The equatorial rings and ringlets of Saturn are made up of ice particles.

CHAPTER 7
Models of Celestial Motions

You will know something about models of celestial motions if you

can:

1.
2.
3.
4,
5.

Explain the apparent motions of the planets.

Expiain the observed motions of fluids at the earth’s surface.
Describe a geocentric model of the motions of celestial objects.
Describe a heliocentric model of the motions of celestial objects.
Describe the cyclic changes in kinetic and potential energy of an
object in orbit.

In Chapter 6 we gave our attention to the apparent motions of
the stars when they are observed through the night and through
the year. We also examined the apparent motions of the sun and
the moon. To some extent we were repeating the observations of
the earliest astronomers. We collected much data, and noticed
several patterns of regularity in the observed motions.

Like those early scientists, we can begin to wonder what it all
means. What is actually going on out there that can explain what
we see? In other words, what “‘model”’ of the earth, the sun, the
moon, and the stars can account for the observed motions? This
chapter will be devoted to the construction of such a model. But
first we will need to add certain information about celestial ob-

Jects called planets—a word that comes from a Greek word
meaning ‘‘wanderer.”’
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MOTIONS OF THE PLANETS

There are several celestial objects
that look like stars, but don’t quite
behave like stars. To the naked eye
they seem to be points of light, just as
stars do. But unlike stars, they do not
keep a fixed position relative to the
celestial sphere. As their Greek name
tells us, they wander. We will take a
detailed look at the wandering of typi-
cal planets very shortly.

Another trait of these wanderers is
that they seem to have a measurable
size. When viewed through a tele-
scope, they become circular objects
with a definite diameter. Except for
the sun, all stars, even when viewed
through the most powerful telescopes,
appear only as bright points of light.

The apparent brightness of a planet
is not always the same, as is the case
with most stars. The brightness in-
creases and decreases in a periodic
fashion. Furthermore, when a planet
appears brighter, it also appears
larger. These observations strongly
Suggest that the planets approach the
earth and then recede from it in a cy-
clic manner. Qur model of the heav-
ens will have to account for those ob-
servations.

Some of the planets have markings
or features that can be seen with a
telescope. These features move
across the face of the planet in a con-
Stant direction and in a periodic man-
fer. A likely explanation for these
0b§ervations is that the planets are ro-
tating spheres. This idea will have to

€ part of our model.

Eastward Motion of the Planets.
Table 7.1 (page 94) shows some of the
data Presently available about our
Solar system, These data could be cor-

rected in the future. As in almost all
areas of science, astronomers are cop.
St&m_')’ Improving their equipment and
looking for new ways to gather infor-
mation. Observations from satellites,
free of interference from the earth’s
atmosphere, are providing more detail
and even some new data for astrono-
mers. Some of the most startling data
have been received from automated
space vehicles designed to travel
through the solar system, and in some
cases, to continue on into space be-
yond the planets.

But what can some of the simplest
observations tell us about the model
we wish to develop? Are the motions
of the planets in the sky identical with
that of the stars? If not, the difference
must become part of our model, and
the explanation of those differences
must be a part of it also.

All of the planets do, in fact, show
the same eastward motion as that of
the stars. However, all of the planets
also show a strange pattern at various
times in their motion across our sky.
Mars, for example, takes about two
years to make a complete eastward trip
through the sky and return to the same
point relative to the stars. For about
three months, however, Mars appears
to move westward relative to the stars.
This apparent “backward” or retro-
grade motion is seen in the movement
of all the planets at different times.
Furthermore, two of the planets, Mer-
cury and Venus, are peculiar in that
they never get very far from where the
sun is among the stars. When we final-
ly construct our modcl. of the solar
system, these observations must be

explained.
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Distances of the Planets. One of the
data columns in Table 7-1 lists the
distance of the planets from the sun. It
is also possible to measure the distance
to each of the planets from the earth.
These measurements yield some inter-

esting results.

First of all, the distance from the
earth to each planet varies in a cyclic
manner: first near, then far, then near
again. Additionally, the time of each
planet’s approach to the earth varies
from the others. For example, the clos-
est approach of Venus to the earth is
not at the same time as Jupiter, or any

of the other planets.
All the planets do have at least one

observation in common. The time of

each planet’s closest approach to the
earth is also at or near the time of its

most rapid apparent retrograde mo-
tion,

SUMMARY
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This observation is very important
to the development of our mode. Tel-
escopic observations allow astrono-
mErs to measure the diameters of the
planets, as can be seen in Table 7-1.
This measurement, however, depends
on when it is taken. The diameter
measurements for the planets vary in a
cyclic manner, just like the distance
measurements, As a matter of fact, the
largest apparent diameter for each
planet is observed at the time of its
closest approach to the earth. Remem-
ber that this is also the time of the
planet’s most rapid apparent retro-
grade motion,

All of the motions and measure-
ments just mentioned form a pattern.
Of course, discovering what the pat-
tern means for the purpose of our
model may not be easy.

1. The planets have a generally eastward motion relative to the stars, but
periodically move westward for a time. _
2. The apparent size of the planets and their distance from the earth vary in a

cyclic manner.

TERRESTRIAL OBSERVATIONS

_In the previous section all observa-
tions of motions were made in the
Sky; they were celestial observations.

here is much evidence of motions

to be collected on the earth itself;

€se are terrestrial observations.

These observations will have to be
explained by our model of earth mo-
tions.

Foucault Pendulum. If a very long
pendulum is suspended and a'lﬂowefi
to swing back and forth, you will see it



Figure 7-1. Apparent motion of a Foucault
pendulum. An observer sees a pendulum
swing in the direction A-A'. Several hours
later the pendulum has changed its direction
of swing to the line B-B'.

gradually change the direction of its
swing (see Figure 7-1). After several
hours the pendulum in the illustration
will have changed its direction from
A-A! to B-B!. The amount of change
can be measured and given as a rate.
For example, if the pendulum shifted
10° in 1 hour, the rate of change would
be 10%hr.

The rate of change in the direction
of a pendulum on the earth depends
on its latitude. At the equator (latitude

SUMMARY
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0°) the rate of change is zero. The
pendulum continues to swing in the
same direction. At the poles (latitude
90°) the rate of change is 15°hr.
Notice that this is the same as the ap-
parent rate of rotation of the celestial
sphere. At intermediate latitudes, the
rate of change is between 0° and 15°
per hour. For example, at 42°, it is
10.5%hr. In the Northern Hemisphere
the Foucault pendulum shifts in a
clockwise direction when viewed
from above. In the Southern Hemi-
sphere the pendulum shifts in a coun-
terclockwise direction.

Coriolis Effect—Projectile motion.
Projectiles, such as unsteered rock-
ets, ballistic missiles, or shells from
long-range cannons, have paths that
seem peculiar. These projectiles ap-
pear to veer away from the point to-
ward which they were aimed. In the
Northern Hemisphere the shift is al-
ways to the right of the target. In the
Southern Hemisphere it is always to
the left of the target. This change in
direction is called the Coriolis effect.

Ocean currents. Ocean currents
appear to have a pattern of curving
toward the right in the Northern
Hemisphere and toward the left in the
Southern Hemisphere.

Winds. Surface winds around high
and low pressure areas have distinc-
tive patterns in the Northern Hemi-
sphere (see Figure 7-2). They have the
opposite pattern in the Southern
Hemisphere.

1. A swinging pendulum changes its direction of motion in a manner that is

predictable.

5 . .
Z‘he path of a freely moving fluid at the surface of the earth or of a projectile
ppears to undergo a horizontal deflection.
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Figure 7-2. The Coriolis effect and winds. Winds blow ou i

gions in the atmosphere and in toward low pressure regi:)rfmr:mﬂ?leg%g:;?izur:ffer:::t

g_leflec.ts these winds to the right in the Northern Hemisphere, with the result that
ere Is a counterclockwise pattern around centers of low pressure and a clockwise

pattern around centers of high pressure. These directions are reversed In the

Southern Hemisphere.

GEOCENTRIC MODEL OF THE UNIVERSE

“Seeing is believing.’* It is very
human to believe what we see. If we
see t_he sun, the moon, and the stars
nse n the east each day, cross the
sky, set in the west, and come up
again the following day, it is only nat-
bral to assume that that is what is ac-
;}lal]y happening. Therefore, the ear-
1est models of the heavens placed the
fl?r t}} at the center of the universe (or
m(e)d rvor[d, *as it was called). In this
aroue& all the cele'stlal bodies moved
this;l the ea}*th in circles. We call
o geocentric model (geo- meaning

carth”),

r?e‘li ?elestial Spheres. In the early

e orm of tl}e geocentric model,

. estial bodies were believed to
1xed in transparent spheres. The

stars were all in the same sphere,
which was the largest or most distant
one. The sun, moon, and planets were
in smaller spheres. All the spheres re-
volved around the earth, which was at
their center. Differences in the speeds
of the spheres accounted for the
changing positions of the heavenly
bodies among the stars.

The Geocentric Model of Ptolemy.
About 2,000 years ago, the Greek as-
tronomer Ptolemy developed a de-
tailed model of the universe based on
the idea of revolving spheres. In order
to account for the irregular motion of
the planets, Ptolemy’s model included
smaller spheres or circles called
epicycles. Each planet was located on
its own epicycle, and moved uni-



Earth

Westward
motion

Planet

Star
field

i .3. Geocentric model of the motions of celestial objects. In this model th_e
:Iagr::wreis-’s?aticoiﬁary. The moon, the sun, and the fixed stars revolve about thg earth lf‘lll
circular orbits at different distances and spee_ds. E_ach planet revolves in a smsth
circle called an epicycle, while the center of its epicycle moves around the earth
along a circle called a deferent. In this diagram you are Iook!ng down on the eah
from above the North Pole. From this position the celestial objects revolve about the
earth in a clockwise (or westward) direction.

formly around the center of the
epicycle. Meanwhile, the center of the
epicycle was carried uniformly
around the earth by one of the
spheres.

The model (illustrated in Figure 7-3)
can be summarized as follows:

1. The earth is located at the center
of the system and does not move.

2. The stars are located on a trans-
parent sphere that rotates once each
day from east to west. The axis of ro-
tation extends through the earth at its
poles.

3. The sun, the moon, and each
planet are carried by separate spheres
of different radii. These spheres also
rotate from east to west around an
axis passing through the earth’s poles,

However, they rotate at slightly
slower speeds than the sphere of the
stars. As a result, these bodies have a

general eastward drift relative to the
stars.

4. Each planet is located on an epi-
cycle that rotates at a fixed rate. The
center of the epicycle is carried
around the earth at a fixed rate by the
planet’s sphere, which is called the
planet’s deferent.

5. The deferents and epicycles of
the different planets generally rotate
at different rates, but the deferents of
Mercury and Venus rotate at the same
rate as the sun’s sphere.

Observations Explained by the
Geocentric Model. As we saw in Chap-
ter 6, the stars appear to move as
though fixed in a celestial sphere that
rotates about the earth once a day-
Ptolemy’s model therefore explains
the daily motion of the stars, because
in this model there is an actual sphere
of the stars doing just what the celes-
tial sphere appears to do.

The daily motion of the sun, moon,
and planets is likewise explained bY
the daily rotation of their spheres of
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deferents. Although this rotation is
from east to west, it is somewhat
slower than the rotation of the celes-
tial sphere. Therefore these bodies
drift slowly eastward relative to the
stars—a retrograde motion—as shown
in Figure 7-4.

However, it is the center of the
planet’s epicycle that is shifting uni-
formly to the east. The planet itself is
revolving about that center. There-
fore, there are times when its motion
along its epicycle will carry it west-
ward faster than its deferent is carry-
ing it eastward. At such times, it will
appear to drift westward among the
stars—a retrograde motion.

Thus the model explains, in a gen-
eral way, the features of the apparent
motion of the celestial objects. It also
explains the changing brightness and
apparent size of the planets, since the
distance of a planet from the earth
varies as it travels along its epicycle.

less than one complete
Westward rotation each day

Motion

®stward, or retrograde, motion.

AN

Planet's epicycle makes I / of planet

/ Observer

Figure 7.4, Apparent eastward drift of a planet. The westward motion of a planet
3long its deferent is slightly slower than th
TeSUlt, the planets appear to drift slowly eas
'Me. At certain times, however, motion along

i As a
e westward motion of the stars.
tward relative to the stars most of the

99

Difficulties of the Geocentric Model.
The test of any model is its success in
predicting observations. The chief
problem of the Ptolemaic model was
that it could not be made to give exact
predictions of future positions of the
planets. Through the centuries, as
more and more data accumulated, the
astronomers kept tinkering with the
model to make it work better. They
added epicycles on top of epicycles to
get better agreement with their obser-
vations. They moved the center of ro-
tation of the planetary spheres to a
point in space away from the earth,
and had this point revolve about the
earth, By the year 1500, the model

had become very complicated, and it
still did not work well.

When a scientific model or theory
has to be made ever more compli-
cated in order to fit new observations,
there is likely to be something basic-
ally wrong with it. Scientists and

Star makes one complete
rotation each day
(daily motion)

Apparent
eastward drift

the epicycle results in an apparent

/
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philosophers have always believed
that the universe is fundamentally
simple. A few basic rules, laws, or
principles ought to be enough to ex-
plain everything—if we can only .be
clever enough to find them. The in-
creasing complexity of a theory is
usually a sign that it is time to look for
a fresh idea.

SUMMARY
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Another difficulty with a model that
has a stationary earth is that it does
not account for the terrestrial motions
described earlier in this chapter.
These are modern observations, how-
ever, that did not affect the scientific
thinking at the time we are referring to
(16th century).

1. A geocentric model of the universe can explain the general features of the
apparent motion of the stars, sun, moon, and planets.

2. The geocentric model becomes very complicated when attempts are made to
have it predict planetary positions accurately.

3. The geocentric model does not explain terrestrial motions, such as the rota-
tion of a pendulum’s direction and the curvature of the paths of projectiles,

winds, and ocean currents.

THE HELIOCENTRIC MODEL

In 1543, a new model of the
heavens was proposed in a book by
the Polish astronomer Copernicus.
This model can be summarized as fol-
lows:

1. The sun is located at the center
of the system and does not move.

2. The stars are located on an un-
moving sphere. The sphere is a great
distance from the sun.

3. The planets, including the earth,
move in circles around the sun. The
motions as viewed from the earth are
toward the east.

4. The moon moves in a circle
around the earth. Its motion is toward
the east.

5. The earth rotates on its axis from
west to east once each day,

We call this a heliocentric model
(helio- means “sun”). This model is
illustrated in Figure 7-5.

Observations Explained by the
Heliocentric Model. Like the geocen-
tric model, the Copernican heliocen-
tric model accounts for the daily
motion of the celestial bodies, the
eastward drift of the sun, moon, and
planets through the stars, and the ret-
rograde motion of the planets. It al§0
explains the apparent changes 1D
brightness and diameter of _the
planets. However, it does all this in &
much simpler fashion than the
geocentric model of Ptolemy.

1. Daily motion. The apparent mo-
tion from east to west of all celestial
objects around the earth once each
day is explained by a single motion of
the earth—rotation on its axis from
west to east.

2. Eastward motion of the sun
through the stars. As the earth travels
eastward along its path around the

Eastward
motion

Planet

sun, the sun each day appears to be in
front of a different set of stars, which
are slightly to the east of those of the
day before. As the earth makes one
complete circuit around the sun in one
year, the sun appears to make one
complete circuit around the celestial
sphere along the ecliptic.

3. Motion of Mercury and Venus.
_These two planets travel along orbits
Inside the earth’s orbit around the
Sun. When they are traveling along
the Pportions of their orbits that pass
behind the sun, they appear to move

g 101

Figure 7-5. Heliocentric model of
the motions of celestial objects. In
the heliocentric model proposed
by Copernicus, the sun and the
stars are stationary. The earth and
tr]e planets revolve about the sun in
circular orbits. The moon revolves
about the earth. The earth rotates
on its axis once a day. As we look
down on the model from above
the North Pole, all motions are
counterclockwise, or eastward.

from a point west of the sun, eastward
past the sun to a point to the east of
the sun. Then they reverse direction
and move westward past the sun to a
point again to the west of the sun.
Since the earth is also moving east-
ward while this is happening, the two
planets share the annual eastward mo-
tion of the sun along with their cyclic
movement east, and west of the sun
(see Figure 7-6).

4. Motion of the other planets. All
the planets other than Mercury and
Venus have orbits outside that of the

Figure 7-6. The apparent changes in position, size, and phase of Venus. In this
drawing we are on the earth looking toward the sun. As Venus moves past the sun
on the far side of its orbit, we see nearly all of its lighted face, but its apparent size is
Smallest. As it moves to the east of the sun, its apparent size increases, but we see
less of its lighted face. Then as Venus continues along the near side of its orbit, it
appears to move westward, to increase in size, and to have'a crescent shape. The
Cycle of changes then reverses as the planet completes it circuit of the sun on the

Wwestward side of its orbit.

/___——— Eastward motion

Sun O {behind sun)

Venus is at the
farthest point from earth

Venus is at closest point t0 earth
(in front of sun)
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earth, most of them at great distances
from the earth. The planets move
eastward along their orbits, the more
distant ones moving more slowly. The
apparent eastward motion of the
planets against the background of the
stars is the result of this actual east-
ward motion. However, the earth is
moving around the sun faster than any
of these outer planets. Therefore,
once each year the earth overtakes
each planet and passes it in an east-
ward direction. During this time, the
planet appears to move westward in
relation to the stars—a retrograde mo-
tion (see Figure 7-7).

Figure 7-7. Apparent motion of Mars. This
diagram shows how the position of Mars
with respect to a distant star appears to
change as viewed from the earth. Because of
the star's great distance, the direction from
the earth to the star remains practically the
same, but the direction to Mars changes.
Therefore, the position of Mars with respect
to the star appears to change as shown.

TOPIC v

5. Changing brightness and appar-
ent diameter of the planets. As the
earth travels around its orbit, its dis-
tance from each planet varies. This
accounts for the variations in appar-
ent brightness and diameter in a sim-
ple and accurate manner.

6. Terrestrial motions. The geo-
centric model with a stationary earth
cannot explain the changing direction
of a pendulum or of projectiles and
moving fluids on the earth. These mo-
tions would have to be treated as
something unrelated to the apparent
motions of the heavens. On the other
hand, the heliocentric model with a
rotating earth does account for these
terrestrial motions. When one theory
can explain two phenomena, while
another theory explains only one of
them, we tend to prefer the theory
that does the more complete job.

In order to understand how the ro-
tation of the earth explains the terres-
trial motions that we are considering,
we have to refer to the principle of
inertia. Inertia is a property of matter
that causes it to move in a straight line
unless a force acts to change its direc-
tion. Imagine a pendulum swinging at
the North Pole. (see Figure 7-8). At
any moment it is swinging back and
forth along a certain meridian. Be-
cause of its inertia, the pendulum con-
tinues to swing in the same direction
in space. But the earth is rotating
under it. Therefore, as time passes,
different meridians come into line
with the direction of the pendulum’s
swing. To an observer on the earth
who is turning with it, the direction of
swing seems to be changing continu-
ously. Actually, the pendulum’s di-
rection in space remains the same. It
is the observer who is turning.

Orbit of Mars

CHAPTER 7.

Looking down on
North Pole 90°E

{156

Rotation of earth

30°E  120°E

Direction of p
60°w ‘Pendulum’s 150
a0°w swing

Pendulum at North Pole 103

Looking down on No
rth P
2 hours later ok

90°E

o

per hour)

120°W

Figure 7-8. Apparent rotation of a swinging pendulum at the North Pole. To an
observer at the North Pole, the direction of swing of a pendulum appears to change
at the rate of 15%hr. Actually, it is the earth that is rotating at 15%hr. while the
pendulum continues to swing in the same direction in space.

A pendulum at the pole is the
simplest case. It is easy to see why the
apparent rate of change of the pen-
dulum’s swing is the same as the rate
of the earth’s rotation, but in the op-
posite direction. As the pendulum is
brought down to lower latitudes, its
direction of swing continues to
change, but at a slower rate. The rate
finally becomes zero at the equator. It
1S not as easy to understand these
Mmore complicated cases. Mathemati-
cal analysis, however, shows how the
change in direction is related to the
€arth’s rotation.

s f_le change ix:; direction of a projec-
. IS also easiest to understand by
8ining the projectile starting at the
orth Pole and headed south along a
Particular meridian, as in Figure 7-9.
COSnst:le Pl‘QjeCt‘ile moves south in_ a
dars ant direction, the earth is turning
Sout‘lrard under it. Suppose it travels
ot to the 60° parallel in 1 hour. In 1
» 2 point on the earth’s surface at

Actual
path of
projectile

Apparent
path of
projectile

Target

i 7-9. Apparent path of a projectile on
::gu;:rth. Apgrojectlfe f_ired from the North
Pole toward a target misses the targe{ be-
cause the earth turns while !he.prqe_ctlle is
in motion. To an observer moving with t:e
target, the projectile appears to swerve tc the

right.
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60° latitude moves eastward 839 .km.
If this point was on thg projectlle‘.s
original meridian (that is, the proj-
ectile was aimed at the point), by the
time the projectile reached the 60°
parallel the point would have moved
839 km to the east. To an obser\{er
moving with the earth, the projectile
appears to veer to the west. It lands‘ at
a point 839 km to the west of the point
at which it was aimed. Looking along
the path of the projectile from its start-
ing point, it appears to veer to the
right.

A projectile appears to veer to the
right at any latitude in the Northern
Hemisphere, no matter in what direc-
tion it is fired. As in the case of the
pendulum, the reason is not as obvi-
ous as in the simple case we just de-
scribed. Mathematical analysis is
needed to show how the rotation of
the earth causes this apparent change
in direction.

Difficulties of the Heliocentric
Model. The Copernican heliocentric
model that we have been examining is

SUMMARY
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much simpler than the Ptolemaic
geocentric one, and it works much
better. It explains some observations
(terrestrial motions) that the
Ptolemaic does not. But still the
Copernican model has problems. If
the earth is revolving around the sun
in a circular orbit, the distance to the
sun should always be the same. Yet
observations of the sun’s apparent di-
ameter indicate that the distance to
the sun does change by a few percent
in a cyclic manner in the course of
each year. Furthermore, the sun’s ap-
parent speed along the ecliptic varies
during the year. This seems to mean
that the earth’s speed along its orbit
varies. It is hard to understand why an
object in a circular orbit should speed
up and slow down as it goes along.

Likewise, if the moon is revolving
about the earth along a circle, its dis-
tance from the earth should remain
the same at all times and its speed
should be constant. Yet its apparent
diameter and speed also vary in a
cyclic manner.

1. Apparent motions of celestial objects can be generally explained by a

heliocentric model of the universe.

2. Apparent terrestrial motions of the objects are not explained by a geocentric
model in which the earth is stationary.

3. Apparent motions of celestial objects are generally explained by a heliocen-
tric model ir. which the earth moves around the sun and rotates around its

axis.

4. Apparent terrestrial motions of objects are explained by a model in which

the earth is rotating,

5. The heliocentric model is simpler than the geocentric model.

6. A hc-alioceptr.ic m.odel with circular orbits does not explain the apparent
cyclic variations in size and speed of the orbiting bodies.

CHAPTER 7. MODELS OF CELESTIAL MOTIONS
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IMPROVING THE HELIOCENTRIC MODEL

The Copernican model was
superior to the Ptolemaic model. It
was simpler, and it predicted future
positions of the planets much more
accurately. But as we have just seen,
it did not explain the apparent
changes in size and speed of the sun
and the moon. And as more accurate
observations of the motions of the
planets were gathered, it was found
that the model did not agree with the
detailed data. Let us see how the
model was improved,

Tycho Brahe. Tycho Brahe was a
Danish astronomer who was born a
few years after the publication of
Copernicus’ theory. Brahe devoted
his life to making detailed and accu-
rate records of the positions of the
planets and other celestial objects.
With the financial support of the king
of Denmark, Brahe built the first ob-
servatory in history and equipped it
with the best instruments that he
could devise (the telescope was un-
known at the time). With these instru-
ments and painstaking techniques of
observation, Brahe accumulated a vast
collection of data on the positions of
the planets,

Johannes Kepler. Johannes Kepler
E’:;t Brahe’s assistant. He was a bril-
it mathematician as well as an as-

nMomer. Kepler believed strongly in
mgdclorrectn-ess of the heliocentric
0bsee . Workmg with Brahe’s tables of
P m;}f‘:atlons, he began a.long attempt
of th g the dfita fit the cnrcylar orbits
Years Opernican theory. Withina fe'w

ot t,h_however, he became certain
Now bls could not be dpne. Kepler
Shapes egan to try os:b1ts of other
- Une mathematical shape that

he tried was the ellipse, and he discov-
ered that motion of the earth and the
planets along elliptical orbits could be
brought into good agreement with
Brahe’s observations.
The Ellipse. An ellipse looks like
a flattened circle. The line drawn
across the widest part of an ellipse is
called its major axis. There are
two points along this axis called the
foci (singular: focus) of the ellipse.
The sum of the distances between any
point on the ellipse and the two foci is
the same for all points on the ellipse.
Figure 7-10 shows how an ellipse can
be drawn. The two pins are at the foci
of the ellipse. Since the string has a
fixed total length, and the distance be-
tween the pins remains the same, the
combined length of the two other
sides of the triangle also remains the
same. Thus we know that the curve
satisfies the rule of the ellipse. By
changing the distance between the
foci, and the length of the string, el-
lipses of different sizes and different
amounts of flattening can be drawn.

Figure 7-10. Drawing an ellipse. 1" f,
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The amount of flattening of an el-
lipse is measured by its eccentricity.
The eccentricity of an ellipse is given
by the following formula:

Distance between foci
Length of major axis

Eccentricity =

For example, if the foci of an ellipse
are 2 cm apart and the length of the
major axis is 10 cm, the eccentricity of
the ellipse is 2/10 = 0.2.

In Kepler’s version of the heliocen-
tric model, the orbit of each planet is
an ellipse with the sun at one focus.
Since the focus is off center, the dis-
tance between the planet and the sun
varies as the planet moves. The same
is true of the earth’s orbit around the
sun and the moon’s orbit around the
earth. With ellipses of the right di-
mensions, Kepler found that the mo-
tions of the planets could be brought
into excellent agreement with Brahe’s
observations. The observed varia-
tions in apparent size (or distance) of
the sun and the moon were also ac-
counted for by the elliptical orbits.

Orbital Speed. Look back at the
data in Table 6-2, on page 86. This
table shows a cycle of changes in the
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moon’s apparent size. Now let us see
how far the moon appeared to move
in one day when it was smallest
(farthest away from the earth). It was
smallest from the 14th to the 20th
days. Between the 16th day and the
17th day the moon moved from an
R.A. of 2 hrs. 34 min. to an R.A. of 3
hrs. 21 min. The difference is about 47
minutes.

What distance did the moon travel
when it was largest (closest to the
earth)? It was largest on the 32nd day.
Between the 31st day and the 32nd
day the moon moved from an R.A. of
15 hrs. 43 min. to an R.A. of 16 hrs. 48
min. The difference is about 1 hr. 03
min. So it appears that when the moon
is closer to the earth it moves farther.
This means it is moving faster, since
both observations were made during
the period of one day.

Kepler observed the same kind of
difference in orbital speed for the
planets. This discovery meant that the
rate of motion of a planet (its velocity)
was always changing. It would be
greatest at perihelion (closest ap-
proach to the sun) and least at aph-
elion (greatest distance from the sun).

Figure 7-11. Kepler's law of equal areas. A line from the sun to a planet will sweep out
each of these equal areas in equal periods of time.

Planet’s orbit

Fastest orbital velocity

Perihelion

CHA

Law of Equal Areas. Kepler dis-
covered another law that relates the
changing velocity of the planet to the
ellipse: Each planet revolves so that a
line from the sun to the planet sweeps
over equal areas in equal periods of
time. Figure 7-11 illustrates the law.
This law also applies to any satellite in
orbit around any central object.

Law of Planetary Periods. Kepler
studied the velocity and distance re-
lationship more closely and was able
to express the relationship between
them with a mathematical model, or
equation. In the equation, T repre-
sents the time it takes a planet to

SUMMARY
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fnake one complete revolution around
its orbit. R represents the average dis-
tance of the planet from the sun. T,
and R, are values for one planet, T,
and R, are values for another planet.
The equation is:

T2 _RZ

The average distance of a planet
from the sun is equal to half the length
of the major axis of its orbit. For the
earth, this distance is 149,600,000 km.
It is called one astronomical unit
( AU ) and is often used for measuring
distances in the solar system.

1. In Kepler’s modification of the heliocentric model, the earth and the planets
move around the sun in elliptical orbits,

2. The sun is at one focus of each orbit.

3. The orbital speed of each planet, including the earth, is greater when the

planet is nearer the sun.

4. The variation in orbital speed is such that a line from a planet to the sun
sweeps across equal areas in equal times.

3. The greater the average distance of a planet from the sun, the slower its
average speed and the longer its period of revolution.

OTHER OBSERVATIONS

obIsn Chafpter 6 we mentioned several
; Crvations of the sun and the moon
al a celestial model must explain.
cg‘[,n: of these have already been
EIiored in the discussion of the
Sidercenmc model. Now we will con-
cmmt()thers that still need to be ac-
ed for.
WeT:':: Moon. In Chapter 6 (page 8"/')
pparmpafed 'fhﬁ: cycle of the moon’s
With tzm position among the stars
i € cycle of its phases. We found
One complete cycle through the

stars takes about 27'5 days. One
complete cycle of phase changes
takes about 29% days. We noted at
the time that our model of the heavens
has to account for this difference. By
referring to Figure 7-12 we can under-
stand how the heliocentric model does
this. .

The half of the moon facing the sun
i ways illuminated by the sun’s
:;yil. Ttll{e other half is dark. As the
vels around the earth, we se¢

t
e f the lighted half.

a changing fraction o
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To sun

Direction to a fixed star X
New gibbous

Earth-moon orbit

27Y, days
29Y, days
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Figure 7-13. The length of a solar day. At position A, it is noon at point P on the earth.
At positon B, the earth has made one complete rotation relative to the stars.
One sidereal day has passed, but it is not yet noon at point P. The earth must turn a
little more to bring point P in line with the sun, when it will be noon again at point P.

Figure 7-12. One phase cycle of the moon. At position A, the moon is fuil. At position B,
the moon has made one complete revolution about the earth. However, the moon does

not become full until it reaches position C, about two days later.

We see a full moon when the moon is
on the side of the earth opposite the
sun and in line with the earth and the
sun. This situation is shown at A in
Figure 7-12. (If the sun, earth, and
moon were actually in a straight line,
the moon would be in the earth’s
shadow and would be eclipsed. This
does happen occasionally, but most of
the time the moon is above or below
the earth’s shadow as it passes behind
the earth.)

At B in the diagram, the moon has
made a complete circuit of its orbit. It
is seen in the same position relative to
the stars. But it has not yet become
full again. During the 27V4 days that
this circuit took, the earth moved
along its orbit around the sun. The
line from the earth to the sun is now in
a different direction. It takes a little
over 2 days more before the moon is
again in line with the earth and the
sun, and is therefore again full. By
this time it has moved on to a new
position relative to the stars. That is,

it is well into a second circuit of its
orbit.

Changes in Apparent Solar Day. Be-
cause the earth moves along its orbit,
the cycle of the moon’s phases takes
longer to complete than the cycle of
its position relative to the stars. For
similar reasons, the apparent solar
day is longer than the sidereal day.
The earth has to turn a little more than
one complete rotation in order to
bring the sun over the same meridian
each day, as illustrated in Figure 7-13.
When the earth is moving more
rapidly along its orbit, it has to turn
more to complete a solar day than
when it is moving more slowly. Thus
the changing speed of the earth is one
of the causes for the changing length
of the solar day during the year.

The Sun. In the course of a year, the
path of the sun across the sky each
day changes in a cyclic manner. The
altitude of the sun at noon also
changes in a cyclic manner. The noon
sun can reach an altitude of 90° (be

One solar day is therefore longer than one sidereal day.

directly overhead), but this happens
only at latitudes between 23%° N and
2315° S.

Our model of earth motions ex-
plains these observations by having
the axis of the earth tilted at an angle
of 23%° to the vertical with respect to
the earth’s orbit (see Figure 7-14). As
the' earth travels along its orbit, the
axis always points in the same direc-
tion in space. That is, the axis points

to the same spot among the stars. Dur-
ing one part of the earth’s orbit, the
North Pole is inclined away from the
sun. It is winter in the Northern
Hemisphere at that time. The angle of
the noon sun is its lowest of the year,
the arc of the sun’s path is shortest,
and the duration of daylight is least.
Six months later, the North Pole is
still pointing in the same direction in
space, but is now inclined toward the

Figure 7-14. Seasonal effect of the tiit of the earth’s axis. In the Northern Hemisphere,

the angle of the noon sun and the duration of daylight are least in winter, greatest in
summer,
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vear—for expressing the distances of
stars. A light-year is the distance light
travels in one year, at its speed of
300,000 kilometers per second. The

tions of the earth, the sun, a *‘close”
star, and a background of more dis-
tant stars at two times about 6 months

across. Other galaxies are scattered
about t!'u'oughout the universe at even
more incredible distances—some

sun. It is now summer in the Northe.rn
Hemisphere. The noon sun reaches its
highest angle, the arc of the sun’s path

is longest, and the duration of daylight
is greatest.

Distances of the Stars. Most early
scientists, including Ptolemy and
Copernicus, believed that the stars
were all on a single sphere at a very
great distance from the earth. In their
models, the stars were all at the same
distance from the earth. They made
this assumption because no one had
ever seen stars move relative to one
another. If the stars were at different
distances, and therefore moving on
different spheres, it would be ex-
pected that they would shift in appar-
ent positions, just as the planets do.

In modern times, it has become
possible to observe very small, cyclic
shifts in the positions of some stars.
According to our modern model of the
heavens, these shifts in apparent posi-
tion occur because of the earth’s mo-
tion along its orbit around the sun.
Figure 7-15 shows the relative posi-

apart. As the earth moves from posi-
tion 1 to position 2, the apparent posi-
tion of the close star among the others
shifts from position A to position B.
This apparent shift of one object
relative to others as the observer
moves is called parallax. An example
of parallax is easily observed by hold-
ing one finger up at arm’s length and
looking at it first with one eye, then
with the other. As you change your
view from one eye to the other, your
finger appears to change its position
against the more distant background.
The diameter of the earth’s orbit is
about 300,000,000 km. Yet the paral-
lax of the nearest star caused by the
shift of the earth by this distance is
only about 1/5000 degree. This means
that even the nearest star is an enor-
mousdistance from the earth—actually
more than 40,000,000,000,000 km.
Astronomers therefore use a special
unit of distance—called a light-

Figure 7-15. Parallax of a star. Although all stars are at great distances from the
earth, some are farther away than others. As the earth moves from one side of its
orbit to the other, a star that is relatively near the earth appears to change position
with respect to the background of more distant stars.

Position 1

nearest star, Alpha Centauri, is more
than 4 light-years from us,

Star distances are difficult to imag-
ine. The sun is one star among the
billions that make up our galaxy—a
large group of stars concentrated in
one region of space. Our galaxy is es-
timated to be 100,000 light-years

SUMMARY

l'{leasured in hundreds of millions of
light-years. Needless to say, such dis-
tances are not calculated from paral-
lax measurements! They are esti-
mated on the basis of a large number
of interconnected astronomical ob-
servations, too complex to be sum-
marized here.

1. The difference between the time for the moon to complete a circuit of the
stars and the time to complete a cycle of phases is due to the motion of the

earth along its orbit around the sun.

2. The length of the apparent solar day varies because of the changes in the

speed of the earth in its orbit.

3. The changes in the sun’s daily path across the sky, its noon altitude, and the
duration of daylight throughout the year are the result of the tilt of the
earth’s axis relative to the earth’s orbit.

4. Distances to the stars vary over a wide range and are all very large.

FORCE AND ENERGY IN THE CELESTIAL MODEL

I_n the minds of the ancient Greek
philosophers, circular motion was the
Mmost natural motion. To them, the
circle was the simplest, most ‘‘per-

elliptical ones. Besides, they moved
at varying speeds, depending on
where along the orbit they were at the
time. Here was something unexpected

O N * fect shape. There was no need to and ‘‘unnatural.”” Here was some-
Apparent position A S €xplain why the celestial objects thing that needed to be explained.
\\ >{ * moved in circles. Conditions in outer ~ What causes the planets to follow el-
\\ . _— P Space being perfect, there was norea-  liptical orbits at changing spet.ads?
g AT X Son for these objects to move in any Galileo. At about the same time that
T & other way. A Kepler was discovering the laws of
T \‘\ X This view of the circle as a “‘nat- planetary motion, another prilliant
PV Close star B w Ural” shape for celestial orbits con- scientist, Galileo, was studying the
e Unued right up to the time of Coper- motions of objects on the earth. In
€3 Aoiins i B 5 ¥ g:lctltlls. Uniff)rm motion along circular parti:cular, he was segklcrll.g the::w;sh g{'
Position 2 ; . $ required no explanation. But  motion for fa_llm_g odies. :
¥ tf}en Kepler showed that the planets  time, most scientists accepted Aris-

1d not move in circular orbits, but in

totle’s belief that heavy objects fall
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faster than light ones. Galileo did not
believe this to be the case. He be-
lieved, correctly, that light bodies
such as sheets of paper and feathers
fall more slowly than heavy objects
only because the resistance of the air
has a greater relative effect on the
light objects.

There is a legend that Galileo
dropped two cannon balls of different
weights from the Leaning Tower in
Pisa to show that they would reach
the ground together. Whether or not
he did this, it is known that he per-
formed many experiments with balls
rolling down inclined planes. From
these experiments he learned that the
weight of a ball did not affect the time
it took to roll down an incline. All
balls rolled down the same inclined
plane at the same rate. He discovered
also that the speed of the rolling balls
increased uniformly with time, and
that the distance they rolled increased
as the square of the time.

From these observations Galileo
concluded that objects changed the
speed of their motion only when acted
upon by a force. If no force acts on a
body, it remains at rest if it is at rest,
or it continues to move at constant
speed in a straight line. This is the
principle of inertia that was men-
tioned earlier in this chapter. It is the
key idea for understanding the motion
of anything.

Newton. Isaac Newton was born in
the year that Galileo died (1642).
Newton was one of the world’s
greatest geniuses, and he made impor-
tant discoveries in many branches of
science and mathematics. He is prob-
a_bly best known for his laws of mo-
tion and the theory of grativation that

explains the motion of the planets.
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Newton was familiar with Galileo’s
work on falling bodies. Galileo had
stated that a moving body continues
moving in a straight line at constant
speed unless a force acts on it to
change its motion. Newton was famil-
iar also with Kepler’'s discoveries, and
knew that the moon moved around
the earth and the planets moved
around the sun in elliptical orbits. He
wondered what force could cause this
constantly changing direction of mo-
tion.

According to Newton’s own ac-
count, he was thinking about this
problem while sitting under an apple
tree. An apple fell from the tree and
hit him on the head. The idea that the
earth exerted a force of gravity that
caused objects to fall was an old idea.
The new idea that came to Newton’s
mind was the possibility that the force
of gravity might extend outward into
space—even as far as the moon. If
that were so, then the moon was actu-
ally falling toward the earth all the
time.

Of course, the moon doesn’t fall o
the earth—only foward it. Without the
force of gravity, the moon would fly
away from the earth along a straight-
line path. The constant force of grav-
ity keeps pulling the moon away from
a straight-line path and into the
curved path that it actually follows
(see Figure 7-16).

The Law of Gravitation. Newton’s
idea of gravity means that there is 2
field of force around the earth. Any
object in the field of force will be
acted on by the force. This field is 2
vector field, which means that at
every point in space the force has
both a magnitude and a direction. The
direction of the earth’s gravity field is

Path without gravitation

A d N\

Path with gravitation

Figure 7-16. How gravitation keeps a moving
satellite in its orbit. If the moon stopped
moving along its orbit, it would fall to the
earth. If there were no gravitation, the mov-
ing moon would fly away in a straight line.
Because of gravitation, the moving moon
neither falls to the earth nor flies away. It
continuously “falls” into its orbit.

always toward the center of the earth.

Newton’s calculations led him to
conclude that the magnitude of the
force of attraction would depend on
three factors:

1. The mass of the object (M,).

2. The mass of the earth (M,).

3. The distance between the cen-

ters of the two masses (R).

Newton suggested a mathematical
Model (equation) that relates all three
factors to the force (F) that is pro-
duced. The equation is:

_GM, M,

=S

tG is known as the gravitational con-

Jtant. The mathematical model stated

I words is:

he force of attraction between two

Masses is directly proportional to the
Dl'oduct‘ of the masses, and inversely
fmpomonal to the square of the dis-
ance between their centers.

F
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exﬁi‘;te(:jn tZ“sgested that this force
roughout the universe.
Any two objects anywhere in the uni-
verse would l?e attracted to each other
by the g!‘aVltational force between
the.m. This principle is known as the
universal law of gravitation.
Elliptical Orbits and the Law of
Gravitation. Newton’s theory of a
force of gravitation extending out-
ward through space from every body
of matter was a startling one for his
time. He dared not publish it without
strong evidence for its correctness.
The best evidence would be to show
that the law of gravitation, combined
with the laws of force and motion, ex-
plains the elliptical orbits of the moon
and the planets. Mathematically, this
is very difficult to do, because the dis-
tances and therefore the forces are
constantly changing as the orbiting
body moves. To solve the problem,
Newton had to invent a new branch of
mathematics, which is called calculus.
Using the new method of calculation,
Newton was able to show that when a
small body revolves about a larger
one under the influence of its gravita-
tional field, the orbit of the small body
is an ellipse with the large body at one
focus. In other words, Newton’s
model of a gravitational field of force
does account for the observed mo-
tions of the moon and all the planets.
Energy Transformation and Orbital
Motion. If we summarize what we
know about objects in motion in orbit,
the following facts can be listed:
1. Objects in orbit move in ellipti-
cal paths. o~
2. The distance from the orbiting
object to the “‘stationary” object is

constantly changing. " :
3. The speed of the orbiting object
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Decreasing orbital speed

‘/-4-——-—
a:gi}

Kinetic energy ch

/ to potential energy

/

Aphelion '

& Low kinetic energy
\High potential energy

Sun O

N

. Perihelion

High kinetic energy
Low potential energy

\ Potential energy changing /
\toldnetic energy/

—
Increasing orbital speed

Figure 7-17. Cyclic changes in potential and kinetic energy of a planet in an

elliptical orbit.

is constantly changing. It is greatest
when the distance is least, and least
when the distance is greatest.

The moon’s energy of motion, or
kinetic energy, is greatest when the
moon is closest to the earth, because
its speed is greatest at that time. As
the moon moves farther away from
the earth, it slows down. You might
picture the moon as being ‘‘higher”’
above the earth in this position. Its

SUMMARY

kinetic energy is smaller, but because
of its position it has more ‘‘stored’’
energy, or potential energy. As the
moon then “‘falls’’ back toward the
earth, its speed and kinetic energy in-
crease while its potential energy de-
creases.

The same kind of energy transfor-
mation occurs while the earth or any
planet travels in orbit around the sun
(see Figure 7-17).

1. A force of attraction exists between any two objects; this is called the force
of gravitation.

2 "I‘he gravitational. force is proportional to the product of the masses and

; lnveltsely proportional to t'he square of the distance between their centers.

’ chllc energy transformations take place as an object moves along an ellip-

tical orbit. Kinetic energy is changed to potential energy when the object’s

orb{tal speed is Qecreasing, and the reverse transformation occurs when the
orbital speed is increasing.
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REVIEW QUESTIONS

. Is the njotion of the planets through the star field uniform?
. Isthe distance to a planet constant, or does it vary? If it does vary

what sort of variation does it show?

. How do we know that the planets rotate?
. Why does a long, swinging pendulum appear to change its direc-

tion of motion with time?

. What happens to the path of a freely moving fluid or a projectile

at the surface of the earth?

. Describe the geocentric model of the universe.
. What observations can be explained relatively simply by the

geocentric model?

. Using the geocentric model, what happens when you try to pre-

dict planetary positions accurately?

. What terrestrial motions cannot be explained by the geocentric

model?

Describe the heliocentric model of the universe.

Which apparent motions of celestial objects can be explained by
the heliocentric model?

Why is the heliocentric model preferable to the geocentric?

In what way did Kepler modify the heliocentric model?

Where is the sun in Kepler's modified heliocentric model?
When is the orbital speed of a planet greatest? When is it least?
State Kepler's law of planetary periods both in words and
mathematically.

What is the relationship between a planet's distance from the
sun, its average speed, and its period of revolution?

What causes the difference between the time that it takes the
moon to complete a circuit of the stars and the time it takes to
complete a cycle of phases?

Why does the length of the apparent solar day vary?

What causes the changes in the sun’s daily path across the sky,
its noon altitude, and the duration of daylight throughout the
year?

What unit is used to describe distances to stars?

What force of attraction exists between any two objects?
Express Newton’s universal law of gravitation both in words and

as a mathematical formula.
Describe the cyclic energy transformations that take place as an

object moves along an elliptical orbit.

you make of a planet such as Mars
7 Explain whether these observa-

i arent motions A
Sl L6 SBP or would require a longer

tions could be done in one evening

time. \ . )
Describe the behavior of a Foucault pendulurnr ata mad-la;;t:d:
location such as 42°. How would the pendulum S motu::m c aleg’
if the pendulum were carried to a position closer to the poles?’

Closer to the equator? i ]
a. Where is the earth in the geocentric model of the universe?
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b. Describe one or more observations of the planets’ behavior
that is (are) successfully explained by the geocentric model.
c. What feature (or features) of the geocentric model made the

model unsatisfactory? . S
_a. Whereis the earth located in the heliocentric model of celes-
tial motions? 5

b. Where is the sun located in the heliocentric model?

c. How are the moon, planets, and stars located in the he-
liocentric model?

d. If a new planet were discovered in the solar system, what
prediction, based on the improved heliocentric model, could
we make about the motions the new planet would have?

. What would be the observable effects if the earth’s axis were inclined at
a greater angle than 23%°? At a smaller angle? (See Table 6-1 and
Figure 6-19.)

6. a. What factors affect the force of gravity between two objects?

b. As the earth orbits the sun, the gravitational force is constantly
changing. Describe the pattern of change, relating your description
to Figure 7-17, page 114.

REVIEW EXERCISES

. For an observer at 42°N there are certain stars that never set. Toward

which horizon would you lock to see these stars? What is the maximum

angle above the horizon at which these stars are found? Using Figure

6-3 and the star maps on pages 71 and 72 (Figures 6-4 and 6-5), name

some of the stars and constellations that do not set.

. a. Figure 6-6 on page 73 shows a star trail pattern obtained when a
camera was pointed at Polaris. How long was the shutter left open
when this photograph was taken? Hint; remember that the earth
rotates 360°/24 hours, or 15°hour.

b. Does the answer to the previous question depend on which star trail
you chose to measure? Explain your answer.

- & One of the columns in Table 7-1 shows the distance of the planets
from the sun. Explain why these data cannot be used to calculate
the distance of the planets from the earth.

b. Under what conditions is Neptune farthest from the earth? What is
this distance in A.U. and in kilometers?

¢. Under what conditions is Neptune closest to the earth? What is this
distance in A.U. and in kilometers?
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d. The planet that approaches nearest to Earth would show the

greatest change in its position relative to the stars (
J see page 95).
From Table 7-1, which planet would this be? P )

. a. One column in Table 7-1 lists the periods of rotation for the planets.

lllustrate how these data vary from Mercury to Pluto, either with a
generalized graph or by a description. Where are the high points?
Where are the low points?

b. How do the data for the mass, volume, and diameter of the planets
compare to their periods of rotation?

c. Make an overall generalization based on your answers to questions
4a and 4b.

Refer to Table 7-1 to answer the following questions.

a. The primary cause of our seasons is the tilt, or inclination, of the
earth’s axis. Which planet(s) would have seasons most like Earth?

b. Which planet(s) would have the least seasonal change?

c. Which planet is less dense than water?

. Make a diagram showing the phases of the earth as seen from the

moon for each phase position of the moon shown in Figure 3-4
(page 34).

. What is the maximum change in altitude of the noon sun at any

given location during the course of a year?

. Describe the sun's daily path at the North Pole on June 21.

If you wanted to construct a sundial that could show time in

minutes as well as in hours, how much space (in degrees) would

there have to be between the minute markings? (Hint: Remember

that the sun moves at the rate of 15%hr.)

Suppose we put a satellite in orbit around the sun at a distance of

4 AU from the sun. How many earth years will it take for the

satellite to complete one orbit?

Four satellites, A, B, C, and D, are placed in orbit around the

earth. Satellites A and B are orbiting the earth at exactly the same

altitude, but A has twice the mass of B.

a. How does the gravitational force of attraction between A and
the earth compare with the force between B and the earth?

b. How do the periods of revolution of A and B around the earth
compare? ) )

c. Satellites C and D have the same mass, but Dis _twnce as far
from the earth as C. How does the force of attraction between
C and the earth compare with the force between D and the

earth? .
d. How do the periods of C and D compare?



