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In this chapter,
you will be able to

•

analyze the factors affecting
the motion of isolated
celestial objects and
calculate the gravitational
potential energy for each
system

•

analyze isolated planetary
and satellite motion, and
describe the motion in terms
of the forms of energy and
energy transformations that
occur

Gravitation and
Celestial Mechanics
When we view the planets and stars on clear nights away from bright city lights, or look
at images of the night sky obtained by telescopes, we realize that there are many questions we can ask about our universe. What causes the stars in a galaxy (Figure 1) to be
grouped together? What keeps the planets and their moons in our solar system moving
in our galaxy? The answers to these and other questions relate to gravitation. The force
of gravity is responsible for the existence of galaxies, stars, planets, and moons, as well
as for the patterns of their motion.
When we analyzed the motion of planets and satellites in previous chapters, we treated
their orbits as circular. In some cases, this is a close approximation, but to understand
celestial motion in detail, we must analyze the noncircular properties of many orbits. The
discovery of these types of orbits by astronomer Johannes Kepler is an amazing story of
determination and careful analysis.
In this chapter, you will also apply what you have learned to analyze energy transformations required to launch a spacecraft from Earth’s surface that will travel in an orbit
around Earth or to launch a spacecraft on an interplanetary mission.

REFLECT on your learning
1. Name all the forces involved in keeping

(a) the rings of Saturn in their orbit around Saturn
(b) the Hubble Space Telescope in a stable orbit around Earth
2. Two space probes of masses m and 2m are carried into space aboard two rockets.

(a) For the probes to escape from Earth’s pull of gravity, how do you think the minimum speed required by the probe of mass m compares to the minimum speed
required by the probe of mass 2m ? Give a reason.
(b) For the probes to escape from Earth’s gravity, how do you think the minimum
kinetic energy by the probe of mass m compares to the minimum kinetic energy
required by the probe of mass 2m ? Give a reason.
3. Speculate on the meaning of the following statement: “If r is the distance from the

centre of a main body (such as Earth) to an object (such as a space probe), we will
find as we analyze the gravitational potential energy of the probe, that as r → ,
Eg → 0.”
4. A space probe is launched from Earth’s surface.

(a) Sketch a graph of the magnitude of the force of gravity Fg of Earth on the space
probe as a function of the distance r between Earth’s centre and the probe,
assuming the mass of the probe is constant.
(b) On the same graph, use a broken line to sketch the force on the probe assuming
its mass decreases gradually as it burns fuel to propel itself away from Earth.
5. An intriguing result of the study of gravitation and celestial motion is the discovery of

black holes in the universe. Briefly describe what you know about black holes.
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Figure 1
This view of a tiny portion of the
night sky, obtained by the Hubble
Space Telescope, shows galaxy
ESO 510-G13 (the bright region in
the background). Between the
galaxy and Earth are streams of
interstellar gases and some stars in
our own Milky Way Galaxy. Galaxies
are held together by gravity.

Drawing and Comparing Ellipses

TRY THIS activity

An ellipse is defined as a closed curve such that the sum of the
distances from any point P to two other fixed points, the foci F1
and F2, is a constant: PF1 + PF2 equals a constant. Figure 2
shows an ellipse. A circle is a special case of an ellipse for which
the two foci are at the same position. Ellipses have different
elongations as indicated by a quantity called eccentricity (e),
c
shown in the diagram to be e  ; for a circle, e = 0 and for a
a
long, thin ellipse e → 1.
For this activity, each group of three or four students needs a
pencil, a ruler, a piece of string tied to create a loop of length
40 cm, two tacks, and a piece of cardboard at least 40 cm by
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(b) Planets travel in ellipses. What must be at one focus of the
ellipse of each planet? What is at one focus of the elliptical
orbit of the Moon?

Exercise care with the tacks, and remove them
after you have drawn the ellipses.

semimajor axis, a
O
major axis

(a) Label the major and minor axes for each ellipse. Compare
the eccentricities of your two ellipses.

Store the cardboard with the ellipses in a safe place so that
you can use it for further study in this chapter.

C

tack

40 cm. With the foci located 10 cm apart, attach the ends of the
string to the tacks, hold the string taut with the pencil held
against it, and draw an ellipse around the tacks. Note that the
sum of the distances from any point on the curve to the two
foci (tacks) is a constant (the length of that part of the string).
On the reverse side of the cardboard, draw a second ellipse
with a distance of 15 cm between the foci.

Figure 2
An ellipse. The line AB is the major axis of the ellipse;
CD is the minor axis. The distance AO or OB is the
length a of the semimajor axis. The eccentricity is
c
defined as , where c is the distance OF1 or OF2
a
from a focus to the centre of the ellipse.
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