, 19, 46, 63, 64, 69 chanics
Aquinas, Thomas, 3, 14, 25, 70 Eccentric, 23, 50
Astrology, 110 defined, 21
Astronomia Nova, 50ff, 60 Eccentricity
Astronomical unit (A.U.), 32, 61 defined, 56
defined, 31 of planetary orbits, 57
Eclipse
Babylonians, 2, 7 of moon, 10
Bayeaux tapestry, 101 of sun, 10
Bible, 37, 39, 71 Ecliptic, 18
Black Plague, 78 defined, 9
Brahe, Tycho, see Tycho moon's relation to, 10
Egyptians, 2, 7
Calendar, 20 Elements, the four Greek, 14
Babylonian, 7 Ellipses, 55, 56, 82
Gregorian, 8 and conic sections, 58
Julian, 8 eccentricity, 56
of primitive tribes, 1 elliptical orbits, 83
Causal explanations, 58 focus, 56
Cavendish, Henry, 105 mean distance, 56
Central force, 82, 88 Epicycle, 23, 24, 30, 31, 33, 37, 50
Centripetal defined, 21
acceleration, 97 Equant, 50
force, 98 defined, 23
Chase problem, 31-32 Ethers, 37
"Clockwork," the universe seen as, 63 Budoxus, 15
Comets, 43, 61, 101 :
Conic section, 58 "Fall" of planets toward sun, 87
Constant of Universal Gravitation (G), 95, 105 Focus, 36
Constellations, 8, 9 Frederick II of Denmark, 41
Copernicus, Nicolas, 18, 27 ff., 40, 41, 49, 51,

60, 62, 68, 69, 113 G, see Constant of Universal Gravitation
arguments against his system, 35 ff. Galileo, 4, 14, 40, 49, 64, 65, 75, 79, 111,
arguments for his system, 34 f£f., 36 113, 114, 116
finds distance of planets from sun, 31-32 and the Inquisition, 70-72
finds periods of planets around sun, 31 belittled by Scholastics, 70
finds sizes of planetary orbits, 34 ff. builds telescopes, 65
his seven assumptions about the heavens, 29-30 his Dialogue Concerning the Two Chief World
philosophical implications of his tneory, 37- Systems, 68, 69

38 his Discourses Concerning Two New Sciences,

68

Daily motion, 7, 8, 12, 14, 15, 16 his discovery of the phases of Venus, 67
Dante, Divine Comedy, 16 his discovery of the satellites of Jupiter,
Darwin, 72 66-67
Deferent, 23, 31 his discovery of sunspots, 67

defined, 21 his observation of the moon, 66
De_Revolutionibus, 27, 30, 41 his observation of Saturn, 67

condemned by Jewish community, 38 his observation of the stars, 66

condemned by Luther, 37 his Sidereus Nuncius, 66

condemned by Papacy, 38 Geocentric view of universe, 14, 15, 16, 24, 25,

conflicts with Aristotelian science, 38 33, 108
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Ptolemy's, 18, 20
Gravitation, 29, 63, 78, 86, 97, 198
Newton's Law of Universal Gravitation, 81,
83, 88, 112, 114, 119
Greeks, 2, 7, 9, 15
their explanation of motions in the sky, 3,
12
their five regular geometrical solids, 49
their notion of natural place, 83
their philosophical assumptions, 12, 13

Halley, Edmund, 79, 101
his comet, 61
Harmonic Law, see Law of Periods
Harmony of the World, 61
Heliocentric view of universe, 17, 18, 33, 40,
52, 62, 69
Aristarchus’, 16
Copernicus' heliostatic system, 30
defined, 16
Kepler's, 49
Herschel, William, 109

Index Expurgatorius, 72
Inertia, see Laws of Motion
Inquisition, 70-72
Inverse-square law, 83, 86

Jupiter
gravitational force between it and sun, 93
its period, 31
its satellites, 67, 69

Kepler, Johannes, 4, 14, 40, 45, 46, 49 ff.,

75, 79, 113, 114

derives the earth's orbit, 52

derives the orbit of Mars, 52

his Dioptrice, 62

his first law, the Law of Elliptical Orbits,
55, 56, 58, 60, 86

his five perfect solids, 49

his Harmony of the World, 60

his heliocentric theory, 49

his notion of world as "clockwork', 63

his Rudolphine Tables, 62

his second law, the Law of Areas, 51, 53, 55,
58, 59, 60, 84, 85, 86

his third law, the Law of Periods, 60, 61, 69
86

his use of logarithms, 62

Law of Areas (Kepler's second), 51, 55, 58, 59,
60, 84, 85, 86
stated, 53
Law of Elliptical Orbits (Kepler's first), 55,
58, 60, 86
stated, 56
Law of Periods (Kepler's third), 60, 69, 86
stated, 61
Law of Universal Gravitation, 81, 83, 88, 114,
119
stated, 89
Laws of motion, 80, 82, 92, 93, 111

Laws of planetary motion, 61, 82, 83, 86
see Law of Areas
Law of Elliptical Orbits
Law of Periods
logarithms, 62

Mars, 31
Tycho's investigating its orbit, 49-51
size and shape of its orbit, 53, 57
Mercury, 32
"Monkey Trial," 72
Month, 1
Moon
and month, 1
Galileo's observations of, 66
its relation to ecliptic, 10
motions of, 9, 15, 24, 103
phases of, 9
Motion under a central force, 84 ff.

Natural motion, 83
Net force, 82
"New Philosophy" of experimental science, 75
Newton, defined, 78
Newton, Sir Isaac, 2, 4, 5, 10, 14, 40, 58, 63,
77, 18 ff.
and gravitational force, 63
and natural motion, 83
and the apple, 78
his Constant of Universal Gravitation (G), 96
his great synthesis, 83, 90, 115
his Law of Inertia, 87
his Law of Universal Gravitation, 81, 83, 88,
89, 112, 114, 119
his Laws of Motion, 80, 111
his Principia, 72, 75, 83, 109, 112
his Rules of Reasoning, 80-81, 90, 113
his Theory of Light and Colors, 79

Opposition, defined, 10

Parallax, 17, 18, 24, 35, 37, 43
defined, 17
Pendulums, 103
Perihelion distance, defined, 56
Perihelion point, 59, 60
defined, 56
Planets
angular distance from sun, 10, 23, 31-32, 56
brightness of, 11, 17, 23
Kepler's model of their orbital planes, 51
motions of, 10-17, 23, 24, 27, 30-32, 63, 118
opposition to sun, 10, 11
periods of, 31
relative masses, 102
size and shape of their orbits, 34, 52, 56, 83
Plato, 9, 13, 14, 16, 21, 23, 27, 58, 63, 69
differences between his system and Ptolemy’s,
23
his problem, 12
Principia, 72, 75, 79 ff., 85, 109, 112
General Scholium, 91
Principle of Parsimony, 80-81
Principles of Unity, 80-81




LRI

PAFullToxt Provided by ERIC

Ptolemy, 18, 20, 21, 23, 25, 27, 29, 31, 32, 41,
45
acceptance of his theory, 24
differences between his system and Plato's, 23
difficulties with his system, 24
disagrees with Aristarchus, 19
his assumptions, 24
his system sketched, 22

Pythagoreans, 13
Quadrant, 44

Radial velocity, 106

Renaissance, 4

Refraction, 45

Retrograde motion, 11, 12, 16, 17, 21, 23, 30, 35
defined, 10

Rudolph.ne tables, 62

Rule of Absolute Motion, 27

Rules of Reasoning in Philosophy, 80-81, 90, 113

Rutherford, Lord Ernest, 77

Saturn, 31

Scholastics, 70

Scientific revolution of the 17th century, 75, 76
Scientific societies, 75

Sidereus Nuncius, 66, 67

Sizzi, Francesco, 70
Starry Messenger, see Sidereus Nuncius.

Stars
Galileo's observations of, 66
Stonehenge, 1, 2
Sun, also see heliocentric view of universe
as central force, 82
its motion, 9, 15, 20, 24
solar year, defined, 7

Sunspots
discovered by Galileo, 67

Telescope, 70
adapted by Galileo, 65
Galileo discovers sunspots and phases of Venus,
67
Galileo observes moon, stars and Jupiter's
satellites, 66-67
Galileo obserwves Saturn, 67-68
invented, 65
Terrestrial mechanics, 39, 64
Terrestrial motion, 17, 20, 29, 30, 46
Kepler's derivation of the earth's orbit, 52
Theory
defined, 113
making and judging, 114-117
Theory of Universal Gravitation, see Law of
Universal Gravitation
Tides, 99
Time-keeping, 2
Triangle, area of, 84
Trinity College, Cambridge University, 77
Tycho Brahe, 40 ff., 61, 62, 64, 111, 114, 116
calibration of his instruments, 44
discovers a new star, 41
his compromise system, 45
observes comet, 43
Uniform circular motion, 13, 14, 27
abandoned, 49, 51
Uraniborg, 41 ff.
instruments there, 44 ff.

Venus, 31, 68

its phases discovered by Galileo, 67
Vernal equinox

defined, 9
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