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CHAPTER S UNIVERSAL GRAVITATION AND THE SOLAR SYSTEM

The force of gravity is introduced along with its magnitude near the
surface of the earth. Next the difference between mass and weight are
discussed including the reason objects are "lighter’ on the moon than on
the earth. The FIELD concept is first introduced here. The notion of a
FIELD is very profound with important ramifications in other areas of
physics.

We then extend our vision to objects in space by extending the
fundamental laws of gravity and motion developed by Newton. These laws
lead directly to the observed motions of the planets which Kepler had so
painstakingly classified a half-century before. The effect of this
discovery on the 17th century world was extremely profound, spelling doom
to the notion that the earth was the center of the solar system and
universe. It is not hard to imagine the magnitude of the philosophical
and religious overtones of such a radical demotion of the earth in the
astronomical hierarchy.

The reading of this chapter takes a historical approach if you follow the
order suggested, starting with early descriptions of the solar system and
then outlining the steps in which the mystery of planetary motion was
eventually solved. The real value of this approach is that it clearly
outlines the manner in which the scientific method operates. First came
the accurate observations of planetary motion by Tycho Brahe. This in
turn led to the empirical laws of planetary motion derived by Kepler and
finally to Newton’s connection of planetary motion with the simple and
elegant fundamental law of gravity. Thus, OBSERVATION, DESCRIPTION, and
GENERALIZATION were the steps in which the problem was solved, and this
is the classic manner in which science operates.

CHAPTER ©S PERFORMANCE OBJECTIVES

Upon completion of this chapter, you should:

be able to explain/define the difference between mass and ﬁlight using
the concept of gravity.

be able to explain/define gravitational force field.
be able to find the acceleration of the moon knowing its period and
radius of orbit and compare the value to the acceleration at the earth’s

surface.

be able to recognize some of the early attempts to understand our solar
system.

be able to contrast the heliocentric & geocentric reference models.

be able to plot the retrograde motion of Mars given its position at
various time intervals from photographs.

be able to state Kepler's Laws of Motion.
recognize that the orbits of the planets can be approximated as circular.

be able to state and use Newton’s Universal Law of Gravitation.
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CHAFTER = STUDY GUIDE ~-1-
Read: Section 5-1 The Gravitational Field Near the Earth page 87
The gravitational force field constant is identified as 'g’.

a. Write a brief summary as to what ‘gravitational force field’' means
to you. Share it with your partner(s) and then with your teacher.

b. What is the wvalue for Cleveland?
c. What factor (s) influence the value of ‘g’'?
Investigation: FINDING THE ACCELERATION OF A BALL ROLLING DOWN A RAMP

Your task is to determine the acceleration of the ball rolling down the
ramp provided. You are to present a proper write-up including all
essential components.

Problems: page 88: #2
Read: Section 5-7 From the Greeks to Kepler: A Brief Sketch page 98

Here we encounter a very brief summary of how people struggled to explain
the motions of objects in the heaven. By choice we will skip a lot of
this struggle and proceed from the point where the true motions were
about to be discovered.

Optional...Project Physics Reader #2 titled MOTION IN THE HEAVENS
contains 26 articles. A brief summary of each article is
included in this packet. You may check out one of the books
if you wish to do some reading at home.

Problems: page 10&6: #24 #25

A must...Show your instructor the drawing you made from (25-c) as soon as
you complete it.

The subject of retrograde motion came up in problem 25. It is important
that you know what retrograde motion is and how it came about. Four
different activities are given below. Do only enough so that you
understand what retrograde motion is.

a. Obtain a series of 15 photographs taken between 29 May and 15
October 1971 of Mars in Capricornus.

1. Place the plastic sheet over one of the photographs. Mark the
position of Mars (the brightest) and a few of the reference stars
with a wax pencil. Record the date which is on the back of the
photograph.

2. Place the plastic sheet over another photograph in such a manner
that the reference stars of this photograph are directly over the
reference stars of the previous photograph. Locate Mars and
label the date. Repeat this for the remaining photographs.

3. By drawing a continuous line through the points you should see a
plot like that shown in Figure 21-2 page 359 (red text). By
estimating the dates of the beginning and end of the retrograde
motion, you can determine the duration of the retrograde motion.
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Film Loop—11 RETROGRADE MOTION - GEOCENTRIC MODREL

This film loop illustrates the motion of a planet such as Mars as
seen from the earth. It was made using a large Epicycle Machine as
a model of the Ftolemaic system. - Directions for analysis are
included in this packet.

Film L00p412 RETROGRADE MOTION — HELIOCENTRIC MODDEL

This film loop illustrates the motion of a planet such as Mars and
the earth as seen from the sun. Directions are also included.

Transparency T—-15 RETROGRADE MOTION

This transparency can be used to help understand the heliocentric
explanation of an outer planet’s apparent retrograde motion. Some
directions are included with the transparency. Have your instructor
give further explanation if needed.

Read: Section 5-2 Earth Satellites page 88

Section 5-3 The Moon’s Motion page 90

The following NASA Educational Briefs are included for your reading
enjoyment.

h‘

ORBIT OF THE MOON
EARTH - MOON - SUN RELATIONSHIP

10. Problems:! page 20: #4 #5 #Hé6 #7

11. Read Gection 5-4 Kepler’s Laws page 91

12. Film Loop—-16 KEPLER’S LAWS (Film Loop Notes included)

13.

(=

You may make your own data point sheet as you watch the points
being generated or you may request a copy of one that has already
been prepared.

Analyze the data points as per directions in the notes.

Provide your instructor with sufficient evidence that you have
verified Kepler®s three laws using the data sheet.

Note...You may think that these are not measurements in the true
sense of the word; after all, didn’t the computer *know® about
Kepler’s Laws and display the orbits accordingly? Not so — the
computer *knew” (through the program given it) only Newton’s laws
of motion and the inverse—-square law of gravitation. What we are
measuring here is whether these laws of mechanics have as their
consequence 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
essential is the same as Newton’s., and our results are as strong as

i s

Problems:: page 92: #8 #9 #10 #11

page 106: H27 #28
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CHAFTER =] STUDY BUIDE =3-
Optional...Film NEWTON: THE MIND THAT FOUND THE FUTURE (30 min)

This film dramatizes the career of Isaac Newton, and highlights the
discoveries that revolutionized science in the 17th century and are the
basis for scientific work in our century, including the space program.
Newton ‘s friend and colleague, Edward Halley, the discoverer of
"Halley's Comet", introduces the irascible genius, sitting peacefully in
his orchard. A falling apple, a great mental leap, and the laws of
universal gravity are discovered. Twenty years later, Halley convinces
his friend to publish his findings and in eighteen months the PRINCIFIA
is completed. Already a respected mathematician, Newton now becomes
world famous. Active in a dozen different fields, Newton goes on to
write a major work on mechanics, to create differential calculus, to
make known his work on optics, and to invent the first revolving
telescope, among other proijects. Newton’'s eccentric personality, his
originality of mind, and his place in the history of science are vividly
illustrated by Halley. The laws and definitions that he contributed to
physics as well as an experimental method on which to base future
discoveries, are presented as the beginnings of the modern age of
science.

Film: UNIVERSAL GRAVITATION (31 min) (Film notes provided.)

See study Notes I and II which are in this packet.

Much discussion in Section 5-5 and in the film goes into how Newton
discovered his Universal Law of Gravitation. Unless you are so
motivated to study the ideas in detail, you may proceed if you

understand the following:

a. What is 'G'? What value do we use for it? Does this value change?
I¥f so, where?

b. How was 'G’ determined?

€. Your instructor prefers that you use small 'm’ and capital ‘M’
rather than m; and m; as shown in the text.

d. Newton said that F=ma governs motion anywhere. If this is true,
then one can equate it to F = BmM/RZ. Equate these two equations
and solve for ‘a’. What conclusion(s) are you able to draw?

Equate F=mvZ2/R to F=GmM/RZ?. Then equate F = m41T 2R/T2 to F=GmM/RZ.
What conclusion(s) are you able to draw in each case?

FProblems: page 95: #12 #13 #14 (Table 3) #15 #1646
page 10&6: #31 #32 #33 w34 #35 #3656 #40

Optional...You might wish to read Chapter 7 in Vol 1 of THE FEYNMAN
LECTURES ON PHYSICS titled "The Theory of Gravitation". See
instructor for the book.

Optional...An article titled GENERAL RELATIVITY is included for your
reading pleasure.

Complete the Written Exercise titled "Small World” which is enclosed.

Penny wise and 4.45 Newtons foolish.



Arnswer s Chapter 5
2. (b) See page 3405 of Phy & Chem Handbook (c) latitude, altitude
4. (2) no change to two significant figures

&. (24)(a) 27.3 days (b) does not revolve (c) 29.5 days
(25) (a) once every 29.5 days (b) 7.6 1019 m  (c) see teacher

(d) would not v_, = 30 km/sec v, = 1 km/sec

10. (4) 0.36
(5) a, v, T are all equal Fi =2 F,
(6)(a) 5.9 x 10”° m/s/s (earth toward sun) (b) 0.46
(7) speed decreases, ‘T increases, 'a’ decreases

13, (B) 2.2 x 1015 m?/sec
(9) 3.35 x 1018 p3/g2
(10) 23 times larger
(11) Mercury 23° Venus 4&°
(27) closest to sun in winter
(2B) 5.3 x 1012 meter

16. (a) Universal Gravitational Constant is —6.67 x 10711 N m2/k92
does nnt change
(b) 6 =F RZ/m M - see instructor
(c) 'm' circles more around 'M’' than 'M’ around "m’
(d) a = 6 M/R?2 - can be used to find acceleration on surface of
any object or in space around the object

3. (12) 3.6 x 10> times greater
(13) 0.65
(18) (a) Kg = 9.9 x 1012 nS/gec?  (b) 3.0 x 1076
(15) 0.41 Ry
(16) Equal in value, U??Biltl in direction
(31) 3TT/6 = 1.41 % 10 kg sec 2/m
(32) B.A.B.
(35)(a) 1.01 x 10’ sec (about 21 days) (b) 0.075 mm/sec
(36) (a) M = 47T 2RS/BT2 (c) ma = 4T 2/T2 (d) 4007 2R/T<
(40) (a) 3 x 10%! kg  (b) about 1 x 10ll

Ruestions from "The Flying Circus of Fhysical FPhenomena" by Jearl Walker

1. I've heard that my wristwatch will run faster on a mountain top than
here. Why should it? Could you measure this effect to make it more
believable? Would my watch run faster if I were in a jet plane at a high
altitude?

2. When you see the moon low in the sky, it may appear to be larger than
when you see it otherwise. Why?
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REAZER ARTICLES

THE BLACK CLCUD by Fred Heyle 1957

In this introductory chapter to his science fiction novel, the noted astronomer
Fred Hoyle gives a realistic picture of what goes on within an astronomical
lehoratory. The emphasis is con experimental astronomy.

ROLL CALL by Isaac Asimov 1943

This pleasant introduction to the plansts and the solar system is by a writer well-
knovn as a scientist, 8 popularizer of science and a writer of science fiction.
Asimov approaches the solar system historically, briefly considering the discovery
of some of the planets.

A NIGHT AT THE CBSERVATORY by Henry S. F. Cooper, Jr. 1967

¥What is it like to work at a major observatory? A reporter spends a night on Mt.
Palomer tallding about astronomy with Dr. Jesse L. Greenstein as he photographs star
spectra with the 200-inch telescope.

PREFACE TO DE REVOLUTICNBUS by Nicolauws Copernicus

Copernicus addresses this preface of his revolutionary book on the solar system to
Pope Paul IIT.

THE STARHY MESSTHNGER by Galileo Galiled 1610 .

The introduction to Galileo's Starry Messenger not only summarizies his discoveries,
but also conveys Golileo's excitement about the nmew use of the telescope for
astronomical purposes.

KEFLER'S CELESTTAL MUSIC by I. Bernard Cohen 1960

The end of this summary of Kepler's work in mechanics shows how seriously Kepler
toolk the idea of the harmony of the spheres.

KIFLER by Gerald Holten 1360

This brief sketch of Johannes Kepler's life and work was initially written as a
review of Max Caspar's definitive biogrephy of Kepler.

IEPLER Off MARS by Johannes Kepler 1609

Kepler's description of how he came to take up the study of Mars, from his greatest
booic, The New Astronomy. HKepler records in a personal way everything as it
occured to him, not merely the final results.

NEWTON AND THE PRINCIPIA by C. C. Gillispie 1560

This article describes briefly the events which transpired immediately before the
writing of the Principia.

THE LAWS OF MOTIOW AND PROPOSITION CWE by Isaac Newton 1687

The Latin original of Newiton's statement 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.

THE GARDIN OF EPICURUS by  Anatole France 1920

fnatole Francx is best lnown as the writer of novels such as Penguin Island. This
brief passage shows that he, along with many writers, is interested in science.
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READER ARTICLES -2=

UNIVERSAL GRAVITATION by Richard P. Feynman, Robert Leighton, Matthew Sands 1964
A physical concept, such as gravitation, can be'a powerful tool, illuminating many
areas outside of that in which it was initially developed. As the authors show,
physicists can be deeply involved when writing abeut their field.

AN APPRECIATION OF THE EARTH by Stephen H. Dole 1964

The earth, with all iis faults, is a rather pleasant habitation for man. If things
were only slightly different, our planet might not swit man nearly as well as

it now does.

Mariners 6 and 7 TELEVISION PICTURES: PRELIMINARY ANALYSIS by R. B. Leighton
Televized close-up photographs of Mars show large creaters and plains like on the
moor.

THE BOY WHO REDEEMED HIS FATHER'S NAME by Terry Morris 1966

A dramatized account of the boyhood of the Japansse astronomer who discoversd a
recent comet. The same comét, Ikeya-Seke, is described alsec in the article by
Owen Gingeriche

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.
GRAVITY EXPERIMENTS by R.H. Dicke, P.G. Roll, J. Weber 1966

The delicate modern versicn of the Eotvos experiment described here shows that the
values of inertial mass and gravitational mass of an object are equal to within cne
ten-billionth of a percent. Such precision is seldom attainable in any area of
science.

SPACE THE UNCONQUERABLE by  Arthur C. Clarke 1962

Arthur Clarke began to think seriously sbout space travel before almost anyone elses
His coenclusions, as seen in the article's very first sentence, are scmewhat more
pessimistic than is now fashionable.

15 THERE TNTELLIGENT LIFE BEYOND THE EARTH? by I.S. Shklovskii, C. Sagan 1966
Many scientists have argued recently that intelligent 1life may be quite common in
the universe.

THE STARS WITHIN 22 LIGHT YEARS THAT COULD HAVE HABITABLE PLANETS by S. Doyle 1564
This table lists only those stars within 22 light years of the earth that might
have planets which could support human life.

SCIENTIFIC STUDY OF UNIDENTIFIED FLYING OBJECTS (from Condon Report) 1968

THE LIFE-STORY OF A GALAXY by Margaret Burbidge 1962

NEGATIVE MASS by Banesh Hoffman 1965

EXPANSION OF THE UNIVERSE by Hermann Bondi 1960

THREE POETIG FRAGMENTS ABOUT ASTRONOMY

THE DYSON SPHERE I.S. Shidovskii and Carl Sagan 1966



Film Loop = 10 Retrograde Motion - Geocentric Model

Using a specially constructed large “epicycle machine” as a modsl of the Ptolemaiec
system, the film shows the motion around the earth of a planet such as Mars.

First we see the metion [rom above, with the characteristic retrograde motion

the "loop" when the planet is closest to the earth. It was to explain this loop that
Ptolemy devised the epicycle systems When the studio lights go up, we see how the
motion is created by the combination of two circular motionse

The earth is then replaced by a camera which points in & fixed direction in space from
the center of the machine. (This means that we are ignoring the rotation of the earth
on its axis, and are concentrating on the motion of the planet relative to the fixed
stars.) For an cbserver viewing the stars and planets from a stationary earth, this
would be eguivalent to locking always toward one constellation of the zodiac (eecliptde);
for instance, toward Sagittarius 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 always occur at the same place in the
sky, so not all retrograde motions are visible in any chosen directicn.

Several examples of retrograde motion are shown. In interpreting these scenes, imagine
that you are facing south, locking upward toward the selected constellaticn. East is
cn 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 camers
points). Then we see a series of thres retrograde motions; smaller bulbs and slower
speeds are used to simulate the effect of viewing from greater distances.

Kote the chenge in apparent brightness and angular size of the globe as it sweeps close
to the camera. VWhile the actual planets show no disk to the unaided eye and appear 8s
points of light, certainly a marked change in brightness would be expecteds This was,
however, not considered in the Ptolemaic system, which focussed only upon the time—
table of the angular motions and positions in the sky.

Film Loop - 11  Retrograde Motion - Heliocentric Model

The machine used in Loop 10 was reassembled to give a heliccentric model with the earth
and the planet moving in concentric circles around the sun. The earth (represented by
2 light blue globe) is seen to pass inside a slower moving outer planet such =5 Mars
{represent.ed by a white globe). The sun is represented by & 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
concentrating on the motion of the planet relative to the sun and the fixed stars.)

Several scenes are shown. EKach scene is viewed first from above, then viewed along the
plane of motion. Rstrograde motion occurs whenever Mars is in opposition; 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 oppositionj retrograde motion takes place.

2. The time between oppositions averages about 2.1 years. The fllm shows that the
earth moves sbout 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.

Tn cne day the earth moves 1/365 of 360°, Mars moves 1/687 of 360° and the motion of
the earth pelative to Mars is (1/365 - 1/687 of 360°. Thus 1/365 - 1/687 = .

Film Loop Notes —R-

0.00274 ~0.00146 = 0.00128 = 1/780. Thus in one day the earth gets shead of Mars by
1/780 of 360°; it will tale 780 days for the earth to catch up to Mars again. The
"phase period" of Mars is, therefore, 780 days, or 2.1k years. This is an avg. valuc.

3. The view frem the moving earth is shown for a pericd of time grester than 1 year.
First the sun is scen in direct motion, then Mars comes to oppositicn end undergoes a
retrograde metion loop, and finally we nee the sun again in direct rotion.

Note the changes in apparent siza and brightness of the globe representing the planet
wher it is nearest the earth (in opposition). Viewed with thes naked eye, Mars does in
fact show a large varietien in brightness (ratio of 50:1). The anpular size also
varies as predicted by the model, although the disk of kars, like that ?f all the
planets, can be seen only with telescopic aid. The helicecentric model :JI_‘Lu:trated in
this {ilm is simpler thzn the geocentric model of Ptolemy, and it does give '_che main
features cbserved for Mars and the othc» planets: retrograde motien and variation in
brightness. However, deiziled numecrical egroement between theory and cbservation can't
be ohtained using circular orbits. With ths preposel by Kepler of e1‘_1iptic31 orbits,
better agreemsnt with observations was {inally obtained, using a modified heliccentrie
system.

Film Loop-16 Kepler's Laws for Two Planets (Computer Program)

According to the computer program, each planst was acted on at equal tire intervals by
an impulsive force of blowa of equal durstion, directed toward & cenier (the sun). The
force exerted by the two planets on each other is ignored in this program. In using the
program, th: operator selccted a force law in which the force varded inversely as the
squars of the distance from the sun (Newton's law of universal gra?itat.inn). For
clarity, the forces are not shoin in this loop. The initial positions a,jd initial j
velocities for the planets were selscted, and the positions of the planets wera'shom on
the face of the cathoda-ray tube at regular intervals. (Cnly representative points
are shown, althcugh meny more points wese caleulated in bestwesn those thal were ahown.
The film is spliced into an endless loop, each planet's motion being represented in-
definitely.

You can check all three of Hepler's laws by projecting this film cn a sheet of paper
and marldng the position of each planet £t each of the displaycd orbit points. The
law of areas is checlked inmedictely, by drawing suitchle trisngles and measuring their
areas. For exanple, you can check the ccnstency of the areas swept over three places;
near perihelica, near aphelion and at a point approximately midway between.

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 swaep second hand; an elternative method is to count the nunber
of plotted points in each orbit. 3

To check the first lew, you must see if the orbit is an ellipse with the sun at cne
focus. Perhaps as good a way as any would be to use a string end twe thumb tacks to
dray an ellipse. First locate the empty focus which is synmetrical with the sua's
position. Tie a piece of string in a loop which wdll just extend from one focus to
a point on the ellipse, around the other focus and back to the original focus. Then
put your pencil point in the loop and draw the ellipse, alwoys keeping the string
taut. How well does this ellipse (drawn assuming Kepler's first law) match the
observed orbit of the planet?



Rt .

¢ EDUCATIONAL BRIEF

./ national aeranantics and space adininistration
weined spracecraft cenler « houston, texvas

OREIT OF THE MOOH

SELENOLOCY: (Belenc - Greck for the Moon) The branch of astroncmy dealing

s

A) (SUN-93,000,000 MILES)

EARTH e

© PATH OF THE CENTER OF
THE EARTH-MOON SYSTEM

MOON

with the Moon.

The Moon moves In an orbit about the center of the Earth-Moon system
deseribing what ig called the lunar orbit nlane.

The orbit of the Moon iz elliptical but it very nearly approaches a
cirele.

a. The farthemaoss peint Lrom the Earth, or apopee, is 252,700 miles.
b. The nearest point to the Earth, or perigee, is 221,000 miles.

c. The averape distance from the Earth is 235,900 miles or G0.2G8
fimes the Basth's eguatoriel radius.

The time repuired f'or the Moon to complete one revolution is 27 days
T hours %3 minutes 11 seconds.

The revolution of the Moon in its orbit sbout the Earth is in the
same dircction as that of the Barth about the Sun (counter clockwise).

(D\rer)

8

MOTION OF IIE LUNAT ORBIT PIANE

LUNAR ORBITAL PLANE

ECLIPTIC

1. The intersection of the lunar orbit plane with the ecliptie plane
produces a line known as the line of nodes.

2. Due to the perturbation * produced by the Bun, the lunar erbit plane
rovates gbout the ecliptic axis. This causes the line of nodes te
revolve, completing one full revolution in 18.6 years or at a rate
of" 19.h deprees annnally.

3. Mhe adrecvion ol rotavion of the line 01 notes is in & retrograde
sunse or aotion in o olockwise dircction with respect to the Earth's
oroit.

* Peruuwrbations - Deviations of & mass from the normal path of motion
it would experience i it were one of {wo point masses which move
subject only Lo their sutual pravitatilonal atlbraetion. These devia-
t.ions are prodused by forees externzl to tLie Lwo body system ltzelf.

FEFERENCES

1. Alter, Pietorial Cuilde uo the Moon, Crowell Co. New York, 1963

2. Baldwin, The Measure of +the Moon, University of Chicags, 1063
- i " n - ~ e = R
3+ Eerdner % Odishew, Secicnee in Space, MelGrew-lill Co., Ine., 195l

4. Danby, J.M.A., Funfamentals of Uslestinl Moclanics, Maemillan Jo.,
Hew York, uiz
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EARTH-MOON-SUN FELATIONS

1.

2.

ECLIPTIC

B A e

A # eooe

23° 21’

SUN I pLANE

An orientstion of the Ear ch-mon system £o the Sur is made in the
diagram apove as viewed from within the Earth orhisal elune,

The orbital plane described bty Lhe Earth about the Sun is called
the ecliptic plane.

The polar axis of the Earth ic Inelined 23 degrues 27
the ecliptie axls, thereby eausing the Earth's
be permanently inelined to the celiptie at the same angle.

minutes Lo

enuatorial plane to

L/ﬁkh7hzbuna
ORBITAL

PLANE

The lunar orbital plane is the plene deseribed by the Moon about the

Earth.
plane.

This plere is Incelined about 3.1 degrees to the ecliptle

{over)

CENTER OF THE EARTH-MOON SYSTEM

Tre Earth and Moon are linked together by a foree of mutual attraction
called gravity; thus, behave as a single system.

This systen could be compared to & dunbbell with a heavy weight on one
end and a lighter weight on the other end {illustraced above). A
dimbbell woighted in this manner would have a center of balance (or
center of gravity) closer to the heavier end. For the unbalanced dumb
bell to spin smoothly, it must be rotated about the center of balance.

The Earth-lioon system résembles the uwnbalanced dumbbiell. 'The Earth
compares to the heavy welight and the Moon to the lighter welight.
Gravitaticnal force replaces the commecting bar.

Like the mnbalanced dumbhell, the center of balance of the Earth-Moon
system is closer Lo the heavy weighl, the Earth. In fact, this center
is gbout 2,900 miles from the center of the Earth along a line Lo the
center of the Meon.

The center of the Barth-Moon.system remains Inside the Earth, but is
not located at the center of the Earth.

The center of balance for the Earth-Moon system i called the
baaycenter. It is this center which describes the path of the system
about the Sun. EBoth the Barth and the Moon revolve about the
barycenter.

The average position of the barycenter can be calculated from the
relationship: MqTy= Msla
ry = distance of the barycenter from the center of the Earth
r, = distance of the barycenter from the center of the Moon

2l
= mass of the Earth  (5.975 x 10 kilograms)

H
=
|

(7.3492 x 10°2

mass of the Moon kilograms)

o

= 238,000 miles
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STUDY NOTES

MEASURE GRAVITATIONAL DISTANCES FROM THE CENTERS OF THE ATTRACTING BODIES

In using Newton's Law of Universal Gravitation, be sure to measure the dislances
between attracting bodics from the ¢enters of the bodies, and NOT from their
surfacess To explain in detail why this is so would reguire a lengthy essay, so
we'll just hint at the reasons here. It turns cut that all bodies acted upon by
gravitational forces behave as though all their mass were concentrated at a single
pointes This point is called the center-of-messe. Thus, large gravitating bodies
may be analyzed as point-particles with a mass equal to the total mass of the body
and with the hypothetical "particle* located at the center of mass of the large

bedy.

These results hold for all bodies, but things become especially convenient when the
attracting bodies are spherical and wniform. (By uniform we mean that the object's
mass is spread evenly throvzhout.) When the body is both spherical and uniform, the
center of mass is exactly at the geomztric center of the body. For the purposes of
this course you may consider all gravitating bodies to be spherical and uniform,
thich in the case of planets and their satellites turns out to be a very good
approximation.

Thus, if we wish to corpute the gravitational force between the earth and a
satellite orbiting the earth at an altitude of 300 km, we consider the earth to be
a "partiele” with mass equal to the m2ss of the earth and vhich is located at the
center of the earth. We must then caleulate thz distance from the satellite to the
center of the earth (vhich is 300 km plus the radins of the earth) and plug this
nurber, along with the masses of the satellite and earth, into Newton's law of
Universal Gravitation.

"t O THE EARTH

In this note, we will show why thc magnitude of the acceleration of gravity at the
earth's surface is 9.8 m/sec<.

The gravitaticnal force between a planet and a relatively small body on or near the
surface of the planet is what we usually call the weight of the body. Using the
universal gravitational law, the weight can be expressed as:

weight = force of gravity at surface = G-mp-m Vi Ro2

vhere m_ is the huge mass of the plenet and Ro is the distance from the center of

the planet to the surfaces From Newton's law of motion, we can also write the
force of gravity as: F = mge vhere g is just the acceleration due to the pull
of gravity at the surface of the plenet. Eguating these two relations for the
gravitational force of a body at the surface of a planet we get:

- 2 2
ng = G-mp-m/Rb g = Gm /R

The mass of the small body can be cancelled (as shown) from both sides of the
equation so that g , the acceleration dus to gravity at the surface, depends on
only the mass and radius of the planct. Using the values of the earth's mass agd
radius from the text in the zbove eguation, find g vhich should = 9.8 m/sec

Beceuse the wmiversal Jlaw of gravitaticn says that masses exert a mutual force on
each other, you exert a force on the earth — in addition to the earth exerting a
force on you. The force of gravily on the average person standing on the earth's
surface is about 650 Nt. (150 lbs) So the average person "pulls on" the earth
with a force of 650 Nt. However, since the mass of the earih is so much larger
than your mass, the effect of the force you exert on the earth can be neglected.






GENERAL RELATIVITY

According to the busic ideas of the dynamics of
Galileo and Newton, the laws of motion are valid
only in an “inertial frame,™ that is, a system which is
at rest or moving with constant velocity. These two
possible states are indistinguishable, because forces
are detected only when a body is accelerated. New-
tonian dynamics begins to break down for bodies
moving with speeds near that of light, but Einstein's
theory of special relativity has satisfactorily extended
the basic notions of classical dynamics to the range of
all possible speeds.

The existence of gravity, however, complicates mat-
ters considerably. We know that the surface of the
earth is not an inertial frame in the Newtonian sense,
If we project a body upward, it does not continue to
move up but reverses direction and falls back to the
floor. We generally describe the situation by saying
that we are in an inertial frame, but that there is a
force — the “force of gravity”™ — also acting on the
body. Indeed, it is impossible to isolate any body
from the gravitational forces exerted by the mass of
the rest of the universe. Thus, the definition of an
inertial frame in terms of a state of *rest” or **uniform
motion" is oenly an approximation in a universe which
contains mass, since all bodies in the universe interact
with one another to a certain extent,

Einstein, in his theory of general relativity, attempts
to restate the laws of physics in a manner which takes
into account the equivalence of gravitation and accel-
eration. This theory is, as is well known, of enormous
mathematical complexity, and it is hardly to be recom-
mended as an exercise for high school students.
However, the basic concepts of the theory are simple
enough to be illustrated by a few examples.

Suppose we were drifting along in space in a rocket
ship in the “weightless™ condition which every modern
student understands. In this state we could perform
dynamical experiments on ourselves and the surround-
ing objects floating in our room and quickly decide
that we were in a true inertial frame, since the laws
of motion would be obeyed exactly. If we jumped up
from the floor, we would most certainly hit the ceiling,
no matter how gently we jumped. Now imagine,
during the course of these experiments, that this
“weightless™ interlude suddenly comes to an end. We
would find ourselves standing on the floor, fecling our
own weight. All of the surrounding objects which a

moment earlier had been floating around the room
would suddenly full to the floor. What could we con-
clude had happened?

Without looking out the window of the rocket ship
(this, incidentally, wouldn’t really help), we could
conclude that one of two things must have happened.
Either our rocket ship had suddenly accelerated up-
ward or we have just come to rest (with the floor
*down") on the surface of some planet. In either
event, it would be obvious that the laws of physics
had suddenly changed and we were no longer in an
“inertial frame.” We would be hard put to devise an
experiment to tell whether we had in fact been accel-
erated or had entered a gravitational field, since either
occurrence would have had the same effect on our
observations. This is precisely what is meant when
we say that the “inertial mass' of a body and its
“gravitational mass™ are inextricably interrelated. It
is this “principle of equivalence™ which lies at the
heart of general relativity — that is, that the eflects
of an acceleration are in principle indistinguishable
from the cffects of a gravitational field. But what
about our inertial frame? We had a perfectly good
way of mcasuring this earlier, simply by observing
the validity of the laws of motion. Evidently, during
this time interval, when our rocket ship was an
“inertial frame,” we must have been in uniform mo-
tion in the absence of a gravitational field (impossible
in our universe), or in “free fall” in a gracitqiional
field. Thus, the true inertial frame is not one which
is in uniform motion in our space, but rather one
which is in free fall.

General relativity, then, is simply the description
uf nature as viewed by an observer in a true inertial
frame — patiently doing experiments in a freely falling
box. To this ebserver, the laws of dynamics would be
exact within his box, but he would quickly conclude
that the space outside his box had some very peculiar
properties. To illustrate, imagine that we are in free
fall in such a box, moving at a fairly high speed
through space. Through our window we observe
another person moving along parallel to us at the
same speed and also doing dynamical experiments.
We could compare results by flashing messages buck
and forth and agree that our results were identical
and both of us were in inertial frames. If we then
arrived in the vicinity of a large planet (in such a






UNIVERSAL GRAVITATION

J. N.P. Hume and D. G. Ivey, University of Toronto

(31 min.)

Using artificial satellites, this film shows how one could be led to the law of

universal gravitation in an imaginary solar system consisting only of a sun and & moon-
less planet, :

Summary:

In the vne-planet solar system can one determine whether the planet revolves
about the sun, or vice versa? It is shown experimentally (with Dry Ice pucks) that, for
a lwo-body system of this sort, the larger the mass of one body relative to the atr;er
the more nearly the lixed center of rotation for both lies at the position of the hrger'

mass. Hence, a reference frame attached to the larger mass will be very nearly an
tnertial frame. .

The orbils of various satellites are displayed on an oscilloscope face {actually
the oscilloseope output of a computer). When 2 single satellite is launched from the
planet, the plunet provides an inertial frame of reference. The satellite moves in an
elliptical path with the planet at one of the foel of the ellipse, and the radius vectof
from planet to setellite sweeps out equal arens fn equal times. This equal area law
shows thut the gravitational force on the satellite is directed toward Lhe planet, and
this together with the observed orbit indicates that it viries inversely with Lhelsquare
of the separation of planet and satellite.

Then additional satellites are launched, each obeying the above laws, and it is
also observed thal the ratio of the cube of the average separation of planel and satellite
to the squire of the pertod of revolution has the same value for all the satellites. How-

ever, this ratio, caleulated for the revolution of the sun : i
n aboul the planet ves i v
about 300,000 times us large. - itk i

Then a satellite was launched so far out that 1t orbited around the sun, Viewed
from the planet, its orbit was complicated; from the sun, however, it was an ellipse
The value of R®/T? for this satellite relative to the sun turned out to have the s.une'
large value as the R*'T? of the original planet relative to (he sun {or of the sun rela-
tive to the planet), 2 second planet has been udded 1o the golar system.

From these cbservations, one is led to the gravitational law of attraction

F = x%
where K is a constant depending only on the attracting body. U X is then taken propor-
tonil to the mass of the attracting body, the proportionality constant G is then a uni-

versal constant, and F - 01151_;

Universal Gravitation - (2)

Finally, it is pointed out that only ratios of masses can be obtained {rom a
study of sateliite moticn and that a separate esperiment, such as the Cavendish experi-
ment, is needed to determine the numerical vilue of G and hence to allow mass deter-
minations.

Points for Discussion and Amplification:

(a) This film prevides an alternative to the actual historical development by
which the law of universal gravilation was obtained. In general, it is wise to use this
film to help understand the textbook argument after the students have studied Chapter 22
of the PSSC text. 3

(b) Note that on a planet with advanced technology, the problem of extracting the
inverse-square law from the orbit is exceedingly simple compared to that faced by
Newton, who had to develop both the laws of dynamics and much of the mathematics to
effect a solution.

(c) The acceleration, 472R/T?, of the sun relative to the earth (which is the
same as that of the earth relative to the sun) is 0.008 m/sec® and not 0.003 m/ 'sec?
as stated in the film.

One may well point out hers that the identification of the gravitaticnal ficld
strength ¢ with the acceleration of a {reely falling body, without regard to frames of
reference, can be in error. For example, the distance [rom the earth to the sun is
about 23,000 earth-radii, Hence, the value of Eat the sun's distance [rom the earth is

T ’ . . .
(mj x B.8nt/kg or about 2 x 10 ‘n!, kg-

Were the sun's mass small compared with that of the earth, so that the earth
frame of reference were inertial for this two-body system, this value of 2 X 107% m sec?,
instead of 0,006 m/sec® would indeed be corrcct for the acceleration of the sun towards
the earth.

(d) The mass of a planet which has an orbiting satellite can be obtained from
the motion of that satellite (assuming the motion is known independently). The mass of
a moonlcss planet s obtained by more involved caleulations - using, for example, the
observed perturbations of its orbit by cther planets.

{e) A statement occurs in the film that "Newton knew that the moon is not only
attracted to the earth but also by the sun, so its orbit (about the earth) is perturbed
slightly.” This statéement may be confusing to a student who realizes that the sun's
attraction for the moon is a little more than double the earth's attraction for it. The
perturbalions in the moon's orbit, as seen from earth, are due to the relatively sniall
variations in the moon's distance from the sun.

(f) In considering satellite orbits, the variation of Ewith altitude becomes of
M
interest. An altermate relation to the PSSC text development [g = G(R—"F] is

Ag =gy x :ﬁh, which will give approximate results much more readily. This relatidn

is developed as follows:

oM GM, _GM.[ R? e h:]
= - = R et - S s - { i (B = ‘
Ag =g - g, ®Ern: - ® R [(n gy 1} Bo[ (R + h)?

[over]






WRITTEN EXERCISE CHAPTER S5 THE SMALL WORLD

There has been discovered recently a new planet rotating in an orbit
midway between the moon and the earth. Bowling planet, as it is called
contains the two large island countries, Pinlania and Matchland. Their
favorite pastime oscillates from water battles between countries, to
sitting and watching their moon, Tennisson, revolving about them in space.

Flanet, (Bowling) Pin people Distance from center of planet
mass = &6 kg mass = 2 gm (Bowling) to center of moon
radius = 12 cm height = 2.5 cm (Tennisson) = 3 meters

Moon (Tennisson) Match people
mass = 150 gm mass = 4 gm
radius = 4 cm height = 4 cm

Answer the following questions concerning the planet. Put all answers in
MKS units using scientific notation. Show all work in acceptable fashion.
If work is not highly organized, it will not be accepted.

1. What is the acceleration due to gravity on the surface of the planet
Bowling?
2. What is the attraction between a Pin man and his planet {(Bowling)?

3. What is the gravitational attraction between the planet and its
satellite?

4. What is the planet’s gravity out in the moon’s orbit?

5. What is Tennisson’s period of revolution?

6. What is the centripetal acceleration of Tennison toward Bowling?
7. What is the velocity of Tennisson in its orbit?

8. What is the gravitational attraction (not militarily) between a Pin man
and a Match man at S cm?

?. The escape velocity from Pinlania into outer space to the first
approximation, follows the formula v*2 = 2gr. What is the velocity
needed to travel to the earth? (r = 12 cm, the radius of the planet)

10. What would need to be the tangential velocity of Bowling in order for
the people of Match land to always see their moon in the same
position?

11. If a Matchland boy married a Pinlania girl, name the outstanding
characteristics of their offspring?
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W‘“{( TEST ITEMS CHAPTER 23

Fig. 22.10 shows the orbits of the planets sbout the sun. When does
Pluto move (a) fastest? _clesest 7o suw
L (b) slowest? _FapruEST FRomA Sun
o P g -
2. If a small planet were discovered whose distence from the sun was eight
2 times thet of the earth, how meny times longer would it take to circle
the sun? 22.7 7mes
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f)‘;ﬂ radius of the moon's orbit is 30 times greater than the radius of the
3 earth, How many times greater is the acceleration of a falllng body on

the earth than the acfeleration of the moon toward the earth?
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I : At what height above the sarth's surface wlll a rocket have one~fourth
the force of gravitation on it that it would have at sea level? Express

3 your answer in earth radil. | Re pbove seo leve!
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5./ Find the weight of a 200-kg men on Jupiter. _4#¥go-w7 .
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6. f': satellite cirecles the earth once every 98 minutes at a mean altitude

3 of 500 km, Calculate the mass of the eerth. (Since the answer toc the

problem may be found in the text, you must show how you arrived at the
snewer,.)} An answer without work receives zero credit. SSxrm* Ar,
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5P Chapter 22 ~2- xXay

7.l Assume the earth is perfectly round and hgs a radius of 6400 km,
2z (a) How much less does a man with a mass of 100 kg epparently weigh
at the equator than at the poles becsuse of the rotaetion of the earth?

o~
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3 (b) How fest would the earth have to spin in order that he would exert
no force on a scale at the equator? 7.9x/0% */sce
F = V)'.;?;;,J-. 'ﬂ"E_-_"“_" =y V-": W2 w ST

: Ly e Uz JO8ar o b¥Rro,.,
R e s 7 y :;:zx
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3 (e¢) Fow many times larger is the speed of rotation in (b) than the
actual speed? 17 Tirés
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10,000~kilogram spaceship i1s drifting on 2 long mission toward the
outer edge of the solar system. It has put out a smell experimental
satellite which revolves around it et a distance of 120 meters under
their mutual gravitational attraction.

3 (a) whet 1s the period of revolution of the satellite? fo/Xxw’sie (/30 day:)
3 (b) Whet is the speed of the satellite? 25 x /0" * see
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9./ Astronomical observations indicate that the sun is describing a circular
' orbit around the center of ou.Eogalaxy. The radius of the orbit is about

30,000 light-years (=2.7 x 10Un) and the period of omne complete revolution
is about 200 million years. In this motion the sun is acted on by the

%‘ravitat.tonal pull of the great quentity of stars lying inside its orbit.
Y a) Calculate the total mess of these stars from the data given.
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(b) How meny stars of mass equal to the sun (2 x 1030 kg) does this
s represent? /.96 xr0" sTARS
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TEST ITEMS UNIT ITI CHAPTER 22 d

1. Between September 21 and March 21 there are three deys fewer than
between March 21 and September.2l. These are the dstes when day and
night are of equal length, and between them the earth moves 180°
around its orbit with respect to the sun. From this snd Keplert's law

3 of equal areas, explain how you can determine the part of the year during

which the earth is closest to the sun.
gﬂp"' 21= Mow 2l shedin =7 "fhw!. d-ﬂ mﬂﬁf&l’{ el L. clotest E dwn Phiaw

2, A 10,000-kilogrem space ship is drifting on a long mission toward the
Jt has put out a small experimental

outer edge of the solar system.
satellite which revolves around it at a distance of 120 wmeters under

their gravitstional attraction. What is the period of revolution of
the satellite? /ol x/o”cec//sossys) What 13 1ts speed in ite orbit? 725%10"5 "/sec,
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{,;- 3. An earth satellite, A, moves in 2 circular orbit with radius four times
the earth's radius., Compare its period of wrevolution with that of a2
second satellite, B, which i3 very c¢loge to the earthis surface.

(a; g1 -
st (b) whHat 1is the ratio of their speeds? pas
' (c) What 1s the ratio of the centripetal force acting on the
two satellites? ] .16
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L. Describe the motlon of an artillery shell fired horizontally from the

. viewpoint of (a) en observer moving along in a jet plans which has a
horizontal velocity equal to the horizonital component of velocity of the
shelly (b) an observer in free fall (no alr resistance).

4 (a Shell deaps  glrayglct dawsin A-_g}

(b) shell gees mway iw o slrmybt lime

5. The earth atirascts 2 one-killogram mass at its su.gfaea with & force of
9.8 newton. The radius of the earth is 6.38 = 10° meters. Using Newton's
3 law of universal grgvitetion, calculate tho mass of the earth.
G = 0.667 x 10~
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. An automobile weighing 3200 newtons is traveling around an unbaunked
circular trach which is one mile in circumference at a linear speed of
A/ 75 km/hr. Calcylate —== t 2T R
(a) the centriffPel force exerted by the car, (34 w7)

{b) the centripetal acceleration. B
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7. A pendulum iz 8 feet long. Celculate 1‘53 period, letting the

). acceleration of gravity equal 32 ft/sec%, [ 77 see > .3.)94«_@:,
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