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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,

transparencies, 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 of earlier versions.

The Project Physics course is the work of about 200 scien-

tists, scholarsr 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 coJtse for nation-

wide use. Harvard Project Physics was estaolised in 1964,

on the basis of a two-year feasibility study supported by the

Carnegie Corporation. 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 occasional 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 York, the Ford Founda-

tion, the National Science Foundation, the Alfred P. Sloan

Foundation, 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 incorporate 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, h
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.

is seotedrt 'is meant -to create
etirestTrert as a reacW1.9

ssi3ranent

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-
cord the passage of days into years. Of el the units used
in regular life, "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
might 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 about 2000 B.C. to permit
accurate astronomical observations of the positions of the
sun and moon. The Mayans and the Incas in America, as wetl
as the Chinese, put enormous effort into buildings from
which they could measure the changes in the positions of the

Bee : 6ronehenr , Tacitelra Hawkes,
Scientip6 American , Tune, 1456.

Even in modern times out400rs-
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.

me hmar mordti is rukthe
same. as a oa6dar nu with.

F6 Universe

/vytertj c Stoneliericri
Into parrS., 0 25 min each.

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

1
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let, now in the British Museum,
records the positions of Jupiter
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sun, moon and planets. Thus we know that for thousands of

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 being slowly unearthed.

But the Egyptians, like the Mayans and others, were inter-

ested in practical forecasts and date-setting. To the best

of our knoWledge they did not try to explain their observa-

tions other than by tales and myths. Our western 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. These

simple observations became, during following centuries, the

basis for one of tie greatest of scientific triumphs: the

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

the study of motions on the earth with the study of motions

in the heavens to produce a single universal science of

motion.



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 to 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. Alexandria 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 iurope, 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-

scripts of one of Aristotle's books were known in Italy and

in Paris. After the founding of the University of 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

3
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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 windol: is the Paris
01:servatory, then under construc-
tion.
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science seemed also to be a questioning of the theology.

Thus for a time there was little criticism of the Aristotelian
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 about
the world. Among those whose work introduced the new age

were Columbus and Vasco da Gama, Gutenberg and da Vinci,

Michelangelo and Durer, 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 r.alileo through his observa-

tions and writings, which are discussed in Chapter 7. In

Chapter 8 we shall see that Newton's work in the second half

of the seventeenth century 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.
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Great scientific advances can affect ideas outside science.

For example, Newton's impressive work helped to bring a new

sense of confidence. 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 nn these events of three centuries

ago.

&This was also lie Greek ideal
bat they kad a two universe"
moclel lwhich has separate
mechanics for heaven and
for earlk.

The decisive changes in thought that develope it

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':

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

as the ideas and works of such persons as Roosevelt, Ghandi

and 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.

ON

THE _ORIGIN OF _SPECIES

ST RUNS OF NATURAL SELEcrioN,

INISDRiATION OF FAVOURED LOW IN THISTAUOOLIS

mews.

CHARLES neRwriT,RfiL.
ffiL00/ m DVO410110.41.18IMAN:Ite4 11001171fli

MONO Of. JOANAL to IMMIC110111ilia 14 O. 1.0.11,11 1.1110

LONDON:
' JOHN NVBRAT: ALBEKANLI:8TBIDT.

'Ile development so- called
modern physics s
1?enCeleet about t895 and is
ifrared in Milt 5.

See "The Black Cloud" in Project
Physics Reader 2.
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Chapter 5 Where is the Earth? The Greeks' Answers
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5.1Motions of the sun and stars. The facts of everyday astron- duissed 4.5 keep Ike yrtantks
dolls t-farth 021 ) con-omy, the heavenly happenings themselves, are the same now as owtot
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eye most of what they saw 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 Egyptians, 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 tr that shown in Fig. 5.1 (a). Every day

the same type of pattern occurs from sunrise to sunset. Thus

the sun, and indeed all the objects in the sky, show a daily

motion. They rise on the eastern horizon, pass a highest

point, and set on the western horizon. This is called the

daily motion.

in the times of the Greeks. You can observe with the unaided

Day by day from July through November, the noon height

of the sun above the horizon becomes less. Near December 22,

the sun's height at noon (as seen from the northern hemi-

sphere) is least and the number of hours of daylight is

smallest. During the next six months, from January into

June, the sun's height at noon slowly increases. About June

21 it is greatest and the daylight is longest. Then the

sun's gradual southward motion begins again, as Fig. 5.1 (b)

indicates. A Time zones
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. Now we know that the solar year

is 365.24220 days long. The fraction of a day, 0.24220, raises

a problem for the calendar maker, who works with whole days.

If you used a calendar of just 365 days, after four years

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 Sozk9rovvid materiel onike calendar.
the Ross Sea in Antarctica. The sun appears to move from See Artde Seetert
right to left.

g. The stars Lave a sin5le,
stead', d.O.49 wwtrort west-
ward) -ltie9 appear to be Oh
Ot 9meat sphere Virrurt., CrOttrld
!Pie observer.

3. Day air d STA si5rs
set eartier or a 'CO be
rnovin9 west:ion:4 overtukli9

shin. COnveNtseVutishe SICK
moves eastam14 the
star field. Yf we use Ike
stars as a frame of rvfer-
&ice , e sun makes one
cycle each year eastward
&rough -ate star field.
(about I° per dcuj).-Wie sun's
path. onto" Stars
cal(ed -Me eckiolit,

iS

See "Roll Call" in Project
Project Physics Reader 2.
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Fig. 5.1
a) Daily path of the sun through
the sky.

ViF5r

oi 1. H
Dec.22 Ker.21 June 21 Sept.23 Dec 22

b) Noon altitude of the sun as
seen from St. Louis, Missouri
throughout the year.
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Fig. 5.3 Orion trails, a combi-
nation star and trai photograph.
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.

Ala "Wye bright ceefrral star tie kit of

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 averaged 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 the same

star patterns described by the ancientL, we ca, conclude 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

8 streak row unitie of IN% One*, 45 'Moe's.

A: Flow torn is a Sidereal day ?
A% Globa! 51,014;a(
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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 23h° 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?

Ti+ will help visualize Ike relotiatt-
ships discussed in the sect-oh.
IT 9our stimionts have made lie
suggested observations of the sict,
white uritt Ivy ni91,,I
summarize Ine motions described
in 600. 5.1 5.3. -Wiese ore

'die rnajor matins -ro be
explained by antj theoy. Your
sruciertts may have diffica
findersrandiujihet e4her

.sun -the gars can be-taken
6t5 Ike rerenenoe apron against'
which -Me other- proms.

See "The Garden of Epicurus" in
Project Physics Reader 2.
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SG 5.2

01 What evidence dome have that the ancient
people observed the sky?

0.2 For what practical purposes were
calendars needed?

0.11WhLt are the observed motions of the sun
during. one year?

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

5.2 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 sunsetwhen it is op-
posite the sun in the skythe 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

Summar615.2
1. The mfon moves eastWarof like -Ike sun, but at a fatter rare
motion shows irrvqulaHres.
g. Since antioit pia moln has been considered rO be. a sphere

These end of section questions
are intended to help you check

your understanding before going
to the next section. Answers
start on page 123.

Moon: 17 days old

A: Moon crater vlownes
upon corerut inspectiOn'ts

Yerleetin5 sunli3hr.
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Moon: 3 days old
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Das f Phases of Ike MPARAPI

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 sun at
every new moon. The moon's motion is far from simple and
has posed persistent problems for astronomers as, fo_ ex-

ample, predicting accurately the times of eclipses.

CL5 Describe the motion of the moon during Q6 why don't eclipses occur each month?one month.

A: Pf angular
to.evnert

A: Stereo 0/42
of tyre iron

41Sun

* Mercury

6Ear th

Fig. 5.5 The maximum angles
from the sun at which we observe
Mercury and Venus. Both planets
can, at times, be observed at
sunset or at sunrise. Mercury
is never observed to be more
than 28° from the sun, and Venus
is never more than 48° from the
sun.

Sun
1

,0

4Earth

Summary5.3
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5.3The wandering stars. Without a telescope w' 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

the aid of telescopes three more planets have been discov-
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 r,on, all the planets are observed to rise
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

eastward among the stars and for some months moves west-
ward. This westward, or wrong-way motion, is called
retrograde motione io idesof.;(bleince 60 Phu tor eAplain.

In the sky Mercury and Venus are always near the sun.

As Fig.5.5 indicates, the greatest angular distance from

the sun is 28° for Mercury and 48° for Venus. Mercury and

Venus show retrograde motion after they have been farthest

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

westward relative to the stars, as is shown by the plot for

Mercury in Fig. 5.7.

In contrast, Mars, Jupiter and Saturn may be found in
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
Fig. 5.7). As Table 5.1 and Fig. 5.7 show, the retrograde
motion of Saturn lasts longer, and has a smaller angular dis-
placement than do the retrograde motions of Jupiter and Mars.

Table 5.1 Recent Retrograde Motions of the Planets

Planet

Mercury

Venus

Mars

Jupiter

Duration of Retrograde

April 26 to May 30, 1963

May 29 to July 11, 1964

Jan. 29 to April 21, 1965

Aug. 10 to Dec. 6, 1963

Saturn June 4 to Oct. 21, 1963

Uranus Dec. 25, '65 to May 24, 1966

Neptune Feb. 22 to Aug. 1, 1966

Pluto Dec. 28, '65 to June 2, 1966

Days*

34

43

e3

113

139

152

160

156

Westward
Displacement*

15°

19°

22°

10°

70

4°

30

2°

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

The planets change considerably in brightness. When

Venus is first seen in the evening sky as the "evening star,
the planet is only fairly bright. But during the following

four to five months as Venus moves farther eastward from the
sun, Venus gradually becomes so bright that it can often be
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

follow much the same pattern. But because Mercury is always

seen near the sun during twilight, Mercury's changes are

difficult to observe.

Mars, Jupiter and Saturn are brightest about the time

that they are highest at midnight and opposite to the sun.

Yet over many years their maximum brightness differs. The

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.

Planet Earth Sun0

Fig. 5.6 Opposition of a planet
occurs when, as seen from the
earth, the planet is opposite to
the sun, and crosses the meridian
at midnight.

A

. .

st- ::-

E

Fig. 5.7 The retrograde motions
of Mercury (marked at 5-day in-
tervals), Mars (at 10-day inter-
vals), and Saturn (at 20-day
intervals) in 1963, plotted on
a star chart. The dotted line
is the annual path of the sun,
called the ecliptic.

A : Scale model °F
-fte Solar ,system

Q7 In what part of

CM3 In what part of
to see a planet

Q9 When do Mercury
motion?

see the planets
the sky must you look to
Mercury and Venus?

the sky would you look
which is in opposition?

and Venus show retrograde

0.10 When do Mars, Jupiter and Saturn show
retrograde motion?

0.11 In what ways do the retrograde motions
of the planets differ? Is each the same
at every cycle?
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15.41Plato's problem. About 400 B.C. Greek 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.

'The Obvert), established

Ilellegistic; period, was pr

ably more or a research
cercref -Won Q niasev.rn os we
,tow use -the *ern .
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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. In 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"? In particular, how can we explain

the retrograde motions of the planets? Translated into more

modern terms, the problem is: determine the combination of

simultaneous uniform circular motions that must be assumed



flow are "trio dais estabhthed for o0 manuscripts?
the de&ctiiie war* of mAndicin anoldsein.9 'IsTosciru0611

for each of the objects to account for the observed irzegu-

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:

Note tat -tie diancjes in 16 oppcvert
bitcjitness of to planets, what we
would 19sicaf evidence, was
thieritt (5nore4.11-iery however,
some evidence tat t00% fiat.
and Ariedte as welt as driers,
were not --roo happy w41 ot purely
seome/T-tb sofa-Eck which fabled t
account cor-tiese observed changes
it biqitnoss.

1. 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 theoretical approaches have

followed.

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

130bahhi because flab riot

this observotrihn as
sermarie to his pnabion, ncgAirki
was added tO the useranew or
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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 heavenly bodies move with "uniform

motion in perfect circles" was accepted for many centuries

by those working on the problem of planetary motion. Not un-

til around 1600 A.D. was this assumption abandoned.

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-

one agreed as to what these elements were, gradually four

were accepted as the explanation of phenomena taking place

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

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.

0d2 What assumptions did Plato make in his
problem?

incomplete?

0.14 What basic assumption did the Greeks
005 Why is our knowledge of Greek science make about the nature of a theory?

5.

a. By assisaning several clicutar
vnetiores or ra011it9 spheres of

various sees to each cF the
flite plant's and 0 the sun
and the moon, a model cola

made -0 a raistiti flee
ObSerVed ma'am. "the sever=
was: Stars, Saturn, Tuiiter, Kars
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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

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. In 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.)

The motions of the planets Mercury, Venus, Mars, Jupiter

and Saturn were more difficult to explain. Because Saturn

moves most slowly among the stars, its sphere was assumed to

be closest to the stars. Inside the sphere for Saturn would

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

reflect sunlight and to be closest to the earth.

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

and directions of motion of the supposed linkages between

the various spheres a rough match could be made between the

model and the observations (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-
tions. would account for the general pattern of motions.

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

An interesting description of this system is given by the
poet Dante in the Divine Comedy, written in 1300 A.D., shortly
after Aristotle's writings became known in Europe.

Aristotle was not happy with this system, for it did

not get the heavenly bodies to their observed positions at
quite the right times. In addition, it did not account at

all for the observed variations in brightness of the planets.

But we must not ridicule Greek science for being different
from our science. The Greeks were just beginning the de-

velopment of scientific theories and inevitably made as-
sumptions that we now consider unsuitable. Their science

was not "bad science," but in many ways it was a quite dif-

ferent kind of science from ours. Furthermore, we must

r.4-235*-

Fig. 5.8 The annual north-south
(seasonal) motion of the sun was
explained by having the sun on a
sphere whose axis was tilted 23°
from the axis of the sphere of
the stars.
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Fig. 5.9 A geocentric cosmolo-
gicalscheme. The earth is fixed
at the center of concentric ro-
tating spheres. The sphere of
the moon lung) separates the
terrestrial region (composed of
concentric shells of the four
elements Earth, Water, Air and
Fire) from the celestial region.
In the latter are the concentric
spheres carrying Mercury, Venus,
Sun, Mars, Jupiter, Saturn and
the stars. To simplify the dia-
gram, only one sphere is shown
for each planet. (From the
DeGolyer copy of Petrus ApiL-
Cosmogranhie, 1551.)
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do not ovcrlook.

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.

Scientific concepts are idealizations which ',..reat 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? 016 Describe the first solution to Plato's
problem.

Sum 5.b LISA sun-centered solution. For nearly two thousand years af-

L ::net itrielithi calk S.C. a ter Plato and Aristotle the geocentric model was generally
*le different soft' -thOil
was proposed , liatzliF24,1

accepted. However, another radically different model, based

on different assumptions, had been proposed. In the thirdStationary WA the and
other planets revolvin9 around century B.C., Aristarchus, perhaps influenced by the writings

it. All 1Pie cloidg mesons observed 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 is 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 body,

which was also the source of sunlight, should be at the

center of the universe.

in fie ski were explained 6,4
a dcit(9 rotation of Ike eariti.

81. -This 1181(6cent-16 systiern
was not 14/1419 accepted for a
varier!, of reasons. Sonic were
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on canfleci3 wd1. expected
results.. Ike absence of the
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knotiOn of -Ike stars was #ie
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I
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Aristarchus proposed that all the daily motions observed

in the sky could be easily explained by assuming that the

earth rotates daily on an axis. Furthermore, the annual

changes in the sky, including the retrograde motions of the

planets, could be explained by assuming that the earth and

the five visible planets move around the sun. In this model



Additional. information on Artslarthueniodei
See ArilCie. Seerien.

tie motion previously assigned to the sun around the earth

was assigned to the earth moving around the sun. Also, no-

tice that the earth became just one among several planets.

How such a system can account for the retrograde motions

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

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.

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 did violence to the philosophical doctrines

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 moving 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.

Fig. 5.10 Retrograde motion of
an outer planet. The numbers in
(b) correspond to the numbered
positions in (a).

(a) Actual configurations of
sun, earth and planet for retro-
grade motion.

Sun

Planet

(a)

%tied

-rts p
IN IP!

(b)

tttls fi6vre

See akderit Handbook for adild4basis of Aristarchus' heliocentric hypothesis. But it was to
T tander4truArowuRew.

Vstar

not observed by the Greek astronomers.

This awkward fact could be explained in two ways. The stel-

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, perhaps 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

Fig. 5.11 How the changing po-
sition of the earth in its orbit
should cause a parallactic shift
in a star's position.

Earth's orbit
- - _

sun

-

17
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Third, Aristarchus does not seem to have used his system

for making predictions of planetary positions. His work

seems to have'been purely qualitative, 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 to speak of the fact

that the stellar parallax which it predicted was 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 be accepted or dismissed with

final certainty.

Q17 What two radically new assumptions were
made by Aristarchus?

Q18 How can the model proposed by Aristarchus
explain retrograde motion'

Q19 What change predicted by Aristarchus'
theory was not observed by the Greeks?

Q20 Why was Aristarchus considered impious?

64WrIni2N5.7 5.7The geocentric system of Ptolemy. Disregarding the helio-
UStri9 sivemf georneVid devices centric model suggested by Aristarchus, the Greeks continued
e.g., tie ecceritilb epi9cie to develop their planetary theory as a geocentric system.
and equant, ftoternm &Moped
an eareth-centered rrrodel in As we have seen, the first solution in terms of crystalline

Wick each p/anet had a sepor- spheres lacked accuracy. During the 500 years after Plato

Og CO1110eX 600411 op rnotivhs. 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.

18



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 tc 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 seeks 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. And 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 stars, having itself no local
motion at all.

The Greeks mode grant' pro-
gress in wialhemat6s (qeornoli3)
durivi9 'the Soo years between
Plato and foterni4, `R-oiernm ap-plied thienew rtlath" in ifis
efroeft '0 predict' the poet-bonsop lhe planets more accost(.

Ptolemy then argues that each of these assumptions is
necessary and fits with all our observations. The strength
of his belief is illustrated by his statement: "...it is
once for all clear from the very appearances that the earth
is in the middle of the world and all weights move towards
it." Notice that he has mixed the astronomical observations
with the physics of falling bodies. 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:

Now some people, although they have nothing to
oppose to these arguments, agree on something, as
they think, more plausible. And 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 very nearly one revolution a day....

But it hes escaped their notice that, indeed,
as far as the appearances of the stars are con-
cerned, nothing would perhaps keep things from
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Center a protractor on point C
of Fig. 5.12 and measure the de-
grees in the arcs 1-2, 2-3, 3-4
and 4-1. Consider each 1°
around C a. one day. Make a
graph of the days needed for
the planet to move through the
four arcs as seen from the earth,
E.
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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 observations. 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. lf, however, the air turned with the

earth, "none the less the bodies contained in it would al-

ways 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, back 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

March 21

June 21

September 23

December 22

March 21 (80 + 365)

blernci was wellch9 fie sacrifice 9alb's
assumption o uniform angular motion
at na coeort dis once arourtol the
earlFt irs order tb 9c:tin greater
pmcisian in his prediet&ins.

Day count
of year

Difference
in days

80th day
92

172nd day
94

266th day
90

356th day
89

445th day

A: Epicycle maChine.
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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 earth. 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 alrned 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 plF ets, 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, it 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 can be used to describe many kinds of motion.

We may select the ratio of the radius of the epicycle to

that cf 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

A: Make lohoOsvrtiohs of epicycles Ike these.
See. Glacterit 14artdl000k.

EpictIcles, See
-gescume Plq

c2
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Fig. 5.12 An eccentric. The
angular motion is at a uniform
rate around the center, C. But
the earth, E, is off-center.

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
were made at equal time intervals.
Note that the motion is slowest
in the loop.
(6) Loop seen from near its plane.

(b)



Fig. 5.15 Simplified representation of the Ptolemaic system. The
scale of the upper drawing, 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.
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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. However, to accept this explanation of the

changes in brightness would oblige us to assume that 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 devices, 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 epicycles. 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, the orbits are
usually shown nested inside each other so that their 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,

km9111.5
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Fig. 5.16 Mars is plotted at
four-day intervals on three con-
secutive oppositions. Note the
different sizes and shapes of
the retrograde curves.

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 neeesd.

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 anc predict the motion of each planet

separately. A recently discovered manuscript of Ptolemy's

descriLes 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:

pogiti4 1. predicted fairly accurately the positions of the

would 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.



Also:

6. could survive better because at that time there were
very few theoretical astronomers.

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

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 old? 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.

SG 5.4

0.21 What assumptions did Ptolemy make for
his theory?

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

023 What limitation did Ptolemy have to
assign to his epicyclls?

024 Was the Ptolemaic system proposed as a

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

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

026 Why was Ptolemy's system accepted for
more than a thousand years?
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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. DUrna,Aerwal

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

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. Piscussion
( 5.3 Throughout Chapter 5, many references

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? iscijssiort

5.4 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 mac-
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? D&Aseion
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Chapter 6 Does the Earth Move? The Works of Copernicus and Tycho
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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 his 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

Coelestium, or On the Revolutions of the Heavenly Spheres,

which suggests an Aristotelian notion of concentric 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.

In De Revolutionibus he wrote:

We must however confess that these movements tof
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

Fig. 6.1 Nicolaus Copernicus
(1473-1543). In Polish his
name was Kopernik.

Summary 6.
I. Copernicus was motivated in

part by a desire ib avoid fie
use orle equartt in the
(Protemaic stytern.

gt. Copernicus knew /kat
Aristarchas hod proposed a

s as was
descHoed tit e Atrnacjest.

3. Copernicus was delfatect )03
ihe, ,Svrintetry providecr the
keloceritin6

What was "the rule of absolute
motion"?

Copernicus was one or Ike few meg
or his trite who tweeted Greek . As

result lie was able to read
Soiree or Ike discovered
Greek manur.cripts'. -rvem-ikeryt he
learned Ike arsurnevits for a sun-
cerittrvd s9gtern , as welt as -the
artyrnents sii/art b ''1blem9
against such a system .

you Wil310 it cask tour students which lart94a9es Mem Ilk would
be valuable to a modern scientist -: Othese ? GerrKcui? 'Russian?
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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 snaky than
those of my predecessors could 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 wandeLing 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 ..lorrelation 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

which would "suffice to explain the entire structure of
the

the Alfaeg:::,are :::::::i

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:

"1. There is no one center of all the celestial circles

See the Preface to Copernicus'
Revolutionibus in Project Physics
Reader 2.

Zs tie cii-st qiutatiOn Cop-
ernieus makes his case
a5ainst lie sesiten o fi(ems
Develop 'the pair& Mat' Cop
ernic,us Leas oittemrstms fo
ptoipi3 -the Rbtomaic syst4nt
by erihtinatitio, tfle 4se op
the equarit. Try halm, Re
pawl's move around 1he
sun he was able to diotin-
ode the N+ or efoicyctse
Prom Ike "n-ortaic (esti
Yet tb accoun far er

2. The center of the earth is not the center of the SpnaUsmr vailations in IN
universe, but only of [gravitation] and of the lunar sphere. M444174ht, a %e Planet; he

.0itil &mau ls excertr las3. All the spheres revolve about the sun...and therefore eta( h
and oppialt apiceles rotthe 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

its motion but from the motion of the

about the sun like any other planet.

more than one motion.

.kown in tie Figures.

the sun arise not from

earth and...we revolve

The earth has, then,
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.L11: 1etPo9rede matron ,
heliocentric. model.

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.

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 [motinnT] in the (sky]."

Comparison of this list with the assumptions of Ptolemy,

given in Chapter 5, will show some identities as well

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 in 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:

"Fijure 6.V halitrzei the sun (sol) at
Vie center is a mull sketch
of iPie major idea of tie Coper-
nican system . -Fiaure 6.5 surest.

-the variety of motorts aotuallj used.

£15 : Ore Shape or ice earths orbit
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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; and 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
revolution. 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 can 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 of the spheres which no other ar-
rangement offers.



The period of the oat-er plane-Cs around -the sure can be estimated b citindoiq
ruArnber or observe<A cycles in. Vie sky by tote number of year's of of ottairt.

011 What reason did Copernicus give for re-
jecting the use of equants?

Q2 What could kopernicus have meant when he
said, "There is no one center of all the
celestial circles or spheres," and yet
"All the spheres revolve around the sun
as their mid-point, and therefore the
sun is the center of the universe"?

Q3 In the following table mark with a P the
assumptions made by Ptolemy, and with a
C those made by Copernicus.

a) The earth is spherical.

b) The earth is only a point compared to
the distances to the stars.

c) The heavens rotate daily around the
earth.

d) The earth has one or more motions.

e) Heavenly motions are circular.

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

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

planet from the sun in terms of the distance of the earth
from the sun. The distance between the earth and sun is
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 arouna tne Sun.

Years Cycles
of among the Period

Planet Obs. Stars Ratio Copernicus' Modern

Mars 79 42 79/42 687d 687.0d
Jupiter 71 6 71/6 11.8y 11.86y
Saturn 59 2 59/2 29.5y 29.46y

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

If a body is observed to make
6 full cycles of the sky in
24 years, what approximately is
its orbital period?

Surnmar 6.9
1. A new wall oF lookinol at
observatens Mat is, or view
Mem: y, arten leads -0 new
-1510e6 of conclusions-.

9. "From his mode( Coper-
nicus found -the periods op
fze Flares' moons around
-fhe sun, and also their re.ia-
-We distances -From -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-
senting a planet, is on an ex-
tension of the hour hand. The
sun is at the center. The se-
quence shows the earth over-
taking and passing the planet.

the procedure of Copernicus had a form which we call the (a) 11:55 (e) 6:30
(b) 12:00 (f) 6:35

"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 (d) 3:15

I
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Earth

Fig. 6.4(a) The orbit of Venus
according to Ptolemy. The maxi-
mum angle between the sun and
Venus is about 450 east and west
of the line connecting the fixed
earth and the revolving sun.
r = 0.7R

-4

Actdittbnal infoYmtatiat
See Aft?le

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?

Sun
Now for a planetary application. We assume that Mercury

Sun

\ '''..--- -------7-

Fig. 6.4(b) The orbit of Venus,
according to Copernicus. With
the earth in orbit around the
sun the same maximum angle be-
tween Venus and the earth-sun
line is observed. Here r = 0.7R
in astronomical units.

Mite a scoot place lb pdoit
(Jac ile ortiti-ariness or anus.
"ne AU perfeoti9 0000t wit

asl-rortorrij- 4Aert bete
titan km. 0.72 (0.72 A.U.), Mercury 0.38 (0.39 A.U.). The earth's

vie cotwetsion 41vAbr /mow, ' distance from the sun has been taken as 1.06, or one A.U.

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-

lution, is then T/(T + N). From observations available to

him Copernicus formed the ratios T/(T + N) and found the

periods shown in Table 6.2. 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 224d 224.7d

For the first time in history, Copernicus was able to

derive distances to the planets in terms of the distance of

the earth from the sun (the astronomical unit). Remember

that the Ptolemaic system had no distance scale; it provided

only a way of deriving the directions to the planets. If, as

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

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

not well known.
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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 column 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-

A : RePogratate yrwition

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

Fig. 6.5(b)

\

9.2

ti

(c) The three bodies E, S and P
are displaced on parallel lines
by equal distances. The relative
positions are the same as in part
(a), but 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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A : Planetarl po6iticins
relatWe Ike sun

ment we move the earth from the center of all the motions and

put the sun at the center. Also, we have eliminated the

planet's epicycle and replaced it by the orbit of the earth.

In addition, we have changed the frame 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/r) R, when 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
with a moving-earth model which were not

possible with a geocentric model for the
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.

Note here -the Ives arlument
used b9 Copernicus. onty new
observation predicted by the sun-
centered sgsrern was a annum(
parallax of the stars - whith was
not okeefved. Even 'Ptolemy knew
{barn #ie work of Ar:Learehtts,
Seaton 5:6, that Vie distance
between Ike earth and sun >"a.5
at least seven t pritlitim ?Titles.
.rf the stars showed via annum
Parckilcuti shift, the Stars would
)1/70/C to be at an incornicrehen-
sibtj large (*dance.

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 been 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

planetary motion could be made. Actually the theories of



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°, or four diameters of the moon.

3. Copernicus cleverly tried to answer several objec-

tions that were certain to be raised against his helio-

centric systemas 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 sama fate for his rotating

celestial sphereso 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 :tars,
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

eqaants, he needed more small motions than did Ptolemy to

account for the observations.

Summar9 6.3
Among Copernicus' art3uvnent-
for kts orrem :

.-rt was jicet as in keerin9
vVith reverence for God as
was fb(evywcs.
.9) was.'as accurtire as
P(Verr .

3) C43,Hmurt. 'cm/rimer: Som;e"
okleot0ns were eas; answenlui.

) abse zce or olaservrible
sfo(lar parcillot)c skowed onkl

irrallemSe clersrtce cr
Groins .

6) 1145 sysre.m was beautifull9
Grin& .

SG 6.1

A : Proof' tat 10e earlk relates

You rrit9kt knehliOnliiches
comment 'that he could not
Lee kih9 God would have
created so midi space
only to leave 't empt9.

Q5 What arguments did Copernicus use in
favor of his system?

Q6 What were the largest differences between
observed planetary positions and those
predicted by Ptolemy and Copernicus?

Q7 In what way was Copernicus' conclusion
about the distance to the stars not
convincing?

Q8 Did the Copernican system provide simple
calculations of where the planets should
be seen?

6.4 Arguments against the Copernican system. Copernicus' hopes 5°772 6.4
1. llie rile arguments cpvenfor acceptance of his theory were not quickly fulfilled.
by foleou4 ctocunst ArisrarchusMore than a hundred years passed before the heliocentric
were aged to tke Copernican

system was generally accepted even by astronomers. In model.Fiese ar9upwAll were
the meantime the theory and its few champions met power- based oii ralgiou5 dogma anda. Copernicus clean staed tiatlw basic conflict LA:41 AristAgicm. physicsA:Femme between er nekoceothC and Tocentrie, of wean.model was in te frame of reference.



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 explained

by one system and not by the other. Copernicus introduced

no new types of observations into his work. Furthermore,

the accurilcy 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 tne phenomena."

Basically, the rival systems differed in their choice

of reference systems used to describe the observed

motions. Copernicus himself stated the problem clearly:

in -the quotation- from Coperrilcus-7

notice how clearly he maces Ike
OA that Ike retatiAti oF motors
depends upon ike position and
motiOn or -Me observes, -(tits could
be relaW to fie discussion, in Unit

of Galilean riaCatoittb, but make
te Ont. tat Galileo wrote afte4,
Copernicus and tat Galileo
probably was iiifluenced Jo9the
steement of Coperrices-.

"F8 5-Ames oF naFerence

equivalent ,-(Plat is; as -Far as
phyilas is concerned.
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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 accordingly 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 the 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 system 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



being studied. 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 it 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 snaces?

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 blueprint. Indeed, the

religious reformer Martin Luther branded Copernicus 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
well 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 the 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. In 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-



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 those 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. In physics, as Units 4, 5 and

6 indicate, evolving theories of atoms, relativity, and

quantum mechanicshave 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
Bacon, adopt a ho-hum attitude toward
the arguments about the correctness of
the Ptolemaic or Copernican systems?

0.10 What was the major difference between
the Ptolemaic and the Copernican systems?

Q11 How did the astronomical argument become

involved with religious beliefs?

Q12 In what way did the Copernican system
conflict with the accepted physics of
the time?

Q13 List some conflicts between scientific
theories and philosophical assumptions
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.

aArrinuart/ 6.5
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Mars

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.

'7Ais section divots afrention -to ike
importance- of new vim" of' loOkina
at old problems. Fora constderoXe
*tile, even well af't'er -Me work or
Newton, as Itie &art,' Kekttovi or
Tokri Adorns indce s, educated
people knew About Ike Copernican
stigtem but did not rtecessarilt/
believe tat "tt represented ate
real motion of -Ike planets.

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

Now Kepler and others could consider these planetary paths

in suite 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 theory 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.

Q14 In terms of our historical perspective,
what was probably the greatest contribu-
tion of Copernicus?

Gas How did the Copernican system encourage

the suspicion that there might be life
on objects other than the earth? Is
such a possibility seriously considered
today?
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6.6 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 inabcurate. He concluded that before a

satisfactory theory of planetary motion could be created

SurnmaN 6.6
4cieto BValie created. a major

oraservatory With lah3e instruments to
collect as(rymon-tica1 obeervaVOns of
sreoter preetscbrt.

new astronomical observations of the highest possible See "The Boy Who Redeemed His
Father's Name" in Project Physicsaccuracy gathered during many years would be necessary. Reader 2.

Tycho's interest in studying the heavens was increased
by an exciting observation in 1572. Although the ancients
had taught tYat 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. What
an exciting life he might have if he could study the
heavens, searching for other changes of the stars and
planets.

After observing and writing about the "new star," Tycho
travelled through northern Europe where he met many other
astronomers and collected books. Apparently he was con-
sidering moving to Germany or Switzerland where 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 living
quarters for staff, students and observers. There was even
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 time. Primarily
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middle of -file; six-reenik century.
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See "The Great Comet of 1965" in
Project Physics Reader 2.
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Fig. 6.8

Fig. 6.7

At the top left is a plan of the observatory,
gardens and wall built for Tycho Brahe 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.



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 bright comet, a fuzzy object
which moved across the sky erratically, unlike 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
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. Nov 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.
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Fig. 6.9 The bright comet of
1965.

2h lh 24h 23h

12h 11h 10h 9h 8h 7h 6h
SOUTH

Sh 4h 3h 2h lb 24h

30

20

10

0

20

30
23h
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ested in astronomy?

017 Why were Tycho's conclusions about the
comet of 1577 important?

( 118 In what ways was Tycho's observatory
like a modern research ins'Atute?

019 What evidence can you find that comets
had been considered as omens of some
disaster?

0.20 How can you explain the observed motion
of Halley's comet during 1909-1910 as
shown in Fig. 6.10?
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Fig. 6.11 One of Tycho's in-
struments, a quadrant; a device
for measuring the angular alti-
tude of heavenly objects,
Unfortunately 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.

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?

Surnmarii 6.7
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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 first 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. In 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 ittook 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 precision 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 ne 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. (Nowadays most scientific instruments designed

44
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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-

creasingly as the object neared the horiz-In (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 to 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
Direction from 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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021What improvements did Tycho make in as-
tronomical instruments?

4122In what way did Tycho correct his obser-
vations to provide records of higher
accuracy?

Fig. 6.14 Main spheres in
Tycho Brahe's system of the
universe. The earth was fixed
and was at the center of the
universe. The planets revolved
around the sun, while the sun,
in turn, revolved around the
fixed earth.

6.11Tycho'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

is equivalent to either the Copernican or the Ptolemaic

system. The difference between the three systems is the

choice of what is regarded as stationary, that is, what

frame of reference is chosen.

Summar:16.g
1. Tycho could accept -that -the
planets moved oround the
sun, but he could not con-
ceive that -the earlk , Too.
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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 or aesthetic prefer-

ences, for the scientific evidence did not yet provide an

observational basis for a choice. To resolve the conflict

aad to produce a drastically revised sun-centered model

was the work of Kepler who 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. In

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.



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 shall see that the eventual succesF, of the Newtonian

synthesis led to the confident assumption that scientists

were describing the real world. However, later chapters

of this text, dealing with recent discoveries and theories,
will indicate that today scientists are much less 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 Lost:

...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 wil.1 wield
The mighty frame, how build, unbuild, contrive
To save appearances, how gird the sphere
With centric and eccentric scribbled o'er,
Cycle and epicycle, orb in orb.

0.23 to what ways did Tycho's system for plan-
etary motions resemble either the Ptole-
maic or the Copernican systems?

CUNT() what degree do you feel that the Co-

pernican system, with its many motions
on eccentrics and epicycles, reveals real
paths in space rather than being only
another means of computing planetary
positions?

Study Guide

6.1 The
motions
west of
during
dicated
central

a)

b)

c)

d)

e)

diagram to the right shows the
of Mercury and Venus east and
the sun as soen from the earth

1966-67. The time scale is in-
at 10-day intervals along the
line of the sun's position.

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?

From this diagram can you find a
period for Mercury's apparent
position in the sky relative to
the sun?

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

What are the major sources of un-
certainty in tin results you de-
rived?

Similarly can you estimate the
orbital period of Venus?
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7.1 The abandonment of uniform circular motion. Kepler's life-

long desire was to perfect the heliocentric theory. He

viewed the harmony and simplicity of that theory with "in-

credible and ravishing delight." To Kepler, Fig. 7.1, such

patterns of geometric order and numerical relation were

clues to God's mind. Therefore, to unfold these patterns

further through the heliocentric theory Kepler attempted in

his first major paper to explain the spacing of the planetary

orbits, as found by Copernicus (Table 6.3, p. 34).

From the time of the Greeks learned men knew that there

were just five regular geometrical solids. The regular solid

with six square faces is the cube. The dodecahedron has twelve

five-sided faces. The other three regular solids have faces

which are equilateral triangles. The tetrahedron has four

triangular faces, the octahedron has eight triangular faces,

and the icosahedron has twenty triangular faces.

Kepler wondered whether there was any relation between

these five solids and the six known planets. He realized

that these five regular solids could be nested, one inside

the other like a set of mixing bowls. Between the five

solids would be four spaces for planetary spheres. A fifth

sphere could be inside the whole nest and a sixth sphere

could be around the outside. Perhaps then some sequence of

the five solids just touching the spheres would actually be

spaced at the same relative distances from the center as

were the planetary orbits. Kepler said:

I took the dimensions of the planetary orbits ac-
cording to the astronomy of Copernicus, who makes the
sun immobile in the center, and the earth movable both
around the sun and upon its own axis; and I showed
that the differences of their orbits corresponded to
the five regular Pythagorean figures....

The five "perfect solids," taken
from Kepler's Harmonices Mundi,
are shown on the opposite page.
You can distinguish several of
these solids in Fig. 7.2. The
five regular solids are

1. the tetrahedron: four
equilateral triangles;

2. the cube: six squares;

3. the octahedron: eight
equilateral triangles;

4. the dodecahedron: twelve
pentagons;

5. the icosahedron: twenty
equilateral triangles.

SUnterictril 7.1

I. After cared study of
observation.', kegler

-uricl Mat he could not
calculate Ike orbit of Mars-
unless he abandoned fidtiis

assamettim o f untrorm
circular rnelions.

P. "Irne- -test of a
Iheor3 YaStS uPon. its fit
writ observations.

A: /Re five 1s9ular solids

By tria' and error Kepler found a fit within about five

percent of e actual planetary distances. To Kepler this

remarkable system, illustrated in Fig. 7.2, explained the

spacings of the planets. Also it indicated the unity he

expected between geometry and scientific observations. Kep-

ler's results, published in 1597, demonstrated his imagination

and computational ability. Furthermore, it brought him to the

attention of Tycho and Galileo. As a result, Kepler was in-

vited to become one of Tycho's assistants at his new observa-

tory in Prague.

There Kepler was given the task of determining more pre-

cisely the orbit of Mars. This problem had not been solved

by Tycho and his other assistants; the motion of Mars was

unusually difficult to explain. Years later, after he had

soled the problem, Kepler wrote that 6 Mars alone
Wernirld artAdeng 1Kat IPirokcjh Diapters 5 and b., The attempts

-to desi9n models -ti) explain -Rite motion cc
Fig. 7,1 Johannes Kepler (1571-PNUMAV/11 61061.5 ICXUAUA ihe asatrrip-
1630). tron mat uniform circular moretis was a necessity.

Fig. 7.2 A model of Kepler's
explanation of the spacing of
the planetary orbits by means
of the regular geometrical
solids. Notice that the plane-
tary spheres were thick enough
to include the small epicycle
used by Copernicus.
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enables us to penetrate the secrets of astronomy which other-
See "Kepler" in Project Physics wise would remain forever hidden from us." The motion of
Reader 2.

Mars, it turned out, was the start from which Kepler could
The smolt differetee O e redirect the study of celestial astronomy, just as Galileo

P111140.4 Or avv, barwear% one
used the motion of falling bodies to redirect the study oftilOdcli and Ike oktvervatems

providas A pthe opporturit/b terrestrial motion.

W StPen glOr kepigr) Arld
Kepler began his study of Mars by trying to fit the ob-°Mars , were puttih.3 die*.

servations by means of motions on an eccentric circle and anMal opt Vie oloservatuirts
aid recorttsi #10 seoliesyquant. Like Copernicus, Kepler eliminated the need for the
QS

mq
inteRecA'coa aOrirtPrActt, large epicycle by putting the sun motionless at the center

mutt sotacy obsoloArmand having the earth move around it, as in Fig. 6.5, p. 33.
141001 III? Known itinhtt' But Kepler made an assumption which differed from Copernicus'06.ml:rya-Copied error

You recall that Copernicus had rejected the equant as an im-lhe dine irt amine
tteligs is WIDY eatier&rt.Elotery proper type of motion, but used small epicycles. Kepler used

1Qor9 involves acsumptiotiS an equant, but refused to use even a small epicycle. To

Kepler the epicycle seemed "unphysical" because the center
of the epicycle was empty and empty space could not exert
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.

See "Kepler's Celestial Music"
in Project Physics Reader 2.
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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-

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:



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 be 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 the 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?

kep(ers yospect for ate
ciAservatiims was View.

0.1 What brought Kepler to the attention of
Tycho Brahe?

a2 Why did Kepler conclude that Plato's

problem, to describe the motions of the
planets by combinations of circular mo-
tions, could not be solved?

7.2 Kepler's Law of Areas. Kepler's problem was immense. To solve
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. 3731 : fotrt& mertions

Fortunately Kepler made a major discovery which was cru-
cial to his later work. He found that the orbits of the

earth 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

66umrnary 7.

1. T..1170.9friarort is necessar
for -Ike creatOki cf hypotheses.
and scievtlifk moolek. 'which
can be te4ted 043ainst obser-
vations.

a. Keptevis introc44ertOn of
orbit planes passirt.g -trough

Stun Was a major conTri-
loatitin clarifyin Ike
seorrietv.9 pr

3. Using a geornety-teat
Kepler analyzed -the obser-
vatiOns of Tycho to establish
by trio-15410M points on the
orbit fhes of emelt: and of
Wars.

4 Kepler's second hod ( law
of areas): *e line from IN
61An r0 a plavit sweeps
over arras which are
pie tNe Mime
Wderivis.
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Fig. 7.3 Edge-on view of orbit-
al planes of earth and planet.

S --

E 'M

(a)

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 almost
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
Unm the sun and Mars are also
known. Where these pairs of

sight-lines cross must be points
on the earth's orbit.

52

the ecliptic. Kepler discovered that the changing positions

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 along nearly

circular paths on the floor. Although the heliocentric idea

gave a rough guide to what this system would look like, Kep-

leros 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 Copernicus had found, Mars

would return to the same place in its orbit. Of course, the

earth at that time would not be at the same place in its

orbit as when tilt:: 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

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

two directions from the earth toward Mars differ, and two

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

Kepler's solution for the °Hit of Me eater was roller
vouus h, bar good enahoft Foe P1041 t determine
pieltrt of 1Re atart% iM '41 orbit on ~dna &dirs.



they cross is a point on the orbit of Mars. From such

pairs of observations Kepler fixed points on the orbit of

Mars. From a curve drawn through such points you can get

fairly accurate values for the size and shape of Mars'

orbit. Kepler saw at once that the orbit of Mars was not

a circle around the sun. You will find the same result

from Experiment 18.

Because Mars, like the earth, moves faster when nearer

the sun, Kepler began to wonder why this occurred. Perhaps

the sun exerted some force which pushed the planets along

their orbits. Here we see the beginnings of a major change

in interpretation. In 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

are equal. Although Kepler discovered this Law of Areas

before he discovered the exact shape of the orbits, it has

become known as Kepler's second law. In its general form

the Law of Areas states: the line from the sun to the moving

planet sweeps over areas that are proportional to the time

intervals.

Mars' Orbit

Earth's
Orbit

s

Fig. 7.5 How Kepler determined
points on the orbit of Mars by
triangulation.

Ettiptic ort4n

A Measurin5 irra9mlar areas

A

M L
N K

_,0000010111111111111111

Fig. 7.6 Kepler's second law.
A planet moves along its orbit
at a rate such that the line
from the sun to the planet
sweeps over areas which are
proportional to the time inter-
vals.

Perhaps you are surprised that the first general law Arm pupas surpriseot,as WAS
hreptar,lVicesuch an uneyoalid

about the motions of the planets is concerned with the areas chativrerigia 05 ,fa
swept over by the line from the sun to the planet. After swept over per um -t; -Wie "was
we have considered circles, eccentric circles, epicycles and We umnstara -Pet'Or in orWal

equants to describe the motion, we come upon a quite unexpec- onctUin ?(Anyill friis is
called kOolork gown,' (awl.ted property, the area swept over per unit time, as the firstiw
as -Me owl& he -Paola ftire.)

property of the orbital mction to remain constant. As we

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

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

haps you 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.

617 011 Ike orbit :Avg, arta optional 53
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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. The Law of Areas establishes the rate at which Mars (or

any other planet or comet) moves at a particular point of its

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
use for his study of Mars?

Q4 What were the new problems
had to solve?

Q5 What important simplifying
about planetary orbits was
Kepler?

did Kepler

that Kepler

assumption
added by

CHIState 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
orbit. (See next section.)

7.3Kepler's Law of Elliptical Orbits. By using the analysis we

have described and illustrated in Fig. 7.5, p. 53, Kepler

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. Because

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. It is the shape you see when you view a circle

at a slant.

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 F1 and F2 as shown in Fig. 7.7. Then, with a pencil

point pull the loop taut and run the pencil once around the

loop. You will have drawn an ellipse. (If the two thumb

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

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

Stirnmarj 7. 3.

A page from Kepler's notebooks.
orbits which are eillioses v..41 die sun at one -focal Orit,

minor axis y

Fig. 7.7 An ellipse showing the
semi-major axis a, the semi-
minor axis b, and the two foci
F1 and F2. The shape of an
ellipse is described by its
eccentricity, e, where
e = F0/0Q, 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
(FIE' + F2P) = 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)?

keeters Prst law (law of ellipses): ihe plaeA move in 55



9. 2611-Ampeetlfielitiles Copernicus and Netaten, a majcw-64.10
m o.sstonlotiais occurred observations became -Pe raw input
of science os well as a check on previough., sWedprolootItims.e = 0.3

Each of the important points F1 and F2 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-

e = 0.5 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.

e = 0.7

e=0.13

e = 0.94

e = 0.98

41111111

Fig. 7.8 Ellipses of different
eccentricities. A saucer was
photographed at various angles.

The terms perihelion and aphelion
come from the Greek, in which
hellos is the sun, pert means
nearest, and no means farthest.
What other words do you know in
which the prefixes zer& and
am, or ate, have similar mean-
ings?

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 0 midway between the two foci, F1 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. Imagine that the loop is pulled

out until your pencil is at the extreme point Q2. Here the

distance F1Q2 is (a + c). At the other extreme point Qi the

distance from F2 is also (a + c). When we subtract the

distance 2c between the foci, the remainder is

F1P + F2P = 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 F1, with no object at the other

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

point ()I, and farthest from the sun at point Q2. The point

nearest the sun is called the perihelion point and the point

farthest from the sun is called the aphelion point. The

distances of these two points from the sun are called the

perihelion distance and the aphelion distance respectively.

An example will show how these properties of an ellipse

can be used to provide new interesting information. For the

planet Mercury the perihelion distance (Q1F1 in Fig. 7.7)

Gonna InFOrrnolli011 on tie -tka4glit and -Mona I lie tithes wit9Int be
56 *tvirrviluced here. ,tuning Sse ThiF Years' War centrist( Etervre was

afirait(ai loatteciround. Because itie, Ivor trivoived relic36(s srapg, persecution was clir-
teed arevliviott4als as well as t con:mm.4N%. keglers mclAvr was rseal as a witch.,.
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has been found to be about 45.8 x 106 kilometers while the

aphelion distance F1Q2 is about 70.0 x 106 kilometers. What

is the eccentricity of the orbit of Mercury?

e = c/a

(Q1F1 + F1Q2)
a

2
, or

45.8 x 106 km + 70.0 x 106 km
2

= 57.9 x 106 km

c = (mean distance - perihelion distance)

= (0Q1 - QF1)

= 57.9 x 106 km - 45.8 x 106 km

Then e

= 12.1 x 106 km.

12.1 x 106 km
57.9 x 106 km 0.21 .

'Fit: Measuein large distances. 1'55c

E/7: Ile orbit or Mars

Etc?: Mercurijs orbit

ill : Orbit paramelers

Eg : The inclinaVOn of Mars' orbit

A: DernonstFatiri.5.5atellit Orkisits

A : Discovot of lief:rime and 'Plato

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 off-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 C.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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ancient idea that each planet had a "soul." Instead he, like
Galileo, began to search for physical causes. Where Coperni-

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

the emotions, wishes and behavior of human beings. Like

Plato and all scientists, we assume that nature is basically
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? While we can understand Plato's de-

sire for uniform circr'ar 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

from observations of the motion of any one planet. The first

law, which describes the paths of planets as elliptical

around the sun, gives us all the possible positions of each

planet. That law, h "wever, 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.



0.9 What can you do to a circle to have it motion of Mars fortunate?
appear as an ellipse?

0.11 Summarize the steps Kepler used to de-
(7 MI) 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 short

analysis we can determine the ratios of the speeds v and v
a

of the planet when it is closest to the sun and farthest
from the sun. As you note in Fig. 7.10, at these two points

the velocity vectors are perpendicular to the radius. In

Fig. 7.6, p. 53, the time intervals during which the planet

move; from one marked point to the next are equal. In imag-

inati.m let us make that time interval very small, At. Then

the (:bital speed becomes the instantaneous linear speed v.

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 35 base x altitude we

may write the area of any such long thin triangle between

the sun and a small section of the orbit as: area = RvAt.

But by Kepler's Law of Areas, when the time intervals At

are equal the areas swept over by the radius are also equal.

Thus we can equate the area at aphelion, Ra, to the area at
perihelion, R , and have

1/2 Rava At = 1/2 R

P P
v At.

After cancelling out the common parts on both sides of the

equation, we have

Rava = R
P
v
P

. (7.2)

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

v
a
/v

p
= R

p
/R

a
. (7.2a)

Eq. (7.2a) shows that the speeds at perihelion and aphelion

are inversely proportional to the radii at these two points.

If we return to the example about the orbit of Mercury,

p. 57, we caa find how the speeds at perihelion and aphelion

compare:

v
a
/v

p
= R

p
/R

a

v
a
/v

p 45.8 x 106 km/70.0 x 101 km

= 0.65.

The speed of Mercury at aphelion is only about 2/3 that at

perihelion.

vp

Iva

Fig. 7.10

R

]vet
Sun

Fig. 7.11
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highly accurate predictions.

When Mercury is at perihelion at
0.31 A.U., its orbital speed is
58 km/sec. What is its orbital
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-

selves, whether in words or in mathematical symbols. We did

make an assumption: that the displacement, viNt, 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

PLANET for any. two points along the orbit is R,Cvd, = R2 (v2) 1,

where the i 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

velocity at any point on the orbit? Remember that the

velocity vector is always tangent to the orbit. Figure 7.12

shows the relationships.

Fig. 7.12

A major point or Ike sec on
is made, in tht's pora oraph
Hem -the ete5otvice Old
964-tplicA of 1<eplerk laws
are. 61-eGsed.

'Miss illusrrates one major
aspect OF science.

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

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 examining 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

Summar
Kepler worked in years
iro pilot fa. -Alt lam
He vets vwwilmt on °Mar prob-
lems as urea; but the haurtriol
OleCe66t for gEene. Yetagan

dmor.tbli-9 spaoir9 of the
orbg comedy- him 16
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all other planetary theories depended, whether those of

Ptolemy, Copernicus or Tycho. With different assumptions

and procedures Kepler had at last solved the astronomical

problem on which so many great men had worked so hard for

centuries. Although he had to abandon the geometrical de-

vices of the Copernican system, Kepler did depend on the

Copernican model. None of the earth-centered models could

have led to Kepler's three laws.

In 1627, after many troubles with publishers, Kepler

finally published the Rudolphine Tables based on Tycho's ob-

servations. In these tables Kepler combined Tycho's observa-

tions and Kepler's laws :n a way that permitted accurate

calculations of planetary positions for any times, whether

in the past or future. These Rudolphine Tables remained use-

ful for a c-mtury until telescopic observations of greater

precision replaced 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 texnook, on the

nature of logarithms and their use for calculations. Kepler

had realized that logarithms, first described in 1614 by

Napier in Scotland, would 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 obse,:-

vations and interpretations added to the impact of Tycho's

similar observations in 1572 that changes did occur in the

starry sky. In addition to a number of important books on

mathematical and astronomical problems, Kepler wrote a popular

and widely read description 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.

012 State Kepler's third aw, the Law of
Periods. Why is it useful?
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7.6

C

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 successfui. 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
circular motions. Rather, Kepler tried to back up his
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
quantitative detail. In an early letter he expressed his
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 clockworkthis was indeed a prophetic
goal! Stimulated by William Gilbert's work on magnetism a
few years earlier, Kepler could imagine magnetic for..las

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 plane's was correct; but the force is
not magnetism and it is not needed to keep the planets movin

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 then with the why of motion in free
fail. A half, century later Newton used gravitational force
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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).

0.13 To what did Kepler wish to compare the 0.14 Why is Kepler's reference to a "clock-

"celestial machine"? work" model significant?

7.7
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Galileo'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 o2 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 of 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

concepts: time and distance, velocity and acceleration,

forces and matter in contrast to the Aristotelian qualities

or essences, ultimate causes, and geometrical models. In

Galileo's study of falling bodies he insisted on fitting the

concepts and conclusions to the observed facts. By express-

ing his results in concise mathematical form, Galileo

paralleled the new style being used by Kepler.

The sharp break between Galileo and most other scientists

of the time arose from the kind of question he asked. To

his opponents, many of Galileo's problems seemed trivial.

What was important about watching pendulums swing or rolling

balls down inclines when philosophical problems needed clari-

fication? Certainly his procedures for studying the world

seemed peculiar, even fantastic, and his statements were

strange and his manner haughty.

Although Kepler and Galileo lived at the same time, their

lives were quite different. Kepler was struggling to find

simplicity among complex astronomical phenomena. He was

enchanted by the mysteries of astrology; he lived a hand-to-

mouth existence under stingy patrons, and was driven from



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.

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 scholarly Latin. These publica-
tions were the work of a superb partisan and publicist.

Galileo wanted many to know of his studies and to accept tne
Copernican tneory. He took the argument far beyond a small
group of scholars out to tne 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 Stade-its sii restect in rriLlSiO or

to report Onceand persuade he stirred up the ridicule and even art nhiSht w
reception b -the pubk ofviolence often poured upon those who have new ideas. In the
VariOUC wovq<s now consideredworld of art similar receptions were given initially to -famous.

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 stzrry 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 quickly worked out the

optical principles involved, and set to work to grind the

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
than when regarded with our natural vision" (Fig. 7.13).

Fig. 7.13 Two of Galileo's
telescopes displayed in Florence.

Your stadevA- Should react a
few of Clataeols papers in
Discoveries and Opinions of
Galileo by Stillman Vrake,

Tin "Sidereal Messenger"
qa.(ileo outlines how he deter-
mined Ike heishts or mom-
tuhs on --tke moon,

Galileo meant that the area of
the object was nearly 1000 times
larger. The linear magnifica-
tion was over 30 times.

Stuntruzni 7.4 1. CiaWeds work vitth tke telescope suggests Ike impact which On entitip new
inothonetit of measuneniert and observation can have on knowledge and m. Pafilecis

-Telescopic observaions espeeiaily -lkose of -Ike phases or Venus and or Vie sateMs orSuOita-) c,orTrradioreat ProlMiatc sydrem.



are point ogrthat (legend
Galitel passed of -the

telescope as his own 'Inveelidn
tilhe Venettiul 5e.rta.. for
nweased ftilancial support

Fig. 7.14 Two of Galileo's
early drawings of the moon.
(From Galileo's Sidereus Nuncius,
which is often translated as
The Sidereal Messenger or as
The Starry Messenger.)

Discuss Wirk elkdentt-Ma npatt
new meascain.9 'instrument can
Gram Lgoon a sooserifT 1.144at can

one conclude about a attUne,
.e91-6.4(cmq4e The ancient"

Egfielon5 or die Mayans,
swirly plan inerruments ?
(abwit d§ artsiiins, eamonTI,
naranai rescarves, aeolketies,
inWeetual achievemexts let).
Now do mpur studevitc
t oats and insfrunienti stiimlate
man's -thelkit,?

a

66

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? In 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
belielie it [and the other heavenly bodies] to be, but
is uneven, rough, and full of cavities and prominences,
being not unlike the face of 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-

tions, including quantitative evidence. For instance, he

worked out a method for determining the height of a mountain

on the moon from the shadow it casts. His value of about

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 a miniature solar system with its

own center of 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. When 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 fame.

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 across the disk of

the sun in a regular pattern, he conclui Lhat the sun

rotated with a period of about 27 days.

Fig. 7.15 Jupiter and its
four brightest satellites. The
lower photograph was taken 3
hours later than the upper one.
(Photographed at Yerkes Observa-
tory.)

DATE DST
1

WEST

JAN 7 0
A C)
10 0
11 0
12 0
13 0
* 0
M 0
16 0
17 0

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.

L Jupiter saretGre or6st

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?

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 60e GUdent Handbook for student
than be always between the earth and sun as the Ptolemaic obseyvaorts or%e pliasas Of Venus.

astronomers assumed (see again Fig. 5.15). Saturn seemed
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Fig. 7.17 Photographs of Venus
at various phases taken with a
constant magnification.

to carry bulges around its equator (Fig. 7.18), but Galileo's
telescopes were not strong enough to show that they were
rings. With his telescopes he collected an impressive array
of new information about the heaversand all of it seemed
to contradict the basic assumptions of the Ptolemaic world
scheme.

0.15 Could Galileo's observation of all phases
of Venus support the heliocentric theory,
the Tychonic system or Ptolemy's system?

cm In what ways did the invention of the

telescope provide new evidence for the
heliocentric theory?

0.17 What significance did observations of
Jupiter have in the development of
Galileo's ideas?

Summoro
Until "tie observalions garde°
Ikere vvos no new

7.9 Galileo's arguments. To Galileo these observations supported

his belief in the heliocentric Copernican system, but they

eme IP were not the cause of them. In his great work, the Dialogte
support 1Ae Copernican seeni
.1n fart ate anttA new pre,diclic
of stellar paraltax was not ob-
6erved .134 vittk AaReils obwr-
vatiOns -tiore was new evideme.

"Me ful( phases cf Venus
could be. explained only b Ole
Copernican or IPle ifickon6
models; not by -the 'Ptolemaic.

A small eighteenth-century re-
flecting telescope, now in the
Harvard University collection.
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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, Sag3,:do,.

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
6), and Galileo made no use of Kepler's laws. However,

ihe scitektres cf TuPtter showed taut si rn like
tke CoCopernican schescheme coula and did exist

sre



Yet alipowtt-eor and a9alit 10e, Copernican system were ga about
balanced . Venus' showed phases, but stellar' parallax was rut observed.
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
inike appendk.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.

Student- can check
tkis from I ke data.

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, Siriplicius, seemingly in desperation, dis-
misses all of Galileo's arguments with a characteristic

counterargument:

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

1 is rnaxtrn was used
to Teat effect b9 v/rn.
of Ockham, and is
known as "ookhanis
razor' when used in
anyone.* like los.

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, to the movable bodies, and not questioning 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 excepting the earth.
This is supported by a ve.1 true maxim of Aristotle's
which teaches that..."it is pointless to use many to
accomplish what may be done with fewer."

Surnmarvi 7.10
Deeps*, 'tie obser-
vation evidence,
new Ikeories were.
accepted slowly.

7.10The opposition to Galileo. In his characteristic enthusiasm,

Galileo thought 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. In

their fight against the new Copernicans, the followers of

Aristotle were convinced that they were surely sticking to

facts and that the heliocentric theory was obviously false

and in contradiction 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 3bjects.

4
0

10)

(0)

)

CO>

x2

Fig. 7.18 Sketches of Saturn
made from telescopic observations
during the seventeenth century.

Now do your students consider Galileo ? As a rnart9r ? A hero? 5c;tneone, who sold ogt?69



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?

Furthermore, theological heresies were implied in the

heliocentric view. Following Thomas Aquinas, 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

doctrines. They would have to admit that the earth is not

at the center of creation. 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.

aWao operdcl carried 111.541.9ht The Florentine astronomer, Francesco Sizzi (1611), argued

tO rePpre.certn4g Of die e5W10- why there could not, indeed must not be any satellites
Wiled poMI*1 . He provoked
arsumen* and ridiculed. Ile
oppodtion. As in a Greek 1
kis clash /he Incoisifion w
inet:Itable . His scientrta ikeories
ana accept-NA religious dog-
rmas were Incompatible. the
slandotrot for Ike new lAii,'Ikers
kact -6 be.. slIencut. (The
EciAvnertt621 Council calted b
cope- Sohn xxIt( fikaj abso
Galileo in 1965 ).

around Jupiter:

7I
aonnwir9 7.11

7.11

qa (dears iPombles 1,471 /Pie

Inoluiaok are paralleled by
many other examples in

whicA innovators were at-
ticked by those holdin3
corgilmaklipi3 belieFs.

70

There are seven windows in the head, two nostrils,
two ears, two eyes and a mouth; 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; nos 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 therefore 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?

Science and freedom. 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 warned in 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 Holy Scripture. At the same time

Copernicus' book was placed on the Index Expurgatorius, and

was suspended "until corrected." As we saw before, Co-



Some students macs have felt -Mat ih lfus seaoil we are achin5" -0) /hem.
'Probably we are. Yet YrTam, too-O.-Mat e", have netier looked
at the 5oaal at-m.060-10re v:/gAin wh..01 creaftVe work is done and received.
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 questions 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 disguised

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 around 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 factors in this complex story, we must

remember that Galileo, while considering himself religiously

faithful, had become a suspect of the Inquisition. In

Galileo'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 Goa less admirably

discover himself to us inNature'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, however, be

regarded at Galileo's time as symptoms of pantheism. This

was one of the heresies for which Galileo's contemporary,

Giordano Bruno, had been burned at the stake in 1600. The

Inquisition 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."

4 Wg*A &a ail --

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 Romet See 13rech
and confined for a few months. From the proceedings ofIk44661bri. Of Or how.511014164 have acted during an( Galileo's trial, of which parts are still secret, we learn

afrer -trial. that he was tried, threatened with torture, induced to make

an elaborate formal confession of improper behavior and a
denial of the Copernican theory. Finally he was sentenced
to perpetual house arrest. According 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. Thus he was used as a
warning to all men that the demand for spiritual conformity
also required intellectual conformity.

A: Galileo

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
J e,-1 reference fo flate4 recorn- the well-known treatments: "reeducation, prison, or death."
YriendatiOn7wharattOrnaMVims ane Recently, Russian geneticists have been required to rejectavciltable in a soOtet9 which
professes Vente, if not wet- well-established theories, not on grounds of persuasive new

d scientific evidence, but because of conflicts with political

ta0419,civit ri9141 and OA: doctrines. Similarly, discussion of the theory of relatively

war demonethiticits are exmAnles: was banned from textbooks in Nazi Germany because Einstein's
-5:9 fa keep the discassions Jewish heritage was said to invalidate his work for Germans.
COncernevI With drama-rye Another example of intolerance was the "Monkey Trial" heldOCtIOVIS we lime as indivicluds
and as respondible (raps 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 with Newton's new statements
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of principles of mechanics. Thus the hard-won new laws and

new views of science were established. What followed has

been termed by historians The Age of Enlightenment.

SG 76

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

7.1 If a comet in an orbit around the sun
has a mean distance of 20 A.U. from the
sun, what will be its period? 89

(ie-av's

7.2 A comet is found to have a period of
75 years.

a) What will be its mean distance
from the sun? le A44

b) If its orbital eccentricity is
0.90, what will be its least
distance from the sun? I.'

7.3

c) What will be its velocity at ap-
helion compared to its velocity
at perihelion? 0.063

What is the change between the earth's

Palomar Observatory houses the
200-inch Hale reflecting tele-
scope. It is -e'cated 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? VI= .416 v2 (about %)

7.4 The mean distance of the planet Pluto -
from the sull is 39.6 4.U. What is the
orbital period of Pluto? go

7.5 The eccentricity of Pluto's orbit is
0.254. What will be the ratio of the
minimum orbital speed to the maximum
orbital speed of Pluto? vrmax =1.680v'yrim

7.6 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? Vsrussioll
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Chapter 8 The Unity of Earth and Sky The Work of Newton

Section
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8.6 Law of Universal Gravitation 88
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8.10 Gravitation and planetary motion 98

8.11 The tides 99

8.12 Comets 101

8.13 Relative masses of the planets compared
to the sun

102

8.14 The scope of the principle of universal
gravitation

103

8.15 The actual masses of celestial bodies 105

8.16 Beyond the solar system 109

8.17 Some influences on Newton's work 110

8.18 Newton's place in modern science 111

8.19 What is a theory? 11.3
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the could apply all bodies everywhere.
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Lo go once completely around the crbit; while the 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/a3 = 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

year)2 = 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
law, the Law of Periods, establishes a beautifully simple
relation among the planetary orbits.

Kepler's three laws are so simple that their 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
plane 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

each planet can be derived in

than through the multitude of

past and future positions of

a simpler and more precise way

geometrical devices on which

SG 7.2

SG 73

.-1Ftss. choice or urtrts Ives
fhe simplest value for k.

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:

a.3 = T.2/k

= 144 (yr2)/1

= 144 A.U.3

3)/1775.3

= 5.2 A.U.

a.

(yr 28.11 3)
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°trier observed quantities.
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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, was giving a wealth of new results. Be-
cause these men were beginning to work together, tney formes
scientific societies in Italy, England and France. One of
the most famous is the Royal Society of London for 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 ,,gainst the opponen1.5 of the new experimental
activities and published studies in scientific journals,
which were widely read. Through the societies 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-

nological methods and products. Others found the study of

nature through experiment a new and'exciting hobby. But the
availability of money and time, the gr:,,Lng interest in sci-
ence and the creation of organizaticns are not enough to
explain the growing success of scientific studies. Histori-
ans agree that this rapid growth of scier: deponded upon
able men, well-formultel problems and good mathematical

swykrict e) intro

DiArirtoi latter har of the
SevesireelA ceritUrj scieraiSts
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each field stimulated developments in the other. Similarly,
the instrument-maker and the scientist aided each other.

Another factor of great importance was the rapid accu-

mulation of scientific knowledge. Each study could build
on those done previously. Thus from the time of Galileo

repeatable experiments woven into testable theories were
available for study, modification and application.

Newton, who lived in this new scientific age, is the
central person in this chapter. However, before we follow

Newton's work, we must recall that in science as in any

other field, maLy men made useful contributions. The whole
structure of science depends not only upon those whom we

call geniuses, but also upon many lesser-known men. As Lord
Rutherford, one of the founders of modern atomic theory, said:

It is not in the nature of things for any one man to
make a sudden violent discovery; science goes step by
step, and every man depends upon the work of his pre-
decessors....Scientists are not dependent on the
ideas of a single man, but on the combined wisdom of
thousands of men.

Properly we should trace in each man's contribution his de-

pendence upon those who worked before him, the influence of

his contemporaries and his influence upon his successors.

While this would be interesting and rewarding, here we can
only briefly hint at these relationships.

Fig. 8.1 Chronological table of Newton's era

Newton entered Trinity College,
Cambridge University, in 1661 at
the age of eighteen. He soon
was doing experiments and teach-
ing while still a student. This
early engraving shows the quiet
student wearing a wig and heavy
academic robes. Trinity students
even today wear the same type of
robes to their classes. The
drawing of the telescope and its
parts was done by Newton, while
he was still a student.
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-Surrtrnarui 6.1
Unique &tads of tievvVvrt life
and character are sketched .

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 sect
to a 1-kilogram mass. In new-
tons, what approximately is the
earth's gravitational attraction
on an apple?

lJiie INfeisht of an apple is
about one riewror
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8.1 A sketch of Newton's life. Isaac 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. With financial

Help from an uncle he went to 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 spectacular

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, and...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
himcelf. 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



When Newton 'Irigiitflr, Solved mnanj arl4e, questidns whose sofclitons werefitioN9 pd,iished in lie flai2egi., he was only Q I or as c ovirs
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 131ssunralAm without 14-e emmouse-

neverof Mars as the starting point for a new approach to planetary Matt 4.1.rage.9) A/mk4
liave published any or these mayorastronomy.
resufte.

Soon after Newton's return to Cambridge, he was chosen to Nev..44-94 aversion lb loalckcottort

resulted f un ha ineswfollow his teacher as professor of mathematics. He taught
at the university and contributed papers to the Royal Society

at first particularly on optics. His 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 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 other matter"). Halley
then persuaded his reluctant friend to publish his studies,
which solved one of the 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 had the
Principia (Fig. 8.2) ready for the printer. Publication of
the Principia in 1687 quickly established Newton as one of
the greatest thinkers in history.

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
those years he received honors in abundance. In 1699 he
was appointed Master of the Mint, partly because of his
great interest :n and knowledge about the chemistry of
metals, and he helped to re-establish the British currency,
which had become debased. In 1689 and 1701 he represented

his university in Parliament, and he was knighted in 1705
by Queen Anne. He was president of the Royal Society from
1703 to his death in 1727, and he was buried in Westminster
Abbey.

nom PP
about the artyments following
test papery ooltte irleot or lijit

and colors ( ib72).

Newton made the first reflecting
telescope.

PHILOSOPHI/E.
NATURALIS

PRINCIPIA
MATHEMA'FICA

Autore 7S NEWTON, Inn Cell. Gifu& Se. Mathereos
Prof-awe 1..mufion,, S. SOCire2th Reg, lit Sod Ati.

IMPRIMATUR
S. PE P Y S, Pk Soc. P R it S E S.

7.61 S. ,6S6.

1.. ONDIN I,

Jun;* Smash: Regig 2C Ty0 7014 sworn Prong almcl
plums Bkhopolas. Ago MDCLXXXVI!.

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

Check 'the bibl ruph for ot good
soars on the newton.
Asimovk encyclo or Scientifia

American ( Vot. 134 ,# 6 , Dee55:
v2Saac Newton', Z.B. Cohen) would
be a mood starter.

01 Why might we conclude that Newton's iso-
lation on the farm during the Plague
Years (1665-66) ' ontributed to his sci-
entific achievements?

Q2 What was the important role played by

the scientific societies? Do such soci-
eties today perform the same functions?

Q3 What was important about Newton's mood
when he noticed the apple fall?
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8.2 Newton's Principia. In the original preface to Newton's

Principia one of the most important books in the history
Summon) i3.2 of science we find a clear outline of the book:
Newtan assumed -that slinilar
events reef& from -the same.
CAUSe; proper lib' CanniOnib
all observed bodies apply to
all bodies in general , condu-
slims based an experiences
can be regarded as very
nearly *ow

See Newton's Laws of Motion and
Proposition One in Project Phys-
ics Reader 2.

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

Rule one is sinilar to
"ockharris. 'Razor."

erziofrit &saws -the existence
fltlin9 saucers in -ibis context.
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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 propositiors in the first and second Books
are directed. In the third Book I give an example of
this in the explication of the system of the World;
for by the propositions mathematically demonstrated
in the formdr 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 important 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 intended 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 process of logic.

In a short form, with some modern words, these rules are:

I. Nature is essentially simrle; 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, in tlrn, 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."

A diScussOn could be developed Around these ( Newton's)
Four Rules of Reasoking in ?I/1110,3015.



III. Properties common to all those bodies within reach
Note /Oathese are essen-tial(!'of our experiments are to be assumed (even if only tenta-
as5umptCortS and statentets
of' -Rift Vt.

tively) to apply to all bodies in general. Since all physi-

cal objects known to experimenters had always been founu to

have mass, this rule would guide Newton to propose that

every object has -lass.

IV. In "experimental philosophy," those hypotheses or

generalizations which are based on experience are to be

accepted as "accurately or ..,ery nearly true, notwithstanding

any contrary hypotheses that may be imagined" until we have

additional 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!

Yok might risk ta have students
oxaryine a corm OF lke two-
volurne paperbacked edition
of the 'Prinoipia his was
.prepo.red by F. Cajori and
is based 1416on the flist
English lkinatatiOn from Itie
Ldli by. Matte in 1701,
0.4iverSitil of Cafonnickfi-ess,
# 19-69).
I' students- examirie
book ithe,i4 rhal5 n3ai4ie
Plow dilor--enti y modern
soiertific arqumeeits are
presenW.IFiem vni4it also
vealeze whq -16e Wohcipia
never re-a&ted a popular
audieoce.

Q4 Write a brief simple restatement of each Q5 Why is the Principia difficult for usof Newton's Rules of Reasoning. to read?

8.11A 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 we able to use the theory to unify

the main strands of physical science which had been develop-
ing independently. As we proceed, notice the extent to

which Newton relied on the laws found by Kepler; be alert
to the appearance of new hypotheses and assumptions; and

watch for 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.

Summar/3 8.3

1. -1Fiem is a clear relationship
between Weviron erieral taws-
of molicin for alt '

g
oodles and

keeler's specif18 taws of
notion -for planets.

rt was Newtons unique
ability io sligiesize these
laws 1,40 a common Set tat
e?abltgneci -the basis of dij-
viarni'caf ltieor,9 in physics.
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A very (rod arxtiele , view oP Sir t4ewrork Icili(osoph;in lie -5-anuctry , 196e ftue of The fl-rsics Teach_ ex.

Ernph.4ize Ike meltioololo5si
Ilewtontian syrithedfs,'

esspethallGi how he ran kis
argurnertff backward to
clinch his analysis.

gook's Which can supply
excellent ideas- for discuse-
sibri :
(1) Ccrnmon Serum d

Science, 7 Bronowskl,
Ckaplbr 3 -"rsaac NewZris
T4odel
(2) The Origins, oF Modern

Science, H . 231Atte.rPtelol
Ckcarrer- (stain., of the
Modern Theory of 4roriffaitton:

What weze the known laws about motion that Newton

unified? He had his own three laws, which you met in Unit

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

by Kepler, which we considered in Chapter 7.

Newton (from Chapter 3) Kepler (from Chapter 7)

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.

The curvature of planetary mo-
tions requires a net force.

Students may restate tese
arumertts as formal
aylogisens.

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

The net force accelerates the
planets toward the sun.
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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 = ka2
Eq. (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

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 pxlblem. Newton's second

law says 'tat 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

found that 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.

Newton considered a variety of force laws centered on

points at various places. Some of 1,is results are quite

unexpected. For example, he found that circular motion

wculd i.sult from an inverse-fifth power force lase, F ml/R5,



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 a 1/R2. In 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 th-lt such a force law would also result in Kepler's

third law, the Law of Periods, T2 = kal

From this analysis Newton concluded that one general

Law of Universal Gravitation, that applied to the earth

and apples, also applied 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

together the terrestrial laws of motion, 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 find by inspection, the Principia was filled

with long geometrical arguments and was difficult to read.

Happily, 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 published in 1736 by the French philosopher and reformer

Voltaire.

Readers of these books were encited, and perhaps puzzled

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

F m 1/R2,

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

Point out tkattria same inFormalton
which was avcitloUe to *Wiwi was
also avcitloble -to other competent
scientist's at -the ffvtte (1Ialtel, Wren,
Nooke).

.0714utsize /Po corghagtinby the new approach and assumptions. From ancient Greece
umptions essentially ceritwinol

until well after Copernicus, the ideas of natural place and oniAt 0.01nowt of' in44141.
natural motion had been used to explain the general positionatrpre t5 US.Peciandlin or
and movements of the planets. The Greeks believed that the InCrM4d4/1°e--11615. We

Pkga tcplanets were in their orbits because that was their proper ser-eviolefir,
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 body 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
motion along atraight lines. What a reversal of the asstmp-

tions about the type of motion which was "natural"!
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5p[rmarl Sec 84: .35/ Isis law 4 moriell, Newton demonstrated that:(a) tie net force
On plandAS Is accelerafiri9 ftort -*ward ,tie 51.01, (0 a body =tied (Arm 199 a
aerdivi forte will move 41 accordance vidGI kepler's law or meas.

This sketch of Newton's argument outlines his procedure

and the interweaving of earthly physics with astronomical

conclusions from Kepler. Now we shall examine the details

of Newton's analysis and begin as he did with a study of the

motion of bodies accelerated by a central force.

Q6 Complete the following summary of New-
ton's analysis:

Step 1. Kepler's ellipses + Newton's
first law (inertia) . ?

Step 2. Newton's second law (force),
+ Kepler's area law ?

Step 3. Add Kepler's ellipses - ?

Step 4. What observed properties of
the planetary ori,its required that
F m 1/R2?

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

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

Tie: Motion under a cerititti.force. spond to a central force? Before we proceed with the
A analysis, we need to review one basic property of triangles.

The area of a triangle equals h base x altitude. But, as

Fig. 8.3 shows, any of the three sides can be chosen as the

base with the corresponding vertex being the intersection

of the other two sides.
t

A'

altitude base
B'

CC' AB
BB' AC
AA' BC

Fig. C.3 The altitude of a tri-
angle is the perpendicular dis-
tance from the vertex of two
sides to the third side, which
is then the base.

Q (21 0
0

O

Fig. 8.4(b) A body moving at a
uniform rat tn a straight line
is viewed from point 0.
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1. Suppose that a body; initially at rest at a point Q,

is exposed to a brief force, like a hammer blow, directed

toward O. The body will be accelerated toward O. It will

begin to move toward 0, and after some definite time inter-

val tt, it will have moved a definite distance to a new

point Q', i.e., through the distance QQ'. (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.) In equal intervals of time,

At, it will move equal distances, PQ, QR, RS, etc. How

will its motion appear to an observer at some point 0?

To prepare for what follows and to make incidentally a

discovery ,-.hat may be surprising--ccnsider first the tri-

angles OPQ and OQP. These have equate bases, PQ and QR; and

also equal altitudes, ON. Therefore they have equal areas.

And therefore, the line from any observer not on the line,

say at point 0, to a body moving at a uniform speed in a -EP,
lieter to

straight line, like PQR will sweep over equal areas in Fig. 84.
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 e.:posed to a brief force, such as a blow,

ii ected toward point 0? A combination of the constructions

in 1 and 2 above can be used to determine the new velocity

vector. (See Fig. 8.4c.) As in 1 above, the force applied



Fig. 8.4(c) A force applied
briefly to a body moving in a
straight line QR changes the mo-
tion to QR'. 0

blew

Q R S

-- --

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

at point Q accelerates the object toward the center. In

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 P.'. Fig.

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

Earlier we found that the areas of the triangles OPQ and

OQR were equal. Are the areas of the triangles OQR and OQR'

also equal? To examine this question we can consider the

perpendicular distances of R and R' from the line Q'Q as the

altitudes of the two triangles. As rig. 8.4e shows, R and

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

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

angles OQR and OQR' are equal. Thus we may conclude that

the line from the center of force, point 0, to the body

sweeps over equal areas in equal time

If another blow directed toward 0, even a blow of a

different magnitude, were given at point R', the body would

move to some point S", as indicated in Fig. 8.4f. By a

similar analysis you can find that the areas of triangles

OR'S" and OR'S' are equal. Their areas also equal th-

area of triangle OPQ. -

In the geometrical argument above we have considered

the force to be applied at intervals tt. What motion

will result if each time interval At is made vanishingly

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 Does this conclusion apply if
the central force is one of re-acted upon by any central force, it will move in accordance
pulsion rather than attraction?

with Kepler's Law of Areas. In terms of the planetary orbits

from which the Law of Areas was found, the accelerating

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

E.947: Srepw&e approximation.
to an orbit

0

Fig. 8.4(f) A force applied ac

II' causes the body to move to
Si,.

L 13: 'Pro.yara orbit:
L 'Pro9retrn orbit
A Three -dimensionaL model.

or -rwo cries

SG 8.1

Any Eficia; who'ls)Oriwesfai in
force rust be a central force. Furthermore, the sun is at kie, innomer of Wk./ro/um dynamics
the center of the force. Notice that the way in which t e 01 tg cetitUrti writers should see

strength of the central force depends on distance has not Marrie 1410/16(60qs eicumee 01,0

A(50 Ike qxgoejAebeen specified.
Lbe 'AL

Q7 What types of motion_ satisfy Kepler's
Law of Areas?
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Surnmorui C3.5'
8.5

Kepler's- T2 = kg1
describes motion in t rich

-the central aftraeting once
varies inverzselui WitVr
Square trie-ctistam.,e.

Kepler's Laws

See "Newton's Laws of Dynamics"
in Project Physics Reader 1.

IFte argonerit here is a reason-
able one. SW:lents rnight
discuss what al -Erna-Nes
seerrt possible anal whether
tke.9 seem reasonable.
The effort" here is to develop
art irtriAltive feetinoH for tie
kind ion9b ro be Solved
and -Me general nature cc
'ate force taw.

Newton assumed that:

F ec
1

gray
R
2

fJore hem drat otters beitales
Newton.. were asking about the
nirxre or Ike force law.

How can you explain the histori-
cal fcct that many scientific

discoveries have been made in-
dependently and almost simul-
taneously by two or more men?
What examples can you list?
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The inverse-square law of planetary force. In 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 dld the strength

of the force change with the planet's distance from the

center of motion? Would one general force Jaw 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, T2 m R3? How could this
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

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

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 with

distance from the sun, we could expect the force to decrease
with distance. Possibly the force varies inversely with

the distance: F a 1/R. Or perhaps, like the brightness of

a light, the force decreases with the inverse square of the

distance: ,F a 1/R2. Possibly the force weakens very

rapidly with distance: F a 1/R3, or even F a 1/Rn, where

n is some large number. One could try any of these pos-

sibilities. But here let us follow Newton's lead and test

whether F a 1/R2 agrees with the astronomical results.

Actually Newton's choice of this inverse-square law was

not accidental. Others such as Wren,,Halley and Hooke

were attempting to solve the same problem and were con-

sidering the same force law. In fait, Halley came to Newton

in 1684 specifically to ask if he could supply a proof of

the correctness of the inverse-square law which the others

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

rived the proof, it is likely that someone would have soon.

At any one time in the development of science, a rather nar-

row range of interesting and important problems holds the

attention of many scientists in a given field, an often

several solutions are proposed at a the same time.



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 gravitational attraction increases with the square

of the time, t2. The full relation is

Wog /kat b3 uciin3 ratios we have
avoidint) needihof an scatifOcrS
For Or , The canyArn is
based on -ire secrrietr3 ar
When applied Iro tWo

ref ton o' weir periods
and Solar distances can be
compared.

for cla%-vvorti 064memliol, you
d = hat2, rinao wide Aim,/ 14e full

urole of wh,Cll 17c3
where a is a constant acceleration.

Sty eac only a sectien
We wish to compare the central forces, or accelerations,

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

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,

in a small interval of time t the planet moves forward,

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

how large the orbit is, the motion of each planet is similar

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

This time t taken for either planet to move through the

portion of the orbit indicated in Fig. 8.5 is a fraction of

the total time T required for the planet to make one revolu-
tion around the sun. No matter how large the orbit, the

fraction T, 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 d.

From Ficj. -8.5 we can also see that the distance d increases

in proportion to the distance R.

Now let us use Galileo's equation to compare the "falls"

of two planets toward the sun:

dp hap tp2 dP aP tP2
=

E
or

d
E

t
E 2E

d = "Fall"

Fig. 8.5 The "fall" of the
earth and a planet toward the
sun.

RP

L Coed-rat forces --'brulad brows

The kriatPeprzateal arsurnerit MaT
eOBut because the values of d are proportional to R, w: can k ing 15 II-Kw pa ers.

The value of lrie acceleratioil
Is klerttified (op of page 8B) and
titserted .-/Fie result then leads- to
kepleri-ihirvi or Harmonic Law.

replace the ratio (dp/dE) by (Rp/RE) and have:

Rp ap tp2

RE = aE tE 2

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 a 1/R2 . Like Newton, let us assume that a varies with 1/R2. By

rearranging the equation we have:

A : Vemonetzdi
graphtthl rtilditiYi of' conic
5 ecliims

Conic szercons,

A: Conic sections malt

In the analysis above we substi-
tuted 1/R2 for a in the general
relation R = at2. What results
do yo.u_ge.t it you set a = 1 /R °,

where n is any number? What
value must n have to satisfy
Kepler's Third Law?

1

P
2

R R
P P RP3 tP 2

R Rl , or
E t

E
2

E

3 = T2

This has the same form as Kepler's third law, 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

total period. Thus we can replace t by T and have

Rp3 Tp2
= , or Rp3 = k T 2

PRE3 TE2

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 this derivation we have mane a number of assumptions:

1) that Galileo's law of acceleration relating times and

dist,;111c-I.rA falling bodies on the earth applies to 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

rule) accept our assumption that the sun's gravitational

attraction does change with 1/R2.

We assumed that the orbits were circles. However, Newton

showed that any object moving in an orbit that is a conic

qgctapnAckrcle, ellipse, parabola or tyr_er.bole.)--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 (R2 a T3) use-
ful for testing how the gravitational
acceleration changed with distance from

the sun?

09 What simplifying assumptions were made
the derivation here?

8.6 Law of Universal Gravitation. Evidently a central force is

D&t alrertifon differefices
barveen a 9eorneTilO descriprcin
n which Irievw are orces
between objects, titan
niotian. arvuncl poirt
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holding the planets in their orbits. Furthermore, the

strength of this central force changes inversely with the

square o' the distance fron the sun. This strongly suggests

that the sun is the source of the force--but it does not

necessarily require this con:lusion. NewtoL's results ;apt

be fine geometry, but so far they include no physical mecn-



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

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 tnat this mech-

anism could not account for the quantitative observation

of planetary motion summarized in Kepler's laws.

Summary
1. Newton's work forced

.e scienUts -1b consider -11'.e
planes as substantial moiiin3
bodies, riot as 9eornetn6
points.

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 realized 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 characteristics of the sun did the amount of the force

depend?

At this point Newton proposed a dramatic solution: the

force influencing the planets in their orbits is 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:

every 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 the 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

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

truly universal physical law. He excluded no object in the

universe from the effects of gravity. Less than a century

before it would have been impious or foolish even to suggest

that terrestrial laws and forces were the same as those that

regulated the whole universe. But Kepler and Galileo had

a. Newton did ndt alterviptto
explain --the cause of yavi -
-lutkin) in fact) how Taieitatuin
acts ove /arse distances has

!en and continues to be an
..?..res-trn problem in physics.

Sun

A yernaeestrur. vortices

The sun, moon and earth each
pull on the other. The forces
are in matched pairs in agree-
ment with Newton's third law.
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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 objects 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. He shifted the question

from "what are the motions?", which Kepler had answered, to

"what force effects the motion?" In 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 hand,

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 essentially 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 Lis 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 force 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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are not troubled when we see a cloud or a balloon drifting
across the sky even though nothing seems to be touching it.
Although air is invisible, we know that it is actually a
material substance, which we can feel when it blows against
us. Objects falling to the earth and iron objects being at-
tracted to a magnet are more troublesome examples. Still,
the distances are usually short, and one could imagine that
there is some sort of tenuous contact or influence involved.
But the earth is over 90 million miles and Saturn more than
2 billion miles from the sun. How could there possibly be
any physical contact between such distant objects? How can
we account for such "action at a distance"?

rf ou have a coloci /Ae,
zinc pia. (see Bibtosrofhti),
ask -the stadev& coritiv(st
-he Descartes 'theory of'
vortices vii% -the kiM oF
wzdherriattc:o1 anatysis used
f99 Neu/roil-

How can forces act at a great
distance through space that
seeMs to be empty?

There were in Newton's time, and for a long time after-
ward, a series of suggestions to explain how mechanical
forces could be exerted at such distances. Newton himself,
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
of those properties of gravity from phenomena, and I
frame no hypotheses; for whatever is not deduced from
the phenomena is to be called an hypothesis; and hy-
potheses, whether metaphysical or physical, whether
of occult qualities or mecharical, have no place in
experimental philosophy. In 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 Seri or yurand of gravitation were discovered. And to us it is
enough that gravity does really exist, and act ac- e (age p

ifte-theorui of' vortices was
based on' ftte assurriptiem
INat nattraL mdrtein can
occur in cti-cies,

This quotation is part of an
important comment, or General
Scholium, beginning on page 543
of the Cajori edition, Univer-
sity of California Press. The
quotation is on page 547.

plood Akteritkprittit Aspeer0.4411-ere6W

Tr (end OF VOC I of 4 e eaffoin
in a Bilohogruphy) or -Ike

Nivition workedWe quoted Newton at length because this particular pas- OtAt W,e physics or fluids insage is frequently misquoted and misinterpreted. The
original Latin reads: hypotheses hon fingo. This means: VOrlie.5.
"I frame no hypotheses," "I do not feign hypotheses," or
"I do not make false hypotheses."

cording to the laws which we have explained, and
abundantly serves to account for all the motions of
the celestial bodies, -and of our sea.

of kook

order it, dernolish tie ltiem-9

Newton did make numerous hypotheses fn his numerous publi-
cations, and his letters to friends contain many other
speculations which he did not publish. More light is shed
on his purpose in writing the General Scholium by his manu-
script first draft (written in January, 1712-13). Here
Newton very plainly confessed his inability to unite the

Your student ou9Fte fo be aware
or ike she. from a Tome-do
anyrnent of planetarj melon
-b a physidal one.
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summary Sec 8.7
I. "The 9ra4talicinal force between
lido bodies is proporiiiinat 14?)

product of 'their masses.

a. The, rnatkernaliEat sWmen.t
o(' Vie law of universal 9ravi-
-tatien can be written

/41;me. CI R2

hypothesis of gravitational forces with observed ph-nomena.

He wrote:

I have not yet disclosed the cause of gravity,
nor have I undertaken to expla.n it, since I could
not understand it from the ph nomena.

For us as for Newton the questions which we can answer

are those specifying the quantitative nature of this force.

We can test the results by applying them to a few selected

cases.

Q10 Why do the quantitative predictions from
Newton's Law of Universal Gravitation
cause us to accept this universal law?

011 Why was the explanation of "action at a
distance" of interest to scientists?

012 Why didn't Newton explain gravitation?

Ground

Fig. 8.6. Because falling
spheres of unequal mass accele-
rate at the same rate, the
gravitational forces on them
must be proportional to their
masses.
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8.7 The magnitude of planetary force. We want to build a

physics of the heavens which explains the motion of bodies

by the forces between them. Therefore the general statement

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, Fnet = ma, states that the acceleration of any

object depends upon 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

body B by the same amount. If we drop bodies A and B, the

earth's gravitational attraction causes them to accelerate

equally: aA = aB = g, so the force on B must be twice the

force on A. Twice the mass results in twice the force

which suggests that mass itself is the key factor in deter-

mining the magnitude of the gravitational force.

Like Newton, let us propose that the gravitational force

on a planet, due to the pull of the sun, must be proportional

to the mass of the planet itself. It immediately follows

that this force is also proportional to the mass of the 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
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stone

stone

Fig. 8.7(a) The gravitational
force on the earth is equal and
opposite to the gravitational
force on the stone.

earth

stone
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is proportional to the mass of Ur,: stone. Then by Newton's
third law the force experienced by the earth owing to the
stone is equally large 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 stone until they collided. As Fig, 8.7 indicates,
"the forces are equal and opposite," and the accelerations

are inversely proportional to the masses.

The conclusion 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 ancthe 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 la the
planet. The more mass there is to attract, the more there
is to be attracted.

R

or ease- 94-

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

1111111111
^ .

tttttttttt
0

Jupiter

Fig. 8.8 The gravitational for-
ces between the sun and a planet
are equal and opposite.

SG 8.3
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Force depends on mass of sun.

Force depends on mass of planet.

SG 8.7

Ftotal varies with (mp x ms)
(8.l)

x mS

F
gray

a (8.2)

R2

F G
mP x mS

gray
R2

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 expression for the total force? Do

we multiply the masses, add them, or divide one by the other?

Figure 8.8 already suggests 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 massi e, what

would the force be? You probably answered immediately:

3000 units. That is, the force would be multiplied three

times. Therefore we conclude that the attraction increases

in direct proportion to increases in the mass 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 three 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

(8.3) one force law (Eq. (8.2)) that relates both maspes_and_dis-

tance.

Try a thought experiment. Con-
sider the possibilities that
the force could depend upon the
masses in either of two other
ways:

(a) total force depends on
(m
sun

4- m
planet

), or

(b) total force depends on
(m

sun
/m
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?
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Such a proportionality as (8.2) can be changed 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 Viand 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-

-010,4*r experiment will help get across (Re reason

Srudents tert fired This difricutt to urtcleretarldi bat thePor

rruAgsdyin9 fie masses, InsTead of addik9 or dtintlin

should undaretwat iPte reducttb ad absurdum argument



tary Motion is consistent with this relation, and this is
the real test whether or not Ea. (8.3) is useful. artylnient {or idle development

of aratitgidimal law forrnAbe hosMoreover, Newton's proposal that such a simple equation J
rt Spegea out in east' 446,defines the forces between the sun and planets is not the so-totipw siudant

final step. He believed that there was nothing uhique or follow /kern frtry, (el) ta
special about the mutual force between sun and planets, or E.q. ($4).
the earth and apples: a relation just like Eq. (8.3)- should

apply universally to any two bodies having masses ml and m2
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. (8.4)). 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 solar
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 our grow-
ing belief in the correctness of the theory.

The general Law of Universal
Gravitation:

F
gray

S3 8.2

Grolm2

R2
(8.4)

Your siiidentS Should be aware,
cf some of -Ike ion-kiwis Itia
art's& for Newton , and which
stilt lie at Me heart of'
researth in physical science.
(See Detviopment Sect-On.)

Q13 According to Newton's Law of Action and
Opposite Reaction, the earth should rise 014 What meaning do you give to G, thetoward a falling stone. Why don't we Constant of Universal Gravitation?
observe the earth's motion toward the
stone?

8.8 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 all quantities represented by the symbols on
both the left and right side of the equality sign. Also we
should do this for a wide variety of c.:ses to which the law
is supposed to apply and check to see if the values always
come out equal on both sides. But we surely cannot proceed
that way. How would we determine the magnitude of F

grayacting on celestial bodies, except through the application
of this equation itself? Newton faced this same problem.
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,

Surnmar
I. A law has -to be
veriFied by iileCtrglriM ik e

quartitios artcerned.

a. For spherical I2,dies 'tut
ore, for apart, -th& granU-
iloilal for cart be considered
-to act between heir caters.
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there is no ambiguity. But even between the sun and earth,

it is not self-evident whether R should refer to the distance

from surface to surface, or center to center, or some other

distance.

Fig. 8.9 The net gravitatioml
force on a point, A, in a
spherical body is towards the
center, C.

The import-Celt effettS or small
offerances in Irctintotialat forte
Will become aprarent in Sec.
q. it where the effect or both
Sun OM( maort on /he ea is
fides is ditamsed,

Assume that a planet is a sphere
of uniform density (which the
earth is not). Compute the grav-
itational attraction at points
3/4, 1/2, 1/4 of the radius R
from the center. The volume of
a sphere is given by:
Volume = 41R5/3.
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To answer this question, Newton turned to a model and

we can follow his argument in general terms. Let us imag-

ine a rigid homogeneous spherical body, or one composed of

spherical shells, such as the body in Fig. 8.9. Within it,

any small particle, A, is attracted by all the other parti-

cles, near and distant. For each attracting particle B on

one side of a line to the center C, there is a symmetrical-

ly placed particle D exerting an equal attraction on the

other side of the center line. Therefore the net force on

particle A is in the direction of the center C.

The amount of force on A is, however, more difficult to

determine. Some points, like G, are relatively near to A,

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. With it he con-

cluded that the the force on a particle at a point A depended

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.

A similar analysis shows that on an external spherical

object an apple on a branch, or the moon, or a planet the

total gravitational attraction .cts as if it originated at

the center of the attracting spherical body. Then the dis-

tance R in the Law of Universal Gravitation is the distance

between centers.

This is a very critical discovery. Now we can consider

the gravitational attraction from a rigid spherical body as

though its mass was concentrated at a point, called a mass-
MOT& ref a yen) imaginatitie melhost of
quantities /hat are contirivatiffi

0.15 What difficulties do we have in testing
a universal law?

0.16 What is meant by the term "mass point"?

0.17 How did Newton go about devising some
tests of his Theory of Universal Gravi-
tation even though he did not know the
value of G? (See next section.)

Summarj
85 win, Ike-technique of
comparison anal iPle concept
of universal oronitixticin,
Newton was 00,1e --ta pule
the quartitj 'the moon's
accelerolibh -Vowarvi the Sun.

8.9 The moon and universal gravitation. Before we digressed to
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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

Eq. (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 Newton propOsed his equation.

Newton had to test Eq. (8.4) indirectly. Since he could



not measure any of the attractions directly, he had to be

satisfied with comparing various similar motions. This is

a procedure often used in scientific studies. Newton began

by comparing the gravitational pull of the earth on a ter-
restrial object (like an apple) and on the moon. From the

data available to him, Newton knew that the distance between

the center of the earth and the center of the moon was

nearly 60 times the radius of the earth. Since the attrac-

tive force was believed to vary as 1/R2, the gravitational

acceleration of the earth upon the moon should be only

1/602 or 1/3600 of that upon an apple at the surface of the
earth. From observations of falling bodies it was known that

the gravitational acceleration at the earth's surface was

nearly 9.80 meters per second per second. Therefore, because

of the earth's attraction, in one second the moon should, as
Fig. 8.10 indicates, "fall" toward the earth at the rate of

9.80/3600 meters per seconds, or 2.72 x 10-3 m/sec2. Does it

As starting information Newton knew that the orbital
1period of the moon was very nearly 273 days. Also, he knew

that the moon's average distance from the earth is nearly
240,000 miles. But most important was the equation [Eq.

(8.5)1 for centripetal acceleration, ad, that you first
saw in Unit 1. That is, the acceleration, ad, toward the

center of attraction equals the square of the speed along
the orbit, v, divided by the distance between centers, R.

To find 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
c = 2.74 x 10-3 m/sec2.

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 to answer pretty nearly.

Therefore
in its orbit
equal to the
bodies there
1 and 2) the
its orbit is
call gravity

the force by which the moon is retained
becomes, at the very surface of the earth,
force of gravity which we observe in heavy
And therefore (by Rules (of Reasoning]

force by which the moon is retained in
that very same force which we commonly

By this one comparison Newton had not yet proved his law
of universal gravitational attraction. However, Newton was

"Fall"

Inertial
motion

path

Earth&

Fig. 8.10 As the moon moves
through space, the gravitational
attraction of the earth causes
the moon to "fall" toward the
earth. The continuous combina-
tion of straightline inertial
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/sec2.

a
c
= v2/R (8.5)

v = 2nR/T, and v2= 47,2R2pr2

a
c
= 4n2R/T2 (8.6)

Observed rate of moon's accelera-
tion toward the earth:
2.74 x 10 -3m/sec2

You nil it ask r students to
ye6f9 tort of 02.7+ x
mtsecs te moo* acceleration

worlon9 oat 1e
iihniele of Eq, (0.6)

'I? for the moon is 3.34x toc. km,
and you cave use 627.3 Ch2S for 1:
Have them see what happens to
iAe id answer when varlims
q tti4A5 are-"nadndecl f".
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1.1.15 rkight be a 9000( FO(IXOe to entiokicurie flee Ihourikt heat Newton was us'ir9 nialkonlatiat
stigovAiti; based Glanq Ike rinden bodiieg an earths (Mat is, Cialdeds taws of b=9hod/05)1 make otradicticins about i1 moUens of eie planets, Vitus fuSirtol Ii709of laws about 1"i'vo dfferent solig 0,4,..4 owuwoncx kb sw;196g

SG 8.4 able to show, as we did in Section 8.5, that the general

Ike Ntoorisirr War Maxon statement of Eq. (8.4) applied also to the motion of planets
See Article on. around the sun along orbits that are conic sections (in this

SG 8.8 case, ellipses).

0O8 In what way did Newton compare the mo-
tions of a falling apple and of the
moon?

Q19 Explain the significance of the numeri-
cal results of Newton's computation of
the moon's acceleration.

5ummar-0j B.ro
'Follows "Me derivaticin 8.10

keglers 'third taw -from the
combined forms of ihe second
Caw oF molion and iite Law
of universal gralitaton.
For euolevits weak in algebra,
a quaftratnie, teat-merit would

sile"GfrifiOlViatents" in
Project Physics Reader 2.

F
c

= mass x acceleration

mFac
= mp (4n2R/T2)

niPmS
gray

F = G
R2

(8.7)

(8.3)

but F = F
c gray

so 4r2R giPmS

T 2 4471 21R3
PG

mS

vip - G
T2 R

2

(8.8)

T 2 = kR3 is Kepler's Third Law.

In Chapter 7 we wrote T2 = ka3,
where a was the mean distance in
the orbit. However, in Chapter
8 we have used a for accelera-
tion. To lessen confusion we
use R here to describe the mean
distance of an orbit.

Tt is important to remind -the
Studevrts ihat -the equations
am sain:3 somethin Ike
Mies : we are looki at the
nwitiOn of* a gol rom two

mlm2
F
gray

= G ---- (8.4)
R2

Gravitation and planetary motion.

used to consider the force of the

traction upon the moon opens up a

check Newton's theory. Newton mr

The line of discussion

earth's gravitational' at-

further opportunity to

'e a very important assump
tion: the gravitational attre'- 1 must be the cause of
centripetal acceleration.

Equation (8.6) related the centripetal acceleration, as
to the distance and period of a body moving in a circle.
Therefore, for a planet going in a circular ,ibit a good
approximation for this purpose the centripetal force Fc is
just the acceleration multiplied by the mass of the planet
[Eq. (8.7)]. Earlier we found that the gravitational force
on a planet in its orbit around the sun was given by Eq.
(8.3). Now we can equate the relations, Eqs. (8.3) and
(8.7), for

Fgrav and F. After canceling the quantity m
on both sides and rearranging the symbols, we have Eq.
(8.8) which has the form of Kepler's third law, T2 = kR.3.

The quantity within the bracket of Eq. (8.8) occupies the

same place as the constant k which we earlier found to be
the same for all planets. The brackets contain only the
terms: G, which is supposed to be a universal constant; ms,
the mass of the sun; and the numbers 4r2. Since none of the
terms in the brackets depends upon the pakticular planet,
the bracket gives a value which applies to the sun's effect
on any planet.

This does not prove that k = 4n2/Gms. If, however, we
tentatively accept the relation, it follows that Gms = 4n2/k.
Therefore, while we have not seen how one could determine
either G or m separately, the determination of G would al-
low us to calculate the mass of the sun, ms.

We must ;till question whether G is really a universal

constant, i.e., one with the same value for all objects that
interact according 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
provide a simple argument in favor of the constancy of G.

Consider a body of mass ml on the surface of the earth (of

diff'er'ent ppirft o(' view, (1) as DM1: Vi at asVtglira%44X
aThentilYriaCkarSiCal point of view, as tkou9h -Ae planet were of ban being whirled around at Sicend cf 411;13, and (.2) from a q,a.4tali-onal point of view as though we have Yerlaced-the sPoi9 by an 'Inin.41121e. one Called cinzAttlidn.



body's weight, which we call F
gray

, is given by mig. Then

we can again equate the earthly gravitational force, mig,

with the force predicted by the Law of Universal Gravitation.

The result is Eq. (8.9). At any one position on earth,

(RE2/mE) is constant (because RE and mE are each constant)

regardless of what the numerical value of this ratio may be.

Then, if all substances at that place show precisely tne

same value for g, the gravitational 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 involved 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 pointing to

the constancy of g, and therefore of G at a given location,

Newton could write:

This (constancy] is the quality of all 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 = mig, but also

mlnig
= G , thenFgrav

R 2

Efilmg

at 1g = G 2, and

RE

R 2
G =[ g

mE

SG 8.6

SG 3.9

(8.9)

ciicovervi that-Me is 4'
Kepferk thirA taw S qmartztittl

2/6rvis gives -Ike stu
art insisht to constiric
of Me quan1ir9 Cf: stiice te. k
of kepter's Law has been deter_
mined as a constant for all
planets bt5 obocrualidn, arc(

since 4 , , and ms am all
cortsran -r-oHows that
pu t. be a. constant ctico,
Orcourse Irlic does not mean
ltiat CI is a universal constivit

SG 8.10

a20 How did Newton use the centripetal force
in his analysis of the motions of the
moon and planets?

Q21 On what basis did Newton conclude that

G was a universal constant?

0,22 Since the value of g is not the same at
all places on the earth, does this mean
that perhaps G is not really constant?

Eun 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 features 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 moon, 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.

Surnm 8.(1
The joie of universal stuvi-
eaten was Able, in rural, 'to
account for the pherlomeriot of
ocean tl

What are the phases of the moon
when the moon, sun and earth
ar

e
th iin

-ThO diawteler of Vie eaftk,
compared 10 irie ear IVA- Sun
distance, is a very smelt( part
of R ikat is treasured -for

-the oranittiCOnal equatiOn. You
rnf4it ask uour Sruderi tb
calculate kxt percentage Ike
value of 112 .fr X 106 rn is OF
1.5 x 10"M.

Two questions about tidal phenomena demand special at-

tention. First, why do high tides occur on both sides of

When Comes tO ear-M- f0011 distance, however) 1*.e x 106 Yn becomes
a sicylifc&arit part or 3. x tot rri (ifiie eart -rnoofi distance ). 99



You might wish f5 work out Shady Gawk gi6 on tPIe board. iNT problem
serves loeliew as a. dernonerialtdri -than as a stAdent exercise.

the earth, including the side away from the moon? Second,

why does the time of high tide occur some Yours after the

moon has crossed the north-south line (meridian)?

lhare 'is an cliteamdt exarze: Newton realized that the tide-raising force would be the

41 SOC114*1 Of how _ difference between the pull of the moon on the whole solid
frOn from a err4 0101012) earth and on the fluid waters at the earth's surface. The
Compares W"'` Prom imoon's distance from the solid earth is 60 earth radii. On
ObSerVA611.(See Deretop

Yrievit5e4the 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 the fluid water on the surface of the earth has a net

acceleration toward the moon. On the far side of the earth,

61R the acceleration is less than it is on the earth as a whole,

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.

,,on 4,

:9R

6OR

Fig. 8.11 Tidal forces. The
earth-moon distance indicated
in the figure is greatly reduced
because of the space limitations.

A gruvitational-force graph
province an excellert= oF

PPleSpil across Mie Co
affeerio, 9mobtionat forre
on duther side 4. a s9inifi-
cart okammetbr.

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.

No 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.

SG 8.16 Since there are tides in the fluid seas, you may wonder

if there are tides in the fluid atmosphere and in the earth

itself. There are. The earth is n't completely rigid, but

bends about like steel. The tide in the earth is about a

foot high. The atmospheric tides are generally masked by

other weather changes. However, at heights near a hundred

miles where satellites have been placed, the thin atmosphere

rises and falls considerably.

023 Why do we ccnsider the acceleration of
the moon on the ground below a high tide
to be the acceleration of the moon on

the earth's center?

OUNtWhy is there a high tide on the side of
the earth away from the moon?

614mniar4 g.la
100 1. As a 'read' of' *e work of Newton ono( Nalleti , comers way, recootrime4

as actual astronomical bakes rather 'than. ferierirs from heaven -G.farnirt9
of some catastrophe on earth .



P. Wevtan usedike law cf wilifersal praAtorob account for co
which am generall. quite unlike -tk-e orbits planets

8.12 Comets. Comets, whose unexpected appearances had through

antiquity and the Middle Ages been interpreted as omen3 of

disaster, were shown by Halley and Newton to be nothirg more

than some sort of cloudy masses that moved around the sun

according to Newton's Law of Gravitation. They found that

most comets were visible only when closer to the sun than

the distance of Jupiter. Several of the very bright comets

were found to have orbits that took the .ido the

orbit of Mercury to within a few .es of tae sun,

as Fig. 8.12 indicates. Some of the orbits have eccentric-

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 tY,,, ecliptic,

the planes of comet crbits are tilted at all angles to the

ecliptic. In fact, about half of the long-period comets 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

metor9 orkAl

Fig. 8.12 Schematic diagram of
the orbit of a comet projected
onto the ecliptic plane; comet
orbits are tilted at all angles.

More inforrnatin can be Found
in Serve-en it 'Rartets, G.
Wcaon (see SikA2oorapt9).

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 ill omen.
Later that year at the Battle
of Hastings Harold was defeated

this were the same comet, it should return in about 1757----as by William the Conqueror.

IA.Tails of Comets: lo L. 3termann c 'Rhea Last in Octiik.ar , !.-15g Scierstifio American.

101



Ask students what tansentici( veloary a comet vANxbi have
ce." very lar9e distances from the sun.

it did after moving out to 35 times the earth's distance1Nrit out /hoit/ke surl CS Ot
from the sun. This is Halley's comet, due to be near thevery svnal( laTet whoa viewed

from a otistaricz or severrAt sun and bright again in 1985 or 1986.

lndred ALL s. Ifterceone)even
With the period of this bright comet known, its approxi--(tInqekitial veloq

mate dates of appearance could be traced back in history.be emir In fir cause e
In the records kept by Chinese and Japanese this comet has

been identified at every expected appearance except one

since 240 B.C. That the records of such a celestial event

are incomplete in Europe is a sad commentary upon the in-

terests and culture of Europe 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.

E: Mantel or a come orbit
A: Mei,- comet ori51.

100004 .-6 vricsAke sun.
vv.r.teuriustia( con-

clitions's,Nouki mAlurred
for a body t) Ike sun
aper fall( iv, from a
onskit chita e.
See "Boy Who Redeemed His

Father's Name" in Project Physics
Reader 2.

See "Great Comet of 1965" in
Project Physics Reader 2.

025 In what way did Halley's study of comets
support Newton's theory?

8.1

T2 =[1-41R3
Gm

s
(8.8)

By rearrangement, this becomes

[ R3
mS G T2

6urrirriarci 8.13
One of iKe more- ematiri"
discoveries tat comes c dt or

ckofter is -that Wetieis
laws seemed ti) hold for any
sIsren1 when srnatl bodies
revotve about a centi^a(
m
sun [Rp TSat[

RSat T

3

t°13

2

(8.10)

(8.11)

[

.

RP 483,000,000 mi
- 413

R
Sat

1,170,000 mi

[

TSat

i

16.71 d 1

T
P

4,332 d 259

then

2m
sun - (413)1 x 1

mp

m
sun 7.05 x 10'

- 1050.
mp 6.70 x 104
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3 Relative masses of the planets compared to the sun. The

masses of the planets having satellites can be compared to

the mass of the sun by the use of Eq. (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 we rearrange

Eq. (8.8) into the form of Eq. (8.10). This relates the

period of a planet to its distance from the 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 of its

satellites, Sat. Then we may find the ratio of the mass

of the sun to the mass of the planet:

mass of the sun-planet pair m
sun G T 2

4n2 RP3[ ]

mass of the planet-satellite pair [4n2] RSat3
G T 2

Sat

The brackets cancel. After some rearrangement we have

rEat] [RP
3m

sun
mp T

P
2 R

Sat '3. I

(8.11)

Now, for example, we can determine the relative mass of

Jupiter and the sun. We know the period Ts and the distance
R between Jupiter and one of its satellites--Callisto, one



of the Galilean satellites. Also we know the orbital period

T and the distance R of Jupiter from the sun. Table 8.1
SG 811

presents the modern data. In the margin we have worked out SG 812

the arithmetic.

Table 8.1. Data on the Motion of Callisto around Jupiter,
and on the Motion of Jupiter around the Sun.

Object

Callisto

Jupiter

Period (T), days Distance, R, miles

16.71

4,332

1,170,000

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,

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 time a determination

of the relative masses of the sun and planets.

LI.9:3-c4irter satellite orbit

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.

garlow G Tapley

=Even though Newton did not know the value
of G, how could he use Eq. (8.10),

ms [Uj42 1 R3

T-

to derive relative masses of some planets
compared to the sun? For which planets

could he find such masses, in terms of
the sun's mass?

CUE,If the period of a satellite of Uranus
is 1 day 10 hours and its mean distance
from Uranus is 81,000 miles, what is the
mass of Uranus compared to the sur's
mass?

8.14 The scope of the principle of universal gravitation. Al- Surrimarm S. lik

though Newton made numerous additional applications of his
AelailVe. 10 this Ytt-Mer short

Law of Universal Gravitation, we cannot consider them in 6eetien, tt should be. reel
detail here. He investigated the causes of the irregular tat ttir smooss. or Nra40,,,,ix.

motion of the moon and showed that its orbit would be con- Aran-tics- as a I' pia:bet-trig
ergiouri ceatinually changing. As the moon moves around the earth, madline ' became

the moon's distance from the sun changes continually. This
oiwtle -Me follow/wilt-IN:4o

changes the net force of the earth and sun on the orbiting of new aticielemitieca -teal
-the vetoentent

moon. Newton also showed that other changes in the moon's vtiqueS am( raelhods of

motion occur because the earth is not a perfect sphere, analysis, and also by -the
but has an equatorial diameter 27 miles greater than the of

tApalote of malan)
diameter through the poles. Newton commented on the problem measurements.
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.

"Trw chief soaroe of Ci104506
of "a" with latirucle is -the
ceorripetat acceteraten , riot

shaea of -the eartt-t.
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Filen : Universal arctkixtiOn

See "Universal Gravitation" in
Project Physics Reader 2.

Surnmar9 Sec 8.6
I. 'The major problem faced
in Ste dererrnihation or Ike

fieconstant a 'was
fie vneas-uremerzt oF the
graVratitinai force loeirween
ftvo %nal( bodies on &writ.

N. Henry CavertoWli solved
tecknic dincl&Altles of such
an apparatus at -the end or
Erie ei9lezteenlh ceittlir3.

3. After the value oF c kaa
been determined ,-Wle octal
vnaseR6 eckelti sun,
moon and the planets
could be. oletbrpnked.

What Newton had done was to create a whole new quantita-

tive apprcach to the study of astronomical motions. Because

some of his predicted variations had not been observed,

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 planetary 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

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 c' 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.

028 What are some of the reasons which caused 0.29 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.)

104
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8.15 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
mim2

Fgrav G -0 (8.4)

except G, which can then be computed The masses of small

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?

This serious technical problem of measurement was eventu-

ally solved by the English scientist Henry Cavendish (1731-

1810). As a device for measuring gravitational forces he

employed a torsion balance (Fig. 8.14), in which the force

to be measured twists a wire. This force could be measured

separately and the twist of the wire calibrated. '.e.imss, in

the Cavendish experiment the torsion balance allossed measure-

ments of the very small gravitational forces exerted on two

small masses by two larger ones. This experiment has been

progressively improved, and today the accepted value of G is

G_= .6.67 x 10-11 Nm2/kg2

= 6.67 x 10-11 m3/kgsec2.

The gravitational forces between two 1-kg masses such as two

quarts of milk one meter apart is less than one ten - billionth
of a newton! Evidently gravitation is a weak force which

becomes important only when the mass is large.

Once the value of G had been determined, the actual masses

of the earth, planets and sun could be found. Rearrangement

of Eq. (8.9) leads to Eq. (8.12). Since the values of g,

RE and G are now known, the mass of the earth, mE, can be

calculated. Substitute the numbers given in the margin into

Eq. (8.12) and find the mass of the earth.

Like other large numbers we have encountered, this one is

difficult to comprehend. Since at most we can lift but a

few kilograms, we have nothing in our experience with which

to compare the mass of the earth--or for that matter, the

5A0 MINZSUrini Ifie Vat ZY.W.9 Expiwinient
/Ode Skerort

Fig. 8.14 Schematic diagram of
the device used by Cavendish for
determining the value of the
gravitational constant, G. The
large lead balls of masses tt
and M2 were brought close to
the small lead balls of masses
ml and m2. The mutual gravita-
tional attraction between 241
and :21 and between M 2 and m 2

caused the vertical wire to be
twisted by a measurable amount.

To derive the gravitational

force between two kilogram mas-
ses, one meter apart:

F = G Cm
1m2]R2

1[11M
k

= 6.67 x 10-1
kg 2 1 m 2

= 6.67 x 10-11 N

G =rElg
m

81E 4+
R

g = 9.80 m/sec2

G = 6.67 x 10'11 m3/kg sect

R
E
= 6.37 x 1061n.

(8.9)

(8.12)
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How to Find the Mass of a Double Star

To demonstrate the power of Newton's
aws, let us study a double star. You

can even derive its mass from your on
(bservations.

An interesting double star of short
period, which can be seen as a double
star with a six-inch telescope, is KrUger
Q. The find-chart shows its location
less than one degree south of tne variable
star Delta Cephei in the northern sky.

The sequential photographs (Fig. 8.15),
snared in proportion to their dates,
show the double star on the right. An-
other star, which Just happens to be in
the line of sight, shows on the left.
The photographs show the revolution
within the double-star system, which has
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 posi-
tions of the two components (Fig. 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 dt five-year intervals,
you can make a plot on graph paper which
shows the motion of one star relative to
the other, Would you expect this to be
an ellipse? Should Kepler's Law of
Areas apply? Does it? Have you assumed
that the orbital plane is perpendicular
to the line of sight?

The sequential pictures show that the
center of mass of Kruger 60 is drifting
away from the star at the left. If you
were to extend the lines back to earlier
dates, you would find that in the 1860's
KrOger 60 passed only 4 seconds of arc
from that reference star.

The drift of Kruger 60 relative to the
reference star shows that the stars do
move relative to each other, For most
stars, which are at great distances, this
motion, called proper motion, is too
small to be detected. Krdger 60 is, how-
ever, relatiely nearby, only about
13 light-years away. (This is the dis-
tance light travels in 1? years at
3.0 x 1(:0 meters per second.) The dis-
tance to Kroger 60 is then:

13 light-years x 3.0 x 10 m/sec

3.2 x 107 sec/yr,

or 13 Y 101'' m

or 8.7 / 10' A.U.

(One year contains about 3.2 y 107 sec-
onds. One A.U, is 1.5 1011 meters.)

Are *most stars rrtatnI9
of double star systems ?
5 ei n . 191,7 Teacher
Vol. 20 p.

.4c '436

, 944

4'3,947

foe,955

9r49,9e4

A finding chart for KrUger
60, with north upward, east
to the left.

rt

o

.

Fig. 8.15 The or-
bital and linear

motions of the vis-
ual binary, Kriiger

60, are both shown
in this chart, made
up of photographs

taken at Leander
McCormick Observa-
tory (1919 and
1933) and at Sproul
Observatory (1938
to 1965).

From the sequential photographs and
the scale given there we can derive the
change in distance of Kruger 60 from the
comparison star between 1919 and 1965.
From the photographs our measurements
give the distances as 55 seconds of arc
in 1919 and 99 seconds of arc in 1965.
(One second of arc is the angle subtended
by a unit length, perpendicular to the
line of sight, at a distance of
2.1 / 105 of the units.) Thus the proper
motion was 44 seconds in 46 years, very
nearly 1.0 second of arc der year. This
angle is about 1/2.1 x 10' of the dis-
tance to the star. Then in one year the
star moves 13 x 101° m/2.1 ' 105, or
6.7 x 1011 m/yr. In one second the
component of the star's velocity vector
across the sky is 1.9 104 m, or its
velocity perpendicular to the line of
sight is 19 km/sec. Probably the star
also has a component of motion along the
line of sight, called the radial velocity.,
but this must be found from another type
of observation.

Adapted from paper by James F. Wanner of the Sproul Observatory, Swarthmore College,
in Sky and Telescope, January 1967.
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The masses of the two stars oc. Kruger
60 can be found from the photogrophs
shown in Fig. 8.15 and the application
of Eq. (8.11). When we developed P:q.
(8.11) we assumed that the mass of one
body of each pair (sun-planet, or rlanet-
satellite) was negligible. In the equa-
tion the mass is actually the sun oc the
two, so for the double star we must
write (ml + m;). Then we have

F T 12FR(mi + m;) pair
.m

sun LTpaid ! RE
I E

(8.1')

The arithmetic is greatly 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 Kruger 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

rox + min) 3.4 seconds + 1.4 s(conds
2 2

4.8 seconds
2.4 seconds.

2

Earlier we found that the distance from
the sun to the pair is near
8.7 A 105 A.U. Then the mean angular
separation of 2.4 seconds equals

2.4 A 8.7 A 105 A.U.
10 A.U.,

2.1 x 105

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 Eq. (8.11) we have:

(m1 +
m
m2) pair

lfl )

(10)

sun
45 )

3

1000
0.50,200 =

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
motions relative to the center of mass
we see that one star has a ;mailer motion
and we conclude that it must be more
massive. For the positions of 1970 (or
those observed a cycle earlier in 1925)
the less massive star is 1.7 times farther
than the other from the center of mass.

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 S-ntember 1st. 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

' 0.5 = 0.18 the mass of the sun,1 + 1.7

while the other star has 0.32 the mass
of the sun. The more massive star is
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.

Moss

SG 8.15

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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= 4w2R3 (8.10)
Gr2

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-

eoly is composed 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-

stitute numbers into Eq. (8.10) and find ms. In the case of

the sun, the earth is the most convenient satellite to use

for our computation. The earth's distance from the sun is

1.50 x 1011m, and its period is one year, or 3.16 x 107 sec.

We have already seen that G = 6.67 x 10-11 m3/kgsec2. Upon

substituting these numbers in Eq. (8.10), we find the mass

41T2(1.50 x 1011 m)3 4n2(1 50 x 1011)3 m3
ms =

(6.67 x 10 11 m3/kg sec2)(3.16 x 107 sec)2 (6.67 x 1011)(3.16 x 107)2 m 3 sec2

kg sec2

ms 2.0 x 1030 kg

of the sun to be 2.0 x 1030 kg. Earlier we found that tne

mass of the earth was about 6.0 x 1024 kg. Tlus, the ratio

of the mass of the sun to the mass of the earth is

2 x 1030 kg
6 x 1024 kg

which shows that the sun is 3.3 x 105 (about a third of a

million) times more massive than the earth.
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This same procedure can be used to fiufl 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 tne 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 1024 kg.

Sun 333,000.00

Moon

Mercury

Venus

Earth

Mars

0.012

0.056

0.82

Jupiter 318.

Saturn 95.

Uranus 14.6

Neptune 17.3

- 1.00 l Pluto 0.8?

0.108
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0.30 How was the value of G determined experi-
mentally by Cavendish?

cam What geological problems result from the
discovery that the mean density of the
earth is 5.52?

8.16 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 question. 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

high-quality telescopes. While planning ho% to measure the

parallax due to the earth's motion around tne sun, he noted

that sometimes one star had another star quite close. He

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

planets, also moved around each other in accordance with

Fig. 8.18 The motion over many
years of one component of a
binary star system. Each circle
indicates the average of observa-
tions made over an entire year.
Open circles designate the years
1830-1873. Dark circles are
used for the years after 1873.

Summary $.i6
89 usiry Newton's taw or urri -

wmod girouleid011,vve can
find the masses on

doable Akrs .

See "Space, The Unconquerable"
in Project Physics Reader 2.
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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?
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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
badc -16 -Me elopmetit

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. Yet in all his activities,

he seems to have been guided and motivated by a search for

simple underlying general principles and never for quick

practical gains.
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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

be verified, we truly have a synthesis of terrestrial and

celestial physics of great power and generality. A brief

reconsideration of Eq. (8.4) can remind us of the inclusive-

ness of the results obtained. If we have

Gm1m2

Fgrav = R2
(8.4)

and if G is actually a universal constant, we are able to

derive, and therefore to understand better, many particulars

that previously seemed separate. For example, we can con-

clude:

1. that g should be constant at a particular place on

earth;

2. that g might be different at places on earth at

different distances from the earth's center, or at dif-

ferent latitudes which have different velocities of

daily rotation as the earth turns;

3. that at the earth's surface the weight of a body must

be related to its mass;



4. that Kepler's three Laws of Planetary Motion hold,

and are interrelated;

5. tl-at 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 performed 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 contributes the first step to a

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's

motion he used. When he could not carry out his own mea-
surements, he knew whom to ask.

Lastly, we must recall how fruitfully and exhaustively

his own specific contributions were used and expanded

throughout his work. For instance, in developing his

Theory of Universal Gravitation, his Laws of Motion and his
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is honored today?

8.18 Newton's place in modern science. The success of Newtonian

mechanics greatly influenced scientific and pnilosophical

thought in the early eighteenth century. The new mechanistic
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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 belief that with

Newton's laws (and later similar 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.

fie Net4Vinian miceei had Upon We recognize now that Newton's mechanics holds only within
seieroc, mskl kitc&x: as

a well-defined region of our science. For example, althoughan toommipTe . (Sie Dezdopmert
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the forces within each galaxy appear to be Newtonian, one can

speculate that non-Newtonian forces operate between galaxies.

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 resid-

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 be 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



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 improvements 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

preferred 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; many 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 of 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. A'so, the maker may add other aspects 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 scientific 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 theory 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 predictini quite new obser-

vations. An aesthetic feeling of beauty and niceness,

even of elegance is often stimulated by a concise yet

broadly inclusive theory.
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In areas 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.

118

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-
y

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 successful,

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. In 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



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.

A : Hcitku .



Study Guide

Development of Equations in Chapter 8.

1
Fgrav a -- I initially an

R2 assumption

(8.1) Fgrav
mPmS

a conclusion
from the defini-
tion of force

mPm
(8.2) Fgrav

S
a combines the two

R2 relations above

mPm
(8.3) Fgrav

S
= G , relation (8.2)

R2 restated as an
equation by in-
clusion of con-
stant G

mim2
(8.4) Fgrav = G , Law of Universal

R2 Gravitation for
any two masses:
m1, m2.

SG 8.14

SG 8.17

(8.8)

(8.10)

FY

R centripetal ac-
celeration,

(8.5) a
c

=
celeration, from

,

Unit 1

(8.6)

(8.7)

but

v = 2nR/T ,

and

v2 = 4n2R2/T2

SO

a
c

= 4n2R/T2 .

However, because

F = ma ,

F
c
= ma

c

= m4n2R/T2 , the'centripe-
tal force

Equate (8.3) and (8.7),

Fgrav = F
c

,

T 2 = 4n2
R3

Gm
S

Rearrange (8.8)

42 R3
Ins = (T 2)

Compare two examples of (8.10)
for planet and satellite

(8.11) --__
mp

Tm
sun RP

P sat
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Fgrav = Weight

mEm
G = mg

R2

(8.9) G = RE ig ,

mE

or

(8.12) mE = [R÷21g

which becomes



8.1 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? Sun is at laver Puas. Toward tie sun.

8.2 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,

brilAs( and oPpodi
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.ots=3x1Cr'ete

8.3 Draw a rough graph of the weight of
a 1-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?

An adtPity

8.4 Two bodies, A and B, are observed to
be moving in circular orbits. The or-
bital radius and period of body A are
both twice those of body B. Could both
bodies be moving around the sun? Ex-
plain your conclusion. No. Discumim.

8.5 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? 1-p,=g4rTe. VA=0.7/ Vs.

8J6 Two satellites revolve around differ-
ent planets at the same distance, R.
One satellite has a period three times
that of the other.

Study Guide

a) At what point on an imaginary

33x107krn
line connecting the sun's center

c, with the center of Jupiter would
5x10""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)? About ire same

c) From your results in parts (a)
0.25.04,42.._ and (b) what peculiarities, if
crw% any, would you expect to observe

Discussion in the satellite's motion?
d) Would you expect to find a satel-

lite even farther from Jupiter?
do. DgcossioH.

8.10 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:

utA= 0.A5ct

a) Which planet has the larger mass?shor
b) What is the ratio of the masses Pen"(

of the two planets?q:1 satellite

8.7 At what altitude above the earth's
surface would the acceleration due to
gravity be

a) 3/4 g? 0.15 eaetk radii (q6okrii)
b) 1/2 g? earIA radi (Ado° km)

c) 1/4 g? I. 00 eaera radii (64.00 km)

8J8 a) What is the acceleration due to
gravity on the moon's surface? [Hint:
Equate the weight of any mass m1 on the
moon with the force exerted on it ac-
cording to the Universal Law of Gravita-
tion.] The moon's radius is 1738 km,
and its mass is 7.15 x 1022 kg. 1.5.43rn/Sect

b) How much would a 72-kg astronaut
weigh on the moon's surface? What would
be his mass there? 114,N No e ih mass..

8.9 Mass of Jupiter: 1.90 x 1027 kg.
Average distance from Jupiter to sun:
7.78 x 108 km.

a) which one would have the greater
surface gravitational pull?(onest

b) what is the ratio between the
surface gravitational strengths
of the two planets? 2:1

8.11 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. rpm.' Mars 'Phobos would rise. in west .

g 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?6.7x1o2k5

8.12 The shortest earth-Mars distance is
about 56 x 106 km; the shortest Mars-
Jupiter distance is about 490 x 106 km.
The masses of these planets are as fol-
lows:

Earth
Mars
Jupiter

5.96 x 1024 kg
6.58 x 1023 kg
1.91 x 1027 kg.

a) When (under what conditions) do
these "shortest" distances oc-
cur? D(scusstim

b) What is the gravitational force
7f 9.s,, io* N between the earth and Mars whenMa

they are closest together? Be-
F =3.6x1017N-- tween Jupiter and Mars?
314

c) Do you expect the motion of Mars
to be influenced more by the at-
traction of the earth or of
Jupiter? jttioUr

8.13 Callisto, the second largest satellite
of Jupiter, is observed to have a period
of revolution of 1.442 x 106 sec. Its
mean orbital radius is 1.87 x 106 km.
Using only these data and the value of
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Study Guide

the Universal Gravitational Constant,
calculate the mass of Jupiter. 1.86x 027kI.

GM v2
8.14 Making use of the expression KT =

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 = 211
(0) 1/2

GM

Hint: make use of T = 2 n R
Derivationv

8A5 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?-16.

b) What will happen to this point if
one of the balls is made twice
as heavy as the other? 1? c 1.4.1 aZ

8.16 Mass of the moon: 7.18 x 1022 kg
Mass of the sun: 1.99 x 1080 kg
Mass of the earth: 5.96 x 1024 kg
Average distance
from sun to
earth: 1.495 x 108 km

Average distance
from moon to
earth: 3.84 x 105 km.

a) Derive the gravitational pull of
the moon, and of the sun on the
earth. F t.q3x10"N. r5=3.5a)(1022N.

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 1-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 ".entripetal
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.) 2

rE
2 ac

-r20
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C

Answers to End of Section Questions

Your self-checking answers need not be as elaborate as these.

Chapter 5

01 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.

Q2 Calendars were needed for establishing
the proper times for agricultural activ-
ities and for religious rites.

Q3 During one year the sun shows three
motions: daily rising and setting, sea-
sonal drift eastward among the stars,
and seasonal north-south variation.

Q4 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.

QS 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.

Q6 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.

Q7 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.

Q8 When in opposition a planet is opposite
the sun. Therefore the planet would
rise at sunset and be on the north-south
line at midnight.

Q9 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.

Q10 Mars, Jupiter and Saturn show retro-
grade motion when they are near opposi-
tion.

Q11 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.

Q12 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 atthe center of the largest circle
for each planet.

Q13 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.

Q14 The Greeks around the time of Plato
assumed that a theory should be ba3ed
on self-evident propositions. Quantita-
tive observations were rarely used as a
basis for judging the usefulness of a
theory.

Q15 A geocentric system is an earth-
centered system. It is also an observer-
centered system, because as observers we
are on the earth.

Q16 The first solution to Plato'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.

Q17 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.

Q18 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.

Q19 The distance between the earth and
sun was known to be some 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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Q20 Aristarchus was considered to be im-
pious because he suggested that the earth,
the abode of human life, might not be at
the center of the universe.

Q21 Ptolemy assumed: 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 6) 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,
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.

Q24 The Ptolemaic system was purely a
mathematical model and probably no one
believed it was a physical description.

Q25 Ptolemy displaced the earth from the
exact center of the universe with his
equants and eccentrics.

Q26 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 challenged 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-
trics). Yet in general the sun was in
the center of all the various planetary
motions.
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Q3 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

Q4 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.

Q5 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.

Q6 The predictions made by both Ptolemy
and Copernicus differ from observations
by as much as 2°, four diameters of the
moon.

Q7 Copernicus argued that the distance
to the stars must be very great because
they showed no annual shift (parallax).
But the distance reqvired to make the
parallax unobservab1 was enormously
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
alternative conclusions.



Q8 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.

Q9 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 in a tea
cup.

Q10 The major difference between the
Ptolemaic and the Copernican systems
was the assumption about the mobility
of the earth: daily rotation and annual
revolution about the sun. This was a
difference in the frame of reference.

Q11 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.

Q12 The Copernican system conflicted
with the accepted frame of reference 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 that vast
volumes of space might be empty. This
conflicted with the old assumption that
"nature abhors a vacuum."

Q13 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 timesconflict-
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 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
Newtonto apply and expand the initial
propositions of Copernicus.

Q15 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.

Q16 Tycho's observations of the new star
and then of the comet of 1577 directed
his attention to astronomical studies.

Q17 Tycho's conclusions about the comet
of 1577 were important because the com-
et was shown to be an astronomical
bodyfar beyond the moon. Also the
comet moved erratically, unlike the
planets, and seemed to go through the
crystalline spheres of the Aristotelean
explanation.

Q18 Tycho's observatory was like a modern
research institute because he devised
new instruments and had craftsmen able
to make them, he had a long-term observ-
ing program, he included visitors from
other places, and he worked up and pub-
lished his results.

Q19 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.

Q20 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). Whether the comet is
moving in the direction of the planets
or in the opposite direction is not
clear. In Chapter 8 the motion of this
comet is mentioned. Also there is an
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 refra_tion.
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 would
yield 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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Q4 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 discovered 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.

Q6 Kepler's Law of Areas: the lint? from
the sun to the moving planet sweeps over
areas that are proportional to the time
intervals.

Q7 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.

Q8 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.

Q9 When a circle is not viewed from
directly above its center, it has an el-
liptical shape.

Q10 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.

Q11 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:

Q12 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.

Q13 Kepler compared the "celestial ma-
chine" to a gigantic clockwork.

Q14 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.



otners too. Perhaps you will come to agree that "there is

nothing morepractical 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 aifference of eight

minutes of arc between predictions and Tycho's obser-

vations.

2. should permit predictions of new observations which

can be made naturally ornarraiTlialLEILAIry, 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.
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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.

113

Q15 According to the Ptolemaic theory
Venus was always between the earth and
the sun. Therefore, it should always
show a crescent shape. However, Galileo
observea that 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.

Q16 With the telescope Galileo discovered
the phases of Venuswhich were contrary
to the Ptolemaic system. He also dis-
covered thJ 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
critically related to the heliocentric
model.

Q17 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.

218 Kepler and Galileo emphasized the im-
portance of observations as the raw ma-
terial which must be explained by
theories.

Q19 Galileo was said to be impious. Also
he was sharp in his criticisms of others
and often used ridicule. Officiclly he
was tried for breaking his agreement not
to support the Copernican system as really

Q3 Newton said that he was "contemplative"
when he saw the apple fall. He wondered
about what he saw and began to seek for
explanations.

Q4 You write your own answer to this one.

Q5 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.

Q6 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/R2.

d) F a 1/R2 > ? Law of Periods.
Yes, only this force law will satisfy
Kepler's Law of Periods.

Q7 Kepler's Law of Areas is satisfied by
any central force when the areas are
measured from the center of force.

Q8 Only Kepler'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.

Q9 The derivation assumed that: a) Gali-
leo's law of acceleration applied to
planetary motions as well as to falling
stones; b) that the strength of the
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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.

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.

014 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.

Q15 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.

Q16 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.

Q17 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.

Q18 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."

Q19 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-

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.

Q23 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.

Q24 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.

Q25 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 the
motions of comets, which previously had
been considered as unexplainable. Some
of the comets, moving in very elongated
ellipses, even had periods not much
greater than Saturn (30 years).

Q26 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.



= [4.62 x 10-512 [2.20 x 10413

= 21.3 x 10-10 x 10.65 x 1012

= 22.700.

Since the mass of the sun is 332,000
times the mass of the earth,

mUranus
14.6.m

earth 22,700

Q28 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 rlso 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.

Q29 Following Newton's work careful ob-
servations were needed to determine the
magnitude of many small variations which
his theory predicted. Also the general
problem of the interactions between the
planets had to be worked out.

Q30 Cavendish used a torsion balance to
measure the gravitational attraction be-
tween metal spheres.

Q31 Geologists and astronomers were obliged
to explain how the mean density of the
earth could be 5.52, which is much greater
than the density of surface rocks. Ap-
parently the earth has a central core of
high density.

Q32 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.

Q33 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 f' t reflecting
telescope, and for his ervices to the
Royal Society and to his national govern-
ment.

Q34 After Newton the idea of a great
World Machine was widel:' accepted for
several hundred years. More emphasis
was put upon 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

7.3 4%

7.4 249 years

7.5 0.594

7.6 Discussion

Chapter 8

8.1 Upper focus

8.2 3 x 1C-6

8.3 An activity

8.4 No

8.5 (a) 2.8

(b) 0.71

(c) 0.25

130

8.6 (a) Shorter period

(b) 9:1

8.7 (a) 0.15

(b) 0.41

(c) 1.00

8.8 (a) 1.58 m/sec2

(b) 114 N

8.9 (a) 2.33 x 107 km

7.55 x 108 km

(b) About the same

(c) Discussion

(d) No

8.10 (a) Larger one

(b) 2:1

8.11 (a) Discussion

(b) 6.7 x 1023 kg

8.12 (a) Discussion

(b) 8.3 x 101 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 N

3.52 x 1022 N

(b) Discussion

8.17 (a) 4.2 m/sec2
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FARADAY , ninefeetith century

Glossary

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 degrees
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 size.

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 light
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
as a 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
orbiting 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 masses exerts on each other. Its
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 ce
ter.
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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 rill always occur,
or a certain relationship will be true.

light year. The distance traveled by a ray of
light in one year (about 5.88 x 1012 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
explanatims for the behavior of some actual
physical system. Synonym: 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 is 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 lies on
the line joining them.

orb. A sphere; usually refers to the imaginary
crystalline spheres formerly thought to
move the pl.mats. 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 ics 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 pr
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.

retrograde 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 genes that erupt from the sun's
interior, and cool 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, 98-100
centripetal, 97

Action at a distance, 91
Age of Reason, 5
Alexandria, 3, 12
Almagest, 18, 19, 20, 29, 41, 116
Aphelion distance, defined, 56
Aphelion point, 59, 60
defined, 56

Aristarchus, 16, 18,
arguments against,

19,

17

30, 35, 36, 113, 116

Aristotle, 3, 15, 16, 18, 19, 46, 63, 64, 69
Aquinas, Thomas, 3, 14, 25, 70
Astrology, 110
Astronomia Nova, 50ff, 60
Astronomical unit (A.U.), 32, 61
defined, 31

Babylonians, 2, 7

Bayeaux tapestry, 101
Bible, 37, 39, 71
Black Plague, 78
Brahe, Tycho, see Tycho

Calendar, 20
Babylonian, 7
Gregorian, 8
Julian, 8
of primitive tribes, 1

Causal explanations, 58
Cavendish, Henry, 105
Central force, 82, 88
Centripetal
acceleration, 97
force, 98

Chase problem, 31-32

"Clockwork," the universe seen as, 63
Comets, 43, 61, 101
Conic section, 58
Constant of Universal Gravitation (G), 95, 105
Constellations, 8, 9
Copernicus, Nicolas, 18, 27 ff., 40, 41, 49, 51,

60, 62, 68, 69, 113
arguments against his system, 35 ff.
arguments for his system, 34 ff., 36
finds distance of planets from sun, 31-32
finds periods of planets around sun, 31
finds sizes of planetary orbits, 34 ff.
his seven assumptions about the heavens, 29-30
philosophical implications of his theory, 37-

38

Daily motion, 7, 8, 12, 14, 15, 16
Dante, Divine Comedy, 16
Darwin, 72
Deferent, 23, 31
defined, 21

De Revolutionibus, 27, 30, 41
condemned by Jewish community, 38
condemned by Luther, 37
condemned by Papacy, 38
conflicts with Aristotelian science, 38
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Descartes, Rene, 89, 111, 116
Dialogue Concerning the Two Chief World Systems,

68, 69, 71
Differential calculus, 78
Dioptrice, 62
Discourses Concerning Two New Sciences, 68
Double star

finding its mass, 106
Kriiger 60, 106

Earth, see terrestrial motion, terrestrial me-
chanics

Eccentric, 23, 50
defined, 21

Eccentricity
defined, 56
of planetary orbits, 57

Eclipse

of moon, 10
of sun, 10

Ecliptic, 18
defined, 9
moon's relation to, 10

Egyptians, 2, 7
Elements, the four Greek, 14
Ellipses, 55, 56, 82
and conic sections, 58
eccentricity, 56
elliptical orbits, 83
focus, 56
mean distance, 56

Epicycle, 23, 24, 30, 31, 33, 37, 50
defined, 21

Equant, 50
defined, 23

Ethers, 3?
Eudoxus, 33

"Fall" of ?lanets toward sun, 87
Focus, 56
Frederick II of Denmark, 41

G, see Constant of Universal Gravitation
Galileo, 4, 14, 40, 49, 64, 65, 75, 79, 111,

113, 114, 116

and the Inquisition, 70-72
belittled by Scholastics, 70
builds telescopes, 65
his Dialogue Concerning the Two Chief World

Systems, 68, 69
his Discourses Concerning Two New Sciences,

68

his discovery of the phases of Venus, 67
his discovery of the satellites of Jupiter,

66-67
his discovery of sunspots, 67
his observation of the moon, 66
his observation of Saturn, 67
his observation of the stars, 66
his Sidereus Nuncius, 66

Geocentric view of universe, 14, 15, 16, 24, 25,
33, 108



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),
stated, 61

60, 69, 86

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, 78 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, II, 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., 83, 109, 112
General Scholium, 91

Principle of Parsimony, 80-81
Principles of Unity, 80-81
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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, 6/
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
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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 observes 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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Overview of Unit 2 Experiments

Unit 2 is a brief story of the phys-
ics that developed as men attempted to
account for the motions of heavenly
bodies. It is not a short course in
astronomy.

The climax of the unit is the work of
Newton. For the first time in history,
scientific generalizations to explai-
earthly events were found to apply to ...

events in the heavens as well. This re-
markable synthesis, summarized in Chap-
ter 8, produced echoes in philosophy,
poetry, economics, religion and even
politics.

The early chapters are necessary to
establish the nature and magnitude of the
problem that Newton solved. They also
show that observational data are nPoes-
sary to the growth of a theory. Thus
Chapters 5, 6 and 7 are a prelude to
Chapter 8 and constitute a case history
in the development of science.

The prologue to Unit 2 gives a brief
overview of the unit.

Unit Overview

*El Naked-eye astronomy

El3 The size of the
earth

*E14 The height of Piton,
a mountain on the
moon

*E15 The shape of the
earth's orbit

El6 Using lenses,
making a tele-
scope, using a
telescope

*E17 The orbit of Mars

El8 The inclination of
Mar's orbit

El9 Mercury's orbit

*E20 Step-ele approxi-
Chapter 5 constructs a model of the mation to an

universe based upon the kinds of observa- orbit
tions made by the ancients, the Greeks
and incidentally by modern man. It de- E21 Model of a comet
scribes the motions of sun, moon, plan- orbit
ets and stars as seen from a fixed-earth
frame of reference. It relates Platc's
model and Ptolemy's geocentric universe. Demonstrations

Chapter 6 describes the work of Zn-
pernicus and Tycho Erahe, and disc, :-ses
the arguments that developed and historic
conseauences of this radical view of the
universe. The diligent observations and
recording of these kept by Tycho shows
the importance of such works to science.

The work of Tycho's successor, Johannes
Kepler, and that rva.
in Chapter 7, again with world-shaking
consequences that changed the course of
religion and philosophy as well as that D31 Plane motions
of science.

Chapter 8 gives the student a profile
of Newton, the man, and an insight into
the tremendous power of the synthesis of
earthly and celestial mechanics. The
cement of his synthesis, the law of uni-
versal cravitation, is developed and
several tests of the law are discussed.

D28 Phases of the moon

D29 Alternate demonstration
for model of geocen-
tric motions

D30 Alternate demonstration
for model of hello-
c,ntric motions

D32 Conic sections fro,
model

*recommended experiments

1



Unit Overview

Teaching Aid Perspective Unit 2

TRANSPARENCIES FILMS LOOPS

T13 Stellar motion F6 Universe--NASA LlO Retrograde motion
(Prologue) geocentric

T14 Celestial
sphere

F7 Mystery of
Stonehenge

model

McGraw L1OA Retrograde motion
T15 Retrograde

motion
Hill (pro-
logue)

of planets

L11 Retrograde motion
T16 Eccentrics

and equants
F8 Frames of

reference
heliocentric
model

--PSSC
T17 Orbit L12 Jupiter satellite

parameters F9 Planets in
orbit EBF

orbit

T18 Motion under a
central force FlO Elliptic

orbits

L13

L14

Program orbit I

Program orbit II
PSSC

L15 Central forces
Fll Measuring

large

distances

iterated
blows

PSSC L16 Kepler's laws

F12 Of stars
and men

L17 Perturbations

(about
Galileo)

--Columbia
University
Press

F13 Tides of
Fundy

F14 Harlow

Shapley-EBF

F15 Universal
gravita-
tion PSSC

F16 Forces --PSSC

F17 The invisible
planet

F18 Close-up of
Mars

2
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Multi-Media
Unit 2 Multi-Media Schedule

MULTI - MEDIA 'PLAN UNIT cP
3

Read The Sack Cloud,
Nolte

Small - group Ai-cuss-ion
on article.

Exchan9e and riot
data from El, Naked -
Eye Astronornj

la, as
Text : 'Prolo9ue. to Unit ai Text
il^epare. -Par debate

5
GLASS TASCASGION

Prolevni) and Coperni-
cus

6
STI.weNT ve6A-rm

5a 6a.
Reader: Great Comet.,
Cohcoric.11.11,epore For del:70We

9
LAB 57Anows

Broke and kepler

TEACHER 'PRESENTATION

Platak and Aristolte's
Views

3a
5 I *Mrou.9k 5.4. Text ! 5.5

10

Expevamerit E f71
Orbit of Mors

Reader: si-Arym
Messer-9er. , Galileo

13

SrATiot.15
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13a
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7
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TEACHER PResEnn-nooN CLASS INSCUSgioN

8rahe and kepler Models avid Frames
of Reference

boa lla 12a.
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Details of the Multi-Media Schedule

Day 1

Read The Black Cloud, Hoyle

Some possible questions for small-group
discussion:

Is it possible?
How big is it?
Where is it located?
What would Aristotle say?

Make assignments for student debates,
day 6. You will need debaters, time
keepers, judges, etc. This is a good
chance to work with the English depart-
ment.

Day 2

Small groups plot data from El and dis-
cuss questions from experiment. If data
was not available, use data provided in
the Teacher Guide.

An evening visit to a planetarium would
be useful. An evening star-gazing ses-
sion might be an alternate activity.

Day 3

Teacher presentation on Aristotle and
Plato. The scientific and philosophical'
viewpoints of the ancients are presented
and discussed.

Day 4

Lab Stations: Ptolemy and Copernicus

1. epicycle machine (see student ac-
tivi ty)

2. film loop L10A
3. D28 phases of the moon
4. D29 geocentric-epicycle model
5. celestial-sphere model (student

activity)
6. T14 celestial sphere

Day 5

Class discussion: Ptolemy and Copernicus

Answer questions that will arise with
regard to geocentric celestial mechanics.
T13 and T16 should be helpful.

Day 6

Student debate. The nature of the uni-
verse as described by Ptolemy and Coperni-
cus. Students present both viewpoints in
standard debate form.

Multi-Media

Day 7

Students collectively do Experiment 15,
The Shape of the Earth's Orbit. Several
students read measurements of solar diam-
eters from projected photographs. Every
student makes an orbit plot. Large
sheets of graph paper are very helpful
for this exneriment.

Day 8

Small-group problem solving. See p, 14,
Student Handbook, for some possibilities.
Alternate: devise "computer-based" prob-
lem.

Day 9

Lab Stations: Brahe and Kepler

1. drawing ellipses (see Student
Handbook)

2. demonstrating satellite orbits
(see Student Handbook)

3. T17 Orbit Parameters
4. film loop Lll Retrograde Motion,

Heliocentric Model
5. conic sections model (see Student

Handbook)
6. T18 Central Forces

Suggestion: students might enjoy taking
star-trail photographs as activity.

Day 10

Experiment 17: The Orbit of Mars.

Students plot Mars' orbit on graph made
on day 7.

Day 11

Teacher presentation: Brahe and Kepler

Points to make:

1. the role of instruments and mea-
surements

2. looking for relationships in data
3. kinds of people in science (e.g.,

Brahe and Kepler)

See Kemble, Physical Science, Its Struc-
ture and Development, Chaps.l -5, 19.
Also Koestler, The Watershed.

Day 12

Class discussion

Possible discussion topics:

1. models of the universe (Aristotle
to Kepler)

2. the changing nature of physical
laws

3. separation of celestial physics
and terrestrial physics in his-
tory

5



Multi-Media

Day 13

Lab Stations: Galileo

1. height of a mountain on the moon
(E14)

2. making a telescope (Part of E16)
3. L12 Jupiter's Satellite Orbits

Since these stations require quantita-
tive observations, more time should be
given for each activity.

Optional: Check out telescopes for stu-
dent use. Perhaps an evening star-gaz-
ing session on planets and the moon
would be appropriate here.

Day 14

Film: (Harlow Shapley)

Encyc'.opedia Brittanica Film #1806
(30 min)

This film discusses major astronomical
discoveries and how they have influ-
enced philosophy, religion, and an ori-
entation to the world. Follow with small-
group discussion on film.

Day 15

Teacher presentation: The Newtonian Syn-
thesis

Here Kepler's laws, Galile)'s observa-
tions, and terrestrial physics are com-
bined into one grand law. See Holton
and Roller, Foundations of Modern Physi-
cal Science, Chaps. 11 and 12; Kemble,
Physical Science, Its Structure and De-
velopment, Chap. 9; and Andrade, Sir
Isaac Newton.

Day 16

Demonstrations: Central Forces

Begin with T18. E20 may be done as demon-
stration experiment. Loops 13 and 14 are
other possibilities.

Day 17

Lab Stations: Inverse-Square Law

Students work at one station only, take
data, plot, and compare.

1. Photometry. With a light meter
measure intensity at various dis-
tances from a small source.

2. Radioactivity. Measure intensity
of radiation at various distances.

3. Sound. Microphone and amplifier
drive a "Vu" meter. Measure inten-
sities at various distances.

6

4. Magnetism, See activity in Unit 4
Student Handbook, "Force law for
bar magnets,"

5. Electric Fields. See E34 or equiv-
alent.

Day 18

Students demonstrate experiments (day 17)
and show results to rest of class.

Day 19

Film PSSC #0309, "Universal Gravitation"

A tongue-in-cheek Hume and Ivey film; re-
quires careful post-film discussion.

Day 20

Student option

In small groups or individually, students
plan their own activity for this day.
Possibilities include:

El.), Size of the Earth
E19, Mercury's Orbit
E21, Model of Comet Orbit
Activities from Handbook
Reader articles
Periodicals or other outside reading

Day 21

Option

Some possibilities:

1. class reading of play, "Lamp at
Midnight" from the Hallmark Hall
of Fame TV series, available in
paperback

2. a field trip to planetarium
3. National Gallery of Art slide set

and record, "Physics and Art"
4. write Haiku about Unit 2 topics

Day 22

Review Unit 2 in preparation for exam

Day 23

Unit 2 exam

Day 24

Discuss exam
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Chapter 5 Schedule Blocks

Each block represents one day of classroom activity and i-Iplies a 50-minute
period,

1 5 6

'Read 5.o - 5. 3

'Read Experiment I4.

Discuss indirect'
measurement,
exp. procedure,
Height of 'piton

xp.

Analyze Lab

Discuss exp.
procedure and
numb
importance of
iridtrect measure-
ment
..floblem Serniner.

Read 54-5.7

Dikies debits cf
ftvienaw. sggtent
Eccentrics and
equant4 itonsper-

rocrude
ourtion Icor o

'Revtitv Char 5

Chapter" quiz

10 11 15 lb 011 is a4-

Chapter 5 Chapter 6
[
Chapter 7 Chaps- S -Teat

7



Tr-xt

Chapter 5 Resource Chart

Schedule Problems Experiments and Teacher Demonstration

5.1 Motions op the
sun and stars

5.2. Moiiikrbs of the
rnoort

a E I Naked- eye astronorn (continu
E 13 The size or -the earth,

E 14. The h4191-it of 'Piton, $2 mountai
on.lhe moon

DR g Phases of -the moon

5.3 'The wandering
stars 1

5.4 flato's problarn 3

5.5 Tie first earth-
centered ,o/otifipn

Dag Alternaa-t e. demonstration for
model of geocerfh-cc motions

5.6 A sun-centered
soltitiOn.

173o Attarnale. demonstrdtton for
model of hetiocertrec motion.

5.7 The °eccentric
Notern o- 11-olern9 , 4

8 .



Chapter 5 Resource Chart

713 Stellar Motidrt. Ra 'Roll Call
1't4. CelesttW Sphere
F6 Universe - NASA (Prologue)
F7 Mystery of Stonehenge - MCC* OW- (fh,1,09tie

Ant strip of Mars at three oppositions
LI0A Retroc3raole moons of planets

1-I3 Stellar. rnottOrt
Tt4. Celestial sphere
Rt2. -The t ouroieset of Epicurus

T-15 1:?etro9 rotote nicitt'on,

Tie Eccentrics and equards
L to Retro9racte motor:

How Long is a tt:Ictreat olaj?
Global sundial

Making an9ufor measurement
Scale' model of? 1Pte Solar
s9sterrt

Celestial - sphere model.
Arrritltart,, sphere

Epicycles and retrograde
rrtott'on



Chapter 5 Experiment Summaries

Experiment 1*: Naked Eye Astronomy

In this experiment, students are asked
to make quantitative sky observations over
a period of several weeks. Data is then
plotted on graphs, and graphs are inter-
nreted. Sample data is provided in case
of bad weather. This exneriment should
be started during the first few days of
school year.

Equipment

Astrolabe

Constellation Chart

Exneriment 13: The Size of the Earth

/ Two students, at least 200 miles anart,
take simultaneous star sightings. Data
is exchanged, and the size of the earth
ma!, he calculated. See list of consult-
ants for possible cooperating teachers.

Equipment

Astrolabe

Experiment 14: The Height of Piton

A combination of measurements made
from a moon photograph and assumptions
made from a geometric model allow indi-
rect measurement of the height of a moun-
tain on the moon.

Equipment

Ruler

Student Handbook

10x magnifier

10



Chapter 6 Schedule Blocks

Each block represents one day of classroom activity and implies a 50-minute
reriod,

1 5 6

1?ead Expertniant is

Read 6.1- 4.5

Discuss the f6tms
of roperence,
heltocan Trio uM-

wwsa and ICS

Show nnro9r
motion I. u

fi-oblem Seminar

Bead 6 . 6 - 6 s

Discuss impor-
tance of occunoire
measurement
Frames or
rference.
?wakes 69sTem

14%444 016,0w4

Chapli3r quiz.

10 II 15 16 RI a.2

Chapter 5 ChaPITor 6 Ouplbr 7 Chapter Test

11



Chapter 6 Resource Chart

Probiernz; Expc:r.rnent.; and Tcachor Demonstration

6. 1 lAe Copernican
siosiem

6.2 New conclusions

6.3 Ar9Arnents for
Ike Copernican
sygrem

6.4, Arguments aojainst
Coperritccui

9.5stern

6.5 Nistorieal
consequences

6.6 Tycho Brodie

6.7 Tycho's observet--!
TiOns

6.8 Tyciids compro-
mise stern

EIS 7Gie shape of tote eartKs orbt

E16 Using ten es, making a t(42-
scope , using a telescope

12



Chapter 6 Resource Chart

L U Re-men:We mOtiOn-heliocentric nialel

F6 Frames of reference issc

F9 'Planets in orlOit - EgF

1 il7 The rectir Comer of (965

R3 A Night dit te Obscirvotory

Planetary poidiOns Yelalilie to
Ste surt
Retrograde motion

'Roof' brat Vie earth rotates

Telescope or birtoccilar
observations
Observin9 sunspots

13



Chapter 6 Experiment Summaries

Exneriment 15*: The Shape of the Earth's
Orbit

The student uses a series of photo-
granhs of the sun to establish relative
earth-sun distances on twelve dates
throughout the year. Data is plotted
as geocentric and heliocentric systems.
Heliocentric graph is used as a starting
noint for E17, The Orbit of pars.

E-ruinment

35 mm film strip projector

(screen) ..

leterstick

craoh naper--20 x 20 size desirable
or smaller sheets

Film strip of sun photos

Ruler

Comnass

Protractor

Experiment 16: Using Lenses, Making A
Telescope, Using a
Telescope

By "playing" with lenses, students
realize that convex lenses can be used
to a) magnify, and b) form real images.
PO, combining lenses in an appropriate
way, a telescope can be formed.

This experiment is not intended to
teach the details of geometrical optics.

Eguinment

1 large lens

1 10x magnifier

1 small lens mounted in wooden optics
cylinder kit

2 cardboard tubes, telescoping

1 nlastic cap for mounting large
lens

Optional

Wooden saddle

Rubber bands

Camera tripod

14



` --Chapter 7 Schedule Blocks

tach block rellresents one day of classroem activity and implie5 a 50-minute
^cried.

"Read 71 - 75

Discuss and use
kepler's Caws
Shaw Orbit
melees

Read Expertment E$7

Di6cass lviangda-
Ulm

Orkin of Mars
Experiment

DISCUSS para -
mOisrs of Harts'
orbit"
fi,viblem Seminar

Veact. 7. 6 7.



Text

Chapter 7 Resource Chart

Schedule Problems
t ,

Experiments and Teacher Demonstration

7.1 We obanclorimerit 0F,
uniform cicutar
motion

7.2 kepler's second
Law

7.3 Kepler's Law or
elliptical orbits

1

7.4 Usins ttle first 3 a 51
irao /aws I

ri7.5 Kepler's law or
periods 4

D 31 flane mo/iOns

76 1Fie new concept
or plitpeAal law

Ei7 1fuz orbit of Kars
E is The ivicikoition or Mars' orbit
if ict Mercurc.i's ortiir
.1) 3.2 Conic eTibiS . ft-owl mooted

7.7 Galile,o's

7 8 Tie. telescoKia
evialonce

79 Cohleds aroJA-
rnevi%

tiv 1Fte ofrogition
-to Ciattleo

7.11 Science .

pivedorn

3.6
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Chapter 8 Schedule Blocks

Fach block represents one day of classroom activity and implies a 50-minute
"eriod.

Road - cs

Discuss motian
under ceriolrrai

cd.
tehrOr+.41: central

trans

forces loop as cup
preview

Read Experirrient Ego

DiScass
procedure Steqc;
wee orysprox
an orbit experi-
ment Eao

Analyze Lab

&now
orbit ffIrirroop
Problem Seminar
L13 and Liik

Read 8.6-8 IP

Discuss keplers
laws and univers-
al iropidutiOn,
'theories in 9eneml

'Read 8.13-8.18

5rtour and
discuss Tueiter
scitelUte lt
loop L

'Read 53 lq and Review

Chapter quiz.

Wit review

Wit test

Ariakjsis

5 °looter 6 tear 7 Chapter 8 Test

19



Text

Chapter 8 Resource Chart

Schedule Problems
,

Experiments and reacher Demonstration

6.1 A sketch of Newton's
life

8.2 Newtons Prin6pia.

I Eao Srepvitse oprrcocirnatiarc to an orbit

8.3 A previevv of
Newton's anatiois

8.4. Motiort under-
central force i

8.5 The inverse - square
law of planetary force

8.6 Law of2 universal
grr4rra ion

8.7 The magnitude op
planetar'y force

R 9

8.8 Mettle The general
law

3' 7
10b

8.9 The moon and univers-i
at gravikitti,n

8.10 bii---c'thtitli6n aiict
planet-ay-9 come

14.

17

8

S

8. le Ike-Wes

8.12 The come

16

Eat
. ..

Model of a comet orbit'

8.0 'Relattie masses op
The playlets compared
to /tie. sun

13 6

8.4 The scope cf tie
principle of
1011Verga( eraiiiratibn

.

8.15 -the actual masses
q celeatial bodies

8.16 Seciand The solar
syrb-rn

8.17 Sows& influences
NevAwt'S work

8.18 Newton's place in
modern science

.... _
8.19 Wtiat is a Maori?

20



Chapter 8 Resource Chart

Rio Newton and The Principta

RI( The Laws of Motion and 'Ft'opoi4tIOn One

Rt 7Fm ?lack ()Dud

Motion under cenTnal Porce 1.13 Program oral (E 20
L14 1+ograrn orbit ( exp. 2o)rarti: Nemarfs Equal

L IS Central Ponces 'iterated blows
L_14. Keeler's laws

R is Cray:sty experriments

122.1

Rt5

"Tie Stars 22 Light- years Mot Could Nave
Halditable Planets
A Seouich for Life on Earik cir kiforndret-
Res° laWon

Ra Universal Grouittlitron

F13 Ttoles cf Fundy

Rte 'The Soy Who Reoiaerneoll His Talher's Name

1-12 VuOlter satellite orbit
14 Harlow Shapley - EF-

Fis Universa Cfrathratie.n PSSC

Fit Force:s - fest

R23 "The Lipe Story of' a Elxickx3

-R14. Appreciotien of btu meth

1.17 'PerturbatiOns

---

'Three. di-nertsional model of -No
°relit
Derhortstrating conic, sections
qraphtbal coAst-ruction cf conic
secMor6
A conic - sections model

Dernonstrati43 vortexes

Other cornet- orbits

Hiitictt -end
21



Chapter 8 Experiment Summaries

Experiment 20*: Stepwise Approximation to
an Orbit

A geometrical technique is given that
allows the student to plot the orbit of
a short-period comet. The experience
dramatizes the directional nature of a
central force and the variation of ac-
celeration due to an inverse-square force
law. Other aspects of orbital motion can
be investigated using Kepler's laws.

Equipment

20 x 20 graph paper

Straight edge

45° or 60° triangle

Dividers or compass

Experiment 21: Model of a Comet Orbit

From the six elements that define the
orbit of Halley's comet, students can build
a three-dimensional model which shows how
the comet's orbit is related to the earth's.
They can also develop a timetable (Ephemeris)
for the comet's motion and so interpret the
observations made of the comet in 1910.

Equipment

Cardboard or stiff paper, two sheets

Ruler

Protractor

Data for Halley's comet (Student
Handbook)

Compass

Scissors

22



Study Guide
Chapter 5, 6

Solutions for Chapters 5 and 6 Study Guide Is) Sunrise would occur at the same moment

to everyone.
5.1

a) Observations

5.2

Apparent motion
of the sun:

1) daily west-
ward motion

2) annual north-
south motions

3) annual east-
ward motion
through the
stars

Apparent motions
of the moon:

1) phase changes

b) Reason for Impor-
tance

2) continuous mo-
tion eastward
among the stars

Apparent planetary
motions:

1) retrograde mo-
tions westward
at opposition
(Mars, Jupiter,
Saturn:

2) per, Aix mo-
tions of Venus
and Mercury
near the sun

Apparent fixed
positions of the
stars:

1) continuous cir-
cumpolar rota-
tion of the
celestial
sphere

day-night deter-
mination

seasonal changes

length of the
year, basis of
the calendar

tie-in wite,

other physical
phenomena

basis of the
month, related
to eclipses of
sun and of moon

a seemingly con-
trary motion
that should be
explained
THE REAL BUGABOO:

planets are dif-
ferent in some
ways

the most uniform
of all observed
motions

Regardless of the earth's shape, the apparent
motions of the stars would seem the same.

a) Saucer-shaped:

In the morning the sun would be seen
earlier in western lands than in eastern lands.
At sunset the sun would be seen later by
observers in the eastern areas.

c) Like a flat earth, only abrupt changes at
the edges.

d) No variation of the sun's noon altitude
with north-south position of the observer.

5.3

a) The time interval between recurring
heavenly events, such as eclipses of the sun,

is very often large. Intervals are such that
periodic phenomena are not often seen as peri-
odic unless records cover hundreds of years.

b) In terrestrial studies, lost experimental
data can be recreated by repeating experiments.
This is not possible in astronomy.

5.4

a) Each theory described a model through
which certain phenomena were described adequate-
ly, e.g., retrograde motions.

b) The geocentric, earth-centered idea was
consistent with theology, philosophy and common
sense. The heliocentric put the sun, the light-
giver, at the center of the universe.

c) Ptolemy used geometrical motions to im-
prove the precision of predicting planetary
positions.

6.1

a) When Mercury and Venus are moving from
farthest east to farthest west relative to the
sun, they are overtaking the earth and passing
between the earth and sun. In the case of

Venus only about one-quarter of its orbital
period is required for the planet to move from

farthest east to farthest west.

b) To find a period for Mercury's motion
relative to the sun we have a choice of which
intervals to measure. Probably the most sig-
nificant would be the times required for Mercury

to pass the sun. The three intervals for motion
from west to east are: 110, 105 and 130 days.
For motion from east to west the intervals are:

127 n-d 112 days. The average of the five

intervals is 115 days. The variations result

from the eccentric orbit of Mercury.

c) The mean cycle compared to the sun is
115 days, or 0.315 years. This is T in the

equation of the chase problem. N is one. Then

period of Mercury = T/(T+N), or
= 0.335/1.315
= 0.240 y, or

87.5 days.
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d) The major sources of uncertainty are:

1) Only three cycles for Mercury are
shown. With more cycles a better average would
result.

2) The orbit of Mercury is not circular,
but is rather eccentric. Therefore the observed
intervals depend upon the direction from which
we on the moving earth see Mercury in its orbit.

e) Only a little more than half a cycle is
shown for Venus. We assume that the motion is
symmetrical. Since a half cycle takes 289 days,
a full cycle would be 578 days. In one year we
observe 365/578 of a cycle; this is N = 0.632.
T is one year. Then

period of Venus = 1/(1+0.632)

= 0.613 y
= 224 days.

Solutions for Chapter 7 Study Guide

7.1

T
2=

ka
3
where k = 1 yr

2
/A.U.

3

T2 = 20 3 = 8000.

T = 8000 = 89.5 years.

7.2

a) a3 = 752 = 5625

a =
3
/5625 = 17.8 A.U.

b) e = c/a where c = mean distance - peri-
helion distance.

c = ae = 17.8 x 0.90 = A.U.

least distance = a - c = 17.8 - 16 =
1.8 A.U.

c) From law of areas, velocities are inversely
proportional to distances.

v aphelion/I/perihelion

= (a-c)/(a+c) = 1.8/(17.8 + 16)

= 1.8/33.8 = 0.053.

7.3

1.02 - 0.98 = 0.04 or 4 percent change,
since speeds depend upon distances.

7.4

T = (39.6)3 = 249 years.
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7.5

c = ae = 0.254 a

ratio of speeds = inverse ratio of distances

= (a-c)/(a+c) = (a-0.254a)(a+0.254a)

= 0.746a/1.254a = .549

7.6

Discussion.
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8.1

The upper focus is the sun because the nearer
the sun the greater the speed. The vector dif-
ference - K over a relatively small time in-
terval is proportional to and in the direction
of the accelerating force. It is therefore
directed at the sun.

8.2

(a) The forces are equal in magnitude and
opposite in direction.

(b) a=

as Fs/ms
ae

F/m
e e
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TA 2 R2
TB 2 RB 3

T 2 = T 2 RA3 = T 2 (2)3
A B B

TA = TB (8)

Then, TA = 2.82 TB.

This is considerably more than twice the
period of body B. Therefore they are not re-
volving about the sun.

8.5

(a) T2. kR2 or TA2
R
A
3

TB2 RB3

Since Fs = Fe and ms = 3.3 x 105 me

T -1-

TA

ET
(8)B BBa m

s e

ae 3.3 x 105 m
e

or

a

= 3 x 10-6
a
e (b) If R

A
= 2R

B'
then the ratio of the

circumferences is

T
A

= 2.8
T
B

8.3

/0.-
9-

1 3

DISTANCQ (.w ea.,#. pad..)

The weight at 100R will be small but not
zero. Likewise the weight at 1000R will be
much smaller, but still not zero.

8.4

C
A

2n(2R
B
)

CB = 2n(R8)

If it takes planet A 2.8 times as long to
complete its orbit, the ratio of their speeds is

C
A

v 2.8T C
A B CA 2

v8 C8 2.8C
B

2.8
0.71

T
B

(d) Their accelerations are proportional to
the gravitational forces which are inversely

proportional to R2 (F a lir).

aA FA RB2
RE2

a8 F8 RA? (2R8)2- k = SLal= =

It is interesting to compare this result
with that obtained from using the kinematic
value of centripetal acceleration, A = v2/R.

a v 211._ 2
A Avib

vA
B
= (0.71)2(k)

A B
---=RvB 2 x RA
2B

We assume that A and B are relatively small
bodies revolving about the massive sun. The aA
period of body A, whose orbital radius is 2148 = 0.25
could be calculated: a8
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(a) If the masses of the t ..o halls arc doublto,

the point in the center r.mains the point at

'which the gravitational forces balance.

(h) Let MI = 2M: and m be a mas, at the point

where the force' balance.

Then, GM m GM m- -
R. 2 R 2

R12 GM.

R22 GM;

11.1_ iL 1."

The point is 1.41 times as tar from MI as

from M.,

Study Guide
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this difference can he determined in th. 1s,1-

1(rdng way. The tide-raising force of the sun
or moon results from the difference between the
forces exerted on the earth as a thole (mass-
point) and on the fluid staters one earth - radius

pearvr frthe: from the center the earth.

By doing the analysis for such a difference
in algebraic terms. we can avoid such arithm,tic.
The force, F, on the earth varies as 1/11.:'. where
R is the distance between the center of the earth
and the center of the other body (sun or moon).
The force at a slightly different di,tan,o,
(R + AR). is (F - AF)(if the distance increases.

the force decreases), which is

(F -
(R

, or

* 14 + 2 oh +

8.16
If AR is small compared to R, then AR? is

GM M negligible.

(a) F
m e

- 1
R
m
2 Then AF ''.,

(727-575) + F

C = 6.67 x 10-11N.m2/kg2 1,
1 1

(R2 + 2R AR) + R2

M
m
= 7.18 x 102 2kg

By cross multiplication this becomes

M
e
= 5.96 x 1024kg R 2 + R2 + 2R AR

"c

R2(R2 + 2R AR)
, or

R
m
= 3.84 x 108m

F
m

= 6.67 Y 10-1 IN.tt/kg2 x 7.18 x

1022141 x x 1024kg

(3.£, Y 10°m)2

ti 2AR

R2(R + 2AR)
..

1
But F is "t, , so we may write

2AR
AF ti F

(R + 2AR)

F
m
= 1.93 s :YON The square brackets contain the term which

gives the c..,%ge in force F for a small change

GM'M :n distance, AR. Since the force F has been
s

F
s

=
e determined in part a) above, the values of F

can be found for points one earth radius nearer,
or farther, from the attracting body, sun or

M
s
= 1.99 x 1088kg moon.

1

R 1.50 x 101 lm For the moon, AR is To- of R, 0.0167R.

s .

Fs = 10-1 IN.m2/kg2 x 1.99 x

10"kg x 5.96 x 10241(g.

(1.50 x 1011m)2

For the sun, AR is
6,000 im

150,000,0 0 km

10?'12.

Then, for the moon,

22NF
s
= 3.52 x 10 2 x 0.0167

F
M (1 + 0.0167)

- x 1.93 x 101 'N =

Thus the gravitational forte of the sun on
the earth is 182 times the force of the moon on

the earth'.

(b) The moon has the greatest effec- on the

tides. The difference in the force of the moon
on the near and far sides of the earth is greater
beacuse the moon is much nearer, the earth than

is the sun.

6.35 x 101 8N

while for the sun,

2 x 4.0 x 10- 5x3,52
x 1022N =

FS (1 + 0.00004)

2.82 x 1018N
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We see then that the differential tide-
raising force of ae moon is more than twice
that of the sun.

8.17

v2 472R
a = -- -
c R T2 '

where R is distance of satellite from center of
earth, namely radius of earth plus height of
satellite--(6.37 + 3.43) x 106m = 9.80 '4 106m.

T = 161.5 x 60 = 9690 sec.

4a2(9.8 x 106)
a
c

- - 4.2 misec2
(9690)2

For A xitcuLar'er5it this value Aduld eydai
the acceleration due to the earth's attraction
at the satellite's distance--namely, GM

R2 =

6.67 x 10_i 1Nm2/kg2 x 5.96 x
1024kp,

(9.8 x 106) 2

= 4.17 m/sec2.
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The speed op a planet in
art &lip-tic:at orlon

OA Tut:4er sate(litt orbit

The s1arr9 messanser

7-12 Of Stars and men (about' Galilee )- Columbia Gaff's:,
UhiversrTti 13-ess.

f?s Actliteo

17

Answers to REVIEW PROBLEMS

from Student Handbook, p.14.

=-- The sketch below illustrates sunrise
on March 21,
Sketch, approximately, the positions
of sunrise on each of the following
dates:
a) June 21
b) September 23
c) December 22

3ww 21 5443 /1 Jes. 12

JiAt noon on October S a vertical stake
casts a shadow as shown below.
Sketch, approximately, where the
tip of the shadow will be on the
following dates:
a) June 17
b) December 2S
c) March 30

itler.30

Zits. Mt. Sum.

Study Guide
Review Problems

1 ,The sketch below Illustrates sunset on
--March 21.

Sketch, approximately, the positions
of sunset on each of the follo4ina
dates:
a) June 21
b) September 23
c) December 22

7N4. I _ Soot23 Jww, 2f

q The shadow of the stake is shown fer (
noon of October 5. In what direetionl
is the sun? How high in the sky is
the sun at noon on oer.S
a) December 25? Suo
b) March 30?
c) June 17?

qc tg



orbit

This is a follow-up experiment to E17.
mars nhotographs are used to measure the
inclination of the plane of Mars' orbit
relative to that of the earth.

Ecuinment

Booklet of Mars photographs

Transparent overlays

Graph paper

Experiment 19: Mercury's Orbit

The orbit is obtained from observa-
tions of Mercury's maximum angular elonga-
tion from the sun. Results are plotted
on earth orbit (E15) and Mars orbit (E17)
graphs. Orbital eccentricity and Kenler's
second law can both be studied.

Eouinment

18

Graph of earth's orbit (E15)

Table of planet positions

Student Handbook

Protractor

Straight edge

."(
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Sec. 5.1: Motions of the Sun and Stars

vrien the change was made in England
from Julian to Gregorian calendars in
1752, September 2 was followed by Sep-
tembsr 14 for a correction of 11 days,
Many peasants are reperted to have
claited they "wanted their eleven days
back."

Gorge Washington was actually born
on FEbruary 11, 1732 according to the
Julian calendar then used by the British.
Scholars must be careful to distinguish
Julian (Old Style) dates from Gregorian
(New Style) dates on original documents
from the latter half of the eighteenth
cent-ry.

T:ere are eighty-eight official con-
stellations. By international agreement
all ':he boundaries were defined along
nort -south or east-west lines, although
older star maps show curved boundaries.

We have avoided referring in the text
to bath the zodiac and to sidereal time.
Sidereal time is star time which gains
on mean solar time by 3 minutes 56.6
seconds per day, due to the motion of
the earth about the sun.

Students may wish to read "Stonehenge"
by Jacquetta Hawkes (Scientific American,
Vol. 188, No. 6, June 1953). See also:
"Stonehenge Decoded" by Gerald Hawkins.

Sec. 5.2: Motions of the Moon

11s recently as our Revolutionary War,
navigators at sea depended strongly upon
the position of the moon among the stars
as the basis for determining their longi-
tudes at sea. This was before chronom-
eters were devel_nnpel hn kc.on ann",nh..

Sec. 5.3: The Wandering Stars

Sections 5.1. 5.2 and 5.3 have re-
viewed the basic observations to be ex-
plained by a theory. If the students
could fill in the following table cor-
rectly, they know the major motions to
be explained.

Motion Stars Sun Moon Planets

Daily motion
from eastern
horizon to
western hori-
zon

Generally move
eastward among
the stars

Move N-S while
moving east-
ward

Moves N-S in
one year

Moves N-S in
one month

Retrogrades

Sec. 5.4: Plato's Problem

x x x

In a recent book, Marshall Clagett
(Archimedes in the Middle Ages, Vol. 1,
Univ. of Wisconsin Press, 1964) has fer-
reted out the history of the manuscripts
available on the works of Archimedes.
Because Archimedes was one of the giants
of Hellenistic Greece, we might expect
that many manuscripts would be available.
Not so. Modern knowledge of Archimedes
is based mainly on three Bvzanrinn crook



Sec. 5.5: The First Earth - Centered Solution

To the ancients the earth was very
large, immobile, and at the center of
all motions. It seemed easy to explain
the motions of the fixed stars with the
earth at the center. Mention is made
that Eudoxus, Plato's pupil, needed only
twenty-seven spheres to explain the
geieral observations. Aristotle added
twenty-nine more mainly to tie together,
li<e a great gear-train, the spheres of
Eudoxus. Enough motions are needed to
account for the various cycles observed.
As more cycles were included for greater
precision, more motions were needed.

From our point of view, one big draw-
back of the earth-centered scheme was
its failure to predict precisely the
positions of planets in the sky. But
(=reek science had different purposes
than modern science; its theories were,
at first, only intended to account for
the general changes observed. The desire
for greater precision came later.

Students should understand that it is
impossible to describe the theory of the
Greeks. There were many variations.
Plato believed that the earth was spher-
ical from the shape of its shadow thrown
on the moon at lunar eclipses. Heraclides
of Pontus, who was, like Aristotle, a
pupil of Plato, believed that the earth
was at the center and rotated while the
heaven was at rest.

Your students will probably be amazed
to find that in the thirteenth century
most of the astronomical explanations
were still those of Greek antiquity. To
elaborate is to trace western civiliza-
tion; perhaps some students will want to
present the class with a capsulated his-
tory. Or perhaps a stuaent will want to
explain to the class how Dante in the
Divine Comedy (1300 A.D.) described the
spherical earth in the center of the
world, with the planets and stars moving
in celestial spheres.

The Greek arrangement of the planets
has come down to us in the names of the
days of the week. Students might note
that many of the names we use are from
the Teutonic mythology, e.g., Thor's
day, and match the characteristics of
the various gods and goddesses in tht.
Greek and Teutonic mythologies. Language
students will note that the day names in
French and Spanish and Italian are close
to the original Greek names.

Sec. 5.6: A Sun-Centered Solution

Through the Almagest which circulated
among scholars and students in the Middle
Ages, the idea of a heliocentric system
was known. Copernicus tried to defend

Background and Development
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a sun-centered system (Chapter 6) and to
refute the argument in the Almagest
against Aristarchus.

Figures 5.10a and 5.10b show the
earth and a planet moving in circular
orbits around the sun. The earth moves'
faster. Figure 5.10a shows that at
point 1 the planet has a relative motion
ahead (eastward) from the earth. At
points 2 and 6 for cath the earth and
planet the components of motion perpen-
dicular to the sight-line are equal, so
the planet appears to be moving backward
(westward or retrograde), At point 7,
like point 1, the planet is seen to be
moving eastward again.

See resource section,p. 140 for
note on the sizes and distances to the
sun and moon by Aristarchus.

Sec. 5.7: The Geometric System of Ptolemy

During the 500 years between Plato
and Ptolemy the Greeks had made great
achievements in geometry. Ptolemy ap-
plied some of these in his attempt to
find ways to predict precisely the posi-
tions of the planets. He was willing
to sacrifice Plato's assumption of uni-
form angular motion around the centers
of circles for greater precision in his
predictions. Emphasis was upon the
longitudes, or position along the eclip-
tic, rather than upon the latitudes, or
positions perpendicular to the ecliptic.
The latitudes could be predicted, at
least roughly, by tilting the planes of
the epicycles a bit from the plane of
the ecliptic.

Our intent is not to stress the de-
tails of the various geometrical devices
used by Ptolemy, but rather to indicate
his ability to introduce many different
types of motions to satisfy the increas-
ingly more precise observations. To
satisfy a variety of cycles found in
planetary motions, Ptolemy introduced a
variety of geometrical mode1,73: the ec-
centric, epicycle and equant. His com-
putational devices solved geometrically
problems for which we would use equations
in trigonometric terms of sines and co-
sines of various angles, with constants
to give the amplitudes of terms. (An
overhead projection on the eccentric
should be available for class use.)

See resource section, p. 140, for
notes on epicycles.
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Sec. 6.1: The Copernican System

Since both the Copernican and the
Ptolemaic systems had to account for the
same observations, the two systems had
about the same number of motions. Co-
pernicus also used Ptolemy's numerical
constants which described the magnitude
of the motions. Consequently, the Co-
pernican system was no more precise than
the Ptolemaic system it proposed to re-
place.

But increased precision was not really
Copernicus' primary intention. He wished
to purify the model, to describe all the
motions on the basis of combined uniform
circular motions.

Copernicus had been requested by Pope
Paul III to assist in the reform of the
calendar, which resulted later in the
Gregorian calendar in current use. But
Copernicus declined, claiming that a
better calendar should be based on an
Improved system for predicting celestial
events. Some idea of the complexit, of
forming a calendar for civil and rei..-
gious purposes is included in the article
"Calendar" in the Encyclopaedia Britan-
nica.

Abctt 1530 Copernicus prepared and
circulated to a few friends the Com-
mentariolus, which was a sketch of his
proposed system. Through it a number of
people learned a bit about the ideas he
was developing. Later in his Revolutions
Copernicus made some changes in the argu-
ment and added other, small cyclic mo-
tions, perhaps as a result of criticisms
from his friends.

Sec. 6.2: New Conclusions

The orbital distances for Mercury and
Venus were found from the maximum angu-
lar elongations from the sun, as Fig.
6.4(a and b) indicates. An optional
experiment, E19 uses such observa-
tions to yield an orbit for Mercury.
The orbit of vinus is almost circular.

Orbital distances for Mars, Jupiter
and Saturn were found by replacing their
large annual epicycles by a single an-
nual revolution of the earth. Then, as
Fig. 6.5 indicates, the orbits (deferents)
of planets would be moved inward or out-
ward from their positions on the Ptolemaic
system. Table 6.3 shows the arithmetic.

As the table below suggests, students
can work out their own approximate values
from measurements on Fig. 5.15 (which
was not intended to be exact).
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Derivation of Planetary Orbits from Fig. 5.15

Diameter Ratio Radius*
Epicycle, Sun/ Deferent, Radius,

Object cm Planet cm AU

Sun 2.00 1.00 1.00 1.0

Mars 3.25 0.61 2.62 1.6

Jupiter 2.15 0.93 5.40 5.0

Saturn 1.45 1.38 7.25 10.0

*The diameters of the deferents are not shown in
the figure.

While the details of these calcula-
tions will interest some students, it is
more important for all students to real-
ize that the heliocentric model allowed
such results to be obtained for the
first time in history.

At the end of this chapter we raise
questions about the reality of these or-
bits. Certainly they seem much more
"real" than the computing devices used
by Ptolemy or the transparent crystal-
line spheres proposed earlier.

See resource section for note on deri-
vation of periods.

Sec. 6.3: Arguments for the Copernican System

In some ways the Copernican system
was relatively simple, but in its de-
tails this system was just as complex as
the Ptolemaic. The simplicity is essen-
tially aesthetic or philosophical, i.e.,
the basic idea as shown in Fig. 6.2 is
simple. Yet the computations needed to
make precise predictions were just as
complex as ever. In this "messiness"
lay the motivation of Tycho Brahe and of
Kepler to attempt to find a simpler
model.

Useful bacxground reading would be
Chapter 1 of Herbert Butterfield's The
Origins of Modern Science, Collier
paperback AS259V, revised edition.

Sec. 6.4: Arguments Against the Copernican System

Members of all the religious groups
attacked Copernicus; the attacks and
ridicule were not limited to any one
group. As the religious leaders real-
ized, if the sun were the center of the
system, the stars must be very far away
and very luminous, perhaps even them-
selves suns. If they were suns, they
might have planets, and these might have
intelligent life. This idea, that there
might be other planets around other
stars, was called the Plurality of
Worlds. Then the earth and our religious
experiences here right not be unique.
The possibility of life existing on bod-
ies other than the earth was voiced only
slowly, in England by Thomas Digges and
on the continent by Giordano Brune who
was burned at the stake for heresy in
1600. The paper by Anatole France in
the reader is relevant here.



Sec. 6.5: Historical Consequences

Follow text.

Sec. 6.6: Tycho

As you know, a star is new only in
the sense of being observable or conspi-
cuous. Current explanations describe
the proces- as one in which the star's
content c,L hydrogen has gradually been
consumed to the point that the outward
radiation pressure within the star no
longer balances the gravitational attrac-
tion toward the center of the gaseous
star. Then the star collapses. The
process overshoots, very high central
pressures are developed and the star
flares up for a few years. Part of the
outer envelope is blown off and may
later be detected, for fairly nearby
novae, as whispy filaments of outward
moving gas. Apparently such stars even-
tually settle down as "white dwarfs,"
having surface temperatures around
10,000° C and internal specific gravi-
ties of 105 or 106, but still gaseous.

Other stars seem to have much greater
outbursts and become supernovae. For a
few years their luminosityactual out-
put of radiant energy may be as great
as 108 that of our sun. These stars
collapse into strange bodies that are
often the source of intense radio waves
detected only recently with the develop-
ment of radio telescopes and masers.
The novae observed in 1572 by Tycho, and
in 1604 by Kepler and Galileo, were both
supernovae. The supernova observed in
Taurus in 1054 A.D. has resulted in the
Crab Nebula. There is evidence that the
Indians in western America saw this event
and cut in a rock face the symbols of a
star and the crescent moon. What else
could have been so impressive that it
produced this rpcord? Probably a star
like this supernova was visible during
the day. From oriental records and re-
cent computations, it has been found
that the nova appeared in July 1054 near
the crescent moon.

Tych 0 Uraniborg might be likened to
one of our present large research centers
supported by the government; perhaps the
Brookhaven Laboratory, the Lawrence Lab-
oratory, the Argonne Laboratory, CERN in
Switzerland, etc. An article in the
February 1961 Scientific American,
p. 118, discusses Tycho's observatory.

Tycho observed that the comet of 1577
(as mentioned on p. 43) showed no geo-
centric parallax when viewed simultane-
ously from places hundreds of miles
apart. Because the moon's observed posi-
tion is different over such a baseline,
the comet must be farther away than is
the moon. Perhaps some discussion of
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the many superstitions surrounding the
unexpectedness of comets would be use-
ful to suggest the variety of ways by
which people interpret unexpected events.
(The writings of Shakespeare contain
many allusions to astronomical events as
omens.) We still have many rudiments
of such superstitions in us; but in-
creasingly we may be conscious that we
are reacting fearfully on the basis of
unwarranted assumptions about the world.
Refer students to the paper by Gingerich
in the reader for Unit 2.

Figure 6.10 shows the apparent path of
Halley's Comet in 1909-10 plotted on a
star map showing some of the brighter
stars. Note especially the changes in
the motion of the comet. From November
until April it moved westward, slowed
down and remained almost stationary for
nearly a month. Then, during only a few
weeks in May 1910, the comet quickly
moved across the sky nearly 180°. Notice
also when the comet crossed the ecliptic
from south to north (about January 25,
1910), and again from north to south
(about May 19, 1910).

Interested students might read about
comets and how they are studied. (See
references.) The December 1965 issue of
Sky and Telescope featured photographs
of this bright comet of 1965.

Sec. 6.7: Tycho's Observations

As we saw earlier, accurate observa-
tions were not available to Copernicus
who relied mainly upon the records of
Ptolemy. Yet these old observations
had been made by different men at dif-
ferent times. Scholars still discuss
the extent to which the observations in
the Almagest were made by Ptolemy or
were in part adopted and corrected from
earlier work by Hipparchus about 150
B.C. Tycho concluded that new ane more
precise observations made over a number
of years were essential before any new
description of planetary motions could
be created or judged.

The sections on Tycho's equipment
might stimulate some students interested
A.n mechanics and equipment design. The
inherent limitations of our eyes also
could be investigated by reading, or by
a project for those interested.

Atmospheric refraction is indicated
in Fig. 6.13. See resource section for
notes on refraction and the atmosphere,
p. 143.

Sec. 6.8: Tycho's Compromise System

Tycho's observations were planned as
the basis for the development of a new
model of planetary motions. Although he
died before much of the analysis could
be completed, his general idea of a sys-
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tem is that indicated in Fig. 6.16. The
planets moved about the sun, but the sun
moved about a fixed earth. In terms of
describing the observed planetary motion,
Tycho's system was equivalent to Co-
pernicus'. However, it had one further
advantage: no stellar parallax would be
expected. A discussion would be profit-
able about why Tycho's system was not
widely adopted.

At the end of the section we intro-
duce the important qiestion: are scien-
tific models descriptions of reality,
or only convenient computational devices?
Tha Ptolemaic system permitted computa-
tions of the positions of the planets;
it did not attempt to describe reality.
The reality of the heavens was visualized
by the Greeks and by medieval man in
terms of crystalline spheres; this is
the vision described by Dante in the
Divine Comedy (1300). But Copernicus
and Tycho raised the question of the
real motions of the planets. Here as
well as elsewhere in the text, we raise
the question about the reality of con-
clusions based on scientific theories.
The point should not be omitted in class
discussion.

Sec. 7.1: The Abandonment of Uniform Circular Motion

Kepler was a strange blend of mystic
and scientist with a deep Pythagorean
feeling for the numerical perfection in
the world and the music of the spheres.
His early paper on the spacing of plan-
ets and his later work on the third law
suggest that sometimes scientists begin
with aesthetic or artistic premises.
The recent stress upon "symmetry" in
particle physics is another example.

Due largely to the fact that Kepler
inherited all of Tycho's data on Mars
and had access to the writings of pre-
ceding istronomers, the time was ripe
for new ideas not prejudiced by the as-
sumption of unifc-m circular motion.
You might remind students that ii many
instances in life one may be forced to
reexamine early assumptions and perhaps
to replace them.

Tycho and Kepler, seen in historical
perspective, made an ideal pair. Tycho
stressed the importance of improved ob-
servations and devoted his life to ob-
taining such observations. Without them,
Kepler would have been in the same dif-
ficulties as had been his predecessors.

After more than 70 unsuccessful
trials Kepler found that he could not
fit the observations with any combina-
tion of circular motions. Perhaps you
would wish to dramatize the situations
in which Kepler found himself. He felt
that some satisfactory solution could
be found. Since Mars continued to move
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across the sky, oblivious to Kepler's
efforts, the troubles must lie with the
theory makers. Therefore,, he was obliced
to look at the problem in a new way.
This is always difficult for us, but
Kepler did it.

His work, both unsuccessful and even-
tually successful, involved a staggering
amount of labor because the mathematical
techniques of his time were cumbersome.
This labor is suggested by the reproduc-
tion on p. 54 of a page from Kepler's
notebooks.

Kepler was caught in the middle of
the religious conflicts of Thirty
Years War and the struggles between the
Catholics and Protestants. At best he
had a difficult time earning a living,
despite the promises of the king. The
witchcraft trial of his mother might be
paralleled with the similar occurrences
a bit later in the American colonies.
This is an indication of the cultural
and social context within which Kepler,
and also Galileo, were working. (The
popular book on Kepler by Max Caspar
might interest some students; see refer-
ences.)

Sec. 7.3: Kepler's Law of Elliptical Orbits

On page 57 we quoted Kepler's comment
that, "Mars alone enables us to penetrate
the secrets of astronomy which otherwise
would remain forever hidden from us."
This almost surely refers to the sizable
eccentricity of the orbit of Mars (e =
0.09). Of the outer planets, only Mars
is near enough to be studied accurately
by Kepler's triangulation method. Al-
though Mercury has a more eccentric or-
bit (e = 0.21), studies of it were
practically impossible; Mercury is only
seen in the twilight when few stars can
be observed to determine accurate posi-
tions. Today telescopic observations of
position can be made of Mercury and even
of bright stars. in the daytime. Of
course, Uranus, Neptune and Pluto were
unknown at the time of Kepler.

An excellent background on the mathe-
matics of conic sections appears in the
SMSG publication: Intermediate Mathe-
matics, Teacher's Commentary (Unit 19),
Yale University Press, New Haven, 1961.

Sec. 7.4: Using the First Two Laws

Each of th., factors in Kepler's state-
ments are themselves concepts several
steps removed from the actual astronomical
observations. Careful definitions are
necessary for such concepts to match ex-
plicitly with observations.



Sec. 7.5: Kepler's Law of Periods

Follow text.

Sec. 7.6: The New Concept of Physical Law

Kepler's work reflects the change
from a mystical interpretation of how
the world ought to be to a reliance upon
observations as the final basis for de-
cisions. He had a growing feeling that
some mechanism was essential to move
the planets. We know that he often
wrote to Galileo, but that after a few
letters from Galileo the correspondence
was one way. Why Galileo did not ac-
cept the elliptical orbits of Kepler is
difficult to understand; except, as one
authority noted, Kepler wrote in a
flowery style and was often most diffi-
cult to understand. Unfortunately, his
major contributions are buried in masses
of words. (Is there a moral in this for
your students? Have they examined some
technical writing in science in profes-
sional journals?)

In the historical study of science,
it is often difficult to establish who
actually had an idea first. Ideas often
grow as various men consider them and
their consequences. The idea of the
universe operating like a clockwork, or
a giant machine was also implicit in the
sequence of invisible celestial spheres
proposed by Eudoxus, Chapter 5. How-
ever, Kepler's analogy is important be-
cause, as Chapter 8 shows and other more
recent quotations indicate, this idea
became firmly entrenched. Perhaps the
ultimate form of the idea wao the state-
ment of one later scientist to the effect
that if he knew the initial positions
and velocities of all the bodies in the
universe, he could accurately predict
the future of the universe. The great
success of Newtchian mechanics, discussed
in Chapter 8, supported such a mechanis-
tic view. Oily within the current cen-
tury have physicists been obliged by new
types of observations to abandon such
sweeping general assect.ions; see Units 4,
5 and 6.

Sec. 7.7: Galileo's Viewpoint

A number of lines of evidence, in-
cluding Galileo's work in mechanics and
the astronomical models of Copernicus
and Kepler, were undermining the premises
on which the Ariszotelians based their
arguments. Even such men as the poet
and writer John Milton in England were
aware of what was happening. Milton
made a journey to southern Europe and
visited Galileo during the summer of
1638. In the quoted section of Paradise
Lost the poet raises the question which
had been rejected by the Ptolemaics.

Background and Development
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Galileo was incensed that his contem-
poraries would not even use the tele-
scope and try to refute his observations.
They remained entrenched in their own
ideas and wouldn't consider either chal-
lenging them by looking for themselves
or accepting his reports. We all experi-
ence great difficulty making a major
shift in concepts. Certainly, the shift
from an earth-centered universe to a
sun-centered system was gigantic in its
implications: Can students suggest
other comparable shifts in interpreta-
tion that have caused us to reorient our
interpretation of the world and man's
place in it? Do not restrict the list
to those shifts which seemed to appear
abruptly. Even the sun-centered system
required nearly 1800 years to oe con-
sidered seriously. Possibilities: de-
termination of the age of the earth, the
Darwinian theory of evolution, relativity,
Freud's psychological theories, etc.

Sec. 7.8: The Telescopic Evidence

Figure 7.13 shows two of Galileo's
telescopes preserved in a museum. Gali-
leo saw and interpreted many new objects.
His conclusions are even more important
than his drawings of what he saw. Pos-
sibly others could have viewed the moon,
but not found the motitains he recog-
nized. The difference betyeen raw data
and interpretation might be developed.
Although new instruments permit new ob-
servations, instruments only provide data
which must be interpreted.

Sec. 7.9: Galileo's Arguments

Follow text.

Sec. 7.10: The Opposition to Galileo

Follow text.

Sec. 7.11: Science and Freedom

Students may want to report on the
history of the Catholic Church in the
seventeenth century and to compare it,
perhaps, with the Church in the twenti-
eth. Others may want to discuss the
rise of the Protestant groups. Vould it
be likely that a community hospitable to
the foiiowers of Martin Luther or John
Calvin would be hospitable to new ideas
in science?

Do not attempt to create a "hero and
villain" image of Galileo and the Church,
for this is only divisive. Rather try
to have students examine the known facts
objectively and conclude that there
probably was error and provocation on
both sides. The book by de Santillana
(see bibliography) presents Galileo as
a martyr. Is it a fair position?
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Chapter 8

Perhaps the persistent question that
might be raised is whether this great
theory (universal gravitation) is ever
"proved." Hopefully, students will con-
clude that a rigorous proof is not pos-
sible. Yet in spite of this, the theory
seems to work well; it explains so much
that is known and predicts so many other
phenomena and quantities.

Tne arguments follow rather closely
to Newton's, although some have been
modified, or created in the spirit of
Newton for this discussion.

The emphasis here is upon,the growing
acceptance in northern Europe of the
"new philosophy" of empirical, experi-
mental science. In addition to the Royal
Philosophical Society of London, in
France there was the Academie des Sci-
ences, in Italy, the Accademia de Lincei
(Lynxes) at Rome and the Accademia de
Cimento, at Florence. The scientific
societies, first in Italy and then in
England and France, were important be-
cause they allowed scientists to work
and argue together and to publish jour-
nals that could be sent to their col-
leagues in other countries. Stress how
the work of many people is related, as
illustrated by the quote on page 77 from
Lord Rutherford and demonstrated by the
achievement of Newton.

Sec. 8.1: A Sketch of Newton's Life

Follow text.

Sec. 8.2: Newton's Principia

The first edition of the Principia
was publisned in 1686. The second edi-
tion in 1713 included many corrections
to the first printing, some new argu-
ments, and considerably more data on
comets based mainly on Halley's work.

Various authors have repeatedly
pointed out that Newton dig not attempt
to explain gravitation. He postu:ated
an inverse square force of attraction
between bodies and it worked. He did
not know how it worked or why it seemed
to be associated with masses. In his
famous General Scholium at the end of
the Principia he observed that "he
framed no hypotheses " on the nature of
gravity. He was concerned, but had no
conclusions that he wished to present.

At this point you may wish to ask stu-
dents about the usefulness of an unde-
fined concept such as gravity. We can
measure its effects, predict the outcome
of certain experiments, and in general
make some use of gravity yet we do not
know what it is. Einstein was working
on a unification of several aspects of
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gravity at the time of his death. People
now involved in this research have still
not explained gravity.

Sec. 8.3: A Preview of Newton's Analysis

One of the exciting understandings
that can come out of this section is that
the great scientific geniuses like Newton
and Galileo were great synthesizers of
ideas. Why didn't his contemporaries
come tc the same conclusions? How nay
one analytical mind tend to operate dif-
ferently from another on the same set of
data and laws?

Point out the shift in Newton's as-
sumptions; first, from the Greek notion
of circular motion as perfect to the
inertial circular motion of Galileo dis-
cussed in Chapter 4; then, to Newton's
definition inertial motion in an op-
tically straight line. Added to this is
Newton's idea that circular motion is
caused by a force in action, an idea
which he extended to include the ellipti-
cal motion of Kepler's laws.

The origins of the great generaliza-
tions of science can be traced in preced-
ing decades. This preview of Newton's
analysis should emphasize the importance
of the historical background leading to
Newton's great synthesis of his laws of
motion and of universal gravitation.
The barrier between celestial and terres-
trial motions set up by Aristotle was
gradually being broken down. Tycho Brahe
located comets beyond the moon. Kepler
replaced "perfect" circular motions by
those in elliptical orbits. Jeremiah
Horrocks, born in the year Kepler's third
law wa... published, entered Emmanuel Col-
lege of the University of Cambridge at
the age of thirteen. When nineteen and
curate of Hoole in Lancashire, he applied
Kepler's first law to the motion of the
moon around the earth and even showed
that the eccentricity of its orbit
changed periodically and the major axis
of the ellipse slowly rotated. This was
25 years before the youthful Newton con-
ceived his ideas on universal gravitation.
which he did not publish for another 20
years.



Sec. 8.4: Motion Under a Central Force

One of the major difficulties your
students may encounter in the geometric
development of Newton's argument is the
inability to see how the way of measur-
ing the triangular areas changes, To
minimize this difficulty, make use of
Fig. 8.3 which demonstrates how each
side of a triangle may be used as a base,
and how a perpendicular may be dropped
from each vertex. This figure should be
associated especially with the second
paragraph of point 2 of the text: "These
have equal bases, PQ and

It might also be a good idea to have
the students refer back to the contrast
listing of Newton's and Kepler's laws
on p. 82 while the geometrical argument
is being developed. Emphasize the un-
expectedness of the conclusion that the
law of areas holds even when no central
force is acting.

It might be useful to see Newton's
original development of this argument
on pp. 40-55 of Book I of the Principia
(in Vol. I of the edition mentioned in
the bibliography). While they will not
be able to follow the text, at least the
wording of the propositions and scholiums,
and the illustrations will serve to dem-
onstrate how neatly Newton tied his ar-
gumentative package.

The universal law of gravitation was
a very bold proposal. Take advantage
of this to dramatize the audacity of New-
ton to propose the universality of phys-
ical laws whose action could generally
only be observed on the earth. The people
of Newton's time were still bound by the
concepts of separate worlds and other
Aristotelian doctrines.

Sec. 8.5: The Inverse-Square Law of Planetary Force

Follow text

Sec. 8.6: Law of Universal Gravitation

The discussion raises the question of
action at a distance. Note the quota-
tion from Newton on the middle of page
91. Direct the student's attention to
the fact that from the observations of
Tycho and the empirical relations of
Kepler and of Galileo, Newton had been
able to fashion an exceedingly general
and abstract description of heavenly mo-
tions. But in the process, he had been
obliged to postulate the gravitational
force which he could not explain. In
much of science, as in mathematics,
there are some postulates and axioms
which cannot be anlyzsd within the prob-
lems to be considered. Occasionally
somebody comes along who can interpret
one or more of these axioms by a more
basic proposition.

Background and Development
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Descartes' theory of vortices was
first published in 1644 and received a
wide acceptance on the continent. An
English edition was finally published in
London in 1682--before the Principle
was publish2d.

This theory was a popular non-mathema-
tical statement, read by large numbers
and readily accepted as a better explana-
tion than none. It sounded good and was
not too radically different from the
Aristotelian attitudes on which the
people had been raised.

Descartes' theory was widely taught,
even at Cambridge, long after the publi-
cation of the Principia! It might be
interesting to point out that Voltaire's
famous essay, "Elements of Newtonian
Philosphy," was banned in France, because
the man in charge of permissions to
publish was a Cartesian.

Sec. 8.7: The Magnitude of Planetary Force

Note that the discussion of geometric
points in the case of Kepler's law of
areas changes to discussion about the
masses of stones and planets. The idea
of "mass" has already been introduced by
Newton's second law of motion. Note
particularly t n.argument on pp. 93-94
that it is the mass of a body that is
tied in with the notion of gravitational
force. This argument really marks New-
ton's great contribution--a big leap in
understanding from a consideration of
the direction of the force to that of
the amount of the force.

The gravitational constant g serves the
same function as any constant which
changes a proportion into an algebraic
equation. In the case of equations in-
volving physical quantities, the constant
also serves as a "balancer" of units.
It might be worthwhile to remind the
students at this point that symbols which
stand for physical quantities are not
sacred cows, and that they only mean
what you want them to mean. It could
also be pointed out, for example, that
this same kind of operation involving
a constant turns up in the algebraic
form of Kepler's third law, where
T2 ti a3 becomes T2 = ka3.
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(1)2 1

_celeration of gravity
Let R

E
be the radius of

,ae acceleration of gravity at
face. Then the acceleration g
from the center is

so that

(a) For

is proportional to
the earth and gE

the earth's sur-
at a distance R

R
E

gE R2

R= RE 515
E g

3

g 4 gE'

R =1/iRE = i.15 RE

This is about 0.15 R = 960 km above the
earth's surface.

(b) For g =' gE

R =FRE. 1.41 RE

This is about 0.41 R = 2,600 km above the
earth's surface. E

(c) For g =' gE

R = RE = 2 RE

This is one earth radius (about 6,400 km)
above the earth's surface.

bm -' SCC2

The value on the earth, 9.80 m/sec2, is 6.20
times greater.

(b) On the moon, the 72-kg astronaut weighs
approximately:

W = mg = 72 x 1.58 = 114N

His mass doesn not change.

8.9

(a) For there Lc, be no net force, the forces
exerted on the satellite must be equal in magni-
tude (and opposite in direction).

GMsm
Sun - Satellite force = F - --y-

s
s

GM.?
Jupiter - Satellite force = Fj - R,2

But these two forces are equal.

GMsm GM lm

Rs 22 RJ2

M = 1.90 x 1027kg

M
s

= 1.99 x 103 Okg

R
J

M
J

Rs

R M
J J

Rs
(1.99 x 1030kg1 .k

Rj 1.90 x 1027kg
- (1.047 x 103)'1/2

R

-= 32.4R
J

Therefore R
s

is 32.4 times greater than R .
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Sec. 8.8: Testing a General Law

How can certain quantities be mea-
s-red? How exact must measurements be
in order to insure the validity of a
physical law? What different kinds of
errors lie in waiting to trap the physi-
cist? How can he deal with such errors?
You might point out that when Newton
first solved the earth-moon problet
(which is discussed in Sec. 8.9), he got
a wrong answer (off about 10%) la.2cause
he used an incorrect value for the
earth's radius; in disgust, he put his
work away, thinking that his conceptual
approach was wrong. Some time later, a
new, more exact measurement showed his
theory to be valid.

In infinitesimal calculus we "chop"
a quantity into a large number of very
tiny pieces, so small that each is vir-
tually like the next. In a sense, this
is the imaginative process of "averaging
out" on a microscopic scale. It might
be helpful for the class to look back at
the concept of instantaneous velocity
in Unit 1.

They should be able to see that the
breaking-up of the time measurement into
tiny At's is exactly parallel to what
Newton did with spherical masses in
order to arrive at the concept of the
mass-point.

Sec. 8.9: The Moon and Universal Gravitation

The student has already learned in
Experiment 14 that special measurement
techniques must be used in astronomy,
where the bodies being observed are far
away. Later in the course, for example,
it will be shown that the sun's tempera-
ture can be measured without using a
thermometer. You miaht avpn Agk

The experiments that man can carry
out in order to determine that G is a
universal constant are limited in number.
The extension to universality must be
carried out in terms of a kind of well-
sustained faith. Such a conclusion may
come as a shock to those students who
feel that science is a cut-and-dried
rational process that has little or no
room for imagination or statements based
upon "revelation"; you have a ready-made
"situation" for an exciting discussion.

Sec. 8.11: The Tides

Some of your students may have dif-
ficulty in understanding the concept of
differential forces in the case of the
sun's pull versus that of the moon on
the earth. They ought to see that this
difference is really a function of dis-
tance. Even though the gravitational
pull of the sun on the earth is much
greater than that of the moon, tne sun
does not "distinguish" between the near
and far side of the earth. Where the
sun does not exert significantly differ-
ent pulls on the near and far sides of
the earth, the moon does.

If one simply had all the data for
high and low tides from different parts
of the earth, would that information be
enough for the formation of a general
predictive theory for the tides? In
what way does the principle of universal
Gravitation become a "breakthrough" here?

Sec. 8.12: Comets

Students will Le able to find allusions
to comets as omens in Shakespeare, Chau-
cer, Julius Caesar. and in all kinelc of
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ever, will change and not be a very stable one.

(d) A satellite even farther from Jupiter
would have an even more unstable orbit, and
would probably eventually escape from being a
satellite of Jupiter. The several outer satel-
lites of Jupiter may be asteroids which have
been captured temporarily as satellites of
Jupiter.

8.10

Since the surface gravity depends on the mass
and radius of the planet, we need to compare these
values for the two planets.

(a) Let planet A be the smaller one.
Therefore RB = 2RA

The density 0 - ma
volume

for the two planets can

be equated:

Since

M
A MB
RA3 (2RA) 3

MA R 3
A A 1

Mg 8RA3 8

GMm
F= mg =

we can make the ratio

mgA GMAm RB2

mg B ITA-2-61-4Bm

or

gA
(R
A
)2 MA

gB (RA)2 MB

Substituting,

g
A

(2R
A
)2

x 1 4 1

8
B

R
A
2 x 8 8 =2

(b) From Unit 1 we know that F = ma and that
the acceleration in circular motion is

4n2R
a - ---- (Eq. 8.6).

T2

Then F = ma -
m4n2R

(m is the mass of the
satellite).

This force is the same given by the law of
gravitation:

m4n2R GMm
T2

The mass of Mars is then

M -
4G12R3

(Eq. 8.10).
T'

Since the (nits of G are in the MKS system,
we must convert R and T:

T = 7hrs 39min = 7hrs x 3.6 x

103sec + 39min x 601119.
hr min

T = 2.77 x 104sec

R = 5,800 miles - 5,800 miles x

1.61 x 103-1-1mile - 9.34 x 106 m

G = 6.67 x 10- IIN.m2/42

M
-4r2R3

GT2

4n2(9.34 x 106m)3

(6.67 x 10-1114012/kg2(2.77 x 104sec)2

m3
M= 6.7 x 1021

k .m m2
sect

kg2'

M = 6.7 x 102 3ke

27

Should any students wish to make a
model of the comet's orbit,, the elements
(based on early observations) are:

T October 21.18, 1963
q 0.00777 AU
i 141.8°
:2 345.9°

068.7°

Similar sun-grazing comets were ob-
served in 1880, 1882, and 1887. They,
like 1965f, showed partial disintegra-
tion into several nuclei at about the
time of perihelion passage. Because
they all have periods which are essen-
tially infinite, these could not possibly
be reappearances of the same comet.

It is interesting to note that already
computations are being made for the modi-
fied orbit of Halley's comet when it re-
turns in 1986. The first part of the
computation is based upon 2,800 observa-
tions made during the two-year appearance
of the comet during the period, 1909-1911.
Even during this time, the comet's orbit
was changing its shape, size, and orienta-
tion (w),7?). We can only observe Halley's
comet during 2 years of Its 75-year trip,
while it is inside the chit of Jupiter,
The other 73 years are spent at greater
distances from the sun.

Sec. 8.13: Relative Masses of the Planets

The reason that the masses of the sun
and Jupiter can be compared is that
Jupiter acts like a miniature solar sys-
tem (this was Galileo's immediate thought
upon identifying the satellites of Ju-
piter). The only difference between
the sun system and the Jupiter system,
'insofar as Kepler's law is concerned, is
that each k involves a different central
mass. As long as we can measure the
R and T for a revolving body in each
system, the two central masses can easily
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they could not exist without a cravita-
tional field. In descricinq them, we
should write W = m

ga g and

GM m
= g

R;

Sec.8.15 The actual masses of
celestial bodies

As long as Newton had to depend upon
the use of ratios, without G entering
into the quantitative results ne obtained
his statement about gravitation was real-
ly a hypothesis, Once G was measured,
the hypothesis could really be called
a law, since all quantities in the state-
ment were now measurable.

Sec. 8.16: Beyond the Solar System

Follow text.

Sec. 8.17: Some Influences on Newton's Work

Flamsteed was the first Astronomer
Royal, appointed after the establishment
of the Royal Astronomical Observatory in
1675. Note that Surveyor I landed on
the moon in the crater named for Flam-
steed. Halley succeeded Flamsteed upon
his death in 1720. The French had al-
ready founded a national observatory in
Paris in 1671.

Sec. 8.18: Newton's Place in Modern Science

Some students may want to look up
references relatud to the Encyclopedist
movement in France, begun by Denis
Diderot; also, the influence of Newton's
work upon the great Voltaire is worth
some research. A good encyclopedia will
certainly have much to say about this



G = 6.67 x 10'11 N.,2/1,E2

ME = 5.96 x 1024kg

MM = 6.58 x 102 3kg

R= 5.6 x 1010m

F
1

= 6.67 x 10-11N.m2/kg2 x 5.96 x

x 6.58 x !LL&
(5.6 x 1010m)2

F = 8.3 x 1016N,

the force of the earth on Mars.

NJ = 1.91 x 1027kg

R
2
= 4.90 x 1011m

F = 6.67 x 10-11N.m2/kg2 x 6.58 x

102 3kg x 1.91 x 1027kg.

(4.90 x 101102

F= 3.5 x 1017N,

the force of Jupiter on Mars.

(c) The force on Mars due to Jupiter is
greater than the force due to the earth. There-
fore Jupiter has on the average the greater ef-
fect on the motion of Mars.

8.13

F = ma = where a is the centripetal
acceleration

GM
a=

28

(6.6/ x 10-1
,

'N.m2/kg`)(1.44 x lesec)7

M = 1.86 x 1027kg,

8.14

The first expression came trom:

F
(gray)

= GMm/R
2

and

= mv2/R,F
(cent)

These must be equal for a satellite in
circular orbit, i :

F
(gray) F(cent)

GMm mv2 GM v2
v2 GM-i-f= or -

2r11

v
Now, if T = then solve for v:

2nR
v -

4r2A2
v -

Solving for T2,

T2

Gm 4,2R2

R T2

T -
4r2R3
GM

3
T = 27: 5R

8.15

Since F = 02 and the masses of the balls are

the same, at the point equidistant from the balls
along their line of centers the gravitational
attractions are equal and opposite.

Aid Summaries
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Transparencies

SUMMARY SHEET--OVERHEAD PROJECTION TRANS-
PARENCIES

T13 Stellar Motion
(relevant to Secs. 5.1, 5.5)

Displays a two-sphere universe ex-
planation of apparent stellar mo-
tion as observed at mid-northern
latitudes, the equator and north
pole.

T14 Tba Celestial Sphere
(_elevant to Secs. 5 5.5, Ex-
periments 15, 17)

Illustrates scheme of the celestial
sphere, indicates the meaning of
equinoxes and solstices, shows sun's
path in relation to zodiac and
gives meaning of declination, right
ascension and celestial longitude
and latitude.

T15 R..trograde Motion
(relevant to Sec. 5.6)

Explains apparent retrograde (west-
ward) motion of an outer planet by
means of heliocentric model.

T16 Eccentrics and Equants
(relevant to Sec. 5.7)

Displays features of geocentric
schemes of Ptolemy for accounting
for observed planetary motion.

T17 Orbit Parameters
(relevant to Secs. 7.3, 7.4, Ex-
perimen,s 18, 21)

Illustrates the six elements that
define any orbit.

Transparency Notes

T13 STELLAR MOTION

4

After students have observed stellar
motion directly, and have been made aware
of the motions observed elsewhere on
earth by means of photographs (Sec. 5.1),,
you may present the ancient conceptual
scheme of the two-sphere universe as a
model which explains these observations.
Use each overlay independently to describe
motions observed at different locations on
earth. An observer will see all portions
of the celestial sphere which lie above
his horizon plane. Of course, the dia-
grams here are not drawn to scale in or-
der to avoid mini(.:ule dimensions for the
earth. As a result, the horizon plane is
drawn through the center of the celestial
sphere rather than tangent to the place
of observation.

Overlay 1 (right) displays three hor-
izontal circles which represent the paths
of selected stars attached to the sphere
ac it rotates daily. These circles in-
dicate the diurnal motion of tne stars
as seen by an observer in the mid-northern
latitucl=g_ grata afar-a will



T14 THE CELESTIAL SPHERE

Use this transparency to aid in visual-
izina some of the features of the two-
sphere universe. Overlays are relevant
to Secs. 5.1 and 5.5, as well as to Exper-
iments 15 and 17.

Overlay 1 (right) and the base display
the celestial sphere with its poles and
equator corresponding to the same posi-
tions on the sphere of the earth. The
sun's apparent path across the skies as
seen from earth is known as the ecliptic.
The point of intersection of the ecliptic
and celestial equator as the sun travels
from south to north along the ecliptic is
known as the vernal equinox. The crossing
occurs approximately on March 21. The
identifications SS, AE and WS refer re-
spectively to the summer solstice (June
21), autumnal equinox (September 22) and-
winter solstice December 21).

Overlay 2 (top) used with overlay 1
depicts the zodiac, a belt of twelve con-
stellations Ma-acircle the sky close to
the ecliptic. Remove overlay 2, retain
overlay 1 and introduce overlay 3 (left).
Use overlay 3 to assist your explanation
of the coordinate system used in experi-
ments 15 and 17. Stars and planets in
the zodiac are easily identified by mea-
suring celestial longitudes in degrees,
0° to 360°, beginning at the vernal equi-
nox and proceeding along the ecliptic.
Celestial latitudes are measured in de-
grees,_0° to 90°, beginning at the eclip-
tic. Remove overlay 3 and introduce
overlay 4.

This overlay piesents another scheme
for identifying star locations. The hour
circle of the vernal equinox serves as
the origin of the coordinate called the
right ascension. The right ascension of
a star is measured eastward along the ce-
lestial equator in hours and minutes
from the vernal equinox to the intersec-
tion of the star's hour circle with the
equator. The declination of a star is
measured in degrees from the celestial
equator along the hour circle of the star.
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T15 RETROGRADE MOTION

This transparency is useful in discuss-
ing the heliocentric explanation of an
outer planet's apparent retrograde motion.
It is relevant to Sec. 5.6.

The base transparency is a "view" of
the sun-centered universe with the speed
of the earth and an outer planet indicated

by a "stroboscopic" representation alonc
circular orbits.

The overlay hinged at the right is a
blank piece of acetate film. Use it to
draw sight lines on the transparency at
positions 1-1, 2-2,...etc. This will
help to position the planet in the sky
relative to an observer on earth as both
planets travel about the sun.

When the students have seen the step-
by-step development, introduce overlay 1
(left) to show a neat finished dfawing of
the development. Remove your drawing and
discuss the retrograde path.

T16 ECCENTRICS AND EQUANTS

I

Use this transparency to present a
rapid treatment of the geometrical de-
vices of the Ptolemaic geocentric model
of the universe (Sec. 5.7). Do not be-
labor the details but simply reveal the
pragmatic value of the devices, empha-
sizing their function of accounting for
variations observed in planetary motion
while at the same time preserving the
Platonic scheme of uniform angular rate
at a constant distance from a center.
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Overlay 1 (right) represents a planet
moving with uniform angular speed at a
constant distance from the center O. Its
th is a perfect circle and an observer
t. 0 would measure 30° increments in suc-

,...,Issive equal time intervals.

Introduce overlay 2 (right) to relo-
cate the earth for the eccentric scheme.
It is. immediately evident that the planet
does not exhibit uniform speed relative
to an observer on earth. Remove over-
lays 1 and 2.

T18 MOTION UNDER CENTRAL FORCE

Overlay 3 (left) introduces the geomet-
rical dodge known as the equant. The plan-
et proceeds with uniform angular motion
about off-center point C but traces out
a circular path of radius R about point
O. Bring overlay 4 (left) into view to
complete the scheme of the equant. Angu-
lar displacements measured from the Off-
centered earth will yield results dif-
ferent from those obtained in the eccen-
tric device. This was precisely the need
for the equant, viz., to explain varia-
tions in planetary motion not accounted
for by the eccentric scheme.

T17 ORBIT PARAMETERS

\

Ewe '+
1.1.4

Use this transparency to enhance your
discussion of Kepler's first two laws
(Secs. 7.3, 7.4) and Experiments 18 and
21.

Overlay 1 (right) shows the orbital
plane of a planet with the elements of
an elliptical path indicated:

c = one-half distance between foci
a = semi -major axis
A = aphelion
P = perihelion
(e = eccentricity re = c/a])

Overlay 2 (left) displays the plane
of the earth's orbit known as the plane
of the ecliptic. The remaining elements
for determining an orbit are shown:

w = argument of the perihelion
= longitude of the ascending node

i = inclination
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A step-by-step geometric presentation
which parallels the text treatment of mo-
tion under a central force (Sec. 8.4) is
presented in this transparency.

The base transparency displays a
stroboscopic representation of an object
traveling to the right with uniform ve-
locity.

Use overlay 1 (right) to illustrate
Kepler's law of areas for this uniform
rectilinear motion example. An observer
at 0 will see equal areas swept out by
the moving object as shown by the two
blue triangles. The areas can be shown
to be equal since the bases are equal and
the (dashed) altitudes of both triangles
are identical.

Introduce overlay 2 (right). If the
object is subjected to an (impulsive)
force at B directed toward 0, the resul-
tant motion is toward C'. A stationary
object at B would have moved to B' when
given the blow. If it had not received
the blow it would have proceeded to C in
the same time interval.

Overlay 3 (right) is now introduced to
illustrate that the area of the light blue
triangle is equal to that of the red one.
With the aid of the construction lines
you can show that the altitudes of the
two triangles are equal. The bases of
both triangles, of course, are coincident.

Overlay 4 (left) continues the process
of applying small periodic central forces.
You may illustrate the law of areas by
writing on the overlay with a wax pencil.
You may also indicate the eventual path
which will result if the time interval
is made vanishingly small and the force
is applied continuously.



Film Loops

(E) = evaluation print.
(L) = lab-loop; quantitative measurements

can be made, but these loops can
also be used qualitatively.

(R) = release print.

L10 Retrograde Motion Geocentric Model

A machine was constructed in which
the planet is represented by a lamp
bulb on an epicyclic arm revolving
around a deferent; the camera is at
the position of the stationary earth,
pointing in a fixed direction in
space. (R)

LlOA Retrograde Motion of Planets

By animation the retrograde motions
of Mercury, Mars and Saturn during
1963 are shown against the stars.
This loop helps define retrograde
motion. (R)(L)

Lll Retrograde Motion Heliocentric Model

The epicycle machine is used with
the camera on an arm revolving around
the sun; the camera points in a fixed
direction in space. (R)

L12 Jupiter Satellite Orbit

Time-lapse photography, at one-
minute intervals, of the motion of
Jupiter's satellite Io. The period
of revolution can be measured, the
scale is given, and hence Jupiter's
mass found. (E)(L)

L13 Program Orbit I

A computer is programmed to calculate
the same orbit that a student cal-
culates in the laboratory; the re-
sult is displayed on an X-Y plotter.
Because of the step-wise approxima-
tion used, the orbit fails to close
up exactly. (E)

L14 Program Orbit II .

The computer calculates an orbit us-
ing many more points than in the
preceding loop; this time the orbit
closes up. The display on the X-Y
plotter is repeated on the face of
a cathode-ray tube (CRT). All other
computer loops in this series use
CRT display. (E)

L15 Central Forces Iterated Blows

The computer is programmed to give
sharp Llows to a mass at equal time
intervals. The blows are directed
(at random) toward and away from a
center of force, and the magnitude
of the blows is also random. The
law of areas can be verified. (E)
(L)
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L16 Kepler's Laws

Two planetary orbits in an inverse-
square force field are programmed
for display on the CRT; the posi-
tions of the planets are shown at
successive equally-spaced time in-
tervals. All three of Kepler's
laws can be verified. (E)(L)

L17 Perturbations

The computer is programmed to dis-
play two motions which take place
in central fields which are not ex-
act inverse-square fields. One
perturbation gives an advance of
perihelion, as for Mercury's orbit;
the other perturbation gives a
catastrophic orbit in which the
planet spirals into the sun. (E)
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16mm Films

F6 Universe

B & W, 26 min. 10 sec. A triumph
of film art, creating on the screen
a vast, awe-inspiring picture of
the universe as it would appear to
the voyager through space. Realis-
tic animation takes one out beyond
our solar system,.into far regions
of space perceived by the modern
astronomer. Beyond the reach of the
strongest telescope, past moon, sun,
Milky Way, into galaxies yet:un-
fathomed, one travels on into the
staggering depths of the night, as-
tonished, spellbound at the sheer
immensity of the universe. Start-
ing point for this journey is the
David Dunlap Observatory, Toronto.
Seventeen film awards, including
International Film Festival, Cannes,
France; International Film Festival,
Edinburgh, Scotland; British Film
Academy, London, England. National
Film Board of Canada, available
from NASA Films.

F7 Mystery of Stonehenge

This film could be shown to awaken
interest in the explanation of such
structures built long ago. The film,
B & W, is available from McGraw-Hill
Films at a rental of $25. The film
comes in two parts each running for
29 minutes. It was filmed by the
Columbia Broadcasting System and
shown on television in the United
States and in Britain. The vigorous
conflict of interpretations between
Professor Hawkins and others is
notable.

F8 Frames of Reference

PSSC, Modern Learning Aids, 28
minutes, B & W, sound. If you
haven't shown it previously, Sec. 6.4
might be a good place. Although it
presents much more than is necessary,
it is an excellent film. It does
give students the idea that the ap-
pearance of events may depend upon
the frame of reference.

F9 Planets in Orbit

EBF, 10 minutes, B & W, sound. In
this film are shown animated rep-
resentations of some of the differ-
ences between the Ptolemaic and Co-
pernican system.
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F10 Elliptic Orbits

PSSC, Dr. A. V. Baez, Cat. #0310,
might be used o make clear
students what area is being discussed
in the law of areas. Modern Learning
Aids.

Fll Measuring Laige Distance

PSSC, Dr. F. G. Watson, Cat. #0103,
might be shown here. With a series
of models the film stresses the use
of triangulation as the primary
means for determining large dis-
tances. Toward the end of the film
other techniques based on photometry
are illustrated as means of extend-
ing the distance scale when triangu-
lation is no longer possible. Mod-
ern Learning Aids.

F12 Of Stars and Men (About Galileo)

It is available from Center for Mass
Communication, Columbia University
Press, New York City, 10025.

F13 Tides of Fundy

Color, 14 minutes 38 seconds. A
fascinating study of the phenomenal
tides in the Bay of Fundy on Canada's
Atlantic coast and how they affect
the life of the region.

An ocean freighter turning about in
what seems a hay field, a waterfall
reversing its direction these are
only two scenes that will startle
and amaze in this film of natural
wonders. Animated pictures explain
the forces of moon and ocean and
earth's rotation that together
create in the Bay of Fundy the high-
est tides in the world.

Other scenes, equally interesting,
show the complete engulfing by the
sea of the falls of St. John River,
the steady advance of a tidal bore.

Filmed with an eye for the dramatic,
this film brings to the screen scenes
that are truly amazing. It shows,
in this tiny pocket of the sea, a
sequence of cause and effect that in-
volves the very forces of the uni-
verse. It is a film that will appeal
to every audience. National Film
Board of Canada, available from NASA
Films.



F'4 Harlow Shapley

Thirty minute film, Encyclopedia
Britannica Films, #1806. This film
discusses major astronomical dis-
coveries and how they have influenced
philosophy, religion and our orienta-
tion to the world.

F15 Universal Gravitation

PSSC, 31 minutes, available from
Modern Learning Aids, #0309. In
this film the law of universal
gravitation is derived for an imag-
inary solar system of one star and
one planet.

F16 Forces

This PSSC film (23 minutes) is rele-
vant here. This film introduces
mechanics in general and shows a
qualitative Cavendish experiment,
in which the gravitational force
between two small masses is demon-
strated. Modern Learning Aids.

F17 The Invisible Planet

As this film opens, students meet
Peter Van de Kamp, director of the
Sproul Observatory at Swarthmore
College, and learn of his interest
in Barnard's star, a small star
near us in the solar system. With
Dr. Van de Kamp and Mr. Herbert as
guides, the student learns about
the operation of the large refractor
telescope, the use of photographic
plates, the recording and analysis
of data and the results of data
carefully recorded for over 25
years of time. From this data,
Dr. Van de Kamp and his colleagues
were able to determine the apparent
presence of a small planet near
Barnard's star that causes a small
perturbation or wobbling. The pre-
cision, time and care in astronomical
observations are portrayed with im-
pact in this film. Recommended for
use in physics or in earth science
courses. NET Film Service.

F18 Close-up of Mars

This is the story of the development
of the camera system aboard the
spacecraft, Mariner IV, that took
the historic photographs of the
suface of the planet Mars in mid-
July, 1965. The audience follows
Robert Leighton, professor of phys-
ics at the California Institute of
Technology, as he and the scientist-
engineers working with,him tackle
the problem of designing, building
and using a camera system that can
weight no more than 11 pounds and
use only 10 watts of electricity.
In view:;ng this film, students can
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sense the difficulties sJrrounding
the assignment and the excitement
of success as the first films are
relayed back to earth from 325 mil-
lion miles out in space. Particular-
ly recommended for students of phys-
ics or electronics. NET Film
Service. .

Fig Of Stars and Men

53 min, color

Produced and adapted by John and Faith
Hubley from the book by Harlow Shapley.
In the film, man (king of the animals)
helps the audience to locate man's place
in the universe of atoms, protoplasm,
stars and galwiies. His relationship
to space, time, energy, and matter are
searched out. Available from Brandon
Films Inc.

F20 NEWTON'S EQUAL AREAS

8 minutes, color

Bruce and Katherine Cornwell,
Alfred Bork

This animated film is based on
Isaac Newton's simple geometrical
proof of the law of areas for any
central force. It first establishes
the laws of motion, in the form
needed by Newton, goes through
Newton's proof for several differ-
ent cases, including the limit con-
siderations, and then shows several
examples (first simple then complex)
of equal areas being traced out with
a central force.

Although not produced within the
Project, some copies are available
for trial teachers. Write to
Harvard Project Physics.
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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION FILMS

Requests for the free loan of NASA films should be addressed to the library assigned
responsibility for our area, as indicated by the area map on the opposite page.

Note: there is no service area #3.

IF YOU LIVE IN

Washington, Oregon,
Idaho, Montana, Wyoming,
No. California (north of
the Los Angeles Metropolitan
area), Alaska

Arizona, southern California,
(San Luis Obispo, Kings, Tu-
lare and Inyo Counties), Ha-
waii, Nevada and Utah

Arkansas, Missouri, Texas,
Oklahoma, Kansas, Nebraska,
New Mexico,Colorado

.

Alabama, Mississippi, Ten-
nessee, Louisiana, Kentucky

Ohio, Indiana, Illinois,
Wisconsin, Michigan, North
Dakota, South Dakota, Minne-
sot, Iowa

Southern Virginia
(Richmond-South),
West Virginia, North
Carolina, South Carolina

Florida, Bermuda, Georgia

Maryland, Delaware

North Virginia (north of
Richmond), D. C., Pennsylvania,
New Jersey, New York, Canada,
Latin Americas and Overseas
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SERVICE AREA

#1

ADDRESS YOUR REQUEST TO

NASA
Ames Research Center
Public Affairs Office
Moffett Field, California 94035

#2 NASA
Western Operations Office
Public Affairs Office
150 Pico Boulevard
Santa Monica, California 90406

Also

NASA
Jet Propulsion Laboratory
Photographic Services
4800 Oak Grove Drive
Pasadena, California 91103

#4 NASA
Manned Spacecraft Center
Public Affairs Office, AP2
Houston, Texas 77058

#5 NASA
Marshall Space Flight Center
Public Affairs Office
Community Services
Huntsville, Alabama 35812

#6 IDEAL PICTURES, INC.
2110 Payne Avenue
Cleveland, Ohio 44114
Phone: MA 1-9173

NASA
Langley Research Center

#7 Public Affairs Office
Mail Stop 154
Langley Station
Hampton, Virginia 23365

Photographic Operations Section
NASA

#8 John F. Kennedy Space Center
Code SOP 323
Kennedy Space Center, Florida 32809

NASA
Goddard Space Flight Center

#9 Photographic Branch, Code 253
Greenbelt, Maryland 20771

NASA Headquarters
Code FAD-2

#10 Washington, D. C. 20546
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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION FILMS (continued)

- IF YOU LIVE IN

Maine, Vermont, New Hampshire,
Connecticut, Massachusetts,
Rhode Island

SERVICE AREA ADDRESS YOUR REQUEST TO

#11 NASA
Electronics Research Center
Educational Programs Office
575 Technology Square
Cambridge, Massachusetts 02139

WHO MAY BORROW FILMS FROM NASA

Residents of the United States and Canada, who are bona fide representatives of educa-
tional, civic, industrial, professional, youth activity and government organizations are
invited to borrow films from the NASA Film Library which services their area. There is
no film rental charge, but the requestor must pay return postage and insurance costs.
In view of the wear and tear that results from repeated projection, films are loaned
for group showings and not for screening before individuals or in homes. Because custody
of the films involves both legal and financial responsibility, films cannot be loaned Lo
minors.

To expedite shipment of film, requestor should give name and address of person and
organization specifying showing date and alternate date. It is also advisable to indicate
a substitute film.

Television stations may order films unless otherwise noted, for unsponsored public
service or sustaining telecasts.

NASA MOTION PICTURE FILM SERVICE AREAS

FILM LIBRARY LOCATION
FOR EACH AREA

0 AMES R. C.

0 JAL/ROD

O MANNED SPACECRAFT 0
CENTER .11,K SPACE

O G. C. MARSHALL S.F.C. 0 GODDARD S.F.C.

O LEIHS R. C. 0 HEADQUA

O LANGLLY R. C. 11111 ELECTRONIC, CCCCCC CPI
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PSSC FILM SOURCES

PSSC films are available from

Modern Learning Aids
1212 Avenue of the Americas
New York, New York 10036

To order prints or for additional in-
formation, contact your MLA representa-
tive.

District Offices

714 Spring Street N.W.
Atlanta, Georgia 30308

1168 Commonwealth Avenue
Boston, Massachusetts 02134

160 E. Grind Avenue
Chicago, Alinois 60611

1411 Slocum Street
Dallas, Texas 75207

16 Spear Street
San Francisco, California 94105

2100 North 45th Street
Seattle, Washington 98103

1834 K Street N.W.
Washington, D.C. 20006

1875 Leslie Street
Don Mills, Ontario, Canada

ADDITIONAL FILM SOURCES FROM WHICH PHYSICS FILMS ARE AVAILABLE

Physics films may be obtained from the distributors listed below. However, these
films have not as yet been reviewed.

AEC: Atomic Energy Commission Film Libraries. Lists available from Mr. Frank T.
Richardson, Director, Public Information Service, U. S. Atomic Energy Commission,
New York Operations Office, 376 Hudson Street, New York, New York 10014.

American Telephone and Telegraph Company, 208 West Washington Street, Chicago, Illinois.
(Contact local office.)

Bausch & Lomb, Inc., Rochester, New York.

Brandon Films, inc., 200 West 57th Street, New York, N.Y. 10019

British Information Services, 45 Rockefeller Plaza, New York, New York. (Films distrib-
uted by Contemporary Films Inc., 267 25th Street, New York, New York.)

Carousel Films, Inc., 1501 Broadway, Suite 1503, New York, New York.

Center for Mass Communication, Columbia University Press, New York, New York 10025.

Contemporary Films, Inc., 267 West 25th Street, New York, New York.

Convair Motion Picture Section, Department 98-80, P. 0. Box 1950, San Diego, California.

Corning Glass Works, Advertising Department, Technical Products Division, Chicago,
'Illinois.

Coronet, 42 Midland Road, Roslyn Heights, New York.

Edited Picture System, Inc., 165 West 46th Street, New Ycrk, New York.

EBF: Encyclopaedia Britannica Films, 38 West 32nd Street, New York, New York 10001.

First U. S. Army Central Film and Equipment Exchange, Fort Jay, Governors Island, New
York, New York; Regional Film and Equipment Exchange, Schenectady General Depot, U. S.
Army, Schenectady, New York.

General Electric Company, Film Distribution Section, Building 6, Room 210, 1 River Road,
Schenectady, New York.
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ADDITIONAL FILM SOL/PC:ZS FROM WHICH PHYSICS FILMS APE AVAILABLE (continuea)

IFS: International Film Bureau, Inc., 332 South Michigan Avenue, Chicago, Illinois
60604.

Imperial Chemical Industries, Ltd., 488 Madison Avenue, New York, New York.

Leeds and Northrup Company, 4901 Stenton Avenue, Philadelphia, Pennsylvania.

MIT: Massachusetts Institute of Technology (Office of John J. Rowlands), 69 Massachusetts
Avenue, Cambridge, Massachusetts.

McGraw-Hill Book Company, Text Film Department, 330 West 42nd Street, New York, New York.

Moody Institute of Science, 11428 Santa Monica Boulevard, P. 0. Box 25575, Los Angeles,
California 90025.

National Film Board of Canada, Suite 819, 680 Fifth Avenue, New York, New York.

NSTA: National Science Teachers Association, 1201 16th Street, N. W., Washington, D. C.

NET Film Service, Audio-Visual Center, Indiana University, Bloomington, Indiana 47401.

RCA Victor Division, Camden, New Jersey.

Rocketdyne Division of North American Aviation, Inc., Public Relations Department, 6633
Canoga Avenue, Canoga Park, California.

Scientific Film Company, 6804 Windsor Avenue, Berwyn, Illinois.

Shell Oil Company, 50 West 50th Street, New York, New York.

Sperry Gyroscope Company, Central Film Service, Great Neck, New York.

Teaching Film Custodians, Inc., 25 West 43rd Street, New York, New York.

United World Films, 1445 Park Avenue, New York, New York.

University Film Producers Association, Charles N. Hockman, President, Motion Picture Pro-
duction, Extension Division, University of Oklahoma, Norman, Oklahoma.

U. S. Navy, Motion Picture Section, Office of Public Information, Executive Office of
the Secretary, Washington, D. C.

Western Electric Company, Inc., Coordinator of College Relations, 195 Broadway, New York,
New York.

Westinghouse'Electric Corporation, Film Division, 3 Gateway Center, Pittsburgh, Pennsyl-
vania.

Yale University Audio-Visual Center, Attention: Mr. David G. Anderson, Sterling Chemis-
try Laboratory, New Haven, Copnecticut.
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1: "The Black Cloud"

by Fred Hoyle

1957

In this introductory chapter to his
science fiction novel, the noted astrono-
mer Fred Hoyle gives a realistic picture
of what goes on within an astronomy
laboratory. The emphasis is on experi-
mental astronomy.

2, "Roll Call"

by Isaac Asimov

1963

This pleasant introduction to the
planets and the solar system is by a
writer well known as a scientist, a
popularizer of science and a writer of
science fiction. Asimov approaches the
solar system historically, briefly con-
sidering the discovery of some of the
planets.

3. "A Night at the Observatory"

by Henry S. F. Cooper, Jr.

1967

What is it like to work at a major
observatory? A reporter spends a night
on Mt. Palomar talking about astronomy
with Dr. Jesse L. Greenstein as he photo-
graphs star spectra with the 200-inch
telescope.

4. "Preface to De Revolutionibus"

by Nicolaus Copernicus

1543

Copernicus addresses this preface of
his revolutionary book on the solar sys-
tem to Pope Paul III.

5. "The Starry Messenger"

by Galileo Galilei

1610

The introduction to Galileo's Starry
Messenger not only summarizes hie dis-
coveries, but also conveys Galileo's
excitement about the new use of the
telescope for astronomical purposes.

6. "Kepler's Celestial Music"

by I. Bernard Cohen

1960

The end of this summary of Kepler's
work in mechanics shows how seriously
Kepler took the idea of the harmony of
the spheres.
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7. "Kepler"

by Gerald Holton

1960

This brief sketch of Johannes Kepler's
life and work was initially written as
a review of Max Caspar's definitive
biography of Kepler.

8. "Kepler on Mars"

by Johannes Kepler (translated by
Owen Gingerich)

1609

Kepler's description of how he came
to take up the study of Mars, from his
greatest book, The New Astronomy. Kep-
ler records in a personal way everything
as it occurred to him, not merely the
final results.

9. "Newton and the Principia"

by C. C. Gillispie

1960

This article describes bri'fly the
events which transpired immediately be-
fore the writing of the Principia.

10. "The Laws of Motion and Proposition
One"

by Isaac Newton

1687

The Latin original of Newton's state-
ment of the three laws of motion and the
proof of proposition one is followed
here by the English translation by Andrew
Motte and Florian Cajori.

11. "The Garden of Epicurus"

by Anatole France

1920

Anatole France is best known as the
writer of novels such as Penguin Island.
This brief passage shows that he, along
with many writers, is interested in
science.

12. "Universal Gravitation"

by Richard P. Feynman, Robert B.
Leighton and Matthew Sands

1964

A physical concept, such as gravita-
tion, can be a powerful tool, illuminat-
ing many areas outside of that in which
it was initially developed. As the
authors show, physicists can be deeply
involved when writing about their field.

13. "An Appreciation of the Earth"

by Stephen H. Dole

1964



The earth, with all its faults, is a
rather pleasant habitation for man. If
things were only slightly different, our
planet might not suit man nearly as well
as it now does.

14. "A Search for Life on Earth at
Kilometer Resolution"

by Stephen D. Kilston, Robert R.
Drummond and Carl Sagan

1965

15, "The Boy who Redeemed his Father's
Name"

by Terry Morris

1966

A dramatized account of the boyhood
of the Japanese astronomer who discovered
a recent comet. This same comet, Ikeya-
Seki, is described also in the article
by Owen Gingerich.

16. "The Great Comet of 1965"

by Owen Gingerich

1966

The director-of the Central Bureau
for Astronomical Telegrams describes the
excitement generated by a recent comet,
and reviews current knowledge of comets.

17, "Gravity Experiments"

by R. H. Dicke, P. G. Roll and
J. Weber

1966

The delicate modern version of the
Eotvos experiment described here shows
that the values of inertial mass and
gravitational mass of an object are equal
to within one ten - billionth of a percent.
Such precision is seldom attainable in
any arca of science.

18. "Space the Unconquerable"

by Arthur C. Clarke

1962

Arthur Clarke began to think seriously
about space travel before almost anyone
else. His conclusions, as seen in the
article s very first sentence, are some-
what more pessimistic than are now
fashionable.

19. "I.: there Intelligent Life Beyond
the Earth?"

by I. S. Shklovskii and Carl Sagan

1966

Many scientists have argued recently
that intelligent life may be quite com-
mon in the universe. This work was
originally Shklovskii, in Russian,

Aid Summaries
Reader

and the "Annotations, Additions, and
Discussions" which Sagan has added are
bracketed by the symbols V and L.

20. "The Stars within Twenty-two Light
Years that Could Have Habitable
Planets"

by Stephen H. Dole

1964

This table li,ts only those stars
within twenty-two light years of the
earth that have probabilities for the
existence of planets which could support

. human life. The reader with astronomical
interests should scan books on astronomy
for a detailed explanation of most of
the terminology used in this table.

21. "U.F.O."

by Carl Sagan

1967

The existence or non-existence of un-
identified flying objects has been a
subject for debate in the United States
and elsewhere for many years. Here an
astronomer reviews our current knowledge
in an impartial way.

22. "The Life-story of a Galaxy"

by Margaret Burbidge

1962

A noted woman astronomer discusses
current knowledge, and lack of knowledge,
concerning the evolution of galaxies.
Dr. Burbidge concludes, "It is difficult
to understand in detail how one sort of
galaxy can evolve into another, yet in
a general way we know that it must hap-
pen."

23. "Expansion of the Universe"

by Hermann Bondi

1960

Bond:, a noted theoretical physicist
and astronomer, presents the evidence
for the overall expansion of the universe,
evidence which depends greatly on the
observed red shift of light from distant
galaxies. The number mentioned at the
end of the paper, ten billion years, is
sometimes picturesquely called the "age
of the universe."

24. "Negative Mass"

by Banesh Hoffmann

1965

Does mass, like electric charge, exist
in both positive and negative forms? If
so, negative mass must have the most ex-
traordinary properties but they could
explain the immense energies of the star-
like objects known as quasars.
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Aid Summaries
Reader

25. "Three Poetric Fragments about
Astronomy"

From Troilus and Cressida
by William Shakespeare

From Hudibras
by Samuel Butler

My Father's Watch
by John Ciardi

26. "The Dyson Sphere"

by I. S. Shklovskii and Carl Sagan

1946

The imagination of scientists often
exceeds that of the science fiction
writer. The question asked is how an
advanced technological civilization
could capture most of the sun's energy.
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D28 Phases of the Moon

The following model will help to
clarify the phases of the moon. Attach
a ping-pong or tennis ball to a thread.
Then in a darkened room have students
watch the phases of this moon as you
swing it:

a) around a single lamp bulb (not
too bright) , or

b) around their heads.

The latter matches best with our obser-
vations of the moon's phases.

D29 Geocentric-Epicycle Model (an al-
ternative to Demonstrations 5.5A,
5.6A)

In this demonstration students them-
selves play the part of planets. As well
as showing that the geocentric-epicycle
model of the solar system gives retro-
grade motion, it demonstrates the effect
that an observer's motion can have on
his view of another object's motion.

Student A, representing the earth,
stands still while two others, B and C,
move around him--B in a circle, and C,
representing a planet, in an epicycle.
A length of string (about 5 yards) be-
tween A and B, and a shorter one (about
A yards) between B and C keep the radii
of the circles constant. Student C will
have to move fairly fast to make one or
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Demonstrations
D28, D29, D30

more revolutions about B while B, walk-
ing at a steady rate, makes one revolu-
tion about A. Once they have established
appropriate speeds, they must try to
maintain ttem as constant as possible.
In this demonstration A is the earth, B
is merely a point in space, C is a plan-
et. "Earth" observes the motion of the
"Flanot" with reference to a distant

,ul--trees, goalposts, school
A1 etc.---"the fixed stars."
aes the planet always appear to be mov-
ing in the same direction? When does it
retrograde? How long does the retrograde
motion last (see diagram)?

D30 Heliocentric Model

In this model the stationary student
A repre:;ents the sun. The earth, now
displacod from its position at the hub
of the universe, moves round in a circle
(radius about 4 yards). The third stu-
dent representing Mars moves around
the sun in the same sense in a larger
circle (6 yards). If earth and Mars
walk in step, but with Mars taking a
shorter step, earth's period will be
considerably less than Mars and their
relative motions will approximate fairly
well to actual movement of the two plan-
ets. Again earth is asked to describe
the relative motion of Mars as it ap-
pears to him against the distant back-
ground of fixed stars. Does the motion
appear uniform? Is there retrograde mo-
tion? When does it occur? Retrograde
motion of an inner planet may be more
difficult to spot. Try these parameters:
earth's orbit-10-yard radius; Mercury's
orbit -4 -yard radius; Mercury takes two
paces for every one taken by earth (see
diagram).
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Demonstrations D31, D32

D31 Plane Motions

The importance of Kepler's use of mo-
t' n in a plane cannot be overstressed.

Unit 1 in mind, have students make
fist. with their left hand to represent

the sun. Have them hold a pen or pencil
in their right hand to represent a point
in space and a velocity vector. You can
anticipate Chapter 8 and ask students
what forces are acting on the body. (The
only force is the central pull of the
sun). What initial motion does the body
have? (The initial velocity vector is
represented by the pen or pencil.) But
one point and a line define a plane.
What would you infer if the body did NOT
move in a plane? (Some other force act-
ing from a place not in the orbital
plane.) This planar assumption is ap-
plied in Experiment 18 when the orbital
inclination of Mars is derived from the
observations of the positions of Mars
north or south of the ecliptic.

D32 Conic Section Model

If the mathematics department has a
model of a cone, use it to let the stu-
dent see the natural occurrence of el-
lipses and other conic sections.
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Introduction to Unit 2 Experiments

The following pages on experiments in-

clude both the directions for the stu-

dent (centered on facing pages) and the

notes for the teacher on the outside

areas of these pages. There is suffi-

cient blank space for the teacher to

add his own notes and he is encouraged

to do so. Essential experiments carry

a star *.

f

Experiments
Introduction
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See Teacher Guide page 65.
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EXPERIMENT 1 Naked-Eye Astronomy (continued from
Unit 1 Student Handbook)

At the very beginning of this course,

it was suggested that you might want to

begin making some basic astronomical ob-

servations in order to become familiar

with the various objects in the heavens

and with the ways in which these objects

move. Now the time has come to analyze

your data more carefully and to continue

your observations. From observations

much like your own, scientists in the

past have developed a remarkable sequence

of thecries. The more aware you are of

the mocions in the sky, the more easily

you can follow the development of these

theories.

If you have been careful and thorough

in your data-taking, (and if the weather

has been mostly favorable), you have

your own data for analysis. If, however,

you do not have your own data, similar

results are provided in the following

sections.

a) One Day of Sun Observations

One student made the following obser-

vations of the sun's position during

September 23.

Eastern Daylight
Time

Sun's
Altitude

Sun's
Azimuth

7:00 A.M. --- - --

8:00 08° 097°
9:00 19 107

10:00 29 119
11:00 38 133
12:00 45 150
1:00 P.M. 49 172
2:00 48 197
3:00 42 217
4:00 35 232
5:00 25 246
6:00 14 257
7:00 03 . 267

If you plot altitude vs. azimuth and mark

the hours for each point, you will be able

to answer these questions.
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1. What as the sun's greatest altitude

during the day?

2. What was the latitude of the observer?

3. At what time (EDT) was the sun high-

est?

4. When during the day was the sun's

direction (azimuth) changing fastest?

5. When during the day was the sun's

altitude changing fastest?

6. Remember that daylight time is an

hour ahead of standard time. On Septem-

ber 23 the apparent sun, the one you see,

gets to the meridian 8 minutes before

the mean sun. Can you determine the lon-

gitude of the observer? Near what city

was he?

b) AYearof Sun Observations See Teacher Guide page 66.

One student made the following monthly

observations of the sun through a full

year. (He had remarkably good weather!)

Sun's Interval to
Noon Sunset Sunset

Dates Altitude Azimuth After Noon

Jan 1 20° 238° 4
h
25

m*

Feb 1 26 245 4 50
Mar 1 35 259 5 27
Apr 1 47 276 6 15
May 1 58 291 6 55
Jun 1 65 300 7 30
Jul 1 66 303 7 40
Aug 1 61 295 7 13
Sep 1 52 282 6 35
Oct 1 40 267 5 50
Nov 1 31 250 5 00
Dec 1 21 239 4 30

*h = hour, m = minutes.

In terms of the dates make three plots

(different colors or marks on the same

sheet of graph paper) of the sun's noon

altitude, direction at sunset and time

of sunset after noon.

1. What was the sun's noon altitude at

the equinoxes (March 21 and September 23)?

2. What was the observer's latitude?

3. If the observer's longitude was 79°W,

near what city was he?

Experiments

El
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See Teacher Guide page 67.

Experiments

4. Through what range (in degrees) did

his sunset point change during the year?

5. By how much did the observer's time

of sunset change during the year?

6. If the interval between sunrise and

noon equalled the interval between noon

and sunset, how long was the sun above

the horizon on the shortest day? On the

longest day?

c) Moon Observations

During October 1966 a student in Las

Vegas, Nevada made the following obser-

vations of the moon at sunset when the

sun had an azimuth of about 255°.

Date
Angle from
Sun to Moon

Moon
Altitude

Moon
Azimuth

Oct.
16 032° 17° 230°
18 057° 25 205
20 081° 28 180
22 104° 30 157
24 126° 25 130
26 147° 16 106
28 169° 05 083

1. Plot these positions of the moon on

the chart.

2. From the data and your plot, estimate

the dates of new moon, first quarter moon,

full moon.

3. For each of the points you plotted,

sketch the shape of the lighted area of

the moon.

60
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See Teacher Guide page 67. d) Locating the Planets

Table I in the appendix tells you

where to look in the sky to see each of

the planets whose wanderings puzzled the

ancients. One set of positions is given,

accurate to the nearest degree, for

every ten-day interval; by interpolation

you can get the planets' positions on

any given day.

The column headed "J.D." shows the

corresponding Julian Day calendar date

for each entry. This calendar is simply

a consecutive numbering of days that have

passed since an arbitrary "Julian Day 1"

in 4713 B.C.: September 26, 1967, for

example, is the same as J.D. 2,439,760.

Look up the sun's present longitude

in the table. Locate the sun on your

SC-1 Constellation Chart: its path, the

ecliptic, is the curved line marked off

in 360 degrees; these are the degrees of

longitude.

A planet that is just to the west of

the sun's position (to the right on the

chart) 'is "ahead of the sun," that is, it

rises just before the sun does. One

that is 180° from the sun rises near

sundown and is in the sky all night.

When you have decided which planets

may be visible, locate them along the

ecliptic. Unlike the sun, they are not

exactly on the ecliptic, but they are

never more than eight degrees from it.

The Constellation Chart shows where to

look among the fixed stars.
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e) Graphing the Position of the Planets

Here is a useful graphical way to dis-

play the information in the planetary

longitude table in the appendix.

On ordinary graph paper, plot the

sun's longitude versus time. Use Julian

Day numbers along the horizontal axis,

beginning as close as possible to the

present date. The plotted points should

fall on a nearly straight line, sloping

up toward the right until they reach 360°

and then starting again at zero. (See

Fig. 1.)

360°.

U.
C /

I/

'''

0° Time

Fig. 1 The sun's longitude

How long will it be before the sun

again has the same longitude as it hap

today? Would the answer to that question

he the same if it were asked three months

from now? What is the sun's average

angular speed over a whole year? By how

much does its speed vary? When is it

fastest?

3

See Teacher Guide page 67.
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Plot Mercury's longitudes on the same

graph (use a different color or shape

for the points). According to your plot,

how far (in longitude) does Mercury get

from the sun? (This is Mercury's maxi-

mum elongation.) At what interval does

Mercury pass between the earth and the sun

(forget-for the time being about lati-

tudes)? (This interval is Mercury's syn-
odic period: the period of phases.)

Plot the positions of the other plan-

ets (use a different color for each one).

The resulting chart is much like the

data that puzzled the ancients. In fact,

the table of longitudes is just an up-

dated version of the tables that Ptolemy,

Copernicus and Tycho made:

The graph contains a good deal of use-

ful information. For example, when will

Mercury and Venus next be close enough

to each other so that you can use bright

Venus to help you find Mercury? Can you

see from your graphs how the ancient

astronomers decided on the relative sizes

of the planetary spheres? (Hint: look

at the relative angular speeds of the

planets.) Where are the planets, rela-

tive to the sun, when they go through

their retrograde motions?

B.C.

THINK CU. ASK S.C.
WHAT THE MOON IS--

By John Hart

4
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ANSWERS

EXPERIMENT 1: NAKED-EYE ASTRONOMY (con-
tinued from Unit 1 Student
Handbook)

I. ONE DAY OF SUN OBSERVATIONS

1. About 49°.

2. Since the sun was on the equator
September 23, the latitude of the ob-
server is 90° - sun's noon altitude, cr
90° - 49° = 41° N.

3. The sun was highest at about
1:00 EDT.

4. The sun's azimuth changes most
rapidly around noon.

5. The sun's altitude changes most
rapidly when the sun is near the hori-
zon after sunrise and before sunset.

6. Local noon (highest sun) occurred
about 1:00 EDT or at 12:00 EST. But the
mean sun, on which our timM is kept,
would cross the meridian 8 later, or
at 12:08 EST The observer was there-
fore 8m west oA the mid-line for the EST
zgale. Since 4 = 1° of longitude, the
8 = 2° west. The mid-longitude fc EST
is 75° W. Then the observer must have
been at longitude 75° W + 2 = 77° W. and
at latitude 41° N. This is near Akron,
Ohio.

,

30

11,77:7-

430 45'0 /70 410 ATJ

ONE DAY OF SUN OBSERVATIONS TEACHER GUIDE
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II. A YEAR OF SUN OBSERVATIONS

1. About 46°.

2. Latitude = 90° - sun's noon
altitude on March 21 or September
23

= 90° - 46° = 44°

3. He was near Toronto or Buffalo,
New York.

4. The sunset point changed in azi-
muth from about 237° in December to
about 303° in June, or a change of
303° - 237° = 66°.

5. The interval betwtenmnoon and sun-
set changed from about 4"25 in December
to about 7h40m in June, or a change of
3h15m during the year.

6. On the shortest day the sun was
up for 2 x 4h25m or about 8h50m. On the
longest day the sun was up for 2 x 7h40m
or about 15h20m.

,21

4,0 sowscr
AFT5R mow

Abel_ I

Jo)

!4o
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III. MOON OBSERVATIONS
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d) & e) PLOTTING PLANET POSITIONS
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Eratosthenes used two points in
Egypt, Alexandria, on the Mediter-
ranean Sea, and Syene, which was
near the present location of the
Aswan Dam. He measured the distance
between these points in "stadia."
Unfortunately we do not know the
proper cciversion from his stadia
to our miles. According to one in-
terpretation, Erathosthanes' value
for the circumference of the earth
was about 20% larger than the modern
value. However, according to an-
other interpretation, his value
agrees with the modern value to
about 1%.

68

EXPERIMENT 13 The Size of the Earth

The first recorded approximate

ment of the size of the earth was

Eratosthenes in the third century

measure-

made by

B.C.

His method was to compare the lengths of

shadows cast by the sun at two different

points rather far apart t.ut nearly on a

north-south line or tne earth's surface.

The experiment described here uses an

equivalent method. Instead of measure-

ing the length of a shadow you will mea-

sure the angle between the vertical and

the sight line to a star or the sun.

You will need a colleague at least

200 miles away due north or south of

your position to take simultaneous mea-

surements. You will need to agree in

advance on the star, the date and the

time for your observations.

Theory

The experiment is based on the assump-
tions that

1) the earth is a perfect sphere.

2) a plumb line points towards the

center of the earth.

3) the distance from stars and sun

to the earth is great compared with

the earth's diameter.

The two observers must be located at

points nearly north and south of each

other (i.e., they are nearly on the same

meridian). They are separated by a dis-

tance s along that meridian. You (the

observer at A) and the observer at B

both sight on the same star at the pre-

arranged time, preferably when the star

is on or near the meridian.

Each of you measures the angle between

the vertical of his plumb line and the

sight line to the star.

Light rays from the star reaching

locations A and B are parallel (this is

implied by assumption 3).
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You can therefore relate the angle at

A, OA, to the angle at B, OB, and the

angle between the two radii, p, as shown

in Fig. 1.

/,;
5/S

Fig. 1

In the triangle A'BO

= "A '12.)
(1)

If C is the circumference of the earth,

and s is an arc of the meridian, then

s 0

C 360

Combining Eqs. (1) and (2),

360
s)

e
A - eB

(2)

where e
A

and 0
B
are measured in degrees.

Procedure

For best results, the two locations A

and B should be directly north and s6uth

of each other. The observations are

made just as the star crosses the local

meridian, that is, when it reaches its

highest point in the sky.

You will need some kind of instrument

to .ieasure the angle O. One such instru-

ment is an astrolabe. One can be made

fairly easily from the design in Fig. 2.

7
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Align your astrolabe along the merid-

ian (north-south line) and measure the

angle from the vertical to the star as it

crosses the meridian.

If the astrolabe is not aligned along

the meridian, the altitude of the star

will be observed before or after it is

highest in the sky. An error of a few

minutes from the time of transit will

make little difference.

An alternative method would be to mea-

sure the angle to the sun at (local) noon.

(Remember that this means the time when

the sun is highest in the sky, and not

necessarily 12 o'clock.) You could use

the shadow theodolite described in Exper-

iment 1. Remember that the sun, seen

from the earth, is itself 1/20 wide. Do

not try sighting directly at the sun.

You may damage your eyes.

An estimate of the uncertainty in

your measurement of 0 is important.

4



Take several measurements on the same

star (at the same time) and take the

average value of 0. Use the spread in

values of e to esti .ate the uncertainty

of your observations and of your result.

If it can be arranged, you should ex-

change instruments with your colleague

at the other observing position and re-

peat the measurements on the same star

on another night. (Remember that it will

cross the meridian 4 minutes earlier

every night, so your time of observation

will be different.) By taking the aver-

age of the two values of e given by the

different instruments you can eliminate

errors due to differences in construction

between the two.

The accuracy of your value for the

earth's circumference also depends on

knowing the over-the-earth distance

between the two points of observation.

See: "The Shape of the Earth," Scien-

tific American, October, 1967, page 67.

Ql How does the uncertainty of the over-

the-earth distance compare with the un-

certainty in your value for 8?

Q2 What is your value for the circumfer-

ence of the earth and what is the uncer-

tainty of your value?

Q3 Astronomers have found that the aver-

age circumference of the earth is about

24,900 miles. What is the percentage

error of your result?

Q4 Is this acceptable, in terms of the

uncertainty of your measurement?

NaM-MeSMI.M.I.TO
WAY AIODIM1p TO HERB -

B.C. By John Hart
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For Discussion

It is often said that Columbus'
voyage to the New World was a dar-
ing feat because it was not known
at the time (1492) that the earth
was spherical. However, by 250 B.C.,
the Greeks concluded that the earth
was a sphere. What obset,ations may
have caused them to make that con-
clusion? How might you explain the
popular concept of Columbus' time
that the earth was flat and that
one could fall off the edge?

Since about 1673 scientists have
known that the earth is slightly
oblate, i.e., the polar diameter is
slightly less than the equatorial
diameter. At the pole there are
about 69.4 miles per degree of lati-
tude along the earth's surface; while
there are only about 68.7 miles per
degree at the equator.
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This is an example of indirect
measurement. Our ability to make
measurements by direct methods
(i.e., direct application of our
senses) is severely limited. We
can't see very small things. A
mountain is just too large to meas-
ure by direct means. Some objects,
such as a cloud, are just too inac-
cessible to measure. In each of
these cases and in countless others,
we use indirect methods to "estimate"
dimensions. In this exercise students
combine observations with a geometri
cal model to measure a very large,
very inaccessible object.

The photograph on page 96 of
Unit 1 shows the large crater
Copernicus which is near the equator
in thd moon's Eastern hemisphere
(3rd quarter).
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EXPERIMENT 14 The Height of Piton, A
Mountain on the Moon

You have probably seen photographs of

the moon's surface radioed back to earth

from an orbiting space ship or from a

vehicle that has made a "soft landing"

on the moon. The picture on page 95 of

the Unit 1 text shows an area about 180

miles across and was taken by Lunar Or-

biter II from a height of 28.4 miles.

But even before the space age, astron-

omers knew quite a lot about tle moon's

surface. Galileo's own description of

what he saw when he first turned his

telescope to the moon is reprinted in

Sec. 7.8 of Unit 2.

From Galileo's time on, astronomers

have been able, as their instruments

and techniques improved, to learn more

and more about the moon, without ever

leaving the earth.

In this experiment you will use a

photograph taken with a 36-inch tele-

scope in California to estimate the

height of a mountain on the moon. Al-

though you will use a method similar in

principle tO Galileo's, you should be

able to get a much more accurate value

than he could working with a small tele-

scope (and without photographs!).

Materials

You are supplied with a photograph of

the moon taken at the Lick Observatory

near the time of the third quarter.

The North Pole is at the bottom of the

photograph. This is because an astro-

nomical telescope, whether you look

through it or use it to take a photograph,

gives an inverted image.

Why Choose Piton?

Piton, a mountain in the northern

hemisphere, is fairly easy to measure

because it is a slab-like pinnacle in

an otherwise fairly flat area. It is
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quite close to the terminator (the line

separating the light portion from the

dark portion of the moon) at third quar-

ter phase.

You will find Piton on the moon photo-

graph above (to the south) and left of

the large crater Plato at the moon lati-

tude of about 40° N. Plato and Piton

are both labeled on the moon map.

The important features of the photo-

graph are shown in Fig. 1. The moon is

a sphere of radius R. Piton (P) is a

distance s from the terminator and casts

a shadow of apparent length I.

Sor.t Poz f

Fib. 1.

0

Figure 2 shows how the moon would

appear if viewed from above the point 0

which is on the terminator and 90° from

Piton. From this point of view Piton is

seen on the edge of the moon's disc.

Its size is exaggerated in the sketch.

Fig. 2.

10

S

1

,UNCoGri"

9
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This change of the point of view
can be made clear with a large ball
(basket ball). Mark North pole, and
central meridian (terminator). Use
golf tee to represent Piton. Show
to class so that they see it as in
photograph and Figure 1. Now rotate
by bringing north pole up towards
you (away from class) until the
class sees Piton on the edge of the
moon's disc. This is the view seen
in Figure 2.
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In fact this is not an essential
assumption. Both s and It change
with the moon's phase and these
changes tend to compensate each
other.

Experiments

Figure 3

This is not an easy question for
students to answer. But they should
agree that these are "reasonable"
assumptions, and that the error in-
troduced is less than 10%.
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C 5

Some simplifying assumptions

B
11

You can readily derive the height of

Piton from measurements made on the

photograph if you assume that:

1) the shadow t is short compared

to the lunar radius R. This allows

you to neglect the curvature of the

moon under the shadow you can ap-

proximate arc AP by a straight line.

2) in Fig. 1 you are looking straight

dawn on the top of the peak.

3) the moon was exactly at third

quarter phase when the photograph

was made,

Ql How big an error do you think these
assumptions might involve?

10
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The geometric mode!

Look at the triangles OCP and APB in

Fig. 2. Both have a right angle (at C

and P respectively) and AB is parallel to

CP. From this it can be shown that the

angles COP and PAB are equal. The two

triangles are therefore similar. Corre-

sponding sides of similar triangles are

R Hproportional, so we can write R = 7 .

To determine H, you must measure E,

s and R from the photograph in arbitrary

units, and then establish the scale of

the photograph by comparing the measured

diameter of the moon photo (in mm) with

its given diameter (3476 km).

Experiments
E14

Because the moon's surface does
curve slightly under the shadow,
Figure 3 is not exact. A more honest
diagram looks like this (the height
H and the angle 0 have been exag-
gerated):

stir--

The line AP' is perpendicular to
the radius OP. It is (part of a)
chord), not a tangent as the simple
treatment assumes.

The similar triangles are COP'
and P'AB. Hence

s H+h
R t

The simple formula over estimates
H by the length h. This turns out
to be a correction of perhaps as
much as 25%. However the uncertain-
ties in this experiment due to dif-
ficulty in measuring s and t are of
the same order.
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The best area to work in is prob-
ably southwest (above and to the
left!) of Piton, between Piton and
the crater Aristillus. We place the
terminator through the Western (left)
rim of the crater Cassini.

Encourage students to use the
magnifier. Some may discover for
the first time that a half tone re-
production is made up of dots.
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A photograph of the moon taken
at the third quarter phase.
(Lick Observatory, University
of California)

Measurements and Calculations

The first problem is to locate the

terminator. Because the moon has no at-

mosphere, there is no twilight zone. The

change from sunlit to dark is abrupt.

Those parts of the moon which are higher

than others remain sunlit longer. Thus

the shadow line, or terminator, is a

ragged line across the moon's surface.

To locate the terminator use a white

thread or string stretched tight and seek

an ace:i close to Piton where the moon's

surface is flat. Move the thread until

it is over the boundary between the

totally dark and partly illuminated areas.
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Use a 10X magnifier to measure s and

2. on the pictures provided. Or you can

use a scale to measure the length of the

shadow and the distance from Piton to the

terminator on the 10X enlargement; the

values of R. and s will be one tenth of

these measured lengths. To measure R in

millimeters find the moon's diameter

along the terminator and divide by two.

The diameter of the moon is 3476 km.

Q2 How much does one millimeter on the

photograph represent on the moon's sur-

face?

Use this scale factor and the equation

given above to find the height of Piton,

in km.

Below is a picture of the area
enclosed by the white line, en-
larged exactly ten times On
these telescope pictures north
is at the bottom, east is to the
right, as in the map opposite.

.0

1_
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Distance to Moon and Its Size

Some students will inquire how
the size of the moon is known. In

the sky we can see that the moon is
about half a degree across. If then
we can find the distance to the moon,
we can determine its linear size.
(The moon's linear diameter, for 0.5°

angular diameter, will be
1

2 x 57.4
or about 1/115 of the distance from
the earth to the moon.

The distance to the moon is de-
rived by triangulation of the moon's
position against the starry back-
ground with simultaneous observations
made from places far apart on the
earth. The geometry is easiest to
visualize if the places are on a
north-south line, but such orien-
tation is not necessary (only the
analysis is more complicated). If

we could observe the moon simultan-
eously from the earth's north and
south poles, we would find a differ-
ence of about 2° in the recorded po-
sitions. (This would be the angular
size of the earth as seen from the
moon.) An angle of 2 is subtended
by an object when its distance is
about 30 times its linear size.
(Students can easily check this.)
Therefore we can conclude that the
distance to the moon is about 30
earth-diameters, or 60 earth-radii.
Since the earth's radius is about
4000 miles, or 6,400 kilometers,
the approximate distance to the
moon is 24,000/115, about 2090
miles, or 3,340 kms.

If students wish to attempt to
derive this result from their own
observations, remind them that
(1) the baseline between observa-
tions must be as long as possible
(but need not be north or south),
(2) the moon moves continuously
among the stars so simultan-
eous observations are necessary,
and (3) locating the bright moon
accurately among a field of faint
stars is difficult. Even so, we
hope that some will try.
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We found, using a magnifier

s= 4.0 ± 0.5 mm
= 2.0 ± 0.2 mm

2R = 164 ± 2 mm

76
1 mm on photo =

3464
- 21 km

1

on moon

St 4.0 x2 2.0
H - -

8
- 0.98 mm

= 0.98 x 21 = 2.1 km

Location of terminator, and meas-
urement of s is the least certain
measurement. Uncertainty is s may
be ± 0.5 mm. This alone gives an

uncertainty of
0.5

x 100 = 14% in
3.5

the final answer.

Another question that each student
must answer for himself is: "From
which point in the illuminater part
of the mountain should I measure--
from the center, or from the western
(left hand) edge?" In fact is prob-
ably correct to measure from the
left hand edge on the assumption
that it is that part of the mountain
that casts thv longest shadow.

Uncertainty in Q is about 10%.
Uncertainty in R is insignificant
compared with these. Maximum un-
certainty of final result is there-
fore 15% + 10 = 25%.
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Discussion

1. What is your value for the height of

Piton?

2. Which is the least certain of your

measurements? What is your estimate of

the uncertainty of your final result?

3. Astronomers, using methods consider-

ably more sophisticated than those you

tir

44, t

Tenth lunar surface picture taken b
shows a moon rock six inches high a
America's first lunar soft-landing
of Storms at 11:17 p.m., Pacific Da
spots at left are reflections of th
the National Aeronautics a"d Space
Laboratory.

Can you estimate the size of some o

Can you estimate the angle that the
(angle 8 in Fig. 2)? (Photo credit

12



use here, calculate the height of Piton

to be about 2.3 km (and about 22 km across

at its base). How does your value compare

with this?

4. Does your value differ from this by

more than your experimental uncertainty?

If so, can you suggest why?

y Surveyor I spacecraft on June 2, 1966,
nd twelve inches long. Surveyor I,
spacecraft, touched down in the ocean
ylight Time, June 1, 1966. Bright
e sun. The picture was received at
Administration's Jet Propulsion

f the smaller objects?

sun's rays make with the moon's surface
: NASA).
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Percentage error of our result is

0 22.3

2- 3 2.3

2.1
x 100 = x 100 = 9%

As the example above shows it is
unlikely that students' results will
differ from 2.3 km by more than the
experimental uncertainty. The cor-
rect answer to "Can you suggest why?"
is therefore probably "1 under esti-
mated the uncertainty in locating the
terminator, etc."

One correction to the geometrical
model is suggested above.

Another is that the shadow lies
along the parallel of latitude
through Piton and not along the
great circle which is the edge of
the section shown in Figure 2. This
is a small factor.

Students may be disappointed with
the rather high percentage error of
their results. They should not be.
To have measured the size of Piton
even to within 30% is a worthwhile
achievement.

This is also a good time to em-
phasize the importance and value of
order of magnitude measurements in
physics. This seems to contradict
the cliche, "Physics is an exact
science," but an order of magnitude
value is often all that can be ob-
tained, particularly if the quantity
being measured is very large of very
small. Of course it is essential to
have an estimate of uncertainty.
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Experiment 15*

THE SHAPE OF THE EARTH'S ORBIT

You may decide to run this ex-
periment as a group activity in
which the whole class participates
in collecting the data. But each
student should make his own plot.
Once the data have been collected

the plotting itself could be done at
home. The only tools needed are pro-
tractor and ruler.

The experiment is based on theA
answers to these two questions. Ask
students to think about them the day
before you want them to plot the or-
bit. The answers are:

Ql. The sun
year. The rate
degree per day.

360.00°
365.24 days

moves 3600 in one
is approximately one
(Actually

.98667° /day.)

Q2. The formula is: apparent

size
1

distance

Q2 above should suggest the an-
swer to this question. But you may
get other suggestions. Perhaps the
sun periodically expands and con-
tracts, as many stars do. (The
most famous type of periodic "vari-
able stars" are called cepheid
variables; o..le famous cepheid is

Polaris which has a period of just
less than four days.) You might
ask that if the sun does vary in
size, does it probably vary in other
ways, e.g., in brightness? Could
this be an explanation for the sea-
sons? Does it seem reasonable that
the sun's period of variation would
coincide exactly with the earth's
period of revolution about the sun?
What other effects would we observe
on Earth and on other planets if the
sun varies in size or brightness?

Based on an experiment developed by
Dr. R.A.R. Tricker, formerly Chief
Inspector of Schools for Science in
England.
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EXPERIMENT 15 The Shape of the Earth's
Orbit

Two questions to think about before
Muting to plot the orbit

A01 How long does it take the sun to mako

one complete cycle (360°) through the sky

against the background of stars? (See

Sec. 5.1 if you have difficulty answering

this.) How fast does the sun move along

the ecliptic in degrees per day (to the

nearest degree)?

Q2 The further away you are from an ob-

ject the smaller it appears to be. Sup-

pose you photograph a friend at a distance

of ten meters, and then again at a dis-

tance of twenty meters. Can you find a

formula that relates his apparent size

to his distance?

Ptolemy, and most of the Greeks,

thought that the earth was at the center

of the universe, and that the sun revolved

around the earth. From the time of Coper-

nicus the idea gradually became accepted

that the earth and other planets revolve

around the sun. You probably believe

this, just as you believe that the earth

is round. But from the evidence of our

senses--how we see the sun move through

the sky during the yearthere is no rea-

son to prefer one model over the other.

Plotting the orbit

The raw material for this experiment

is a series of sun photographs taken at

approximately one-month intervals and

printed on a film strip.

Q3 The photograph in Frame 5 shows

halves of the images of the January sun

and July sun placed adjacent. How can

you account for the obvious difference

in size?

Assume that the earth is at the center

of the universe. (This, after all, is

the "common sense" interpretation; it is

what our senses tell us.)
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Take a large piece of graph paper AL

(20" x 20" or four 8 1/2 x 11" pieces

pasted together) and put a mark at the

center to represent the earth. Take the

0° direction, the direction of the sun

as seen from the earth on March 21st, to

be along the grid lines toward the left.

The dates of all the photographs, and

the direction to the sun measured from

this zero direction are given in the

table below. Use a protractor to draw

a spider web of lines radiating out from

the earth in these different directions.

The angles

from

Table

Date

the zero

are measured countn-clockwise

line.

Direction from earth to sun

March 21 0°

April 6 15.7
May 6 45.0
June 5 73.9
July 5 102.5
Aug. 5 132.1
Sept, 4 162.0
Oct. 4 191.3
Nov. 3 220.1
Dec. 4 250.4
Jan. 4 283.2
Feb. 4 314.7
March 7 346.0

23
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There are other possible sources
of systematic or cyclic error to
consider. The effective focal length
(and therefore of magnification) of
the telescope might vary with tem-
peratureand therefore with the sea-
sons. (A study of solar diameter vs.
air temperature could be made. But a
more conclusive study would involve
similar photos from the southern
hemisphere where the seasons differ
from ours.)

After variation in the sun's
physical size has been ruled out as
a probable explanrtion, return to
the idea that this is an apparent
variation only and that probably it
results from a variation in the dis-
tance from earth to sun.

AL The point where the ecliptic
crosses the equator on March 21 is
called the Vernal Equinox (see Unit
2 text, page 9). The sun is then

close to Pisces. A line from the

earth of the Vernal Equinox is the
reference line from which celestial
longitudes are measured along the
ecliptic. The angles are measured
eastward from the 0° line.

z

r ,

4---1V

6 ("

This system is used in several of
the Unit 2 experiments (Experiments
17*, 18, 19, 21 as well as the pres-
ent one) and students should be fa-
miliar enough with it to understand
what they are doing in these experi-
ments. They should appreciate that
the "0° line" is a line from the
earth to a point (the Vernal Equi-
nox) on the celestial sphere.

Part of Transparency T14 can be
used to help explain the system.
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Project the film strip onto a

wall or other flat surface to give
an image of the sun between 50 and
100 cm in diameter. Measure the
diameters with a meter stick. Do
NOT move or refocus the projector
after the measurements start.

In frames 7-18 the directions
marked N and E refer to the directions
as seen in the sky and not to direc-
tions on the sun itself. Note that
the direction marked "north" varies
from frame to frame. This arises
principally because the photographs
were made at difiarent times of the
day. The frames always have the
same alignment with respect to the
horizon. Plates taken early in the
morning have the north direction

tipped toward the left. We recom-
mend measuring along the horizontal
diameters which are parallel to the
bottoms of the frames. This lessens
the effect of atmospheric refraction,
see Figs. 6.12 and 6.13 in the text.
REMEMBER: Do not move the_projector,
or refocus.

If you have more film strips than

projectors, some students can meas-
ure on the film directly, using a
lox magnifier.

A 10 cm radius give an orbit which
is convenient to use as the starting
point for plotting the Orbit of Mars
(Experiment 17*).

An off-center circle is the best
curve to draw.

Perihelion is January 3. Aphelion
is July 5.

The ratio
aphelion distance

is
perihelion distance

about 1.04.
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Measure carefully the projected diam-

eters of each of the frames in the film

strip. What is the relationship between

these measurements and the relative dis-

tance of sun from earth? Adopt a scale

factor (a constant) to convert the diam-

eters to distances from the earth in ar-

bitrary units. Your plot of the earth-

sun distance should have a radius of

about 10 cm. If your measurement for the

sun's diameter is about 50 cm, you should

use a scale factor of 500 cm.

constant 500Distance to sun
sun's diameter diameter'

(For instance, if the measured diameter

of the sun is 49.5 cm the relative dis-

tancetance will be ---- = 10.1 cm; and for
9.

a measured diameter of 51.0 cm the rela-

tivetive distance would be ---- - 9.8 em.)
1.

Make a table of the relative distances

for each of the twelve dates.

Along each of the direction lines you

have drawn measure off a length corre-

sponding to the relative distance to the

sun on that date. Draw a smooth curve

tArough these points using a compass or

a set of French curves. This is the or-

bit of the sun relative to the earth.

The distances are relative; we cannot

find the actual distance in miles from

the earth to the sun from this plot.

Q4 Is the orbit a circle? If so, where

is the center of the circle? If the or-

bit is not a circle, what shape is it?

Q5 Locate the major axis of the orbit,

through the points where the sun passes

closest to and farthest from the earth!

What are the approximate dates of closest

approach (perihelion) and greatest dis-

tance (aphelion)? What is the ratio of

aphelion distance to perihelion distance?

24



A heliocentric system

Copernicus and his followers adopted

the sun-centered model only because the

solar system could be described more

simply that way. They had no new data

chat could not be accounted for by the

old model. If you are not convinced

that the two models, geocentric and hel-

iocentric, are equally valid descriptions

of what we see, try one of the activities

at the end of the notes on this experi-

ment.

You can use the same data to plot the

earth's orbit around the sun, if you make

the Copernican assumption that the earth

revolves above the sun, You already have

a table of the relative distances of the

sun from the earth. Clearly there's

going to be some similarity between the

two plots. The dates of aphelion and

perihelion won't change, and the table

of relative distances is still valid be-

cause you didn't assume either model when

deriving it. Only the angles used in

your plotting ch? je.

When the earth was at the center of

the plot the sur was in the direction 0°

(to the right) on March 21st.

Q6 What is the direction of the earth

as seen from the sun on that date? What

is the earth's longitude as seen from

the sun? (The answer to this question

is given at the end of the notes on this

experiment. Be sure that you understand

it before going on.)

At this stage the end is in sight.

Perhaps you can see it already, without

doing any more plotting. But if not,

here is what you must do:

Make a new column in your table giving

the angle from sun to earth. (These are

the angles given on the last frame of the

film strip.) Place a mark for the sun

at the center of another sheet of paper

on each of the twelve dates. Use the

Experiments
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Students may be surprised to learn
that the sun is actually closer to the
earth in (northern hemisphere) winter
than it is in summer. But this has
nothing to do with seasons of course.
They are caused by the inclination of
the earth's axis of rotation to its
plane of revolution.

1800.

If the plot is turned through
180° the plot now represents the
orbit of the earth around the sun.

Some students Iv see this, many
probably won't. Rather than try to
convince them by intellectual argu-
wilts that the same plot can be used
for either orbit we suggest that they
begin to plot the motion of the earth
around the sun. If they are encour-
aged to compare the new plot with
their first one as they go along,
they should soon realize that they do
not need to make a whole new plot. 83

Rotating the plot is all that is
needed.
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About the photographs in the film
strip

Your students may comment that
the solar images on the film strip
are not uniformly bright. This phe-
nomenon, called "limb darkening",
(the edge of the sun is the "limb"),
is evident because the layers of the
sun are progressively cooler outward
toward the surface. Light origi-
nating near the edge of the sun comes
from a higher and cooler layer than
does light from the center of the
sun's image. Thus the limb appears
darker than regions nearer the sun's
center.

84

new angles to plot the orbit of the

earth, When you have marked the earth's

position on a few dates, compare the new

plot with the first one you made around

the sun. You may now see the relation-

ship between the two plots. Before you

finish the second plot you will probably

see what the relationship is, and how

you can use the same plot to represent

either orbit. It all depends on whether

you initia'ly assume a geocentric or a

heliocentric model.

Answer to Q6

The direction of the earth on March

21st, as seen from the sun, is to the

left on your plot. The angle is 180°.

If you do not understand the answer read

toe following:

I am standing due north or you. You

must face north to see me. When I look

at you I am looking south. If the direc-

tion north is defined as 0° the direction

south is 180°. Any two "opposite" direc-

tions (north and south, south-west and

north-east) differ by 180°.

Two activities on frames of reference

(1) You and a classmate take hold of

opposite ends of a meter stick or a piece

cf string a meter or two long. You stand

still while he walks around yJu in a

circle at a steady pace. You see him

moving around you. But how do you appear

to him? Ask him to describe what he sees

when he looks at you against the back-

ground of walls, furniture, etc. You may

not believe what he says; reverse your

roles to convince yourself. In which di-

rection did you see him move--toward

your left or your right? In which direc-

tion did he see you move--toward his left

or his right?
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(2) The second demonstration uses a

camera, tripod, blinky and turntable.

Mount the camera on the tripod and put

the blinky on a turntable. Aim the cam-

era straight down.

CI:W/6*A
C4' 4/P0,1)

k
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Take a time exposure with the camera

at rest and the blinky moving one revo-

lution in a circle. If you do not use

the turntable, move the blinky by hand

around a circle drawn faintly on the

background. Then take a second print,

with the blinky at rest and the camera

moved steadily by hand about the axis of

the tripod. Try to move the camera at

the same rotational speed as the blinky

moved in the first photo.

Can you tell, just by looking at the

photos, whether the camera or the blinky

was moving?
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The high contrast photos show few,
if any, sunspots. The sun rotates,
but not as a solid body. The equa-
torial regions rotate somewhat faster
than do those at higher latitudes.
In the equatorial regions the rota-
tional period is about twenty-five
days, but at the latitude of 30 de-
grees, the period is about two and
one-half days longer. This rotation
is too slow to produce any measurable
oblateness.

The orbit of the moon

The early Greek astronomers had
no devices capable of detecting the
small apparent variations of the
sun's diameter. They did, however,
detect the variation in the apparent
diameter of the moon during the
course of a lunar month. This is not
surprising, since the eccentricity of

the lunar orbit about the earth is
relatively large (e = 0.055), and
the resulting change in apparent size
is about 10%, or 3 minutes of arc.

A similar experiment can be used
for determining the orbit of the moon
about the earth. The necessary ma-
terials were published by Owen Gin-
gerich in the April, 1964, issue of
"Sky and Telescope." Reprints are
available from the Sky Publishing
Corporation, 49 Bay State Rd., Can-
bridge, Massachusetts, 02138.
Costs: 10-24 copies @ $0.15 ea.;
25-99 copies @ $0.10 ea.; 100-999
copies @ $0.08 ea.; minimum order
is $1.00.
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The following are typical values
for this experiment.

Date
Solar

Diam. (cm)

Jan. 4 50.0
Feb. 4 49.6
Mar. 7 49.5
Apr. 6 48.7
May 6 48.7
June 5 48.5
July 5 48.1
Aug. 5 48.6
Sept. 4 49.0
Oct. 4 49.5
Nov. 3 49.7
Dec. 4 49.9
Sept. 23 - -
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A) Plot of Sun's apparent motion
about the earth. The orbit is
represented by a circle whose
center is slightly above the
earth's position on the plot
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B) Plot of earth's motion about the
sun. The "0" direction is still
to the right. This plot is equiv-
alent to the plot of the sun's
apparent motion about the earth
rotated through 180°.
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By working through some simple
optical experiments students can learn
enough optics to understand how a
telescope works.

Use your own stock of assorted
lenses. Include lenses which have
the same diameter but different powers.
Include some negative lenses (also
some plane glass discs, if you have
them). If necessary, use lenses from
the telescope kits; otherwise, keep
the kits in the background. CAUTION
students to handle lenses by the
edges and to keep their fingers off
the surfaces. This method yields the
maximum field of view and the mini-
mum distortion. If the object dis-
tance is held constant at its value
for maximum magnification, the angular
size of the image will remain con-
stant as the eye is moved away from
the lens.

Magnifiers are thicker in the AL
middle than at edges.

Curvature is the important feature. 40

iv

Increasing magnification
88

EXPERIMENT 16 Using Lenses, Making a
Telescope, Using the

Telescope

In this experiment you will first

examine some of the properties of single

lenses, then combine these lenses to

form a telescope which you can use to

observe the moon, the planets and other

heavenly (as well as earth-bound) objects.

The simple magnifier

You certainly know something about

lenses already for instance, that the

best way to use a magnifier is to hold

it immediately in front of the eye and

then move the object you want to examine

until its image appears in sharp focus.

Examine some objects through several

different lenses. Try lenses of a vari-

ety of shapes and diameters. Separate

any lenses that magnify from those that

don't. Describe the difference between

lenses that magnify and those which do

not.

411101 Which lens has the highest magnifying

power? Arrange the lenses in order of

their magnifying powers.

Q2 What physical feature of a lens seems

to determine its power is it diameter,

thickness, shape, the curvature of its

surface?

Sketch side views of a high-power lens,

of a low-power lens and of the lowest

power lens you can imagine.

Real images

With one of the lenses you have used,

project an image of a ceiling light or a

(distant) window on a sheet of paper.
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Describe all the properties of the image

that you can observe. Such an image is

called a real image.

Q3 Do all lenses give real images?

Q4 How does the image depend on the lens?

Q5 If you want to look at a real image 0

without using the paper, where do you

have to put your eye?

Q6 Why isn't the image visible from *

other positions?

Q7 The image (or an interesting part of <>

it) may be quite small. How can you use

a second lens to inspect it more closely?

Try it.

Q8 Try using other combinations of 0

lenses. Which combination gives the max-

imum magnification?

Making a telescope

Parts list

1 large lens

1 magnifier

1 small lens, mounted in a wooden

cylinder

2 cardboard tubes

1 plastic cap

Note the construction of the largest

lens. This lens is called the objective

lens (or simply the objective).

Q9 How does its magnifying power compare

with the other lenses in the kit?

Assembling the telescope

The sketches show how the various parts

go together to make your telescope.

1,1/6N Para
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Colors reproduced correctly; image
is inverted, two-dimensional, smaller
than object.

A Only the magnifying lenses produce
real images of objects. A high power
lens produces a smaller image, closer
to the lens, than does a lower power

lens.

41 Behind the image and at least 10
inches from it, so the eye can focus

on it. To a student who has trouble
finding image: "How far would your
eye have to be from a real object to
see it clearly?"

* Light from the object that has
gone through the lens is confined to
a narrow cone, which the eye must

intercept.

<>Use magnifier, held at proper dis-
tance from the real image. If a
student has difficulty in placing the
magnifier in the right place, let him
focus the image on a sheet of paper,
then remove paper. (The student has
constructed a telescope!)

0 Lowest power
highest power as

Objective has
power.

len. as objective,
eyepiece.

lower magnifying
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Notes on assembly

1. If you lay the objective down on a

flat clean surface, you will see that

one surface is more curved than the other:

the more curved surface should face out-

ward.

2. Clean dust, etc., off lens (using

lens tissue or clean handkerchief) before

assembling telescope.

3. Focus by sliding the draw tube, not

by moving the eyepiece in the tube.

4. To use high power satisfactorily, a

firm supporttripodis essential.

5. Be sure that the lens lies flat in

the high-power eyepiece. Low power gives

about 12X magnification. High power

gives about 30X magnification.

Try out your telescope on objects in-

side and outside the lab. The next sec-

tion suggests some astronomical observa-

tions you can make.

Telescope on Binoc' ear Observations

Introduction

You should look at terrestrial objects

with and without the telescope to develop

handling skill and familiarity with the

appearance of objects.

Mounting

Telescopic observation is difficult

when the mounting is unsteady. If a

swivel-head camera tripod is available,

the telescope can be held in the wooden

saddle by rubber bands, and the saddle

attached to the tripod head by the head's

standard mounting screw. Because camera

tripods are usually too short for com-

fortable viewing from a standing position,

it is strongly recommended that the ob-

server be seated in a reasonably comfort-

able chair. The telescope should be

grasped as far forward and as far back



as possible, and both hands rested firmly

against a car roof, telephone pole, or

other rigid support.

Aiming

Even with practice, you may have

trouble finding objects, especially with

the high-power eyepiece, Sighting over

the top of the tube is not difficult, but

making the small searching movements

following the rough sighting takes some

experience. One technique is to sight

over the tube, aiming slightly below the

object, and then tilt the tube up slowly

while looking through it Or, if the

mounting is firm and the eyepiece tubes

are not too tight, an object can be found

and centered in the field with low power,

and then the high-power eyepiece care-

fully substituted. Marks or tape ridges

placed on the eyepieces allow them to be

interchanged without changing the focus.

Focussing

Pulling or pushing the sliding tube

tends to move the whole telescope. Use

the fingers as illustrated in Fig. 1 to

push the tubes apart or pull them to-

gether. Turn the sliding tube while

moving it (as if it were a screw) fo,:

fine adjustment.

Fig. 1
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An observer's eyeglasses keep his eye

much farther from the eyepiece than the

optimum distance. Far-sighted or near-

sighted observers are generally able to

view more satisfactorily by removing

their eyeglasses and refocussing. Observ-

ers with astigmatism have to decide wheth-

er or not the astigmatic image (without

glasses) is more annoying than the re-

duced field of view (with glasses).

Many observers find that they can keep

their eye in line with the telescope while

aiming and focussing if the brow and cheek

rest lightly against the forefinger and

thumb. When using a tripod mounting, the

hands should be removed from the tele-

scope while actually viewing to minimize

shaking the instrument. (See Fig. 2.)

Fig. 2

Limitations

1111

on

By comparing the angular sizes of the

planets with the resolving power of the

telescope, you can get some idea of how

much fine detail to expect when observing

the planets.

For a 30X telescope to distinguish be-

tween two details, they must be at least

0.001° apart. The low-power Project

Physics telescope gives a 12X magnifica-

tion, and the high power gives 30X.

(Note: Galileo's first telescope gave

3X magnification, and his "best" gave

about 30X. You should find it challeng-

ing to see whether you can observe all

the phenomena mentioned in Sec. 7.7 of

your text.)
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The angular sizes of the planets as

viewed from the earth are:

Mars: 0.002° (minimum)
0.005° (maximum)

Saturn: 0.005° (average)
Uranus: 0.001° (average)
Venus: 0.003° (minimum)

0.016° (maximum)
Jupiter: 0.012° (average)

Observations

The following group of suggested ob-

jects have been chosen because they are

(1) fairly easy to find, (2) representa-

tive of what is to be seen in the sky,

and (3) quite interesting. You should

observe all objects with the low power

first and then the high power. For addi-

tional information on current objects to

observe, see the Handbook of the Heavens,

the last few pages of each issue of "Sky

and Telescope," "Natural History," or

"Science News."

Venus: It will appear as a feature-

less disc, but you can observe its phases,

as shown on page 68 of your text. When

it is very bright you may need to reduce

the amount of light coming through the

telescope in order to tell the true shape

of the image. A paper lens cap with a

hole in the center will reduce the amount

of light.

Saturn: It is large enough that you

can resolve the projection of the rings

beyond the disc, but you probably can't

see the gap between the rings and the

disc with your 30X telescope. Compare

your observations to the sketches on

page 69 of the text.

Jupiter: Observe the four satellites

that Galileo discovered. If you use the

low-power eyepiece with the ruled scale,

you can record the relative radii of the

orbits for each of the moons. By keeping

detailed data over about 6 months' time,

you can determine the period for each of

the moons, the radii of their orbits, and

Experiments
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then the mass of Jupiter. See the notes

for film loop 12, Jupiter Satellite Orbit,

in Chapter 8 of the Student Handbook for

directions on how to analyze your data.

Jupiter is large enough that some of

the surface detail like a broad, dark,

equatorial stripe can be detected (es-

pecially if you know it should be there!)

Moon: Best observations are made be-

tween four days after new moon and four

days after first quarter. Make sketches

of your observations, and compare them

to Galileo's sketch on page 66 of your

text. Look carefully for walls, central

mountains, peaks beyond the terminator,

craters in other craters, etc.

Theftiadec A beautiful little

group of stars which is located on the

right shoulder of the bull in the con-

stellation Taurus. They are almost over-

head in the evening sky during December.

The Pleiades were among the objects

Galileo studied with his first telescope.

He counted 36 stars, which the poet Ten-

nyson described as "a swarm of fireflies

tangled in a silver braid."

The Hyades: This group is also in

Taurus, near the star Aldebaran, which

forms the Bull's eye. The high power

may show several double stars.

B.C.



The Great Nebula in Orion: Look about

half way down the row of stars which

hangs like a sword in the belt of Orion.

It is in the southeastern sky during De-

cember and January.

Algol, a f,mous variable star, is j.n

the constellation Perseus, south of Cas-

siopeia. Algol is high in the eastern

sky in December, and near the zenith

during January. Generally it is a sec-

ondmagnitude star, like the Pole Star.

After remaining bright for almost 2 1/2

days, it fades for 5 hours and becomes

a fourth-magnitude star, like the faint

stars of the Little Dipper. Then it

brightens during 5 hours to its normal

brightness. From one minimum to the next

the period is 2 days, 20 hours, 49 minutes.

Algol, The Double Cluster in Perseus: Look

tor the two star clusters at the top of

the constellation Perseus near Cassiopeia.

High power should show two magnificent

croups of stars.

Great Nebula in Andromeda: Look high

in the western sky in December, for by

January it is on the way toward the hori-

zon. It will appear like a fuzzy patch

of light, and is best viewed with low

power. The light from this nebula has

been on its way for 1.5 million years.

The Milky Way: It is particularly

rich in Cassiopeia and Cygnus (if air

pollution in your area allows it to be

seen).

By John Hart
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EXPERIMENT 17 The Orbit of Mars

(See Student Activity, Three-Dimensional

Model of Two Orbits, in this section,

before starting this experinent.)

In this laboratory activity you will

derive an orbit for Mars around the sun

by the same method that Kepler. msed.

Because the observations are made from

the earth, you will need the orbit of

the earth which you developed in Experi-

ment 15.

Make sure that the plot you use for

this experiment represents the orbit of

the earth around the sun, not the sun

around the earth.

If you did not do the earth's crbit

experiment, you may use, for an approxi-

mate orbit, a circle of 10 cm radius

drawn in the center of a large sheet of

graph paper. Because the eccentricity

of the earth's orbit is very small

(0.017) you can place the sun at the

center of the orbit without introducing

a significant error in this experiment.

From the sun (at the center) draw a

line to the right, parallel to the grid

of the graph paper. Label the line 00.

This line is directed toward a point on

the celestial sphere called the Vernal

Equinox and is the reference direction

from which angles in the plane of the

earth's orbit (the ecliptic plane) are

measured.

The earth crosses this line on Septem-

ber 23. On March 21 the sun is between

the earth and the Vernal Equinox.

a'24 -0-i,-- -- -e-----(3-45617r
/

, 23
TO PE,P01,44

eli/NOA --
Fig. 1.
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The photographs

You will use a booklet containing six-

te:n enlaiged photographs of the sky

showing Mars among the stars at various

dates between 1931 and 1950. All were

made with the same small camera used for

the Harvard Observatory Sky Patrol. On

some of the photographs Mars was near

the center of the field. On many other

photographs Mars was near the edge of

the field where the star images are dis-

torted by the camera lens. Despite these

distortions the photographs can be used

to provide positions of Mars which are

satisfactory for this study.

Changes in the positions of the stars

relative to each other are extremely

slow. Only a few stars near the sun

have motions large enough to be detected

from observations with the largest tele-

scopes after many years. Thus we can

consider the pattern of stars as fixed.

Theory

Mars is continually moving among the

stars but is always near the ecliptic.

From several hundred thousand photographs

at the Harvard Observatory sixteen were

selected, uith the aid of a computer, to

provide pairs of photographs separated

by 697 Gays the period of Mars around

the sun as determined by Copernicus.

During that interval the earth has made

nearly two full cycles of its orbit, but

the interval is short of two full years

by 43 days. Therefore the position of

the earth, from which we can observe

Mars, will not be the same for the two

observations of each pair. But Mars will

have completed exactly one cycle and wil'

be back in tht same position. If we can

determine the direction from the earth

toward Mars for each observation, the

sight lines will cress at a point on the

orbit of Mars. Th;s is a form of trian-

gulation in which we use the different
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None of the photos are retouched;
they may show lint or dust marks or
the edges of dried watermarks which
mar the originals. The center is
often heavily exposed while the edge
is barely exposed. This is due to
vignetting (shadowing) at the edges
of the field caused by camera design.
The student is as close to the "data"
of observational astronomy as are re-
search astronomers themselves.

Some photographs show fewer or
fainter stars than others because:

1. In some parts of the sky, well
away from the Milky Way, star density
is low.

2. Some of the photographs may
have been made through chin cloud,
smoke or haze, and will not show the
fainter stars.

The size of a focused image of
Mars on the original plate is about
1/1000 inch as are the diffraction
disks of star images. Consequently,
the images of planets are theoreti-
cally virtually indistinguishable from
those of stars. Actually, light
scattered within the photographic
emulsion and "twinkling" causes
brightex images to grow larger than
fainter images.

The best image formed by a lens
is on the optical axis (i.e., in the
center of the picture). Distortion
becomes more pronounced toward the
edges of the field. One kind et dis-
tortion which makes the shape of
images seem triangular is clearly
evident in some of the frames taken
from the edge of a plate. Nothing
can be concluded about real shapes
and sizes from these photos; they
are valuable because they record rel-
ative positions of Mars and the stars.
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See Teacher Guide notes on experi- A
ment 15 for more on this celestial
coordinate system. Transparency T14
could be used here.

Because of the changing attractions
of the moon and sun on the oblate
earth, the earth's rotation has sev-
eral wobbles. All except one are too
small to be important in this analysis.
The one large change is called pre-
cession and has a period of 26,000
years. During this time the direction
in which the north pole of the earth
points_ moves through a large circle
on the sky. The result of this mo-
tion is to cause the location of the
Vernal Equinox to slide westward
about 50" each year. Since our co-
ordinate grids are based upon the
Vernal Equinox as the point, the
longitudes we assign the stars change
very slowly with the years. For this
study we have adopted the coordinate
system of 1950.0.

Almost surely some questions will
arise about the "halo" around the
bright object (Mars) in plates F and
0. This occurs because the photo-
graph emulsion is on a glass plate

1
about inch thick. As the sketch

32

indicates, light from a very bright
object will penetrate through the
thin emulsion, be reflected by the
back of the glass, and strike the
emulsion from below in a ring around
the initial image.

/7101-.5/011/
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positions of the earth to provide a base-

line (Fig. 2). Each pair of photographs

in the booklet (A and B, C and D, etc.)

is separated by a time interval of 687

days.

lc VERNAL Egg/WY

MiC5

LIWirri1v, 2
- - -

"2%-ihi5N-Wi(E17:01Nn(

IF-401115 (3-15,---

Fig. 2 Points 1 and 2 on the earth orbit are
687 days apart. This is the period of Mars.
Mars is therefore back in the same position.
Observations of the direction of Mars on these
two dates enable us to find its positio ".

Coordinate system

AWhen we look into the sky we see no

coordinate system. We create coordinate

systems for various purposes. The one

we wish to use here centers on the eclip-

tic. Remember that the ecliptic is the

imaginary line along which the sun moves

on the celestial sphere during the year.

Along the ecliptic we measure longi-

tudes always eastward from the 0° point,

the direction towards the Vernal Equinox.

Perpendicular to the ecliptic we measure

latitudes north or south to 90°. The

small movement of Mars above and below

the ecliptic is considered in the next

experiment, The Inclination of Mars'

orbit.

To find the coordinates of a star or

of Mars we must project the coordinate

system upon the sky. To do this you are

provided with transparent overlays which

show the coordinate system of the eclip-

tic for each frame, A to P. The positions

of various stars are circled. Adjust

the overlay until it fits the star posi-
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tions. Then you can read off the longi-

tude and latitude of the position of Mars.

Figure 3 shows how you can interpolate

between marked coordinate lines. Because

we are interested in only a small section

of the sky on each photograph, we can

draw each small section of the ecliptic

as a straight line. Since the values you

obtain are to be used for plotting, an

accuracy of 0.5° is quite sufficient.

Record your results in the table provided.

14-

/iS -

9

mA

EGL/PT/C

Fig. 3 Interpolation between coordinate lines.
In the sketch Mars (M) is at a distance y° from
the 170° line. The distance between the 170°
line and the 175° line is 5°.

Take a piece of paper or card at least 10 cm
long. Make a scale divided into 10 equal parts
and le, 1 alternate marks 0, 1, 2, 3, 4, 5.
This gives a scale in 1/2° steps. Notice that
the numbering goes from right to left on this
scale.

Place the scale so that the edge passes
through the position of Mars. Now tilt the
scale so that 0 and 5 marks each fall on a grid
line. Read off the value of y from the scale.

In the sketch y = 11/2 ° and so the longitude
of M is 170' + 11/2° = 1711/2°.

For a simple plot of Mars' orbit

around the sun you will only use the

first column the longitude of Mars.

You will use the columns for latitute,

Mars' distance from the sun, and the sun-

centered coordinates if you derive the

inclination, or tilt, or Mars' orbit in

Experiment 18. Record the latitude of

Mars; you might use it later on.

Experiments

This technique is necessary be-
cause the plates are not all to_the
same scale.
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Longitude of Mars, as seen from
Earth

Observed Pos

Frame Date Lon
Plate Date long.

A Mar. 21, 1931

A Mar 21, 1931 118.6°
B Feb. 5, 1933

B Feb 5, 1933 169.0° C Apr. 20, 1933

C Apr 20, 1933 151.4° D Mar. 8, 1935

E May 26, 1935D Mar 8, 1935 204.4°
E May 26, 1935 186.7° F Apr. 12, 1937

F Apr 12, 1937 245.7°
G Sept.16, 1939

G Sep 26, 1939 297.5° H Aug. 4, 1941
H Aug 4, 1941 916.5°
I Nov 22 , 1941 012.1°

I

J
Oct.
Oct

22, 1941
11, 1943

J Oct 11, 1943 080.1°
K Jan. 21, 1944K Jan 21, 1944 065.6°

L Dec 9, 1945 123.2°
L Dec. 9, 1945

M Mar. 19, 1946M Mar 19, 1946 107.6°
N Feb 3, 1948 153.4° N Feb. 3, 1948

0 Apr 4, 1948 138.3° 0 Apr. 4, 1948
P Feb 21, 1950 190.7° P Feb. 21, 1950

Now you are ready to locate points on

the orbit of Mars.

1. On the plot of the earth's orbit,

locate the position of the earth for

each date given in the 16 photographs.

You may d1 t'iis by interpolating between

the dates given for the earth's orbit
experiment. Since the earth moves through

360° in 365 days, you may use tl° for

each day ahead or behind the date given

in the previous experiment. (For example,

frame A is dated March 21. The earth is

at 166° on March 7 and 195.7° on April 6.

You now add 14° (14 days) to 166° or sub-

tract 17° (17 days) from 196°.) Always

work from the earth-position-date nearest

the date of the Mars photograph.

2. Through each earth position point

draw a "0° line" parallel to the line

you drew from the sun towards the Vernal

Equinox (the grid on the graph paper is

helpful). Use a protractor and a sharp

pencil to establish the angle between

the 0° line and the direction to Mars

as seen from the earth (longitude of

Mars). Lines drawn from the earth's posi-



Experiments

itions of Mars

Mars

E. Lat.

Mars'

Earth

Dist

Sun

Heliocentric

Long. Lat.

tions for each pair of dates will inter-

sect at a point. This is a point on

Mars' orbit. Figure 4 shows one point on

Mars' orbit obtained from the data of the

first pair of photographs. By drawing

the intersecting lines from the eight

pairs of positions, you establish eight

points on Mars' orbit.

3. Draw a smooth curve through the eight

points you have established. Perhaps you

can borrow a French curve or long spline

(e.g., from the mechanical drawing depart-

ment). You will notice that there are

no points in one section of the orbit. 4
But since the orbit is symmetrical about

its major axis you can fill in the missing

part.

Now that you have plotted the orbit

you have achieved what you set out to do:

you have used Kepler's method to deter-

mine the path of Mars around the sun.

If you have time to go on, it is

worthwhile to see how well your plot

agrees with Kepler's generalization

about planetary orbits.
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Fig. 4

Kepler's laws from your plot

/69V
Fel

4: Pef

01 Does your plot agree with Kepler's

conclusion that the orbit is an ellipse?

Q2 What is the mean sun-to-Mars distance

in AU?

Q3 As seen from the sun, what is the di-

rection (longitude) of perihelion and of

aphelion for Mars?

Q4 During what month is the earth closest

to the orbit of Mars? What would be the

minimum separation between the earth and

Mars?

Q5 What is the eccentricity of the orbit

of Mars?

Q6 Does your plot of Mars' orbit agree

with Kepler's law of areas, which states

that a line drawn from the sun to the

planet, sweeps out areas proportional to

the time intervals? From your orbit you

see that Mars was at point B' on February

5, 1933, and at point C' on April 20,

1933.
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Fig. 5 In this example the time interval is
74 days.

There are seven such pairs of dates

in your data. The time intervals are

different for each pair.

Connect these pairs of positions with

a line to the sun. Find the areas of

these sectors by counting blocks of

squares on the graph paper (count a

square when more than half of it lies

Experiments
E17

Two articles on measuring areas
with planimeters have appeared in the
Scientific American, 1958 Aug., and
1959 Feb. Mechanically minded stu-
dents might wish to make and cali-
brate their own planimeters.
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Typical Result
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In this plot we have drawn a

circle, radius 15.5 cm (1.55 A.U.)
that passes through or close to most
of the positions of Mars. The center
of the circle is above and to the left
of the sun's position.

Data for Mars' orbit

Mean distance a = 1,52 A.U.
Eccentricity e = 0.09

104

within the area). Divide the area (in

squares) by the number of days an the

interval to find an "area per day" value.

Are these values nearly the same?

Q7 How much (what percentage) do they

vary?

Q8 What is the uncertainty in your area

measurements?

,41 u g
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Q9 Is the uncertainty the same for

large areas as for small?

Q10 Do your results bear out Kepler's

law of areas?

This is by no means all that you can

do with the photographs you used to make

the plot of Mars' orbit. If you want to

do more, look at Experiment 18.

September H BLUE
!
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Some items for discussion

1. As seen from the sun, what is
the direction (longitude) of peri-
helion and of aphelion of Mars? (ap-
proximately 340°, 160° respectively)

2. The sun-to-earth distance is
often referred to as "one astronom-
ical unit" (A.U.). What is the
distance from sun-to-Mars in A.U.?
(Maximum distance = 1.7 A.U.,
minimum distance = 1.4 A.U., mean
distance = 1.55 A.U.)

3. During what month is earth
nearest the orbit of Mars? (Septem-
ber) What is its distance in A.U.
at this time? (about 0.4 A.U.) This
is the closest that the two planets
can ever approach each other.

4. What is the eccentricity of
the Mars orbit? (e = 0.09)
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If you have some students who are
interested in carrying further the
analysis of Mars' Orbit (Experiment
17) they can use the same material
(star-field photographs and coordi-
nate overlays) to derive the inclina-
tion of Mars' orbit.
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EXPERIMENT 18 The Inclination of Mars'
Orbit

When you plotted the orbit of Mars in

Experiment 17 you ignored the slight

movement of the planet above and below

the ecliptic. This movement of Mars

north and south of the ecliptic shows

that the plane of its orbit is slightly

inclined to the plane of the earth's or-

bit. In this experiment you will measure

the angular elevation of Mars from the

ecliptic and so determine the inclination

of its orbit.

Theory

From each of the photographs in the

set of 16 you can find the latitude (angle

from the ecliptic) of Mars as seen from

the earth at a particular point in its

orbit. Each of these angles must be con-

verted into an angle as seen from the sun

(heliocentric latitude).

Figure 1 shows that we can represent

Mars by the head of a pin whose point is

stuck into the ecliptic plane. We see

Mars from the earth to be north or south

of the ecliptic, but we want the N-S

angle of Mars as seen from the sun. An

example shows how the angles at the sun

can be derived.

/41415
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In plate A (March 21, 1933) in the

booklet of photographs Mars is about 3.2°

north of the ecliptic as seen from the

earth. But the earth was considerably

closer to Mars on March 21, 193 than

the sun wag. The angular elevation of

Mars above the ecliptic plane as seen

from the sun will therefore be consider-

al'.1y less than 3.2°.

Measurement on the plot of Mars' orbit

(Experiment 17) gives the distance earth-

Mars as 9.7 cm (0.97 AU) and the distance

sun-Mars as 17.1 cm (1.71 AU) on the date

of the photograph. The heliocentric

latitude of Mars is therefore

9.7 x 3.2°N = 1.8°N.
17.1

You can get another value for the he-

liocentric latitude of this point in Mars'

orbit from photograph B (February 5,

1933). The earth was in a different

place on this date so the geocentric

latitude and the earth-Mars-distance will

both be different, but the heliocentric

latitude should be the same to within

your experimental uncertainty.

Making the measurements

With the interpolation scale used in

Experiment 17 measure the latitude of

each image of Mars. If necessary, place

the edge of a card across the 5° latitude

marks. Remember that the scale factor is

not the same on all the plates.

On your Mars orbit plot from Experi-

ment 17 measure the corresponding earth-

Mars and sun-Mars distances. From these

values calculate the heliocentric lati-

tudes as explained above. The values of

heliocentric latitude calculated from

the two plates in each pair (A and B, C

and D, etc.) should agree within the

limits of your experimental technique.
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E18

107



Experiments

oeeir

0WD/7

FED ,T

On the plot of Mars' orbit measure

the heliocentric longitude ah for each of

the eight Mars positions. Heliocentric

longitude is measured from the sun, counter-

clockwise from the 0° direction (direction

towards Vernal Equinox), as shown in

Fig. 2.

Complete the table given in Experiment 17

by entering the earth-to-Mars and sun-to-

Mars distances, the geocentric and helio-

centric latitudes, and the geocentric and

and heliocentric longitudes for all six-

teen plates.

Make a graph, like Fig. 3, that shows

how the heliocentric latitude of Mars

changes with its heliocentric longitude.

90 / o' .270' 360'
,iarvai1t46
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Fig. 2 The heliocentric longitude (kh) of Point
B on the Mars orbit is 1500; the geocentric longi-
tude (Ag) measured from the eart1's position on
February 5, the date of the photograph, was 169°.

0°

From this graph you can determine two

of the elements that locate the orbit of

Mars with respect to the ecliptic. The

point at which Mars crosses the ecliptic

from south to north is called the ascend-

ing node, ft. (The descending node is the

point at which Mars crosses the ecliptic

from north to south.) The planet reaches

its maximum latitude above the ecliptic

90° beyond the ascending node. This max-

imum latitude equals the inclination of

the orbit i, which is the angle between

the plane of the earth's orbit and the

plane of Mars' orbit.

Two angles, the longitude of the as-

cending node, SI, and the inclination, i,

locate the plane of Mars' orbit with re-

spect to the plane of the ecliptic. One

more angle is needed to locate the orbit

of Mars in its orbital plane. This is

the "argument of perihelion" w and is

the angle in the orbit plane between the

ascending node and perihelion point. On

yot.r plot of Mars' orbit measure the an-

gle from the ascending node SI to the

direction of perihelion to obtain the

argument of perihelion, W.
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The elements of an orbit are dis-
cussed again in ExpeLiment 21: Model
of a Comet Orbit.

Transparency T18 shows this more
clearly than a single drawing can.

110

Parameters of an orbit

If you have worked along this far, you

have done well. You have determined

five of the six elements or parameters

that define any orbit:

a semi-major axis, or From Exper-

average distance (de- iment 17

termines the period)

e - eccentricity (shape of orbit)

i - inclination (tilt of orbital plane)

R - longitude of ascending node (where

orbital plane crosses ecliptic)

w argument of perihelion (orients

the orbit in its plane).

These elements fix the orbital plane

of any planet or comet in space, tell

38
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This simple exercise provides ad-
ditional experience with the concepts
of orbit theory. Orbital eccentricity
and Kepler's Second Law can both be
studied. Although this is a relatively
brief activity, the results can be
surprisingly accurate. Some pupils
have done it at home in less than 20
minutes.

Because the orbit of Mercury is not
a circle, the tangent to the orbit is
not perpendicular to the line joining
sun to planet, i.e., the assumption
suggested here is only an approxima-
tion. Students may find that ney
cannot draw a smooth curve to join all
the points located in this way. In
this case it is quite legitimate to
move some of the points slightly.
The final orbit should be a smooth
curve that touches, without crossing,
all the sight lines.

112

EXPERIMENT 19 The Orbit of Mercury

Mercury, the innermost planet, is nev.r

very far from the sun in the sky. It can

only be seen at twilight close to the

horizon, just before sunrise or just after

sunset, and viewing is made difficult by

the glare of the sun. Except for Pluto,

which differs in several respects from

the other planets, Mercury's orbit is the

most eccentric planetary orbit in our

solar system ( e = 0.206). The large

eccentricity of Mercury's orbit has been

of particular importance, since it has

led to one of the tests for the general

theoiy of relativity.

Procedure

Let us assume a heliocentric model for

the solar system. Mercury's orbit can be

found from Mercury's maximum angles of

elongation east and west from the sun as

seen from the earth on various known

dates.

The angle 0 (Fig. 1), measured at the

earth between the earth-sun line and the

earth-Mercury line, is called the "elonga-

tion angle." Note that when 0 reaches

its maximum value, the elongation sight-

lines from the earth are tangent to Mer-

cury's orbit.
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Since the orbits of Mercury and the

earth are both elliptical, the greatest

value of 0 varies from revolution to rev-

olution. In Fig. 5.5(a) in the text, the

28° elongation angle given for Mercury

reers to the maximum possible value of

0 for that planets

Plotting the orbit

Table 1

Some Dates and Angles of
Greatest Elongation for Marcury
(From the American Ephemeris

and Nautical Almanac)

Date

Jan. 4, 1963 19° E
Feb. 14 26° W
Apr. 26 20° E
June 13 23° W
Aug. 24 27° E
Oct. 6 18° W
Dec. 18 20° E
Jan. 27, 1964 25° W
Apr. 8 19° E
May 25 25° W

You can work fron the plot of the

earth's orbit that you established in

Experiment 15. Make sure that the plot

you use for this experiment represents

the orbit of the earth around the sun,

not of the sun 'round the earth.
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If you did not do the earth's orbit

experiment, you may use, for an approxi-

mate orbit, a circle of 10 cm radius

drawn in the center of a sheet of graph

paper. Because the eccentricity of the

earth's orbit is very small (0.017) you

can place the sun at the center of the

orbit without introducing a significant

error in the experiment.

Draw a reference line horizontally

from the center of the circle to the

right. Label the line 0°. This line

points towards the Vernal Equinox and is

the reference from which the earth's

position in its orbit on different dates

can be established. The point where the

0° line from the sun crosses the earth's

orbit is the earth's position in its or-

bit on September 23.

The earth takes 365 days to move once

around its orbit (360°). Use the rate

of 1° per day, or 30° per month to estab-

lish the position of the earth on each

of the dates given in Table 1. Remember

that the earth moves around this orbit in

a counter-clockwise direction, as viewed

from the north celestial pole. Draw ra-

dial lines from the sun to each of the

earth positions you have located.

Now draw sight-lines from the earth's

orbit for the elongation angles. Be sure

to note from Fig. 1 that for an eastern

elongation, Mercury is to the left of 4-he

sun as seen from the earth. For a western

elongation it is to the right of the sun.

You know that on a date of greatest

elongation Mercury is somewhere along

the sight line, but you don't know exactly

where on the line to place the planet.

You also know that the sight line is tan-

gent to the orbit. A reasonable assump-

tion is to put Mercury at the point along

the sight line closest to the sun.
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You can now find the orbit of Mercury

by drawing a smooth curve through, or

close to, these points. Remember that

the orbit must touch each sight line

without crossing any of them.

Calculating the semi -major axis a

To find the size of the semi-major

axis of Mercury's orbit, relative to the

earth's semi-major axis, you must first

find the aphelion and perihelion points

of the orbit. You can use your drawing

compass to find the points on the orbit

farthest from and closest to the sun.

Measure the size of the orbit along

the line perihelion-sun-aphelion. Since

10.0 cm corresponds to one AU (the semi-

major axis of the earth's orbit), you

can now obtain the semi-major axis of

Mercury's orbit in AU's.

Calculating orbital eccentricity

Eccentricity is defined as e = c/a

(Fig. 2). Since c, the distance from

the center of Mercury's ellipse to the

sun, is small on our plot, we lose ac-

curacy if we try to determine e directly.

Fig. 2

From Fig. 2, R
ap

, the aphelion dis-

tance, is the sum of a and c.

R
ap

= (a + c);

but since c = ae,

Rip = (a + ae) = a(1 + e).
a

Now, solving for e,

R

e = -22 - 1.
a

Experiments

E19

Mercury's perihelion point occurs
at a longitude of about 78° (in about
the direction of the earth's position
on December 10).

The major axis of Mercury's orbit
is about 7.8 cm (0.78 AU) long.

2a = 0.78 AU
a = 0.39 AU

The accepted value for a is 0.387
AU.

From the plot R = 4.60 cm, a =
ap

4.60
3.9 cm therefore e =

3.9
- 1 =

1.18 - 1 therefore e = 0.18.

The accepted value of e is 0.206.
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Label the sun S and the positions
of Mercury as follows:

Jan. 4, 1963 A
Feb. 14, 1963 B
June 13, 1963 C
Aug. 24, 1963 D

Count the number of squares in the
triangles SAB and SCD.

With out data:

SAB _ 274 sqs. 6.7 sq/day
ti 41 days

SCD sqs. = 7.3 sq/day
72 days

Av
274+ 525

799 = 7.07 sq/dag. y41+ 72 113

If the Law of Areas holds, these
two ratios would be identically
equal. Our experimentally determined
ratios agree within 10%. Perhaps
your students, using a smoother orbit,
will obtain greater accuracy.

Sample Result

116

Kepler's second law

You can test the equal-area law on

your Mercury orbit in the same way that

is described in Experiment 17, The Orbit

of Mars. By counting squares you can

find the area swept out by the radial

line from the sun to Mercury between

successive dates of observation (e.g.,

January 4 to February 14, June 13 to

August 24). Divide the area by the num-

ber of days in the interval to get the

"area per day." This should be constant,

if Kepler's law holds for your plot. Is

it?
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technique for solving problems. Modern

high-speed digital computers use repeated

steps to solve complex problems, such as

the best path (or paths) for a Mariner

probe to follow between earth and Mars.

Make these additional assumptions:

1) The force on the comet is a radial

attraction toward the sun.

2) The force of the blow varies in-

versely with the square of the dis-

tance from the sun.

3) The blows occur regularly at the

ends of equal time intervals, in this

case 60 days. The magnitude of each

brief blow has been chosen to equal

the total effect of the continuous

attraction of the sun throughout a

60-day interval.

The effect of the central force on the
comet's motion

From Newton's second law you know that

the gravitational force will cause the

comet to accelerate towards the sun. If

a force P acts for a time interval At

on a body of mass m, w- know that

P = ma = m A;
At

.-.P At = m

This equation relates the change in

the body's velocity to its mass, the

force, and the time for which it acts.

The mass m is constant. So is At (as-

sumption 3 above). The change in veloc-

ity is therefore proportional to the

force -A.; a P. But remember that the

force is not constant: it varies in-

versely with the square of the distance

from comet to sun.

Q5 Is the force of a blow given to the

comet when it is near to the sun greater

or smaller than one given when the comet

is far from the sun?

Q6 Which blow causes the biggest velocity

change?
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Ql Ball will continue to move in a
straight line with same velocity.

Q2 Path direction will change.

Q3 Speed change depending on
initial speed, and acceleration im-
parted by blow. (In circular motion
only direction changes, not speed.)

Ball will move in a path made up
of a series of straight line segments.
If enough blows are given it will
eventually return to somewhere near
its starting point.

II In the Project Physics film loops
numbers 13 and 14 (Program Orbit I
and Program Orbit II) a computer
works out the same orbit by iteration.
In the first loop the time interval
between blows is long and the result
is close to what students should ob-
tain. In the second loop a much
shorter iteration interval is used;
the orbit is smoother. Both loops
(certainly the second one) should
probably be used after the students
have made their plots.

Q5 The force is-greater if the comet

is near to the ,un

Fa x2
R

Q6 The greater the force of tho blow
the greater the velocity change
(piccF). Use transparency T14, over-
lays 2 and 4, to help explain the
addition of velocities.

119



Experiments
E20'

There may be some confusion be-
tween the two times involved, and
their significance: -

Because all blows have the same
duration (At), Newton's Second Law

Av
F = m can be simplified to ilVecF

At

(m also being constant).

Because the time interval between
blows is constant (60 days) the comet's
displacement along its orbit during a
60-day interval is proportional to its
velocity.

Ad = 41; x 60 days, becomes 'e44

120
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In Fig. 1 the vector v represents

the comet's velocity at the point A.

You want to plot the position of the

comet, You must use its initial velocity

(vo) to derive its displacement (.d,)

during the first sixty days: =

vp . 60 days, Because the time intervals

between blows is always the same (60

days) the displacement along the path is

-7\

el;
Ad, = 4415

AZ, -= vo 6Pdays

A'

Fig. 1

proportional to the velocity--Ld a v.

We can therefore use a length proportional

to the comet's velocity in a given 60-day

period to represent its displacement dur-

ing that time interval.

During the first sixty days, then,

the comet moves from A to B (Fig. 1). At

B a blow provides a force F1 which causes

a velocity change torl. The new velocity

after the blow is ;1 = vp + [1;1, and is

found by completing the vector triangle

(Fig. 2).

44
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The comet therefore leaves point B

with velocity vl and continues to move

with this velocity for another 60-day

Interval. The displacement Ad, =

'v1 60 days establishes the next point,

C, on the orbit.

The scale of the plot

The shape of the orbit depends on the

initial position and velocity, and on

the force acting. Assume that the comet

is first spotted at a distance of 4 AU's

from the sun. Its velocity at this

point is i*T = 2 AU per year (about

20,000 miles per hour) at right angles

to the sun-comet radius,

The following scale factors will re-

duce the orbit to a scale that fits con-

veniently on a 20" x 20" piece of grapn

paper.

1, Let 1 AU be scaled to 2.5 inches, so

4 AU becomes 10 inches (SA, in Fig. 3).

2. Since the comet is hit every 60 days,

it is convenient to express the velocity

in AU's ptr 60 days. We will adopt a

scale facto: in which a velocity of

1 AU/60 days is represented by a vector

2.5 inches long.

The comet's initial velocity of 2 AU

per year can be given as AU per day,

or ---
365 x 60 = 0.33 AU per 60 days. This

scales to a vector 0.83 inches long.

The displacement of the comet in the

first 60 days (Ado = ;*/0 x 60) is

(0.33 AU/60 days) x 60 days = 0.33 AU.

This displacement scales to 0.83 inches.

Notice that AB is perpendicular to SA,

the line from the sun to S(Fig. 3).

Experiments
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The particular orbit chosen is
similar to that of the short-period
comets, like encke's Comet, which
stay entirely within the orbit of
Jupiter. These parameters, and the
60-day interval, give an orbit which
is completed in about 25 steps. Half
the orbit can be obtained in 12 steps.

The earth's average orbital speed
is about 60,000 miles per hour.
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Q7 At twice the distance from the sun
the force, and therefore the Av will
be one quarter. IfA v = 1 AU/60 days
for R = I AU, then for R = 2 AU Av =
1/4 AU/60 days.

12;.

5

Fig. 3

Computing Av

0

AZ 5' , X 60 eidr

-0
A

On the scale and with the 60-day

iteration interval that we have chosen

the force field of the sun is such that

the Av given by a blow when the comet is

1 AU from the sun is 1 AU/60 days.

Q7 What will the Av be at a distance of

2 AU from the sun?

Values of Av for other distances from

the sun which have been calculated ac-

cording to the inverse-square law are

given in Table 1.

Table 1

R, from sun pv

AU Inches AU/60 days Inches

0.75 1.87 1.76

0.8 2.00 1.57

0.9 2.25 1.23

1.0 2.50 1.00

1.2 3.0 0.69

1.
/5

3.75 0.44

2.0 5.0 0.25

2.5 6.25 0.16

3.0 7.50 0.11

3.5 8.75 0.08

4.0 10.00 0.06

3

Gov

2
(I,sK NES)

4.44

3.92

3.07

2.50

1.74

1.11

0.62

0.40

0.28

0.20

0.16

1

1 3 4
'fficHes,



same procedures to make a model of the

.orbit of Mars. C..rdboard, plastic sheets,

or wire could be used.

4

gbily GU, 17JJ loo./ c-
F Apr 12, 1937 245.7 0.7N 22u 0.3N

Sep 16, 1939 297.5 4.6S 335 1.7S

H Aug 4, 1941 016.5 4.1S 335 1.7S

I Nov 22, 1941 012.1 0.6S 043 0.2S
J Oct 10, 1943 080.1 0.5S 043 0.2S
K Jan 21, 1944 065.6 2.7N 095 1.3N
L Dec 9, 1945 123.2 2.9N 096 1.3N
M Mar 19, 1946 107.6 3.0N 142 1.9N
N Feb 3, 1948 153.4 4.4N 142 1.8N
0 Apr 4, 1948 138.3 3.1N 169 1.6N
P Feb 20, 1950 190.7 3.5N 169 1.6N
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Twelve or thirteen steps should
bring the comet to perihelion. If this
is all they have time for students
can complete the orbit by assuming
that the halves are symmetrical.

Data from one plot:

Perihelion distance = 1.1 AU
Eccentricity = 0.54
Period of revolution = 24 x 60 days

= 4 years

The closer the comet is to the sun
the greater its speed.

A student could draw a smooth
ellipse by using the two-pin-and

loop-of-string technique (Text Unit 2,
page 55).

The two film loops, Program Orbit I
and Program Orbot II, bring out the
point that the shorter the iteration
interval the closer the orbit is to a
smooth ellipse.

125

8. Again the comet moves with uniform

velocity for 60 days. Its displacement

in that time is = 60 days and

because of the scale factor we have

chosen, the displacement is represented

by the line BC. C is therefore a point

on the comet's orbit,

9. Repeat steps 1 through 8 to establish

point D and so forth, for 14 or 15 steps

(25 steps gives the complete orbit).

10. Connect points A, B, C., with a

smooth curve. Your plot is finished.

Prepare for discussion

S;nce you derived the orbit of this

comet, you may name the comet.

Fmn your plot, find the perihelion

distance,

Q8 What is the length of the semi-major

axis of the ellipse?

Q9 Find the center of the orbit and

calculate the eccentricity.

Q10 What is the period of revolution of

your comet? (Refer to text, Sec. 7.3.)

Q11 How does the comet's speed change

with its distance from the sun?

If you have worked this far, you have

learned a great deal about the motion of

this comet. It is interesting to go on

to see how well the orbit obtained by

iteration obeys Keplei's laws.

Q12 Is Kepler's first law confirmed?

(Can you think of a way to test your

curve to see how nearly it is an ellipse?)

ti
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The time interval between blows is

60 days, so the comet is at positions

B, C, D..., etc., after equal time inter-

vals. Draw a line from the sun to each

of these points (include A), and you have

a set of triangles.

Find the area of each triangle. The

area of a triangle is given by A = dab

where a and D are altitude and base,

respectively. Or you can count squares

to find the areas.

Q13 Is Kepler's second law (the Law of

Equal Areas) confirmed?

More things to do

1. The graphical technique you have

practiced can be used for many problems.

You can use it to find out what happens

if different initial speeds and/or di-

rections are used. You may wish to use

the 1/R2/force computer, or you may con-

struct a new computer, using a different

law (e.g., force proportional to 1/R3,

or to 2/R or to R) to produce different

paths; actual gravitational forces are

not represented by such force laws of

course.

2. If you use the same force computer

(graph) but reverse the direction of the

force (repulsion), you can examine how

bodies move under such a force. Do you

know of the existence of any such repul-

sive forces?

Based on similar experiment developed by Leo Lavatelli
Am. J. Phys. 33, 605, 1967.
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The shapes of these orbits will be
different, of course, but the Law of
Equal Areas applies to any central
foTce, attractive or repulsive.

Forces between electrically charged
bodies.
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The transparency T17 illustrates
the elements of an orbit more clearly
than a single drawing can.

128

;

EXPERIMENT 21 Model of a Comet Orbit

The complete orbit of a comet pan be

derived from only three observations of

its position, but this is quite an in-

tricate process. Here we reverse the

problem and make a three dimensional

model of the orbit from the six elements

that describe the comet's orbit.

From this model, you will be able to

construct at least a rough timetable

(ephemeris) for the apparent positions

of the comet and can check these against

reported observations. Halley's comet

has been considered several times in the

text and its orbit has several interesting

features. When you have constructed the

model you can compare it to the plot of

observations across the sky during its

last return, Fig. 6.10, p. 43 of your

text.

The elements of a comet's orbit

Six elements are needed to describe

a comet's orbit. Three of these semi-

major axis, eccentricity and perihelion

date are already familiar from planetary

orbits.

The orbits of the eartn and the other

planets are all in or very close to the

same plane the plane of the ecliptic.

(If you did Experiment 18, you will re-

member that Mars' crbit is inclined at

about 1.8 degrees to the ecliptic.) But

this is not so for comets. The orbit

of a comet can be inclined to the eclip-

tic plane at any angle. Three more ele-

ments--inclination, longitude of ascend-

ing node and angle from node to peri-

helion are needed to describe the

inclination. These elements are illus-

trated in Fig. 1.
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Fig. 1

The elements of Halley's comet are,

approximately:

a (semi-major axis) 17.9 AU

e (eccentricity) 0.967

i (inclination) 162°

El (longitude of ascending 57°

node)

w (angle from ascending 112°

node to perihelion)

T (perihelion date) April 20, 1910

From these data we also know that period

P = 76 years, and perihelion distance

q = all -e) = 0.59 AU.

Plotting the orbit

In the center of a large sheet of

stiff cardboard draw a circle 10 cm in

radius for the orbit of the earth. Also

draw approximate (circular) orbits for

Mercury (radius 0.4 AU) and Venus (radius

0.7 AU). For this plot, ycu can consider

all of the planets to lie roughly in the

one plane. Draw a line from the center,

the sun, and mark this line as 0° longi-

tude. Now, as in Experiments 15 and 17,

you can establish the position of the

earth on any date. You will need these

positions of the earth later in the ex-

perimen4..

Experiments
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A parabola is the conic section
having eccentricity of 1. For
Halley's Comet e = 0.967.
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Use another large sheet of stiff card-

board to represent the orbital plane of

the comet. Down the middle draw a line

for the major axis of the orbit. Choose

a point for the sun on this line about

15 cm from one edge of the sheet.

For this experiment, we can consider

the oribt of Halley's comet as being es-

sentially a parabola. In fact the small

near-sun section of the large ellipse

dces have almost exactly that shape. Now

you want to construct a parabola.

You have an orbital plane with the

major axis drawn and the position of the

sun marked. Use the same scale as for

the earth's orbit (1 AU equals 10 cm),

and mark a point on the major axis at a

distance q from the sun. This is the

perihelion point, one point on the orbit.

The orbit will be symmetrical around the

major axis and will flare out and away

from the perihelion point (see Fig. 2).

f/76/e44.61./vir
1./..f.cd5
fi -

Fig. 2
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Mar% another point on the major axis,

at a distance q beyond the perihelion

point, or at a distance 2q from the sun.

Draw a line perpendicular to the axis

at this point: this construction line

is known in analytical geometry as the

"directrix." A parabola has the property

that each point on it is equidistant
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from a straight line (the directrix) and

from a fixed point (the focus).

Here is one way to draw a Lorabola:

if you know another, try it. Draw a line

parallel to the directrix and at a dis-

tance R from it. Use a drawing compass

cente:ed at the foci; to swing two arcs

of radius R, one above and one below the

major axis.

The intersections of the arcs and the

line are two points on the parabola. Re-

peat the process with arcs of different

sizes to locate more points on the parab-

ola.

Experiments
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body in a varying force field is com-
plicated. However, if one assumes
that the force acts intermittently at
equal time intervals, like hammer
blows, an orbit can be approximated
rather quickly. This is the activity
of this experiment.

This "thought experiment" could A
form the basis of a demonstration in
which the teacher applies repeated
lateral (sideways) blows all directed
towards the same point, to a heavy
ball, or air puck. Alternatively try
a demonstration involving all the
students--each one gives a centrally
directed blow to the ball or puck, as
it passes him. Ball's initial veloc-
ity must be fairly high, and the
blows not too strong.

1Read Feynman's Lectures on Physics,
Vol. I, Chapter 9-7, for a mathemati-
cal equivalent of this geometric
n.ethod for computing orbits. Newton
used this method to prove that
Kepler's Second Law follows from a
central force hypothesis: Principia,
p. 40 etc., in paperback edition,
(see text, Chapter 8.4, and the Unit
II Reader). The experiment described
here is based on that developed by
Dr. Leo Lavatelli, University of Illi-
nois (Am. J. Phys., Vol. 33, p. 605,
1965).
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level surtace such as a piece of plate

glass.

Ql What would you predict for the path

of the ball, based on your knowledge

from Unit 1 of Newton's laws of motion?

Q2 Suppose you were to strike the ball

from the side. Would the path direction

change?

Q3 Would the speed change? Suppose you

gave the ball a series of "sideways"

blows as it moves along, what do you pre-

dict its path might be?

Reread Sec. 8.4 if you have difficulties

answering these questions.

A planet or satellite in orbit has a

continuous force acting on it. But as

the body moves, the magnitude and direc-

tion of the force change. To predict

exactly the orbit under the application

of this constantly changing force re-

quires advanced mathematics. However,

you can get a reasonable approximation

of the orbit by plotting a series of

separate points. In this 'experiment,

therefore, you will assume a series "A

sharp "blows" acting at 60-day intervals

on a moving comet and explore what orbit

the body would follow.

The application of repeated steps is

known as "iteration." It is ,.. powerful

Experiments
E21

Now we have the two orbits, the comet's
and the earth's, in their planes, each
of which contains the sun. You need only
to fit the two t:gether.

The rine along which the orbital plane
cuts the ecliptic plane is called the
"line of nodes." Since you have the
major axis drawn, you can locate the as-

cending node, in the orbital plane, by
measuring from perihelion in a direc-

tion opposite to the comet's motion (see
Fig. 4).
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Fig. 5

To establish the model in three di-

mensions you must now fit the two planes

together at the correct angle. Remember

that the inclination i is measured upward

(northward) from the ecliptic from the

longitude 0 + 90° (see Fig. 1).

You can construct a small tab to sup-

port the orbital plane in the correct

position. In the ecliptic plane draw a

line in the direction 0 + 90°. From

this line measure off the angle of in-

clination i towards the descending node.

If the inclination is less than 90°,

draw a line from the sun at the angle of

inclination. Then with a razor blade

cut a section of the tab as shown in the

sketch (Fig. 6). lhe model will be

,t I 9,:

9g..

'`,..

Fig. 6
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Halley's comet moves in the oppo-
site sense to the earth and other
planets. Whereas the earth and planets
move counterclockwise when viewed from
above (north of) the ecliptic, Halley's
comet moves clockwise.
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stronger if you do not cut the triangular

wedge all the way into the sun's position.

Fold the tab up vertically along the line

(> + 90°) and tape it into place.

If the inclination exceeds 90°, as

it does for Halley's Comet, cut the tab

and bend it up along tae line + 270°

(see Fig. 7).

4-1,4

Fig. 7

When you fit the two planes together

you will find thlt the comet's orbit is

the underside of the cardboard. The

simplest way to transfer it to the top

is to prick through with a pin at enough

points to draw i smooth curve.

Finally, you can develop the timetable,

or ephemeris, of the comet in its para-

bolic orbit. Because all parabolas have

the sam shape and eccentricity (e = 1)

this calculation is simple. The time t

(days) required for a body to move from

a solar distance r (AU) to perihelion is

given by:

t = 27.4(r + 2q)(r - q)

where q is the perihelion distance.

Times for certain values of r and q

are given in Table 1. If plotted, these

data produce an interesting set of

curves.



Table 1

Time (days) to perihelion passage from different
solar distances (r) for parabolic orbits of dif-
ferent perihelion distances (q)

(From Between the Planets,
F.G.Watson, pp. 215-216)

Solar

dist.

r (AU) 0.0 0.2

Perihelion distance, q (AU)

0.4 0.6* 0.8 1.0 1.2

2.0 77.5 88.1 97.1 103.8 108.0 109.6 107.8
1.8 66.1 76.2 84.3 90.0 93.2 93.0 88.6
1.6 56.1 64.8 72.0 76.7 78.2 76.0 69.4
1.4 45.4 54.0 60.3 63.6 63.4 59.0 46.6
1.2 36.0 43.9 48.9 50.7 48.5 38.0 0.0
1.0 27.4 34.3 38.0 38.2 31.9 0.0
0.8 19.6 25.4 27.8 24.5 0.0
0.7 16.1 21.3 22.5 16.5
0.6 12.8 17.3 17.2 0.0
0.5 9.7 13.5 11.3
0.4 6.9 '9.8 0.0 *This column was used in
0.3 4.5 6.1 determining dates on
0.2 2.5 0.0 Fig. 4.
0.1 0.9

Since the date of perihelion passage

of Halley's Comet T (April 20, 1910) is

given, you can use this table to find the

dates at which the comet was at various

solar distances before and after peri-

helion passage. Mark these dates along

the oibit.

Finally locate the earth's position in

its orbit for each of these dates.

For each date make a sightline from

the earth to the comet by stretching a

thread between the two points.

You can make a timetable for the ap-

parent pnsicions of the comet in the sky

by measuring the longitude of the comet

around tilt, ecliptic plane as seen from

the earth on each date. With a protrac-

tor estimate the latitude of the comet

(its angular height from the ecliptic).

Plot these points on a star map having

ecliptic coordinates or plot them roughly

relative to the ecliptic on a map having

equatorial coordinates, such as the con-

stellation chart SC-1.

51
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Picture showing how the two planes
go together.
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Fig. 6.10 Motion of Halley s Comet i

If you have persevered this far, and

your model is a fairly accurate one, it

should be easy to explain the comet's

motion through the sky shown in Fig. 6.10.

The dotted line in the figure is the

ecliptic.

With your model of the comet orbit you

can now answer some very puzzling ques-

tions about the behavior of Halley's

Comet in 1910, as shown in Fig. 6.10.

1. Why did the comet appear to move

westward for many months?

2. How could the comet hold nearly a

stationary place in the sky duling the

month of April 1910?

3. After remaining nearly stationary for

a month, how did the comet move nearly

halfway across the sxy during the month

of May 1910?

4. What was the position of the comet in

space relative to the earth on May 19th?

5. If the comet's tail was many millions

of miles long on May 19th, is it likely

that the earth passed through part of

the tail?

6. Were people worried about the effect

a comet's tail might have on life on the

earth? (See newspapers and magazines of

19100
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so that the horizontal (R) axis passes

through the point where the blow is ap-

plied (e.g., point B). Read off the

value of R at B. Pick off the value of

Av corresponding to this R from the com-

puter with dividers. Lay off this dis-

tance (Av) inwards along the radius line

towards the sun (see Fig. 5 on next

page).

Making the plot

1. Mark the position of the sun S half-

way up the large graph paper and 12

inches from the right edge.

2. Locate a point 10 inches (4 AU) to

the right from the sun S. This is point

A where we find the comet.

3. Draw vector AB 0.83 inches (0.33 AU)

long through point A, perpendicular to

SA. This vector represents the comet's

R Fig. 4

45 123
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7. Did anything unusual happen? Bow

dense is the material in a com,...t's tail?

Would you expect anything to have hap-

pened?

ti
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velocity (0.33 AU/60 days), and B is its

position at the end of the first 60-day

interval. At B a blow is struck which

causes a change in velocity L.

4. Use your tv computer to establish

the distance of B from the sun at S, and

to find ovl for this distance (Fig. 5).

5. The force, and therefore the change

in velocity, is always directed towards

the sun. From B lay off Airi towards S.

Call the end of this short line M.

6, Draw the line BC' is a continu-

ation of AB and has the same length as

AB.

7. To find the new velocity vl use a

straightedge and triangle to draw the

line C'C parallel to BM and of equal

length. The line BC represents the new

velocity vector ;1, the velocity with

which the comet leaves point B (Fig. 6).
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Equipment Notes
Epicycle Machine

Epicycle Machine

This has been redesigned slightly.
To produce "inside" loops the drive band

should not be crossed. If it is crossed
the epicycle rotates in the opposite
sense to the deferent and the resulting
figure will either (a) be an eccentric
circle (for 1:1 gear ratio) or (b) will
have "outside" loops (for other ratios).

/

To attach the machine to a phonograph
turntable (see "Epicycles and Retrograde
Motion" in the Unit 2 Student Handbook)
tape an extra piece of wood (1" x 3/4"
X 8") to the handle. Drill a 9/32" hole
in the middle to take the turntable spin-
Al.



Background Information on Calendars
(modifying Secs. 5.1 and 3.1)

In 45 B.C. Julius Caesar decreed a
new civil calendar of 3654 days, based
only upon the motion of tne sun. As the
text of Unit 2 indicates, this "Julian"
year exceeded the actual motion of the
sun by 11 minutes and 14 seconds. As a
result the Julian calendar was slow by
one day in 128 years. By 1582 A.D. the
Julian calendar was off by ten days and
the sun passed the vernal equinox on
March 11 rather than on March 21, as re-
quired by church canons. In 1582 Pope
Gregory XIII abolished the old calendar
and replaced it with a new civil calendar
now Anown as the Gregorian or New Style
Calendar. October 4, 1582 was followed
by October 15th. The new calendar was
immediately adopted by all Catholic
countries, but England and some other
non-Catholic countries would not adopt
the new calendar because it was estab-
lished by Catholics. Not until 1752 aid
the Gregorian calendar (New Style) final-
ly become official in England.

When the change from Julian to Gre-
gorian calendars was made in England in
1752, September 2 was followed by Septem-
ber 14 for a correction of 11 days. Many
peasants are reported to have claimed
they "wanted their eleven days back."
George Washington was actually born on
February 11, 1732. Scholars have to be
careful to distinguish Julian (Old Style)
dates from Gregorian (New Style) dates
on original documents from the latter

. half of the eighteenth century.

Articles
Calendars

Some further examples of the confu-
sions presented to historians by the
change between the Julian and Gregorian
calendars can be illustrated by the birth
and death dates of Newton. Often Newton
is said to have been born in the year
that Galileo died. Galileo died in Italy
on January 8, 1642 (New Style) and Newton
was born in England on December 25, 1642
(Old Style). When the date of Newton's
birth is changed to New Style (Gregorian)
it becomes January 5, 1643.

Newton's death iF generally reported
as occurring on Ma- 20, 1727; yet the
year carved on his alb in Westminster
Abbey is 1726. When the Calendar Act of
1750 went into effect in 1752, not only
were eleven days dropped from the time
record, but also the date of New Year's
Day was changed from March 25 to January
1. Actually Newton died on March 20,
1726 (Old Style), but on the new calendar,
which was adopted later, this became
March 20, 1727 (New Style). Schematically
the change looked like this:

ix. fah m. indy Jxu 1.3-( 4,1 S Oct, Nov 0.,
OA?

Gkejoiwit-0 1717

11#
al l'AeAe_ dat05 '.S41^, I Af? 15) fiRq ilv

clificske."fri.eaits ezefottair.T it Ititaj;41 aitd

6Re3 oft;zet.. Ale.ncloits CCs (i.S4 in. Ebaybind.
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Armillary Sphere
(modifying Secs. 5.1 to 5.3)

An armillary sphere is a mechanical
device which shows the various coordinate
systems used in the sky. Metal arcs
are used to represent the horizon, the
celestial equator and the ecliptic as
well as north-south and east-west co-
ordinates. You will find such a device
very helpful as you try to visualize
these imaginary line in the sky.

Armillary spheres, and plastic spheres
which can serve the same function, are
available from several scientific equip-
ment companies. (For example, item
#6881A from the Welch Scientific Company,
listed 1965. sells for $49.90.) However,
you can make a reasonably satisfactory
substitute for $2.00 or less from a
hemispherical hanging-plant basket pur-
chased from a garden supply store.

These wire baskets come in various
sizes; 10 or 12 inches in diameter would
probably be most useful. Two would make
a sphere. They will have a great circle
with ribs going toward the bottom (pole).
One or two small circles of wire parallel-
ing the great circle help support the
ribs (meridians). You can add wire cir-
cles for other coordinates; for example,
if the great circle represents the equa-
tor, add another great circle tipped at
231/20 to show the ecliptic. Use bits of
paper to locate some of the brighter
stars.

Note on the Sizes and Distances to the
Sun and Moon, by Aristarchus.
(modifying Sec. 5.6)

This summary is based on the section
in A Sourcebook in Greek Science, M. R.
Cohen and I. E. Drabkin, McGraw Hill Co.,
New York City, 1948.

Aristarchus assumed that the moon
was a sphere shining by reflected sun-
light. As the figure shows in an exag-
gerated manner, when the moon appeared
to be just half illuminated, it would be
located less than 90° from the sun.
Aristarchus measured the angle at the

EAtart
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earth between the sun and moon when the
moon appeared to be exactly at first
quarter--half illuminated, as 87° (actu-
ally the angle is about 89° 50'). By a
complicated geometrical analysis he con-
cluded that the sun must be between 18
and 20 times farther from the earth than
is the moon. But the distance to the
moon was known approximately to be sev-
eral hundred thousands of miles. There-
fore the distance to the sun must be
several million miles.

The analysis also provided information
on the sizes of the moon and sun. The
moon was fau-id to have a diameter about
one third of that of the earth. Then
the sun, having the same anuglar size
at 18 times the moon's distance, must be
at least 18/3 or 6 times the diameter of
the earth, and 216 times the volume of
the earth. To some philosophers, this
raised a question whether the larger
body would move around the smaller one.
Note that there was no evidence of con-
cern for the masses of these bodies.

Epicycles
(modifying Sec. 5.7)

The epicycle photographed for Fig. 5.14
has a radius about half that of the def-
erent. Ptolemy's values for the planets
are almost the same as those used by Co-
pernicus and shown in tables 6.1 to 6.3.

The rates of angular motion obtained
by the use of epicycles did not agree
well with the observations at certain
sections of the orbits. As Fig. 5.16 in-
dicates, in a series of oppositions of
Mars no two occurrences were identical.
To provide a better fit between theory
and observations, Ptolemy introduced
another geometrical device, called the
equant. As Fig. 5.17 of an equant in-
dicates, the point P moved at a constant
distance from the center, 0. (Epicycles
around P could also be added.) P moved
at a uniform angular rate about an off-
center point C, while the earth and ob-
server were located at E, offset equally
but oppositely to C. The search for
stability and uniformity, or predicta-
bility, reauired increasingly complex
descriptions.

There is little evidence that anyone
believed that the planets actually moved
through space in paths described by
Ptolemy; his analysis was strictly mathe-
matical for the prediction of precise
positions of each planet separately.

Figure 5.15 is a simplified scale dia-
gram of the Ptolemaic system. The sim-
plification results from the omission
of the eccentrics and equants, and of
the several motions of the moon. Notice



that each planet had only one epicycle.
All other cyclic motions were represented
by eccentrics and equants. The very
large eoicy..le for Venus occupies about
three-fourths of the space between the
earth and sun. To Copernicus this was
of special interest. With a protractor,
students can check the angles subtended
at the earth by the epicycles of Mercury
and Venus to see if they agree with those
shown in Fig. 5.5.

The lower part of Fig. 5.15 shows
that the radii of the epicycles for Mars,
Jupiter and Saturn had a period of one
year and were always in line with the
earth-sun line. This diagram will be-
come important in Chapter 6 when we dis-
cuss how Copernicus replaced all these
large epicycles by one annual motion for
the earth, and derived distances to the
orbits of the planets. In the Ptolemaic
system, each planet was considered to be
at a distance such that its motion did
not quite overlap that of the adjacent
planets. Actually, to Ptolemy these
planetary distances were not important.

Our awareness of the advanced degree
of Greek mathematics and technical skill
was sharply increased a few years ago
by the discovery of the so-called
Antikythera machine, named for an island
near which it was found. About the size
of a large book, this device apparently
contained at least twenty gears and a
crown wheel, as well as pointers moving
over dials. While the use of this com-
plex, but badly corroded, machine is
still to be unravelled, it is suspected
that it was used to compute the positions
of the sun and moon, and possibly of the
planets too. The machine was recovered
from the remains of a ship which sank
about 65 B.C. Some students may want to
read "An Ancient Greek Computer" by
Derek J. De Solla Price in Scientific
Am.'rican, June, 1959.

Note on the "Chase Problem"
(modifying Sec. 6.2)

The motions of the hands of a clock
provide a commonplace illustration of
the "chase problem" described in the
text and teacher guide, Sec. 6.2. Be-
cause the hands are moving in the same
direction and because the hour hand con-
tinually moves ahead, the minute hand
must "chase" the hour hand in order to
overtake and pass it. Th questions
listed below might be used to stimulat:
class discussion before or during a
demonstration with a clock.

1. How many times does the minute
hand overtake and pass the hour hand
during an elapsed time of 12 hours?
(Eleven times.)

Articles

"Chase Problem"

2. Starting with the hands in the
12 o'clock position, at what time will
the minute hand overtake the hour hand?
(lh 05m 275.)

3. Can we derive an expression to
show the relationship between the period
of the minute hand, the period of the
hour hand and the synodic period the
time between successive overtakes)?

Observe the hands of a clock or watch
through 12 revolutions of the minute
hand. Students may predict 11, 12 or
13 "overtakes," but there will be only
11.

Now find the relationship between the
period of the hands and the synodic
period; let Tm be the "sidereal period"
of the minute hand. (The "sidereal
period" is the time required for the re-
volving object to make one complete rev -
olution-60 minutes in this case.) Let
Th be the "sidereal period" of the hour
hand (12 hours or 720 minutes) and let
Ts be the "synodic period" of the hands.
In one minute, the minute hand advances
1 1

revolution; its rate of motion is --Tm Tm
revolution per minute. Therefore, in time

T
Ts, it revolutions. In thes, t must make

T
m

same time, the hour hand must make
T
h

1revolution at a rate of
T

revolution

per minute. h

Turn the hands of the clock through
one synodic period. Note that the minute
hand makes one complete revolution, then
goes an additional fraction of a revolu-
ti,n or angle, which is the same as that
traversed by the hour hand. In symbols,
T
s m s= + --. This expression can beTm Tm Th

rearranged to find the value of any one
of the quantities. Solving for Ts gives

the synodic period: T
s Th

Tm

-

Th

Tm

Substituting 60 minutes for Tm and
720 minutes for Th gives Ts = 65.45 min-
utes, 1" 05m 27s, or 1.019 hours.

Ask students to imagine that they are
riding on the minute hand of a huge
clock, and that they can see the hour
hand, the center of the clock, and vari-
ous landmarks in the room around them.
By observing the center of the clock
against the background, they can measure
Tm. By observing the hour hand each
time they see it line up with the center
of the clock (the hour hand is shorter
than the minute hand), they can measure
Ts. Solving the expression derived above
for Th, they can determine the sidereal
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period of the hour hand. This is exactly
the procedure astronomers use to deter-
mine the periods of the planets. The
clock analogy is very close to the situa-
tion for earth and Jupiter;, the synodic
period is about 1.092 years, and Jupiter's
sidereal period is then about 11.8 years.

A simple device to demonstrate these
revolutionary' relationships on an over-
head projector can be constructed from
a "dollar" pocket watch, a piece of l/8-
inch plastic and a few bits 3f wire. Re-
move the crystal from the watch, and
cement the watch, face up, to the center
of a 12" x 12" sheet of plastic. Cement
a 2" length of wire to the minute hand
and a 4' length of wire to the hour hand.
Cement small discs of paper to the ends

of the wires to represent planets. Solder
or braze a 7" length of heavy wire to the
winding stem of the watch. Place the
plastic on the stage of an overhead pro-
jector and rotate the hands slowly by
twisting the wire soldered to the winding
stem.

With a little more effort, the device
described here can be used to show how
the retrograde motion of the planets
occurs. Instead of paper discs on the
wires, cement thumbtacks with their
points up. Then cut a very thin pointer
from balsa wood so that it will ride on
the two thumb tacks as the hands revolve.
The pointer will show clearly the appar-
ent backward motion of the outer "planet"
as seen from the inner one, each time
the minute hand overtakes the hour hand.

Another analysis of this problem is
given below.
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Derivation of planetary periods

Because some students may request a
more precise solution for the period of
a planet, the following may be useful.
Assume that

1. the ear A E and an outer planet
P move around the sun in circular or-
bits.

2, the periods of the revolutions
are TE for the earth (one year), Tp for
the planet, and Tp is greater than TE.

Their rates of angular motion as seen

from the central sun are 1 1
and --.TE

As seen from the earth this difference
in angular rate will result in the earth
gaining on the planet. After an inter-
val Ts, called the synodic period, the
earth, planet and sun will again come
to the same rA.ative positions. For ex-
ample, the planet might be seen from the
earth to be in opposition at intervals
of 680 days. During this interval, as
Fig. 1 indicates, the earth will have
made one more revolution about the sun
than has the planet. This synodic period
can be between oppositions, or any other
identifiable configuration such as maxi-
mum elongation. Then the synodic rate,
the rate of overtake in the chase problem
is

1 1 1

Ts TE T

But the synodic period Ts can be found
by observation, while the earth's period
T
E is known as one year. Then

which becomes

1 1 1

TP = TE Ts

TE
T
P

Ts

For Mars Ts = 780 days, while TE =
365 days. Then



365 days 365 days
yT

Mars / 365x 1 - .469 = 687 days s,
kl - Tgo-)

If the planet moves inside the earth's
orbit, the planet gains on the earth and
the equation becomes

T
EE

T

1
= + y- , or Tp

P '

1

E s
(1 + E )TP

Consider Venus, which comes to maximum
elongations at an average interval of
584 days. Then

365 days 365T
Venus (

1 +
365 1 + 0.626 225 days.

584/

Atmospheric Refraction
(modifying Sec. 6.7)

Any ray of light entering the earth's
atmosphere at a slant is bent downward,
with the result that we see the source
to be higher above the horizon than it
really is. The farther the body is from
the observer's zenith (straight over-
head), the greater is the length of the
air path and also the angle at which the
ray enters the atmosphere. As a result
the amount of deviation by refraction
increases rapidly near the horizon. The
curved atmosphere is acting like a thin
lens.

Because the amount of the refraction
increases rapidly near the horizon, the
oLserved image of the setting sun is
distorted. The bottom limb of the sun
is l'alf a degree farther from the zenith
than is the 1,pper limb of the sun. Light
from the lower limb is refracted upward
more, and the sun takes on an elliptical
or oval appearance, as seen in Fig. 6.12.

An interesting consequence of this
refractive effect is that the actual sun
(no atmosphere) has set below t..e hori-
zon before the lower limb of tha apparent
(refracted) sun touches the horizon.
Notice also that most of the blue and
much of the green light is scattered
from sunlight by the atmosphere. The
only light not strongly scattered (Ray-
leigh scattering) is red, the color of
the setting sun.

If you wished to expand on this re-
fractive effect and the coloring due to
scattering, consider the appearance of
the moon in total eclipse. Students may
be surprised to learn, and perhaps can
confirm from their own observations some-
time, that the moon does not "go black."
Instead it appears coppery red, even in
the middle of the earth's shadow. With

Articles
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About Mass

a bit of suggestion, students can con-
clude that the thin edge of the earth's
atmosphere perpendicular to sunlight is
acting like a thin lens. Thus some sun-
light is refracted into the earth's shad-
ow. The path of this light through the
earth's atmosphere is twice as long as
the light we see from the setting sun.
Therefore, only red light remains in the
rays refracted into the earth's shadow.

Clearly atmospheric refraction would
result in errors in star positions unless
corrected. Yet long sequences of care-
ful observations, such as those made by
Tycho, are needed before the corrections
can be determined.

About Mass
(modifying Sec.'8.7)

In Sec. 3.7 the concept of mass is
introduced as something that is measured
by inertia, the resistance to a change
in motion. This sort of mass is called
inertial mass, and it is the one used in
Newton's second law, F = ma.

We measured the inertial mass of a
body by seeing how its motion changes
under the action of a known force.

In Sec. 3.8 the concept of mass is
connected with gravitational forces of
attraction. Here the mass of a body is
a measure of the gravitational force
that other bodies exert on it, or that
it exerts on other bodies. Assigning a
value to the mass of one particular body,
we can, in principle, find the relative
mass of any other by measuring the gravi-
tational force between the two. That
sort of mass is called gravitational
mass.

The question now arises whether the
inertial and gravitational masses of a
body are linearly proportional to each
other. If they are, we can set them
equal to each other by adjusting the
units in which we measure one or the
other.

If we know how bodies accelerate when
experiencing just a gravitational force,
then we can tell whether inertial and
gravitational masses are proportional.
Consider two bodies A and B with iner-
tial masses m

A.
and m

B. and gravitational

masses mA and mB . We put body A a dis-
g g

tance R from a fixed third body with
gravitational mass M, and we ask for the
acceleration of body A when it experiences
only the gravitational attraction due to
M. Using Newton's second law, we have

GmA M

- m a

R2 A. A
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or
mA

a 9 )2a
A m

A. Tt2

If we do the same with body B, we get

B mB.
R2

(1)

(2)

Now if a body's gravitational mass is
linearly proportional to its inertial
mass, i.e., mg = kmi in general, where
k is a universal constant, then

and

= km
A.

n = km
B

.

g i

If we put the first of these ex-
pressions into Eq. (1) and the second
into Eq. (2), then we get

aA = aB = k GM
,

R2

i.e., the two accelerations will be
equal. To check this analysis all we
need do is perform the experiment and
see if the accelerations are equal.

If we use the earth as M, we would
conclude that, at a given distance from
the earth's center, all freely falling
bodies should have the same acceleration.
Therefore, experimental verification
that this is true would be proof that
inertial mass is proportional to gravita-
tional mass. Unfortunately, the experi-
ment is very difficult to perform with
high precision.

Isaac Newton devised an experiment
that tested the proposition in an in-
direct way. A pendulum bob is not a
freely falling object, but in its motion
to and fro it does accelerate, and the
value of its acceleration governs the
rate of oscillation. Newton was able to

T = 2n = 211\117
a

m.a
But m g

if m.

x

mg

x
a g

One can test for each bob separately,
then test for various materials.

show that only if inertial mass is pro-
portional to gravitational mass will the
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rate of oscillation be the same for
nendulum bobs of different mass. Newton
made a hollow pendulum bob in the form
of a thin metal shell into which he put
different materials, always being care-
ful to see, by using an equal arm bal-
ance, that the weight of the material
was the same each time. Since weight is
a measure of gravitational mass, any dif-
ference in the rate of oscillation of the
pendulum would be due to a difference in
inertial mass. No such difference ap-
peared, and Newton concluded that inertial
and gravitational masses are equivalent.

For more recent studies of this topic,
see reader article R18. Professor Dicke
and his co-workers at Princeton University
believe they have shown the equivalence
of inertial and gravitational mass to
within 1 part in 1011.

Relations in an Ellipse

a = major axis
b = minor axis
c = focus from center
e = eccentricity

e = c/a b/a = (1 - e2)1/2

0.1 0.995
0.2 0.98
0.3 0.955
0.4 0.916
0.5 0.866
0.6 0.800
0.7 0.715
0.8 0.600
0.9 0.435
0.95 0.313

Give the equation, (b/a)2 = (1 - e2)
and suggest that someone work out this
table and graph it. Students will be
surprised to see how rapidly e changes
with shape or how "round" is an ellipse
of large e.

e.



The Moon's Irregular Motion
(modifying Secs. 8.14 and 8.17)

The observed motion of the moon con-
tains many small variations which cannot
be predicted by the simple assumption of
a gravitational force between two mass
points mr and mm.

Newton's investigations accounted for
some 3f these discrepancies, but he stud-
ied only a few. Nevertheless, his theo-
retical results were reasonably close to
the observed values of his time.

Though the process of applying the
law of universal gravitation to separate
sets of two-mass systems may seem to al-
low relatively easy solutions for motions,
what happens when a third body gets in-
volved? Thus, the sun-earth and earth-
moon systems appear to be simple gravita-
tional phenomena; but the reality is a
single sun-moon-earth system that becomes
so complex that a solution of its motions
by gravitational theory becomes possible
only under very limited conditions (that
is, if based upon very special assump-
tions).

Perhaps this kind of complication be-
comes more real for the student, if you
associate it with Fig. 8.10, page 97,
the diagram on page 89 and its applica-
tion in Experiment E20.

What if another large body (like Jupi-
ter at 5 AU from the sun) were on the
other side of the comet (see the figure
below)? The student can then realize
the prediction of orbital motion must be
painstakingly (and painfully) worked out
by adding up all the acceleration vectors
concerned. This suggests the real problem

)
Phlpet

of computing paths or orbits for real
space probes, moon-missions, and Mars and
Venus fly-bys, where all the planets are
attracting the space ship (or another
planet). As with Gemini 10, the computa-
tions are so lengthy and complex that
precision orbits, docking, etc., would be
impossible without high-speed computers.

You might refer your students to the
article, "The Earth's Gravity," by
Weikko A. Heiskanen, in the September
1955 Scientific American. (Reprints are
available from W. H. Freeman & Co., 660
Market Street, San Francisco, Califnrnia.)

Articles
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Measuring G
(modifying Sec. 8.15)

It might also be easier for some stu-
dents to understand another method of
measuring G, whicn was designed and car-
ried out by a German physicist, Von Jolla,
in the mid-nineteenth century. He used
an equal-arm balance instead of the
rather complicated torsion apparatus' of
Cavendish: On one side, Von Jolly put
a spherical flask filled with mercury
and balanced'this with weights in the
other pan. Then he put a large lead
sphere below and close to the flask of
mercury. He could determine the distance
between the two spheres. The gravita-
tional force between the two spheres
cau4,ed the side with the flask to dip
down slightly. Then the weights neces-
sary to rebalance the equipment were a
measure of the Fgrav between the spheres.

Here is a set of figures typical of
the Von Jolly experiment which your stu-
dents can use to calculate G for them-
selves:

ml (mass of mercury) = 5 kg

m2 (mass of lead sphere) = 5775 kg

R (between sphere centers) = 0.57 m

Fgrav = extra mass added for balance,

Then

0.59 milligrams, or

5.9 Y 10-7 kg x 9.8 =

57.8 Y 10-7 newtons:

Gm1m2

Fgrav = R2

and

G
FR2

mim2

G = 57.8 x 10-7 x (5.7 Y 10-1)2

5 Y 5.775 x 103

G = about 6.5 x 10-11 m3/kgsec2.

You might ask the students to indicate
which of the above measurements present
probable sources of error, and why.
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(For example, does the lead ball also
attract the weights in the other pan?)
Another important point that could be
made here is that the Cavendish experi-
ment represents an inertial method of
measuring G, while the Von Jolly experi-
ment uses the gravitational method. You
might wish to refer back to Sec. 3.8.

A "True" Scale of Sun, Moon, and Earth*

Charles X. Arey, Professor of Education,
University of Alabama, University

I have seen many schoolroom scale
models of the solar system or parts
thereof, but none which employs the same
scales for both planetary distances and
diameters. The following partial model
avoids this difficulty and thus may
provide a truer and more readily under-
standable picture of the immensity of
space.

On a scale of one million miles to an
inch, the sun, being about three-quarters
of a million miles in diameter, would be
represented by an object 3/4 inch in
diameter. The earth, 93 %nches away,
would be about eight thousand millionths
or 1/125 of an inch in diameter. The
moon, one quarter of a million miles
away, would be located at 1/4 inch from
the earth.

Measure off 93 inches on the blackboard
or a convenient wall. Tape a five-cent
piece, which is about 3/4 inch in diam-
eter, to the board to represent the sun.
From ordinary newspaper print, cut one
period with a small amount of white
paper around it, and paste it 93 inches
away from the nickel to represent the
earth. From the smallest print to be
found, cut another period. Paste this
second period 1/4 inch from the first.
This period represents the moon, and com-
pletes the model. Other dots can be
placed between "earth" and "sun" to rep-
resent the inner planets, but these
probably add little effectiveness to the
model.

This model can bring home to the
learner how very large and empty space
really is, even within the solar system.
We talk glibly about man exploring space,
but so far men have not yet gone the
first quarter-inch, and it may be quite
a while before they do.

*Reprinted from The Science Teacher,
September, 1967, page 63.
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Theories (AN EXTENSION)
(modifying Sec. 8.19)

Theories often have important practi-
cal applications. This is less apparent
in the astronomical context, although
the development of instruments and mathe-
matics were influenced. Many other ex-
amples of more direct practical conse-
ouences will appear through the course.
Currently rocket development is having
a major impact upon the design of many
commercial products; this often occurs
without public notice.

As human creations, theories are pro-
duced, developed, judged and applied by
men who have personal prejudices and
frailties. Therefore the combined judg-
ment of many scientists is safer than the
reaction of one. Yet history may show
that the one might be right and the ma-
jorst.y wrong. It is important here to
try to replace the all-too-common snap-
judgment, good-or-bad evaluation of new
ideas by developing a critical interest
in theories as possibilities. One can
be informed about and interested in a new
theory without necessarily accepting or
rejecting the theory. Suspended judg-
ment is often a mark of maturity.

Can the students suggest other theories
in science, government, economics, etc.
which at first seemed shocking, yet have
become commonly accepted? Perhaps im-
pressionistic art now commonly used in
advertising would be an example. What
was the public reaction to Manet, Picas-
so, etc.? Or have someone interested in
music report on the initial reception of
the compositions of Wagner, Brahms, or
Stravinsky. (The latter's ballet, The
Rites of Spring, was loudly booed when
first performed in Paris in 1913.) Or
perhaps consider the acceptance of Ulys-
ses by James Joyce.

Contest among ideas, the trial by com-
bat, is essential in science and every
other field of human creation. Supine
acceptance or adulation of the great
man's creation or its casual rejection
marks a decadent subject or society.

Theories are changed over time. They
are not fixed and permanent to be idol-
ized, but rather are working tools to be
used and resharpened. Rarely is a theory
completely abandoned. Most are modified,
but some are replaced. Scientists, like
other people, cannot tolerate a complete
absence of some sort of explanation.
They will not completely abandon an old
theory, even if it is known to have seri-
ous limitations. At least it worked in
some cases, and still satisfies some
phenomena.

In many ways scientists are artists.
Each is a specialist in the study and
interpretation of some set of phenomena.



Each brings to his work a general sense
of what type of theories and explanations
is satisfying. That is, scientists have
personal styles. Some are mainly con-
cerned about the precision of measurement
and the design of equipment. Others
look at theories as the bases for pre-
dictions. Still others try to imagine a
variety of possible explanations; and
scme are more daring than others. Ein-
stein and Fermi are revered because they
were very imaginative and would play with
possibilities, turning them this way and
that to see what consequences might re-
sult. In this way the individual charac-
teristics of the scientists are most
apparent. At least initially, the pos-
sible line of a theory is always quali-
tative and often pictorial. The "sort
of like this" imagery comes first and
reveals the basic aesthetic approach of
the individual, his vision of the world
in which he lives.

Articles

Theories
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(T) Recommended for teacher background.
(S) Student supplementary material.

(T,S) Teacher should read first.
(S,T) Student can read; teacher would find useful.

* Highly recommended,
** Essential.

Good texts for general use in astronomy are those by: Abell, Dreyer, Hoyle,
Pannekoek and Reichen.

Recommended strongly for teachers and students are the books by: Andrade,
Armitage, Asimov, Bernhard (et al.), Beveridge, Butterfield, Caspar, Drake,
Dreyer, Galileo, Newton and Rosen. The rest are titles worth knowing about.
Many will make good reading for interested students.
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(5) Armitage, Angus

(S,T) Asimov, Isaac

(T) Bernhard, Hubert J.
Bennett, D. A.
Rice, Hugh S.
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(5) Bixby, William

(S,T) Bondi, Hermann
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*"Sky and Telescope," magazine published by Sky
Publishing Company, 49-51 Bay State Rd., Cambridge,
Mass. Recommend for your school library. Will
enable you to quickly locate planets, meteor
showers, comets, etc.

*Exploration of the Universe, Holt, Rinehart, and
Winston, New York, 1964.
College-level text. Good for teacher's reference.

Pictorial Astronomy, Thomas Y. Crowell Co., New York,
1963.
Good diagrams and pictures. (Chapter 5)

*Sir Isaac Newton, Doubleday Anchor Books, Garden
City, New York, 1958.
Biography. (Chapter 8)

*Sun, Stand Thou Still, Mentor Paperback.
Very readable on Copernican system. (Chapter 6)

Asimov's Biographical Encyclopedia of Science and
Technology, Doubleday & Co., Inc., Garden City,
New York, 1964.
A very readable source of information on over a
thousand men of science. Highly recommended for
students and teachers.

*New Handbook of the Heavens, Signet Book, McGraw-Hill
Book Co., Inc., 501 Madison Ave., New York, 1948.
For references to events and as an aid in sky
watching.

The Art of Scientific Investigation, Random House,
New York, 1951,
Good discussion, readable, includes some biological
and medical examples.

The Universe of Galileo and Newton, Harper and Row,
551 Fifth Ave., New York, N. Y., 1964.
Easy reading. (Chapters 7, 8)

The Universe At Large, Wesleyan Univ. Press, Inc.,
Columbus, Ohio, 1960.
Good reference for unit.



(S,T) Brecht, Bertoldt

(T) Bronowski, J.

(T,S) Butterfield, Herbert
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Galileo, Grove Press, 1959.
Brecht s last play. For students interested in the
theatre.

The Common Sense of Science, Vintage Paperback,
V-168.
Interesting discussion from a practical viewpoint.

*The Origins of Modern Science, Collier Books, New
York, 1951.
Good book for introductory philosophy. Teacher
should read first.

(T,S) Caspar, Max Kepler, 1571-1630, Collier Books, New York, New
York, 1962 (transl. C. D. Hellman).
Definitive biography, less about his scientific
works. (Chapter 7)

(S) Cellini, Benevenuto Autobiography, Dodd and Mead, New York, New York,
1961.
Report of life in time of Galileo. Good reading
for students. (Chapter 7)

(T,S) Clagett, Marshall

(T,S) Cohen, I. Bernard

Greek Science in Antiquity, Collier Books, New York,
New York, 1963.
Supplement for Unit 2. (Chapter 7)

*The Birth of a New Physics, Wesleyan Univ. Press,
Inc., Columbus, Ohio, 1960.
Teacher should read and then assign passages for
4nterested students.

(T) Crombie, A. C. Medieval and Early Modern Science, Vols. I and II,
Doubleday-Anchor Books, Garden City, New York, 1959.
Good supplement to teacher's library.

Readings in the Literature of Science, Part Cos-
mogony, Harper Torchbooks, 1959.
Brings out some interesting facets relating science
and literature.

(T,S) Dampier, William C.
Dampier, Margaret

(T) de Santillana, Giorgio

(T) ()fake, Stillman
(translator)

The Crime of Galileo, University of Chicago Press,
Chicago, Illinois, 1959.
Report of research into the Church versus Galileo
problem. (Chapter 7)

**Discoveries and Jpinions of Galileo, Doubleday An-
chor Books, Garden City, New York, 1957.
Presents the astronomical discoveries which made him
famous and the philosophical interpretations which
cost him his freedom, in essentially Galileo's own
words. Includes: The Starry Messenger, Letters on
Sunspots, Letter to the Grand Duchess Christina, ex-
cerpts from The Assayer. (Chapter 7)

(T) Dreyer, J. L. E. A History of Astronomy, Dover Publishing, Inc., 180
Varick St., New York, New York, 1953.
Difficult reading but will be helpful. (Chapters
5, 6)

(T,S) Dreyer, J. L. E. Tycho Brahe, Dover Publishing, Inc., 180 Varick St.,
New York, New York, 1963.
Biography of Tycho gives account of his activities
which largely centered around careful observations
of the planets. (Chapter 6)
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Greek Science, Penguin Books, Inc., 3300 Clipper Mill
Road, Baltimore, Md., 1961.
Describes Greek thought dr.ring the years of early
attempts to find how the universe was assembled.
(Chapter 5)

Galileo and the Scientific Revolution, Basic Books,
Inc., New York, New York, 1961.
Galileo's contributions to the scientific revolution
adequately presented. (Chapter 7)

Philosophy of Science, Prentice-Hall, Inc., Engle-
wood Cliffs, New Jersey, 1957, Chapters 1-4,
Lengthy. Some students would be interested. Teach-
ers should read.

**Two New Sciences, Translated by Crew and de Salvio,
Dover Publishing, Inc., New York, New York, 1914.
Translation of Galileo's famous works. (Chapter 7)

Gravity, Science Study Series, Anchor Books, 1962.
(Chapter 8)

*The Scientific Revolution, The Beacon Press, Boston,
Mass., 1960.
Teacher background will become more sophisticated
after reading. Some students might like it,

Stonehenge Decoded, Doubleday & Co., 1965.

*Introduction to Concepts and Theories of Physical
Science, Addison Wesley, Reading, Mass., 1952.
College-level dsicussion of Unit 2 material.

Astronomy, Doubleday & Co., Inc., Garden City, N. Y.,
1962.

Good resource material, beautiful illustrations.

The Nature of the Universe, Harper and Bros., N. Y.,
N. Y., 1950.
Easy reading. Goad supplement for some students.

The Origins and Growth of Physical Science, Parts I,
II, and III. Penguin Books, Baltimore, Md., 1964.
Interesting supplementary so'irce for teachers and
some students.

Pictorial Guide to the Planets, Thomas Y. Crowell
Co., New York, New York, 1965.
Good pictures. Some students would enjoy this book.

The Watershed, Wesleyan Univ. Press, Inc., Columbus
Ohio, 1960.
Biography of Kepler. (Chapter 7)

*From the Closed World to the Infinite Universe,
Harper and Bros., New York, New York, Chapters 1-4.
Presents the interrelationship of scientific and
philosophic history. (Chapter 6)

*The Copernican Revolution, Modern Library Paperbacks,
Random House, New York, New York.
Good for teachers. (Chapter 6)
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Pioneers of Science, Dcver Publications, Inc.,
New York, New York, Pa"t I, 1960. (Originally pub-
lished in 1893.1
Highly recommended for students. Includes Ptolemy,
Copernicus, Kepler.

Naked-Eye Ast Nnnnly, W. W. Norton, 1966. (Chap-
ter 5)

**Mathema.... Principles of Natural Philosophy
Vol. I: The Motior of Bodies
Vol. II: The lysten of the World
Translated into English by Andrew Motte in 1729,
revised by Florian 7.ajori, University of Califorria
Press, Berkeley and Los Angeles, California, 1962.
A must for the desk of any physics teacher.
(Chapter 8)

The Exact Sciences in Antiguity, Harper Torchbooks,
TB552, 1960.

Science and Imagination, Great Seal Books, Ithaca,
New York, 1962.

The Watchers of the Skies, Blackwood Press, London,
1933.
Poem re: Copernicus, Kepler, Galileo, etc. Good
literature, might encourage English classes to use
it.

Toward. Modern Science, Vols. I and II, Farrar, Straus
and Cudahy, New York, New York, 1961. Vol. I,
pp. 35-37. Vol. II, pp. 115-131; 192-216.
Difficult, but valuable to teacher's background.

A History of Astronomy, Interscience Publ. Co., New
York, New York, 1961.
Adequate historical development for students during
Unit 2.

Making of the Modern Mind, Houghton Mifflin, 1940.
Useful source on intellectual history.

A History of Astronomy, Hawthorne Books, Inc., 70
Fifth Ave., New York, New York, 1963.
Good account for early development of Unit 2 for
students.

*Three Copernican Treatises, Dover Publications, Inc.,
180 Varick St., New York, New York.
If the teacher has not read this book, he should.
Part I is Copernicus' "Commentariolus." Introduction
very useful. (Chapter 6)

The Harmonious World of Johann Kepler, Little Brown,
1962.
Easy reading, fictional biography. (Chapter 7)

Pioneers In Astronomy, George G. Harrap & Co., Ltd.,
London, 1964. Chapters 1-3.
Good, easy reading, covers scientists in Unit 2.

*The Fabric of the Heavens, Harpers, 1961.
Historical discussion of the development of astron-
omy. Parallels the emphasis in this unit.
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(Chapters 7, 8)
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Early chapters important to Unit 2. Plan to read
all of this after you once start.
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it. (Chapters 7, E)

(T) Whitehead, A. N. Essays In Science and Philosophy, Philosophical Li-
brary, New York, New York, 1948. Part IV: Science.
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Alfred Bork of Reed College.
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Education

Journals with articles on experiments or
apparatus for education.

American Journal of Physics. Published
. for the American Association of Physics

Teachers by the American Institute of
Physics, New York Monthly; $10.00 annually.

A journal devoted to the instructional
and cultural aspects of physical
science. Articles on curriculum,
theory, experiments and demonstrations;
book reviews; AAPT meetings. Includes
Apparatus Notes monthly and occasion-
ally Apparatus Reviews.

Journal of Chemical Education. Chemical
Education Publishing Company, 20th and
Northampton St., Easton, Pa. Monthly.
Annual subscription $4.00

One of its monthly features is a
series of articles on the theory,
design and availability of laboratory
instrumentation.

Nuclear EnergyJournal of the Institu-
tion of Nuclear Engineer.;. U.S. Repre-
s^ntative: TPR Inc., 261 Madison Ave.,
N.Y. 16, N.Y. Subscription $10.00
annually.

Classroom and Laboratory Section pub-
lishes short reports on simple appa-
ratus and methods useful for courses
in nuclear physics. Through May 1964,
265 items have been published.

The Physics Teacher. A Journal of the
American Association of Physics Teachers,
1201 16th Street, N.W., Washington, D.C.
20036. Subscription of eight issues
$7.50.

Dedicated to the enhancement of physics
as a basic science in the secondary
schools.

The School Science Review. The Associa-
tion for Science Education, 52 Bateman
Street, Cambridge, England. Published
November, March, June. Annual subscrip-
tion 41s, 3d or $5.75.

Each issue contains articles of inter-
est to science teachers. Many illus-
trated experiments and demonstrations
on all levels.

Scientific American, 2 West 45th Street,
New York 17, N.Y. Monthly. Subscription
$6.00 annually.

Written by scientists for teachers,
students and the lay reader. Covers
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Retrograde Film Strip

Film Strip - Retrograde Motion of Mars

When to View This Strip: Because
photographs are the most honest evi-
dence we have of the actual retro-
grade motions of Mars (and Jupiter),
the strip should be shown as soon as
motions of the planets are mentioned.
It should be seen before the film
loop (10a) on retrograde motions
(made by animation) is presented.

The Photographs: The frames were
made from unretouched 4 x 5 inch
contact print of sections of the
original (8 x 10 inch) photographs.
The photographs were taken with the
short-focus camera (focal length 6
inches) shown in one of the first
frames. Because Mars was never in
the center of the field, but some-
times almost at the edge, the star
images show distortions from limita-
tions of the camera lens. During
each exposure the camera was driven
by a clockwork to follow the western
motion of the stars and hold their
images fixed on the photographic
plate. Because the sky was less
clear on some nights and the expos-
ures varied somewhat in duration,
the images of the stars and planets
are not of equal brightness on all
pictures. However, some of the
frames show beautiful pictures of
the Milky Way in Taurus (1943) and
Gemini (1945).

These three series of photographs
were selected as the most extensive
available for recent oppositions of
Mars. The photographs were taken a
part of the routine Harvard Sky
Patrol, and were not made especially
to show Mars. The planet just hap-
pened to be in the star fields being
photographed.

FILM STRIP Retrograde Motion of Mars

You should view this film strip before

viewing Film Loop 10a on retrograde mo-

tions. The film loop is done by anima-

tion, but the film strip shows actual

photographs of the night sky.

Photographs of the positions of Mars,

from the files of the Harvard College

Observatory, are shown for three opposi-

tions of Mars, in 1941, 1943, and 1946.

The first series of twelve frames

shows the positions of Mars before and

after the opposition of October 10, 1941.

The series begins with a photograph on

August 3, 1941 and ends with one on

December 6, 1941.

The second series shows positions of

Mars before and after the opposition of

December 5, 1943, beginning October 28

and ending February 19, 1944.

The third set of eleven pictures,

showing Mars during 1945-46 around the

opposition of January 14, 1946, begins

with October 16, 1945 and ends with

February 23, 1946.

Uses:

a) The star fields for each series

of frames have been carefully posi-

tioned so that the background star

positions are nearly identical in

each frame. If you flick the frames

of each series through the projector

in rapid succession, the stars will

be seen as stationary on the screen,

while the motion of Mars among the

stars is quite apparent.

b) You can project the frames on a

paper screen and mark the positions

of various stars and Mars. If you

adjust the star positions for each

frame to match the positions of the

previous frame, the positions of Mars

can be marked for the various dates.

By drawing a continuous line through
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A This loop helps define retrograde
motion. The term stands for the
westward motion (to the right on the
screen) of the planets. Note that
Mercury, and Venus also have retro-
grade motions similar to those of
the other planets.

The representation of a point
source by a disk is not entirely
without reason. Because of the wave
nature of light, the image of a star
is spread out into a diffraction
disk which appears larger for brighter
stars.

Although the enlarged images of
the animation shows Mercury's mo-
tion to be across the lower part ST
the sun's disk, this did not actually
happen in 1963. However, such trans-
its of Mercury across the face of the
sun are not uncommon; they always oc-
cur in May or November, at the times
when inferior conjunction (Mercury
between the earth and sun) comes at
the same time that Mercury is in
ascending node or descending node.
Transits of Mercury occurred, and
will occur, or. the following dates:

1953
1957

1960

1970
1973
1986

Nov. 14
May 5
Nov. 7
May 8
Nov. 9
Nov. 12

Opposition occurs about 11 time
intervals after the start of the se-
quence; this is 110 days later than
Oct. 17, i.e., about Feb. 4, 1963.
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its retrograde motion, Mercury passes

between the earth and the sun (inferior

conjunction).

2. Motion of Mars starting October 17,

1962, with time markers at 10-day inter-

vals. The retrograde motion occurs

around the time when Mars passes through

opposition. The field of view includes

parts of the constellations Leo and Can-

cer; the cluster at the upper right is

Praesepe (the Beehive), faintly visible

to the naked eye on a moonless night.

You can use the time markers to deter-

mine the approximate date of the opposi-

tion of Mars (center of the retrograde-

portion).

FILM LOOP 10 Retrograde Motion Geocentric
Model

Using a specially-constructed large

"epicycle machine" as a model of the

Ptolemaic system, the film shows the mo-

tion around the earth of a planet such

as Mars.



N

Note the changes in apparent bright-

ness and angular size of the globe as it

sweeps close to the camera. While the .

actual planets show no disk to the unaided

eye and appear as points of light, cer-

tainly a marked change in brightness

would be expected. This was, however,

not considered in the Ptolemaic system,

which focussed only upon the timetable

of the angular motions and positions in

the sky.

Film Loops
Ll Oa
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As it revolved about the center of
motion, the camera was kept pointing
in a fixed direction by means of a
system of gears and belts.

The actual interval between oppo-
sitions varies between 767 days and
798 days, because the orbits of Mars
and the earth are ellipses, not cir-
cles.
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FILM LOOP 11 Retrograde Motion -
Heliocentric Model

The machine used in Loop 10 was reas-

sembled to give a heliocentric model with

the earth and the planet moving in concen-

tric circles around the sun. The earth

(represented by a light blue globe) is

seen to pass inside a slower moving outer

planet such as Mars (represented by a

white globe). The sun is represented by

a yellow globe.

Then the earth is replaced by a camera,

having a field about 25° wide, which

points in a fixed direction in space.

The arrow attached to the camera shows

this fixed direction. (As in Loop 10,

we are ignoring the daily rotation of

the earth on its axis and are concentra-

ting on the motion of the planet relative

to the sun and the fixed stars.)

Several scenes are shown. Each scene

is viewed first from above, then viewed

along the plane of motion. Retrograde

motion occurs whenever Mars is in opposi-

tion; this means that Mars is opposite

the sun as viewed from the earth. But

not all these oppositions take place

when Mars is in the sector toward which

the camera points.

1. Mars is in opposition; retrograde

motion takes place.

2. The time between oppositions averages

about 2.1 years. The film shows that the

earth moves about 2.1 times around its

orbit (2.1 years) between one opposition

and the next one. You can, if you wish,

calculate this value, using the length of

the year (sidereal period) which is 365

days for the earth and 687 days-for Mars.

This is the "chase problem" discussed on

page 31 of Unit 2.

In one day the earth moves 1/365 of
360°, Mars moves 1/687 of 360°, and the

motion of the earth relative to Mars is
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(1/365 - 1/687) of 360°. But 1/365 -

1/687 = 0.00274 - 0.00146 = 0.00128 =

1/780. Thus in one day the earth gets

ahead of Mars by 1/780 of 360°; it will

take 780 days for the earth to catch up

to Mars again. The "phase period" of .

Mars is, therefore, 780 days, or 2.14

years. This is an average value.

3. The view from the moving earth is

shown for a period of time greater than

1 year. First the sun is seen in direct

motion, then Mars comes to opposition

and undergoes a retrograde motion loop,

and finally we see the sun again in

direct motion.

Note the changes in apparent size and

brightness of the globe representing the

planet when it is nearest the earth (in

opposition). Viewed with the naked eye,

Mars does in fact show a large variation

in brightness (ratio of 50:1). The

angular size also varies as predicted by

the model, although the disk of Mars,

like that of all the planets, can be seen

only with telescopic aid. The heliocen-

tric model illustrated in this film is

simpler than the geocentric model of

Ptolemy, and it does give the main fea-

tures observed for Mars and the other

planets: retrograde motion and variation

Film Loops
L11
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Some of the finer details of the
motion of Mars are related to the
planet's rather strongly elliptical
orbit (eccentricity 0.093 compared
with 0.017 for the earth's orbit).
Some oppositions are more "favorable"
(i.e., closer) than are others. Fig.
1 shows that the closest oppositions

occur if the earth is at A (in late
August); a little over 2 years later
the next opposition is not so close
(earth a B, in November). The fol-
lowing distances illustrate these
points: Most favorable opposition
AA' = 35,000,000 miles; least favor-
able opposition, CC' = 63,000,000
miles' least favorable superior con-
junction, AC' = 249,000,000 miles.
The model used in the film is based
on the approximation of circular or-
bits.
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in brightness. However, detailed numeri-

cal agreement between theory and observa-

tion cannot be obtained using circular

orbits. With the proposal by Kepler of

elliptical orbits, better agreement with

observation was finally obtained, using

a modified heliocentric system.
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Fig. 1
Earth is at A in August of each year,
but Mars is not necessarily at A' at
that time.
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The purpose of the loop is to give
students a feeling for the motion of
a celestial body--in this case, a
satellite of Jupiter moving under the
influence of gravitational force. The
loop is primarily intended for quali-
tative use. However, some simple
measurements of period and size of
orbit can help a student appreciate
the nature of astronomical observa-
tions in a "real" situation.

Jupiter was in opposition on Jan.
20, 1967, and was therefore closest
to the earth (at about 4.2 astronomi-
cal units) and maintaining a relatively
constant size as viewed frota day to
day. The entire orbit could not be
photographed, because on Feb. 8,
1967 (when the missing part of the
orbit was being traversed by Io) the
image was blurred because of high-
altitude jet streams in the earth's
atmosphere. The next return of Io to
this part of its orbit during darkness
in Arizona was on Feb. 24, and by then
Jupiter would have been farther away
and its image would have been smaller.
Also, use of a large telescope must
be tightly scheduled, and our project
had already used major amounts of
telescope time on 7 nights. For all
these reasons, we settled for a film
showing 84% of a complete orbit, in-

cluding all the portions needed for
calculations to be made by students.

Exposures were for 4 sec on 35mm
black and white film of the type used
for aerial mapping and reconnaissance.
A green filter (Wratten 58) was used
to give maximum sharpness of the
images. A decision was made to use
the best exposure to show the satel-
lites, thus overexposing the image of
the disk of Jupiter. For this reason,
the surface markings due to atmospheric
storms on Jupiter are only glimpsed
occasionally, during moments of haze
or cloudiness.
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FILM LOOP 12 Jupiter Satellite Orbit

The innermost of the four largest

satellites of Jupiter, discovered by

Galileo in 1610,, is Io, which moves in a

circular orbit with a period of 42h 28m.

The film shows most of the orbit of lo

in time-lapse photography done at the

Lowell Observatory in Flagstaff, Arizona,

using a 24-inch refractor (Fig. 1). Ex-

posures were made at 1-minute intervals

A

Fig. 1

during seven different nights early in
1967. The orbit had to be photographed

in segments for an obvious reason: the

rotation of the earth caused Jupiter to
rise and set, and also, of course, caused

interruptions due to daylight periods.

First, the film shows one segment of

the orbit just as it was photographed at

the focal plane of the telescope; a clock

shows the passage of time. Due to small

errors in guiding the telescope and also

atmospheric turbulence, the highly mag-
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nified images of Jupiter and its satel-

lites dance about. To remove this

unsteadiness, each of the images of Ju-

piter--over 2100 of them was optically

reprinted at the center of the frame,

and the clock was masked out. The films

with stabilized images were then joined

together to give a continuous record of

the motion of satellite I (Io). Some

variation in the brightness of the satel-

lites was caused by occasional light haze

or cloudiness.

Table 1

Satellites of Jupiter
Radius Eccen-

of tricity
Orbit of Diameter

Name Period _Smil urbit Smil__

I Io 1
d

18
h

28
m

262,000 0.0000 2,000

II Europa 3
d

13
h

14
m

417,000 0.0003 1,800

III Ganymede 7
d

3
h

43
m

666,000 0.0015 3,100

IV Callisto 16
d

16
h

32
m

1,171,000 0.0075 2,800
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Fig. 1

The four Galilean satellites are listed

in Table 1. On Feb. 3, 1967, they had

the configuration shown in Fig. 2. Tht;

satellites move nearly in a plane which

we view almost edge-on; thus they seem

to move back and forth along a line.

The field of view is large enough to in-

clude the entire orbits of I and II, but

III and IV are outside the camera field

when they are farthest from Jupiter.

Film Loops
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The seven segments of film were spliced

together as indicated in Fig. 3 to give

a synthesis of the motion of satellite I

(Io). For example, the position of I in

the last frame of the Jan. 29 segment

matches the position of I in the first

frame of the Feb. 7 segment. However,

since these were photographed 9 days

apart, the other three satellites had

moved varying distances around their

orbits. Therefore, when viewing the

film you will see satellites II, III

and IV "pop in" and "pop out" while the

image of I remains in a continuous path.

Marking lines have been added to help

you identify Io when each new section of

film begins. Fix your attention on the

steady motion of I and ignore the comings

and goings of the other satellites.

Here are some interesting features that

you can see when viewing the film:

a) At the start of the film, I is al-

most stationary at the right side of

the camera field (it is almost at its

greatest eastern elongation see Fig.

2); satellite II is moving toward the

left and overtakes I.

b) As I moves toward the left it pas-

ses in front of Jupiter and becomes



invisible for a while. This is called

a transit. Satellite III (Ganymede,

the largest of the satellites) also

has a transit a* about the same time.

Also, II moves toward the right and

disappears behind Jupiter (this is

called an occultation). It is a very

active scene! Figure 4 shows these

three satellites at the start of this

segment; satellite IV is out of the

picture, far to the right of Jupiter.

Fig. 4

If you look closely during the transit

period, you can see the shadow of

Ganymede and perhaps that of Io, on

the left part of the surface of Ju-

piter.

c) Near the end of the film loop, I

(moving toward the right) disappears

at D in Fig. 5 as an occultation be-

gins. Look for its reappearance it

emerges from an eclipse and suddenly

appears in space at a point E to the

right of Jupiter.

d) The image of Jupiter is not a per-

fect circle. Just as for the earth,

the rotation of the planet on its axis

causes it to flatten at the poles and

bulge at the equator. The effect is

quite noticeable for Jupiter, which

is large and has a rapid rotation

period of about 9h 55m. The equatorial

Film Loops

L12

During transit the satellites are
invisible to us in this film; but
they actually remain visible if a
large telescope is used.

The flattening of Jupiter is about
1/15, compared with the flattening of
1/330 for t q earth. The centripetal
force at Jquator is my 2/r = mrw2,
so the eiii-c depends on r as well as
on w, the angular velocity of rota-
tion of the planet. For Jupiter, r
is 11.2 times that of the earth, andw
is 2.42 times that of the earth. The

centrifugal field (artificial gravity
tending to lift a mass off the sux-
face) is, therefore, (11.2)(2.42)4
as much, i.e. 64 times as great on
Jupiter as on the earth.
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In measurement of T and R, a cir- AL
cular orbit is assumed. Io's orbit is
perhaps the most nearly circular one
known in all of astronomy (see Table
1). A student may raise the point
that the earth is not infinitely far
away, hence the points B and D are
not on parallel lines tangent to Jupi-
ter. This makes the observed time
interval slightly less than half a
revolution. The effect is negligibly
small, as seen from the following

analysis (for clarity, Fig. 1 has not

04
t

C-,t4RTN

Fig. 1 (not to scale)

been drawn to scale): The two angles
a are equal (similar right triangles).
Then we have

01-- 4); 02= et+ 4);

hence

89 x 103 mi62- 61=26=2 (

4.2 x 93 x 106 mi )

= 4.6 x 10-4 radian. The discrepancy
in time is found, using the period of
revolution which is 42.5 hours, or
1.53 x 10sec:

AT = (4.6 x 104 rad) (
1.53

2 7r

105

rad
sec

)

= 11 :sec of real time. In the film,
this corresponds to cnly 0.01 sec of
apparent time.
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By going through these calculations,
even approximately, the student can
see how powerful Newton's law of
gravitation and the laws of motion
are; his own observations from the
film tell him something about the
density of Jupiter and the sun.

The simple measurement of orbit
radius outlined in the student notes
is even

diameter is 89,200 miles and the polar

diameter is 83,400 miles. Occasional-

ly you may notice the broad bands of

clouds on Jupiter, but generally the

pictures are too overexposed to show

the bands.

V
rH

Fig. 5

AMeasurements

5friM)).4) or

k

You can make two measurements from

this film and from them find your own

value for the mass of Jupiter.

1. Period of orbit. Use a clock or

watch with a sweep second hand to time

the motion of the satellite between

points B and D (Fig. 5). This is half a

revolution, so in this way you can get

the period, in apparent seconds. To

convert to real time, use the speed-up
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factor. Since film was exposed at 1

frame/minute and is projected at 18

frames/sec, the speed-up factor is 18 x

60, or 1080. (For a more precise value,

calibrate your projector. A punch mark

at the start of the loop gives a flash

of light as it passes the lens. Measure

the time interval between two flashes.

Divide the total number of frames in the

loop by the time interval to get the num-

ber of frames/sec for your projector.)

In this way obtain the period T for one

complete revolution of the satellite.

How does your result compare with the

value listed in Table 1?

2. Radius of orbit. Project the

film on a piece of paper and mark the two

extreme positions of the satellite, when

it is farthest to the right (at A) and

farthest to the left (at C). This gives

the diameter of the orbit. To convert

to miles, use the fact that Jupiter's

equatorial diameter is 89,200 miles (about

11 times that of the earth). Now you can

find the radius R of the satellite's or-

bit, in miles. How does your measurement

compare with the value listed in Table 1?

3. Mass of Jupiter. You can use yourA

previous calculations to find the mass of

Jupiter relative to that of the sun (a

similar calculation based on the satellite

Callisto is given in Sec. 8.15 of the

text). How does your experimental result

compare with the accepted value, which

is mj/ms = 1/1048?

Fie
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better: in Fig. 22 x = R to better
than 1 part in 100.

A As discussed in Sec. 8.15 of the
text, the mass of the sun and the
mass of Jupiter are related as fol-
lows:

3m
S (

R
earth's orbit)

mJ \ RIo'sorbit

r'earth (1 year)

Io around Jupiter

2

The student knows the values for the
earth's orbit, and he has measured
the values for Io's orbit. Hence he
can calculate the ratio of the mass
of the sun to that of Jupiter. Using
values from Table 1 (similar to the
ones the student will obtain by meas-
urement of the film), we have

mS _ (93 x 106 mi )3 ( 42.5 hr )2
m 262 x 103 mi) x 365 x 24 hr

= (355) 3 x (0.00486) 2 = 1050

There is still more meat in these
student measurements. If a student
wishes to go further, he can now cal-
culate the density of Jupiter relative
to that of the sun, or that of the
earth. The volumes are proportional
to the cubes of the diameters, and
the ratio of masses has been found.
The average diameter of Jupiter is
86,300 mi; that of the sun is
864,000 mi. The result is that
Jupiter's density relative to that of
the sun is (1/1048)(864,000/86,300)3 =
0.95. Thus Jupiter is only slightly
less dense than the sun. The actual
densities in gm/cm3, based on knowl-
edge of the gravitational constant G
(see Sec. 8.16) are: earth, 5.52;

169
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Some teachers or students will
have access to a computer. For their
interest and possible use, we repro-
duce the actual prototype program
used in the two Program Orbit loops.
The program is written in Fortran.

See Student Handbook p.57
for the actual program.
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FILM LOOP 13 Program Orbit I

This film is the first in a series in

which a computer is used to help us

understand the applications of Newton's

laws to planetary motions. We use a

computer for two reasons. First, the

.burden of calculation is removed, so we

can immediately see the effect of a

change in the data or in the assumed

force law. Second, computers are a part

of contemporary culture, so it is impor-

tant to learn what a computer can do and

cannot do.

A student is plotting the orbit of a

planet, as in Experiment 20, Stepwise

Approximation to an Orbit (Fig. 1).

While the student is work:.ng, his teacher
is preparing the computer program for

the same problem by punching a set of

cards. Then the computer is fed the pro-

gram and instructed to solve the problem.

The computer's output can be presented

in many ways. A table of X and Y values

can be typed or printed. For a more

easily interpreted display, the computer

output is fed to an X-Y plotter, which

prints a graph from the table of values.

This X-Y plot is similar to the hand-

constructed graph made by the student.

The computer output can also be shown

visually on a cathode-ray tube (CRT).

The CRT display will be used in Loop 14.

Let us compare the work of the student

and that of the computer. The student

chooses an initial position and velocity.

Then he calculates the force on the plan-

et from the inverse-square law of gravita-

tion; then he imagines a "blow" to be

applied toward the sun, and uses Newton's

7



the duration and size of its retrograde

loop. Average values are listed in

Table 5.1 of the text for comparison.

The opposition dates for Jupiter were:

1941 - Dec. 8 1944 - Feb. 11

1942 - None 1945 - Mar. 13

1943 - Jan. 11 1946 Apr. 13

FILM LOOP 10a Retrograde Motion of fu'acury
and Mars, shown by ,4nimation

This film shows the retrograde motions

of Mercury and Mars which are pictured

in Fig. 5.7 of the text. The animation

shows a background of fixed stars. Al-

though no star except the sun is close

enough for us to see as a visible disk

even with the largest telescopes, to show

the differences in magnitude small disks

are used whose sizes are related to the

brightness of the stars. (The same is

true in Fig. 5.7.)

1. Motion of Mercury and Sun starting

April 16, 1963, with time markers at 5-

day intervals. The field of view includes

portions of the constellations of Aries

and Taurus; the familiar group of stars

called the Pleiades cluster is at the

upper left of the picture. The sun's

motion is steadily eastward (to the left)

due to the earth's orbital motion. During

157

Film Loops
L13

/

Fig. 1

laws of motion to calculate how far and

in what direction the planet moves.

The computer does exactly the same

steps. The initial values of X and Y

are selected and also the initial An-

ponents of velocity XVEL and YVEL. (We

are b'ginning to use computer terminology

here; XVEL is the name of a single vari-

able, rather than a product of four! The

computer "language" we will use is

FORTRAN.) The FORTRAN program (repre-

sented by the stack of punched cards)

consists of the "rules of the game"

which are the laws of motion and the law

of gravitation. The "dialogue" between

operator and computer takes place after

the program has been stored in the com-



are concentrating on the motion of the

planet relative to the fixed stars.)

For an observer viewing the stars and

planets from a stationary earth, this

would be equivalent to looking always

toward one constellation of the zodiac

(ecliptic); for instance, toward Sagit-

tarius or toward Taurus. With the camera

located at the center of motion the

planet, represented by a white globe, is

seen along the plane of motion. A

planet's retrograde motion does not al-

ways occur at the same place in the sky,

so not all retrograde motions are visible

in any chosen direction.

Several examples of retrograde motion

are shown. In interpreting these scenes,

imagine that you are facing south, look-

ing upward toward the selected constella-

tion. East is on your left, and west is

on.your right. The direct motion of the

planet, relative to the fixed stars, is

eastward, i.e., toward the left. First

we see a retrograde motion which occurs

at the selected direction (this is the

direction in which the camera points).

Then we see a series of three retrograde

motions; smaller bulbs and slower speeds

are used to simulate the effect of view-

ing from greater distances.
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The dialogue for trial 1 is as follows:

(the series of dots at the end of a ma-

chine statement represent a request for

data) :

(machine)

PROGRAM HAS NOW BEEN TRANSLATED INTO
MACHINE INSTRUCTIONS

PROGRAM ORBIT
SUBROUTINE GRAPH
READY....

(operator)

YES

GIVE ME INITIAL POSITION IN AU....

X = 4.
Y = 0.

GIVE ME INITIAL VELOCITY IN AU/YR....

XVEL = O.
YVEL = 2.

GIVE ME CALCULATION STEP IN DAYS....

60.

GIVE ME NUMBER OF STEPS FOR EACH POINT
PLOTTED....

1.

GIVE ME DISPLAY MODE....

X-Y PLOTTER.

We see that the orbit displayed on the
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FILM LOOP 14 Program Orbit II

This is a continuation of Loop 13.

We were left with the feeling that the

orbit of trial 1 failed to close because

the blows were spaced too far apart. A

direct way to test this would be to cal-

culate the orbit using many more blows

but to do this by hand would require

much more pencil-pushing and a lot of

time. Now we see one way in which a com-

puter quickly solves a complex problem.

The operator merely needs to change the

dialogue slightly, giving a smaller in-

terval between the calculated points.

The laws of motion are the same as be-

fore, so the same program is used; only

the dialogue is different. A portion of

the new dialogue for trial 2 is as fol-

lows:

(

Film Loops

READY...,

YES

GIVE ME INITIAL POSITION IN AU....

X= 4.
Y = 0.

GIVE ME INITIAL VELOCITY IN AU/YR....

XVEL = 0.
YVEL = 2.

GIVE ME CALCULATION STEP IN DAYS....

3.

GIVE ME NUMBER OF STEPS FOR EACH POINT
PLOTTED....

7.

GIVE ME DISPLAY MODE....

X-Y PLOTTER.

Note that only minor changes in the dia-

logue have been made. Points are now

calculated every 3 days (20 times as

many calculations as for trial 1), and

only 1 out of 7 of the calculated points

are plotted (to avoid a graph that is

crowded with too many points).

Film Loops
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The final instruction can also be

modified to obtain a display on the face

of the cathode-ray tube which exactly

duplicates the X-Y plotter display:

GIVE ME DISPLAY MODE....

CRT

The CRT display has the advantage of

speed and flexibility; plotted points

can be erased if desired (as in Loop 17,

on perturbations). 3n the other hand,

the permanent record afforded by the

X-Y plotter is more conven,.ent and has

better precision than a photographic

record of a CRT display.

We will use the CRT display in the

other films in this series, Loops 15,

16 and 17.

FILM LOOP 15 Central Forces (Computer
Program)

Section 8.4 of the text shows that a

body acted on by a central force will

move in such a way that Kepler's law of

areas applies. It doesn't matter whether

the force is constant or variable, or

whether the force is attractive or re-

pulsive. The law of areas is a necessary

consequence of the fact that the force

is central, directed toward or away from

a point. The proof in Sec. 8.4 follows

that of Newton in the Principia.

The initial scene in the film shows a

dry-ice puck bouncing on a circular

bumper. This is one way in which a cen-

tral force can be visualized as demon-

strating the motion of a body under the

action of repeated blows of equal dura-

tion, all directed toward a center. The

rest of the film is made by photographing

the face of a CRT which displays the out-

put of a computer.

It is important to realize the role

of the computer program: it controls

the change in direction and change in



speed of the "mass" as a result of a

"blow." This is how the computer program

uses Newton's laws of motion to predict

the result of applying a brief impulsive

force, or blow. The program remains the

same for all parts of the loop, just as

Newton's laws remain the same during all

experiments in a laboratory. However,

at one place in the program the operator

must specify how he wants the force to

vary with the distance from the central

point. The basic program (laws of na-

ture) remains the same throughout.

1.

fig. 1

Random blows. The photograph

(Fig. 1) shows part of the motion of the

mass as blows are repeatedly applied at

equal time intervals. No one decided in

advance which blows to use; the program

merely told the computer to select a

number at random to represent the

magnitude of the blow. The directions

toward or away from the center were also

selected at random, although a slight

preference for attractive blows was built

in so the pattern would, on the whole,

Film Loops
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An easy way for the student to
test the constancy of the areas is to
calculate the products, (base) x

(height), which are twice the areas.
There is no need to diyide Ly 2 each
time.

Be sure the student understands the
two ways in which elliptical orbits
can arise from a central force. The
ellipse with the sun at the center
(instead of at one focus) would re-
quire a force which increases with
distance (F = kR), obviously not a
reasonable form for a law of gravi-
tation. As pointed out in the stu-
dent notes for Loop 17, the only
inverse power law which gives closed
(repeating) orbits not passing
through the sun is an inverse-square
law of gravitational force.
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stay on the face of the CRT. Study the

photograph. How many blows were attract-
ive? How many were repulsive? Were any

blows so small as to be negligible?

You can see if the law of areas ap-

plies to this random motion. Project the

film on a piece of paper, mark the cen-

ter and mark the points where the blows

were applied. Now measure the areas of
the triangles. Does the moving mass

sweep over equal areas in equal time in-

tervals?

2. Force proportional to distance.

Perhaps your teacher has demonstrated

such a force by showing the motion of a

weight on a long string. If the weight

is pulled back and released with a side-

ways shove, it moves in an elliptical

orbit with the force center (lowest point)

at the center of the ellipse. Notice

in the film how the force is largest

where the distance from the center is

greatest. The computer shows how a rela-

tively smooth orbit is built up by having

the blows come at shorter time intervals.

In 2a, only 4 blows are used to describe

an entire orbit; in 2b there are 9 blows,

and in 2c, 20 blows give a good approxi-

mation to the ellipse that would be ob-

tained if the force acted continuously.

3. Inverse-square force. Finally,

the same program is used for two planets

simultaneously, but this time with a

force which varies inversely as the

square of the distance from the center

of force. Notice how the force on each

planet depends on the distance from the

sun. For these ellipses, the sun is at

one focus (Kepler's first law), not at

the center of the ellipse.

In this loop, the computer has done

for us what we could do for ourselves.

(using Newton's laws) if we had great

patience and plenty of time. The com-
puter reacts so quickly that we can change
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the conditions rather easily, and thus

investigate many different cases and dis-

play the results as a diagram. And it

makes fewer errors than a person!

FILM LOOP 16 Kepler's Laws for Two Planets
(Computer Program)

The computer program described in the

notes for Loop 15 was used to display the

motion of two planets. According to this

program, each planet was acted on at

equal time intervals by an impulsive

force of "blows" of equal duration, di-

rected toward a center (the sun). The

force exerted by the two planets on each

other is ignored in this program. In

using the program, the operator selected

a force law in which the force varied

inversely as the square of the distance

from the sun (Newton's law of universal

gravitation). Figure 1 (taken from Loop

15 on central forces) shows the two plan-

ets and the forces acting on them. For

I

44.

A

me

Fig. 1

clarity, the forces are not shown in this

loop. The initial positions and initial

velocities for the planets were selected,

and the positions of the planets were

shown on the face of the cathode-ray

tube at regular intervals. (Only repre-

sentative points are shown, although

many more points were calculated in be-

tween those that were displayed.) This

procedure is illustrated in more detail

in the notes for Loops 13 and 14. The

film is spliced into an endless loop,

Film Loops
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In order to obtain an endless loop,
the periods had to be commensurable.
Therefore the initial positions and
velocities had to be related in a
certain way. In making this loop,
the operator set the initial posi-
tions; the computer calculated and
set the initial velocities in such
a way that the periods would be in a
3:2 ratio.

177



Film Loops

L16

Both orbits are considerably more
eccentric than the orbits of any of
the major planets. The eccentricities
of the program orbits are: inner
planet, 0.69; outer planet, 0.43.
Since the inner planet "s orbit is the
most eccentric, it may offer a more
interesting test of Kepler's first
law. A simple way for the student to
measure the eccentricity e is from

R - R
the equation e = Rap

+ R
ap

where R
ap

is the aphelion distance

from the sun, and R is the perihelion

distance from the sun.
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each planet's motion being repeated in-

definitely.

You can check all three of Kepler's

laws by projecting this film on a sheet

of paper and marking the position of each

planet at each of the displayed orbit

points. The law of areas is checked Im-

mediately, by drawing suitable triangles

and measuring their areas. For example,

you can check the constancy of the areas

swept over at three places: near peri-

helion, near aphelion and at a point ap-

proximately midway between perihelion

and aphelion.

To check Kepler's law of periods

(third law), use a ruler to measure the

distances of perihelion and aphelion for

each orbit. To measure the periods of

revolution, use a clock or watch with a

sweep second hand;, an alternative method

is to count the number of plotted points
in each orbit.

To check the first law, you must see

if the orbit is an ellipse with the sun
at one focus. Perhaps as good a way

as any would be to use a string and

two thumb tacks to draw an ellipse. On

a large copy of the projected orbit of

either planet, locate the empty focus,

point S', which is symmetrical with

respect to the sun's position S. Tie

a piece of string in a loop which will

just extend from P to S' and back again,

and place the loop around the thumb

tacks (Fig. 2). Then put your pencil

Fig. 2

s'



point in the loop and draw the ellipse,

always keeping the string taut. How well

does this ellipse (drawn assuming Kep-

ler's first law) match the observed orbit

of the planet?

'Lou may think that these are not mea-

surements in the true sense of the word;,

after all, didn't the computer "know"

about Kepler's laws and display the or-

bits accordingly? Not sothe computer

"knew" (through the program we gave it)

only Newton's laws of motion and the in-

verse-square law of gravitation. What

we are measuring here is whether these

laws of mechanics have as their conse-

quence the Kepler laws which describe,

but do not explain, the planetary orbits.

This is exactly what Newton did, but

without the aid of a computer to do the

routine work. Our procedure in its es-

sentials is the same as Newton's, and

our results are as strong as his.

FILM LOOP 17 Perturbation

The word "perturbation" refers to a

small force which slightly disturbs the

motion of a celestial body. For example,

the planet Neptune was discovered be-

cause of its gravitational pull on Uran-

us. The main force on Uranus is the

gravitational pull of the sun, and the

force exerted on it by Neptune is a

perturbation which changes the orbit of

Uranus very slightly. By working back-

ward, astronmers were able to predict

the position and mass of the unknown

planet from its small efect on the orbit

of Uranus. This specta, lar "astronomy

of the invisible" was rightly regarded

as a triumph for the Newtonian law of

universal gravitation.

A typical result of perturbations is

that a planet's orbit rotates slowly,

always remaining in the same plane.

Film Loops
L17

179



Film Loops
L17

Fig. 1(a)

Fig. 1(b)

This effect is called the advance of

perihelion, illustrated in Fig. 1. The

earth is closest to the sun about Jan. 3

each year; but the perihelion point is

slowly advancing. This slow rotation of

the earth's orbit (not to be confused

with the precession of the direction of

the earth's axis) is due to thc. ..:ombined

effect of many perturbations: small

gravitational forces of the other planets

(chiefly Jupiter), and the retarding

force of friction due to dust in the

space through which the earth moves.
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Mercury's perihelion advances at the

rate of more than 500 seconds of arc per

century. Most of this was fully explained

by perturbations due to Newtonian me-

chanics, the inverse-square law of gravi-

tation and the attractions of the other

planets. However, about 43 seconds per

century remained unaccounted for. These

43 seconds are crucial;, we cannot sweep

them under the rug any more than Kepler

could ignore the 8 minutes' discrepancy

of the position of Mars as calculated on

the circular-orbit theory (see Sec. 7.1).

When Einstein re-examined the nature of

space and time in developing the theory

of relativity, he found a slight modifica-

tion of the Newtonian gravitational theo-

ry. As discussed at the end of Sec. 8.18,

relativity theory is important for bodies

moving at high speeds and/or near large

masses. Mercury's orbit is closest to

the sun and therefore is most affected by

Einstein's extension of the law . gravi-

tation. The relativity theory was suc-

cessful in explaining the extra 43 seconds

per century of advance of Mercury's peri-

helion, but recently this "success" has

again been questioned.

In this film we use a modification of

the program which is described in the

notes to Loop 15 (central forces). The

force on the mass is still a central

one, but no longer an exact inverse-square

force.

The first sequence shows the advance

of perihelion caused by a small force

proportional to the distance R. This

perturbation is added to the usual in-

verse-square force. The dialogue between

operator and computer startslas follows

(the dots at the end of machine state-

ments represent requests for data):

Film Loops
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The subject of the advance of
Mercury's perihelion has recently
been reopened, for recent evidence
indicates that the perturbation due
to the sun's elliptical shape is very
slightly different from the previously
accepted value. This would change the
amount of the discrepancy by about 4
seconds, so the relativity prediction
of 43 seconds would no longer be in
exact agreement with the revised
amount of the discrepancy. It is
possible, of course, that still other
components of the perturbation have
larger experimental error than pre-
viously assumed.
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As a special case, a circular orbit
is possible for Any attractive force
law, for then R is constant and so is
the force. But such an orbit is not
stable; any deviation from an exactly
circular orbit would give rise to a
catastrophic orbit (unless the force
is inverse-square).
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Problem

(machine)

PROGRAM HAS NOW BEEN TRANSLATED INTO
MACHINE INSTRUCTIONS....

PROGRAM PRECES
SUBROUTINE GRAPH

READY....

(operator)

YES

PRECESSION PROGRAM WILL USE
ACCEL = G/(R*R) + P*R

GIVE ME PERTURBATION P

P = .66666

GIVE ME INITIAL POSITION IN AU....

X = 2.
Y = 0.

GIVE ME INITIAL VELOCITY IN AU/YR....

XVEL = 0.
YVEL = 3.

(

GIVE ME CALCULATION STEP IN. DAYS....
(etc.)

In this dialogue the symb91 * means mul-

tiplication; thus G/(R*R) is the inverse-

square force, and P*R is the perturbing

force, proportional to R.

In the second sequence, the inverse-

square force law is replaced by an in-

verse-cube law. The dialogue includes

the following:

READY....

YES

GIVE ME POWER OF FORCE LAW....

-3.



THANK YOU. PROGRAM WILL USE
ACCEL = G/(R*R*R)

GIVE ME INITIAL POSITION IN AU....

X = 1.
Y = 0.

GIVE ME INITIAL VELOCITY IN AU/YR....

XVEL = 0.
YVEL = 6.2832

GIVE ME CALCULATION STEP IN DAYS....
(etc.)

The orbit resulting from the inverse-

cube attractive force is not a closed

one. The planet spirals into the sun in

a "catastrophic" orbit. As the planet

approaches the sun it speeds up (law of

areas); for this reason the last few

plotted points are separated by a large

fraction of a revolution.

Our use of the computer is, indeed,

experimental science; we are able to see

what would happen if the force law

changes, but we retain the "rules of the

game" expressed by Newton's laws of mo-

tion.

Problem

An astronomer claims that he has es-

timated the mass of an invisible star

which is one member of a binary pair.

a) What measurements would he need

for such an estimation?

b) How would he have proceeded from

the measurements to his estimation?

Outline the steps he must have fol-

lowed.

Film Loops
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The displayed points are calculated
at equal time intervals. From con-
servation of angular momentum the
product of moment of inertia (I = mr2)
and angular speed (A) must remain con-

stant. Then r2o)= constant, and
w=1/r.

See Student Handbook p. 57 for
an example of a computer program.
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Answers
Test A

Suggested Answers to Unit 2 Tests
Test A

ITEM ANSWER SECTION
OF UNIT

PROPORTION OF TEST
SAMPLE ANSWERING
ITEM CORRECTLY

1 C 5.4 1.71

2 A 5.6 0.98

3 C 8.7 0.74

4 C 7.1 0.60

5 E 7.8 0.67

6 A 8.7 0.50

7 D 7.4 0.86

8 A 8.5 0.26

9 E 5.7 0.75

10 B 6.4 0.77

11 B 6.8 0.67

12 E 7.5 0.79

13 D 8.3 0.76

14 E 5.7 0.64

17 A 8.6 0.68
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Answers
Test A

Group I

1. Sections of Unit: 5.7, 6.1-6.4

Ptolemy applied geometry in an attempt to explain the retrograde motion of planets.

Copernicus proposed a sun-centered system in which the earth's orbit replaced the

epicycles in the motions of the other planets.

2. Section of Unit: 8.15

The gravitational force of

and m2 and M2 caused the beam

the vertical axis. Cavendish

twist the vertical supporting

3. Section of Unit: 5.6

stars

attraction between ml and M1,

holding ml and m2 to twist about

calibrated the force required to

wire and thus determined Fgra.e

4. Sections of Unit: Ch. 5 and 6

m
1

Mercury will orbit completely in

the same time as the earth covers

1/4 of its orbit.

As the earth moves from E1 to E2

the line of sight to Mercury goes

generally westward from M1 to M2.

But as the earth moves from E2 to

E3 the line of sight to Mercury

goes generally eastward from M2

to M3.

Although nature may be validly observed and described from all frames of

reference, a particular phenomenon may appear simpler when viewed from a certain

frame of reference. When observed from a heliocentric frame of reference rather

than a geocentric frame of reference the motions of planets do appear more simple.

5. Section of Unit: 5.1

Each day the sun rises above the horizon on the eastern side of the sky and

sets on the western side. At noon the sun is highest above the horizon. From

July through November the noon height of the sun above the horizon decreases.

Near December 22 the sun's height at noon is at a minimum. From January into

June the sun's height at noon slowly increases. About June 21 the sun's height

at noon is at a maximum.
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Group II

6. Sections of Unit: 8.6-8.9

The word "falling" is used in describing the motion of the moon relative to the

earth in the same sense as it is used to describe the motion of an object, for ex-

ample a ball, falling freely near the earth's surface.

The explanation of this statement should involve discussion of at least the

following points:

a) the acceleration of the moon towards the earth as compared to the acceleration

of an object falling freely near the earth's surface,

b) the natuis of the force accelerating both the moon and the freely falling

object towards the earth.

7 . Sections of Unit: 8.3, 8.5

1
Given: F = K2, D = at

2

2

T 2 R 3
Derive: E = E

Te2 Re3

From geometry

R D
_E _E
R D
e e

1
R -aT2 aT2
_E _ 2 p _ 13

Re 1
e

2
ae Te2 ae Te2

But since F a
1
-.2 and F = ma, then a a

1
-2

1
11-2 T 2

R 3 T 2
So E =

1
1) or E = E .

Re
R-2 Te2 R

e
3 T

e
2

Answers
Test A
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Answers
Test B

Suggested Answers to Unit 2 Tests
Test B

ITEM ANSWER SECTION
OF UNIT

1 A 7.4
2 B 7.1
3 D 6.8
4 D 5.7

5 C 7.1

6 A 6.6-6.8
7 E 7.8
8 C 5.7
9 C 8.7

10 A 8.5
11 E 8.6
12 B 8.19

13 C 7.5
14 C Unit I
15 B 7.8
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Answers
Test B

Group I

1. Section of Unit: 5.1 and astronomy laboratory

The sun moves eastward by about 10 per day relative to the stars. It completes
one revolution through the stars in one year. There is an observable north-south

oscillation completed in one year also. The path among the stars is called the
ecliptic.

OR a star chart

0

Sept. June

2. Sections of Unit: 5.6, 5.7, 6.4, 6.6

March Dec. Sept.

If the earth is at rest, one would not expect a stellar parallax, and indeed
it was not observed until well into the nineteenth century. If the earth moves

around the sun, then one should observe a parallax unless the stars are too far
away. Opponents of Copernicus used the absence of a parallax as an argument

against his theory, and were not convinced that the stars could be far enough to
account for the absence of a parallactic shift.

3. Section of Unit: 8.7

Let ml be the mass of the earth, m2 the mass of a falling body.
Gmim2

Then F = m2a

Gml
a = -

R 2

R2

Therefore a does not depend upon m2, the mass of the falling body.

4. Sections of Unit: 7.10, 7.11

The answer could be yes, no, or somewhere between, depending upon the point of
view taken. There were some rational criteria used. For example, the absence of

stellar parallax is a reasonhble argument against the heliocentric theory. However,

religious and philosophical beliefs played a large role, and many people refused

even to consider new theories on their own merits. One possible scientific cri-

terion of the time was agreemmt with observations. For the most part the scho-

lastics would not even consider the observations, but at that time scientific

criteria were nebulous if not inadequate. There was no conclusive way to judge

the relative merits of the competing theories at the time.
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Answers
Test B

5. Sections of Unit: 8.5 and 8.6

a) F
g

a mass of planet/ r2

Since the mass of planet A equals the mass of planet B, and since the radius
of planet A is greater than the radius of planet B, then F

g
on the surface of B

is greater than F
g

on the surface of A.

MAb) F
gA rA

2 r
B
2

1= =
F

MB r
A

2 T
gg

Group II

6. General

Galileo

r
B
2

a) first of modern scientists experimentation and thought experiments

b) gave kinematic description of freely falling bodies

c) used telescope to gather evidence in support of heliocentric system
d) helped popularize the Copernican point of view through writings

Kepler

a) three laws gave a kinematic description of the solar system
b) helped to make heliocentric theory description more simple than geocentric

model

c) first to break away from Plato's uniform circular motion
d) three laws were used by Newton in his search for a force law of gravitation

...-----

Newton

a) three laws of motion

b) synthesized terrestrial and celestial theories of motion

c) developed gravitational force law

d) universal law of gravitation

e) Principia and "Rules of Reasoning in Philosophy"
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Answers
Test B

7. Sections of Unit: 5.7, 6.3, 6.4

a) Yes and no. It could have been simpler if it had not used combinations of

circular motions.

It was in fair agreement with observations.

b) Agreement with observations was about the same for both theories.

The Copernican theory eliminated the major epicycle of the Ptolemaic

theory, but it was not clear that this was a simplification. Actually,

the Copernican theory seemed in its components to be very complicated

be:cause it upset very fundamental beliefs without resolving these problems

satisfactorily. Some of Copernicus' contemporaries regarded religious

knowledge through teachings or "e Bible as facts which must be accounted

for in a satisfactory theory, whereas we would not regard Biblical quotations

as evidence.
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Answers
Test C

Suggested Answers to Unit 2 Tests
Test C

ITEM ANSWER SECTION
OF UNIT

PROPORTION OF TEST
SAMPLE ANSWERING
ITEM CORRECTLY

ITEM ANSWER SECTION
OF UNIT

PROPORTION OF TEST
SAMPLE ANSWERING
ITEM CORRECTLY

1 A 5.6 0.93 21 D 8.18 0.86

2 E 5.1 0.70 22 A 8.5 0.46

3 E 6.4 0.77 23 D 5.7 0.37

4 B 7.8 0.76 24 B 5.5 0.59

5 C 5.3 0.79 25 C 8.7 0.63

6 B 8.6 0.74 26 D 8.5 0.36

7 A 6.4 0.54 27 E 6.3 0.58

8 B 6.7 0.78 28 D 5.3 0.57

9 B 8.13 0.84 29 C 5.7 0.68
10 B 7.4 0.63 30 C 7.5 0.44

11 B 6.3 0.67 31 C 7.5 0.33

12 E 8.14 0.58 32 B 8.19 0.91

13 D 6.7 0.88 33 D 8.5 0.51

14 E 5.4 0.75 34 D 8.0 0.90

15 D 7.4 0.92 35 B 8.6 0.65

16 E 8.4 0.80 36 C 8.3 0.64

17 A 8.6 0.73 37 E 7.5 0.69

18 A 7.5 0.85 38 B 8.4 0.57

19 C 7.5 0.64 39 C 8.7 0.65

20 A 6.1 0.74 40 C 7.6 0.54
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Suggested Answers to Unit 2 Tests
I Test D

1. Sections of Unit: 7.2-7.5, 8.1-8.9

Kepler produced a new geometrical theory based on three empirical laws to

explain Tycho Brahe's astronomical observations.

Newton produced a theory of universal gravitation that explained the dynamics

of planetary motion by uniting hepler's laws and terrestrial gravitation.

2. Sections of Unit: 8.2, 8.3, 8.5, 8.6

His synthesis brought together the work of Galileo and Kepler along with his

own to build a system of dynamics which described the motion of all bodies. It

synthesized the laws of motions of both terrestrial and celestial objects.

3. Section of Unit: 7.1

Ptolemy and Copernicus both used Plato's assumption of uniform circular motion.

Kepler was the first to abandon this assumption. He constructed the orbits directly

and determined that the orbits were ellipses.

4. Section of Unit: 7.5

5.

4'

T2 = ka3 T
s
2 = ka

s
3

T
s
2 a

s
3

or k = 1 (year)2
= (astronomical unit)3

Te 2 ae 3

T
s

2 93
=

12 13
T
s
2 = 729 (yr)2

3

T
s
= 93/2 = 27 yr. T

s
= 27 yr.

100 il

1

1 earth's gravitational attraction
75 1

earth's gravitational (ma
g

) vs distance from the center
attraction (ma ) dis-

1 tance from thegcenter of the earth.

1 of the earth.

tk

newtons 50

25

0 Illf
R 2R 3R 4R

distance from center
of earth
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Answers
Test D

6. Chapter 5

a) The motion of a planet appears sometimes to reverse its original direction

with respect to the fixed stars.

b) heliocentric model: a planet more distant from the sun than the earth will

have a smaller period. As the earth laps the planet, the apparent motion

of the planet changes direction.

east

4 110.

Pa

Pp
)..

p4

P.
Ill

i's VP-

4 V,-

Pr

Geocentric model: a planet would be

traveling along an epicycle. Therefore

an orbit around the earth might look

something like the diagram at right.

From P1 to P2 and P3 to Py the planet

tends to move eastward across the sky.

From P2 to P3 it appears to move west-

ward in retrograde.

7. Section of Unit: 8.7

/
west

Generally eastward from E1 to E4

and westward from Ey to E8, then

eastward again.

See p. 17 of Unit II.

a) Newton chose B

b) If M
P
+ 0 as a limit, F is non-zero in case A and infinite in case C,

both of which are not sensible.

Another argument

Sun

IITwo planets stuck together

The force on two planets stuck together should be the sum of the forces on each
planet. F = M

s
+ M

P
would not predict this:

F1 + F2 a (Ms + Mp) + (Ms + Mp)

F12 " Ms + (2M/D)

Fl + F2 # F12

Msdimilarly for F a ii- .

P

1,94



I
8. Section of Unit: 5.7

Yes and no.

The theory was not as simple as the one we use today, but given the philosoph-

ical conditions of the time, it was as simple as possible. (e.g., earth at center

and uniform circular motion). Even modern theory rests on firmly held beliefs.

The theory agreed pretty well with most observations. One exception was that the

moon, according to Ptolemy, should change apparent size by a factor of two.

An alternative approach would be that it did not satisfy the criteria because

it was a reconciliation of observation with the religious-scholastic concern of

the importance of man and his earth. At the time Ptolemy was too burdened with

the belief that the purpose of all motion was the divinity of man.
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Aiming, 91
Aldebaran, 94
Algol, 95
Almagest, 33, 35
Altitude, 58-60
Andromeda, 95
Angular size, 92

of planets, 93
Answers
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Tests, 185-195

Aphelion, 82
Apparent motion, 87
Archimedes, 32
Argument of perihelion, 109
Axistarchus, 140
Aristillus (crater), 76
Aristotle, 33, 36
Armillary sphere, 140
Ascending node, 109, 132
Astrolabe, 10, 70
Astronomical unit, 105
Astronomy, naked-eye, 10
Atmospheric refraction, 35
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Binocular, 90
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Calculus, infinitesimal, 40
Calendar, 32, 34, 139
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Catholic Church, 37
Celestial sphere, 43
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Chase r,oblem, 141, 142
Circular motion, 36
Clockwork, 37
Columbus, 71
Comet, 35, 40
Halley's, 35
orbit, 22
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'omputer, 176
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Coordinate system, 98
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Descending node, 109, 132
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motion, 87
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shape of orbit, 80

Eccentric, 33, 43
Eccentricity, 105, 115, 126, 178
Ecliptic, 106, 107, 109
Einstein, 38, 181
Elements

of an orbit, 41, 110, 111
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Halley's, 129

Ellipse
relations in, 144

Elongation, 112
of Mercury, 114
table of, 113

Emulsion, 98
Ephemeris, 128
Epicycle, 140

machine, 138
Equant, 33, 43
Equipment notes, 138
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Experiments, 57-137
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13. Size of Earth, 58
14. Height of Piton, 72
15. Shape of Earth's Orbit, 80
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17. Orbit of Mars, 96
18. Inclination of Orbit, 106
19. Orbit of Mercury, 112
20. Stepwise Approximation, 11"
21. Model of Comet Orbit, 128

Eudoxus, 33

Favorable oppositions, 162, 163
Fermi, 147
Feynman, 118
Film Loop, 45, 119
Retrograde Motion, 156

geocentric Model, 156
Mercury, Mars, 157-159
heliocentric mode1,160-161

Jupiter Satellite Orbit, 164
Program Orbit I, 170
Program Orbit II, 173
Central Force (computer), 174
Kepler's Laws for Two Planets, 177
Perturbation, 179

Film strip
retrograde motion of Mars, 155

Films, 2, 46, 47
sources, 48-51

Fiction, 153, 154
Flamsteed, 41
Floating bodies, 32
Focussing, 91
Force, proportional to distance, 176
Frames of reference, 84

Galilean satellites, 165-167
Galileo, 37, 92
George Washington, 32
Graphing, 63-64
Gravitation, universal, 38, 39

measuring constant, 145
Gregorian calendar, 32
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Halley's Comet, 35, 41, 134
Halo, 98
Height of Piton, 72
Heliocentric

latitude, 107, 108

longitude, 108, 109
system, 83

Hipparchus, 35

Horrocks, Jeremiah, 38
Hyades, 94

Image, 89

Inclination, 18, 106, 133, 134
Inertial force, 41
Interpolation scale, 107
Inverse-square force, 176
Iteration, 118

Julian calendar, 32
Jupiter, 121

distance, 34
mass, 169
period, 168
radius, 169
satellites, 165

Kepler, 34, 36-39, 96, 101
laws, 102, 105, 116

Latitude, 98, 99
Law of areas, 116
Lenses, 14
Limb darkening, 84
Longitude, 32, 98-100
Loops, 2

Magnifiers, 88
Magnifying power, 88
Mars

distance, 34

inclination orbit, 106
longitude, 100
orbit, 96
photograph, 97
position, 111

Mass, 39
inertial, 143
gravitation, 143
planets, 41

Mercury, 115
distance, 34
orbit, 18, 112

Milky Way, 95
Milton, John, 37

Model, comet orbit, 22
Moon, 40

chart for plotting, 61
distance, 77

irregular motion, 145
observation, 60, 94
orbit, 85
phases, 67

photograph, 10
size, 77

soft landing, 78
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Motion
central force, 39
earth, 87
inertial, 38
moon, 32
sters, 32
sun, 32

Mountain on moon, 72
Multi-media

daily plan, 4
schedule, 5, 6

Mythologies, 33

Naked-eye astronomy, 10, 58
Newton, 38, 39, 41, 118
Node, 132

ascending, 109
descending, 109

Objective, 89

Observations
of plantes, 93

of sun (daily) 58, 65
of sun (yearly) 59, 66

Occultation, 167
Orbit, 84

approximation, 22
inclination, 18
Mars, 16, 18, 96
Mercury, 18
Moon, 85
parameters, 44
shape, 14

Orbital
distance, 34
elements, 110, 111
parameters, 110, 111
speed of earth, 121

Orion, Nebula, 95
Oppositions, favorable, 162, 163
Overview, 1

Parabola, 130, 131
Parallax, geocentric, 35
Parameters of orbit, 110
Perihelion, 82, 126

advance of, 181
argument of, 109
focus, 130

Periodicals, 153
Perseus cluster, 95
Perturbation, 179
Piton, 72, 73
Planetary orbits

derivation of, 34
Planets, locating, 62

graphing position, 63, 64
Planimeter, 103
Plato, 32
Plays, 154
Pleiades, 94
Position of Mars, 111
Principia, 38, 39, 174
Program orbit

I, 170
II, 173

Ptolemy, 33, 34, 80



Radiation pressure, 35
Random blocs, 175
Reader,

articles, 3
Principia, 118
summaries, 52-54

Refraction, atmospheric, 35, 143
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Retrograde motion, 33, 43, 138
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of Jupiter, 165

Galilean, 165
Saturn, 34
Scale of sun, moon, earth, 146
Schedule, 7, 11

blocks, 15, 19
Shape of earth's orbit, 14, 80
Sidereal time, 32
Size of earth, 68
of moon, 77

Soft landing, 78
Solar diameter, 86
Spacecraft, 79
Stellar motion, 42
Stonehenge, 32
Sun observations
one day, 58, 65
one year, 59, 66

Superstitions, 35
Surveyor I, 79
Symmetry, 36

Telescope, 14, 37, 88, 92
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Tides, 40
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Trajectory, 118
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Transparencies, 2, 42-44

stellar motion, 42
celestial sphere, 43
retrograde motion, 43
eccentric and equart, 43
orbit parameters, 4i
motion under centra, force, 44

Turntable, 85
Tycho Brahe, 34-36

Universal constant, 9, 40
Universal gravitation, 41
Uraniborg, 35

Venus, orbital distance, 34

Vernal equinox, 81, 96, 98, 139

White dwarf, 35
Witchcraft trial, 36
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199


