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Astronomical Union reduced the num-

ber of planets to eight; asteroid Ceres,

Pluto, and Eris are the first members of

the “dwarf planet”category.
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WHAT’S IN A NAME? Amazingly, we did not have a scientific definition of what a planet
is until August 24, 2006. Between 1930, when Pluto was discovered, and the early
1990s, we talked about the four terrestrial planets, the four Jovian planets, and Pluto,
an odd planet that did not fit the other two categories. Discoveries of icy objects from
hundreds to over 1000 km across in the region beyond Neptune forged a different pic-
ture of our solar system, one in which Pluto is but a nearby representative of the very
populous class of icy dwarfs found in the Kuiper belt (the disk-shaped region between
Neptune’s orbit and 30–500 astronomical units [AU] from the Sun). A few of these icy
objects have similar sizes to Pluto, and one of them is a bit larger. We discuss this class
of objects and their region in Chapter 10.

What should we call these new objects? The International Astronomical Union
(IAU) is the only body that can decide, and a fierce debate was reignited about the
definition of a planet. At the end, the IAU resolved that objects in our solar system
were classified into three categories as follows.

1. A planet is a celestial body that (a) is in orbit around the Sun, (b) has sufficient
mass for its self-gravity to overcome rigid body forces so that it assumes a hydro-

Kuiper belt A disk-shaped region

beyond Neptune’s orbit, 30–500 AU

from the sun, closer to the solar

system than the Oort cloud and

presumed to be the source of short-

period comets.



static equilibrium (nearly round) shape, and (c) has cleared the neighborhood
around its orbit.

2. A dwarf planet is a celestial body that (a) is in orbit around the Sun, (b) has suf-
ficient mass for its self-gravity to overcome rigid body forces so that it assumes a
hydrostatic equilibrium (nearly round) shape, (c) has not cleared the neighbor-
hood around its orbit, and (d) is not a satellite.

3. All other objects except satellites orbiting the Sun shall be referred to collectively
as small solar-system bodies.

As a result of this classification, there are now only eight planets in our solar sys-
tem: Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus, and Neptune. Pluto is
now a dwarf planet, along with the asteroid Ceres and Eris, an object a bit larger than
Pluto in the Kuiper belt. The IAU will establish a process to assign borderline objects
into either dwarf planet or other categories. The third category above includes most
of the asteroids, most of the objects beyond the orbit of Neptune, comets, and other
small bodies.

As expected, not everyone is happy with the new definition. The wording is in-
deed not precise, and most arguments are about the meaning of an object “clearing its
neighborhood around its orbit”. The process of “clearing” is a continuous one and is
related to how much an object dominates the dynamics of other objects in its neigh-
borhood. The wording might need to be fixed still, but the concept is clear. The argu-
ments have given us another example of how science is done, and along with our
observations and the new discoveries of more Pluto-sized icy objects in the Kuiper belt
that will surely follow, a new and exciting view of our solar system is emerging.

Much of what we know about the outer planets in our solar system and many of
the photos of them in this book are the result of the Voyager missions, which we de-
scribe in a nearby Advanding the Model box. Before we begin to examine the individ-
ual planets and satellites in our solar system, we need to develop a common framework
in order to understand similarities and differences among these objects. We cannot pos-
sibly expect to understand the universe by simply describing in detail all known charac-
teristics of all its objects. The information we collect must be used to develop an
understanding (a model) of how these characteristics developed and why certain ob-
jects (or groups of objects) seem to have similar or different characteristics from others
in the same system. Such knowledge will allow us to make reasonable generalizations
about similar systems everywhere in the universe.

In previous chapters we have pointed out some patterns among the planets of
our solar system. For example, Kepler’s third law tells us of the relationship between
a planet’s distance from the Sun and its period of revolution. Before turning to the in-
dividual planets, an examination of other patterns of similarities and differences
among the planets will be helpful. In this chapter, we present our current under-
standing of our own planetary system and of how such systems form around stars. In
the next three chapters, we study in detail the major objects in it.

7-1 Sizes and Distances in the Solar System

The Sun contains almost all the mass (about 99.85%) of the solar system and is
about 10 times larger in diameter than the largest planet (Jupiter). Figure 7-1 shows
the planets drawn to scale. At the bottom of the drawing, you see the partial disk of
the Sun. If the Sun had been drawn as a complete circle fitting the page, many of the
planets would have been too small to see. The Sun’s diameter is about 1,390,000
kilometers, whereas the Earth’s diameter is about 13,000 kilometers. Thus, the di-
ameter of the Sun is about 110 times that of Earth. To picture this better, think of 
the Sun as an object the size of a basketball, a sphere 9.4 inches in diameter. On this 189
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In the period 1976–78, an astronomical event took place that only
occurs about once every 177 years. During this time the large
outer planets Jupiter, Saturn, Uranus, and Neptune were bunched
closely together looking out from Earth, as they traveled their or-
bits around the Sun. This had not happened since the time of
Napoleon. Starting in 1972, NASA scientists and engineers
planned to take advantage of this situation by sending out two
space probes to explore these planets. Voyager 1 was launched on
September 5, 1977, on a faster trajectory than Voyager 2, which was
launched 16 days earlier. Over the next few years they revolution-
ized our understanding of the solar system. 

Keeping in touch with the two tiny spacecraft turned out to
be a trial in overcoming adversity and avoiding disaster. Voyager 2’s
onboard computers often detected emergencies when none ex-
isted. For example, during the initial launch of the rocket from
Earth, the computers interpreted the rapid acceleration of the
spacecraft as outside normal operation and tried to reprogram the
thrusters to slow it down. Later, the craft’s radio receiver blew a
fuse and the craft could receive only a limited range of signals
from Earth. NASA engineers overcame these problems, and the
two space probes continued on their way.

Voyager 1 arrived at Jupiter in March of 1979, about 4 months
earlier than Voyager 2, and the two craft sent back unprecedented
views of the planet during the spring and summer. They discov-
ered the rings of Jupiter, which had never before been seen, and
then went on to explore the large moons Io, Ganymede, Callisto,
and Europa.

Voyager 1 began making discoveries about Saturn in October
1980, when it was still 30 million miles away from the planet.
Voyager 2 followed in August of 1981. Between them, the space-
craft sent back images of the complex structure of Saturn’s rings
and the violent storms in Saturn’s atmosphere and detected an
atmosphere on Titan, Saturn’s largest moon.

Four and a half years passed before Voyager 2 reached Uranus,
making its closest approach in January 1986. It sent back photos of
the Uranian rings and its major moons, before the craft was repro-
grammed for the trip to Neptune. Voyager 2 passed within 3100 miles
of Neptune in August 1989 and then went on into deep space.
(You might think 3100 miles is a large distance, but remember
that Neptune is 30,800 miles across and almost 2700 million miles
from Earth. Sending a space probe that close to Neptune is like 
using a rifle to shoot a penny 2 miles away—and hitting it!)

The spacecraft are now on an extended mission, searching for
the outer limits of the Sun’s magnetic field and outward flow of the
solar wind (the heliopause boundary). After the spacecraft cross
this boundary, they will be able to take measurements of the inter-
stellar fields, particles, and waves without being influenced by the
solar wind.

Voyager 1 has already passed the termination shock; this is the
region where the solar wind meets the interstellar gas, thus quickly
slowing down, becoming denser and hotter. Voyager scientists were
surprised to find that the speed of the solar wind beyond the shock
was much less than predicted and that at times it seemed to be
flowing backward, suggesting a possible correlation with the less ac-
tive phase of the solar cycle (which we discuss in Chapter 11). They
also found that the direction of the interplanetary magnetic field
beyond the shock varies much slower (every 100 days or so) than
expected (every 13 days or so, half of the Sun’s rotational period);
this field is carried out by the solar wind, with the alternating direc-
tions forming a pattern of stripes. More surprisingly, the shock re-
gion does not seem to be the source of cosmic rays; these are
energetic charged particles that originate in outer space; they travel
at nearly the speed of light and strike Earth from all directions. The
intensity of these rays has been steadily increasing as the spacecraft
moves farther from the shock, suggesting that their source is even
farther from the Sun.

The Voyager spacecraft continue to make surprising discoveries
and have shown that the Sun’s interaction with the surrounding
interstellar matter is more complex than we had imagined. In
December 2006, Voyager 1 (Voyager 2) was at a distance of 101 AU 
(81 AU) from the Sun, escaping the solar system at a speed of about
3.6 AU/year (3.3 AU/year), 35° out of the ecliptic plane to the north
(48° south). By about 2015, Voyager 1 is expected to cross into inter-
stellar space, beyond the heliopause, followed by Voyager 2 about 
5 years later. Electrical power on the Voyager spacecraft is produced
from the heat generated by the natural decay of plutonium. The
spacecraft have enough power to operate at least until 2020.

The Voyager Spacecraft

Voyager 1

Voyager 2
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Figure B7-1
The Voyager 1 and Voyager 2 spacecraft started their Grand Tour from Earth to

the outer planets in 1977.



scale the Earth would be about the size of the head of a pin, a tenth of an inch in di-
ameter (Figure 7-2). Jupiter is the largest planet, with a diameter about 11 times that
of the Earth. On our scale, Jupiter would have a diameter of about an inch. The
dwarf planet, Pluto has a diameter about one fifth that of Earth. In our scale model it
would be a grain of sand, about 1/64 inch across! Appendix C lists the actual sizes 
of the planets, along with their sizes compared with the Sun and the Earth.

Now let us consider the distances between the planets. Table 7-1 shows the aver-
age distance of each planet from the Sun in astronomical units and according to our
model. To continue the model in which the Sun is a basketball, we might put the
basketball at one end of a tennis court. A pin at the opposite end of the tennis 
court would be the Earth. A 1-inch ball, one and a half football fields away would be
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Ganymede
(a moon of Jupiter) Titan

(a moon of Saturn)

JUPITER
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Figure 7-1
This shows the Sun, planets, Pluto and a

few of the large moons drawn to scale.

Figure 7-2
If the Sun were the size of a basketball, the Earth would be

the size of the head of a shirtpin.

Table 7-1
Average Distances of the Planets and Pluto from the Sun

On Our ScaleDistance from
Object the Sun (AU) Mean Diameter Distance from Sun

Sun — 9.4 inches (23.88 cm) —

Mercury 0.39 0.03 inch (0.08 cm) 33 feet (10 m)

Venus 0.72 0.08 inch (0.21 cm) 61 feet (19 m)

Earth 1.0 0.09 inch (0.22 cm) 84 feet (26 m)

Mars 1.52 0.05 inch (0.12 cm) 128 feet (39 m)

Jupiter 5.20 0.97 inch (2.45 cm) 438 feet (134 m)

Saturn 9.58 0.81 inch (2.07 cm) 807 feet (0.15 mile) (246 m)

Uranus 19.20 0.35 inch (0.88 cm) 1616 feet (0.31 mile) (493 m)

Neptune 30.05 0.33 inch (0.85 cm) 2530 feet (0.48 mile) (771 m)

Pluto 39.24 0.02 inch (0.04 cm) 3303 feet (0.63 mile) (1007 m)

As we discuss the sizes of solar sys-

tem objects and the distances be-

tween them, try to form a mental

picture of the relative distances

rather than just memorizing the 

values.



Jupiter. Pluto would be a grain of sand a kilometer away! Between these objects we
put nothing—or almost nothing. There are only the other planets, all smaller than
Jupiter, and some even smaller objects.

More than 4000 asteroids that are too small to include in our scale model have
been discovered in the solar system. The largest of these asteroids has a diameter
of about 1000 kilometers, or 600 miles. Perhaps another 100,000 much smaller as-
teroids orbit the Sun, most of them in the asteroid belt between Mars and Jupiter.
In addition, trillions of comets orbit the Sun in a huge shell at a distance of about
40,000–100,000 AU. We discuss these objects in more detail in Chapter 10.

Figure 7-1 shows the planets as disks, but they are actually spheres. In trying
to imagine their comparative sizes, keep in mind that the volume of a sphere is
proportional to its radius cubed. For example, the Sun’s diameter is about 110
times that of Earth, but the Sun’s volume is about 1103 or 1.3 million times that of
Earth’s. Similarly, Jupiter’s volume is about 113 or 1400 times that of Earth’s.

Measuring Distances in the Solar System
In Chapter 2 we discussed how Copernicus used geometry to calculate the relative 
distances to the planets. That is, he was able to calculate that Mars is 1.5 astronomical
units (AU) from the Sun, although he could not determine the value of an astronomi-
cal unit. Today we can measure the distances to planets using radar. We send radar sig-
nals to a planet and measure the time required for the signal to reach the planet and
bounce back. Then, knowing that radar signals travel at the speed of light (3 � 108 m/s,
or 3 � 105 km/s), we can calculate the distance to the planet.

When the nearest planet, Venus, is closest to Earth, a radar signal still requires
nearly 5 minutes to get there and back. The great distances in the solar system become
clearer when we realize that if such a signal could be emitted in New York City and re-
flected from something in Washington, D.C., only 0.002 second would be required for
the round trip.
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asteroid Any of the thousands of

minor planets (small, mostly rocky

objects) that orbit the Sun.

astronomical unit (AU) A unit of

distance equal to the average 

distance between the Earth and 

the Sun.

comet A small object, mostly ice

and dust, in orbit around the Sun.

EXAMPLE

Suppose we bounce a radar signal off of Mars. The signal returns to Earth 22 minutes after being transmitted. How far
away is Mars?

SOLUTION First, we realize that 22 minutes is the time the signal takes to reach Mars and return to Earth. So a one-way trip requires 

11 minutes. Now let’s change 11 minutes to seconds (as our signal speed is given in kilometers/second).

Now,

distance � velocity � time � (3.0 � 105 km/s) � (660 s) � 2.0 � 108 km

To check that this is a reasonable answer, recall that one astronomical unit is 1.5 � 108 kilometers. Thus, our calculated dis-
tance is 1.33 AU. Because the orbit of Mars is 1.5 AU from the Sun, the distance from Earth to Mars varies from about 0.5 to
2.5 AU. Therefore, at some point in its orbit, it is possible for Mars to be at our calculated distance from Earth.

TRY ONE YOURSELF
When Venus is at its closest distance to Earth, it requires about 4.7 minutes for a radar signal to travel to Venus and back.
What is the distance to Venus? Convert the answer to astronomical units and check it with the correct distance given in
Table 7-1.

11 min �  
60 s

1 min
� 660 s

The radar signal is typically a burst of

400 kilowatts of power, but the re-

turning signal is only 10�21 watt,

which is so weak that it is very diffi-

cult to detect.
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As we pointed out in Chapter 2, the relative distances to the
planets (from Mercury to Saturn) were known in Copernicus’
time. We saw that Kepler used these data to formulate his third
law. From the time of Copernicus, people have wondered if there
is a pattern to the distances of the planets from the Sun.

In 1766, a German astronomer named Johann Titius found
a mathematical relationship for the distances from the Sun to
the various planets. The rule was publicized by Johann Bode,
the director of the Berlin Observatory, in 1772, and is known
today as the Titius-Bode law or simply Bode’s law. Table B7-1

illustrates how the law works. Column 1 shows a series of
numbers starting with zero, jumping to three, and then dou-
bling in value thereafter. Column 2 was obtained by adding 4
to each of those values. Finally, to get column 3, we divide
each of the column 2 values by 10. Now compare these figures
with the measured distances (in AU) of each of the planets
from the Sun.

The table shows that the Titius-Bode law fits fairly well, ex-
cept that there is a gap: The law seems to indicate that there
should be a planet between Mars and Jupiter and, further, that
the planet should be 2.8 AU from the Sun. In addition, the law
predicts that if other planets were found beyond Saturn, the next
one would be about 19.6 AU from the Sun. Indeed, in 1781, the
planet Uranus was discovered at a distance of 19.2 AU from the
Sun by William Herschel in England.

With this confirmation of the validity of the Titius-Bode law,
a group of German astronomers (who called themselves the
Celestial Police) divided the zodiac into regions, planning to assign
a specific region to each of a number of astronomers who would
systematically search for the missing planet at 2.8 AU. The
searchers did not find it, however. Instead, a monk who was
working on a different project discovered the largest of the aster-
oids at the distance predicted for Bode’s missing planet. (See the
Advancing the Model box on page 198.) Although it was first
thought that this was the missing planet, the discovery within a
few years of other objects at about the same distance made it obvi-
ous that things were not this simple. The Titius-Bode law could
not account for the large number of “planets” between Mars and
Jupiter. (However, it is possible that tidal interactions from Jupiter
did not allow all these objects to coalesce and form a planet at this
distance from the Sun.) 

Neptune and Pluto were discovered after the discovery of the
asteroids. How well do they fit the Titius-Bode law? Neptune does
not fit the prediction at all, but Pluto’s distance of 39.24 AU comes
fairly close. (Because Pluto’s characteristics are more like those of a
satellite than a Jovian planet, it has been suggested that early in the
history of the solar system, collisions and close encounters between
the outer planets and Pluto-like objects could have changed Pluto
from being a satellite to being a planet, while knocking Uranus on
its side and moving Neptune closer to the Sun; however, recent

work has all but ruled out the idea that Pluto
was originally a satellite of Neptune. The sug-
gested explanations for the rotation of Uranus,
and for that matter Venus, are still at the spec-
ulative stage.)

Relationships such as the Titius-Bode law
are said to be empirical. This means that they
are found to work, but they are not related to
any theoretical framework; we don’t know
why they work. The Titius-Bode law isn’t a
particularly good empirical law, however. The
law is not accurate even for the planets it fits; 
it does not fit Neptune at all, and it is not inter-
nally consistent. (The number in column 1 of
Table B7-1 is not doubled in one case.) In this
chapter, we show that theories proposed for
the formation of the solar system account for
the fact that the more distant a planet is from
the Sun, the farther it is from other planets.
Astronomers may be able to judge the signifi-
cance of the Titius-Bode law better when, 
at some future date, they are able to observe
planetary spacing around other stars.

The Titius-Bode Law

Table B7-1
Planetary Distances According to the Titius-Bode Law Compared with Today’s Values

Today’s
Measured

A Series of Bode’s Law Distance
Numbers Add 4 Prediction (AU) Object

0 4 0.4 0.39 Mercury

3 7 0.7 0.72 Venus

6 10 1.0 1.00 Earth

12 16 1.6 1.52 Mars

24 28 2.8 2.77 Ceres

48 52 5.2 5.20 Jupiter

96 100 10.0 9.58 Saturn

192 196 19.6 19.20 Uranus

384 388 38.8 30.05 Neptune

(39.24 Pluto)



7-2 Measuring Mass and Average Density

How do we know the masses of the Sun and planets? To answer this we must return
to Kepler’s third law, as modified by Newton, which relates each planet’s distance
from the Sun to its period of revolution. Using standard units (meters for distance,
seconds for period, and kilograms for mass), we saw in Chapter 3 that Newton’s for-
mulation of Kepler’s third law is 

where a � semimajor axis of the orbit, P � period of the orbit, m1, m2 � the masses of
the two objects, and G � the gravitational constant.

In some cases, however, it is easier to measure the semimajor axis a in AU and
the period P in years; then 

Let us now consider the case of a planet orbiting the Sun. Because the mass of even
the largest planet, Jupiter, is less than 0.001 times the mass of the Sun, the sum of the
two masses is essentially equal to the mass of the Sun (m1 � m2 � mplanet � mSun � mSun).
Thus, for objects in orbit around the Sun, we can write the preceding equation as

Because the Sun’s mass is constant, the value on the right side of Newton’s equa-
tion is very nearly the same for each of the planets, just as Kepler said. Newton’s
statement of the law, however, allows us to calculate something else—the mass of the
Sun. All we need to know in order to do this is the semimajor axis of one planet’s el-
liptical orbit and that planet’s period of revolution around the Sun.

Even more important, Newton’s formulation of Kepler’s third law applies to any
system of orbiting objects. For examples, Jupiter’s system of moons resembles the solar
system, here the equation lets us calculate the mass of Jupiter, which is the central ob-
ject in this case. As we discuss in Section 7-4, every planet except Mercury and Venus
has at least one natural satellite. Thus, to calculate the mass of one of these planets, we
need only know the distance and period of revolution of at least one of its satellites.

a3

P2 �
G

4�2 �  mSun

a3
�AU�

P2
�yrs�

�
m1�m2

mSun

a3

P2 �
G

4�2 � �m1 � m2�
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EXAMPLE

The average distance of the Earth from the Sun is a � 1 AU � 1.5 � 1011 m and the Earth’s orbital period is P � 1 year �
365⋅24⋅60⋅60 seconds � 3.15 � 107 s. Using Kepler’s third law as modified by Newton, find the mass of the Sun.

SOLUTION The mass of the Earth is much smaller than the mass of the Sun. Therefore

and thus

Therefore, mSun � 2 � 1030 kg.

TRY ONE YOURSELF
The Moon orbits the Earth with a period of 27.32 days (which is 2.36 � 106 seconds), and its semimajor axis is 3.844 � 108

meters. Assuming that the Moon’s mass is negligible compared with Earth’s, use this data to calculate the mass of the Earth.
When you check your answer in Appendix C, remember that the Moon’s mass is not really negligible compared with Earth’s.

�1.5 � 1011�3

�3.15 � 107�2 �
6.67 � 10�11

4 � �3.14�2 � mSun

a3

P2 �
G

4�2 � �mEarth � mSun� �
G

4�2 � mSun

The semimajor axis of a planet’s el-

liptical orbit is essentially its average

distance from the Sun.

This is an example of the correspon-

dence principle, which states that a

new theory must make the same

predictions as the old one in applica-

tions where the old one worked.

(See page 94.)



What about Mercury and Venus, which have no moons? Their masses
have been calculated on a few occasions by observing their effects on the
orbits of passing asteroids and comets. No asteroid or comet has passed
close enough to provide highly accurate data, however, and thus, the ac-
curacy of the calculations was limited until space probes flew by these
planets. If a space probe is put into orbit around a planet, the previous
equation applies to it and allows us to calculate the mass of the planet. In
practice, the space probe does not actually have to be put into orbit. By
analyzing how the gravitational force of the planet changes the direction
and speed of a probe during a flyby, we can calculate the planet’s mass, al-
though by a more complicated method than the equation we have used.

When we consider the masses of the objects that make up the solar
system, we should be impressed by the fact that the Sun makes up almost
the entire system. Table 7-2 shows the masses by percentages of the total;
the Sun’s mass is almost 99.9 percent of the total. Jupiter makes up most of the rest,
having more than twice as much mass as the remainder of the planets combined.

Calculating Average Density
The density of an object is defined as the ratio of the object’s mass to its volume. In
the previous section, we discussed how we could calculate the mass of a solar system
object. We have also discussed (in Section 6-1) how to use the small-angle formula to
find the diameters of objects if we know their distances from Earth and their angular
size. Unless the object is too small, its angular size can be measured with observa-
tions. The object’s distance from Earth can be obtained by using the methods de-
scribed in Section 7-1. 

Knowing the mass (m) and radius (R) of an object, its average density is given by

where we assumed that the object is approximately spherical.

As we mentioned in Section 6-3, after we know the average density of an object
we can compare it with the densities of well-known materials such as water, rock,
and iron. This allows us to make a reasonable guess about its composition. For exam-
ple, the average density of Jupiter is 1.33 g/cm3 barely greater than that of water 

average density �
mass

volume
�

m

4�

3
 � R3

�
3

4�
 �

m

R3

7-2 Measuring Mass and Average Density 195

Table 7-2
Percentages of the Total Mass of the Solar System

Object %

Sun 99.85

Jupiter 0.095

Other planets 0.039

Satellites of planets 0.00005

Comets 0.01 (?)

Asteroids, etc. 0.0000005 (?)

The formula for the volume of a

sphere of radius R is V � � R3.4
3

EXAMPLE

When Venus is close to Earth, we measure its angular size to be about 54 arcseconds. Its distance from Earth at that point
is 44.8 million kilometers. Using the small-angle formula (Section 6-1), we find that Venus’ diameter is 12,100 kilometers,
and therefore, its radius is about 6050 kilometers. Kepler’s third law allows us to find Venus’ mass, about 4.87 � 1024 kilo-
grams. Now we are ready to calculate Venus’ average density.

This is equal to 5.25 g/cm3, in good agreement with the value of 5.24 g/cm3 found in Appendix C.

TRY ONE YOURSELF
The angular size of the Moon is 0.52 degrees and its distance from Earth is 384,000 kilometers. The Moon’s mass is 7.35 �
1022 kilograms. Using all of these data, find the average density of the Moon and compare it with the value given in
Appendix D.

average density �
3

4�
 �

4.87 � 1024 kg
�6,050,000 m�3 � 5250 kg/m3



(1 g/cm3) and less than silicate rock (about 3 g/cm3). We can infer that Jupiter con-
sists mostly of low-density materials (gas, liquids) with a small (compared with its
overall size) core of iron, rock, and water; however, knowing the value of an object’s
average density does not mean we can accurately predict its exact composition.
Different combinations of materials can result in the same average density and an 
object’s gravity can affect the density of certain materials; however, even though
there are limitations, we can gain reasonable insights into the makeup of an object 
by calculating its average density.

7-3 Planetary Motions

Figure 7-3 illustrates the orbits of the planets,
drawn to scale. They are all ellipses, as Kepler
had written and most are very nearly circular.
For comparison, the orbit of the dwarf planet
Pluto is eccentric enough that it overlaps the
orbit of Neptune. In 1979, Pluto moved to 
a location in its orbit where it was inside
Neptune’s orbit. Until 1999 it remained closer
to the Sun than Neptune was. For the next
220 years Pluto will be farther from the Sun
than Neptune.

All of the planets revolve around the
Sun in a counterclockwise direction as
viewed from far above the Earth’s North
Pole. Their paths are very nearly in the same
plane. This means that we can draw them
on the same piece of paper without having
to change their paths to view them face-on.
Figure 7-4 illustrates the angles between the

planes of the various planets’ orbits and the plane of the Earth’s orbit (this angle is
known as the planet’s inclination). For comparison, Pluto’s inclination is greater than
that of the planets. We will see that Pluto is unusual in several other ways.

In Section 2-9 we showed that the eccentricity of an elliptical orbit is a measure
of how much the orbit is less than perfectly circular. The eccentricities of the planets’
(and Ceres’ and Pluto’s) orbits are given in Appendix C. Notice how much Pluto and
Mercury differ from the other planets in eccentricity.

All of the planets except Mercury and Venus have natural satellites revolving
around them, just as the Earth does. The direction of revolution of most of these satel-
lites is also counterclockwise, although there are some exceptions. Finally, as we see in
the next section, most of the planets also rotate counterclockwise about an axis.

The fact that the planets have their orbits in basically the same plane, that they
all orbit in the same direction, that most of them rotate in that same direction, and
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The orbits of the planets are ellipses, ac-

cording to Kepler’s first law, but most

are very nearly circular. For comparison,

the orbit of the dwarf planet Pluto is 
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Figure 7-4
The orbits of most of the planets are in

the same plane as the Earth’s (the eclip-

tic), but Mercury’s plane is inclined at 

7 degrees and Pluto’s at 17 degrees.



that most of their satellites revolve in that direction cannot be coincidence. We will
recall these similarities when we discuss theories concerning the formation of the
solar system; we must be sure that the theories explain these properties.

7-4 Classifying the Planets

When we examine the properties of individual planets in the following chapters, it will
be clear that they divide easily into two groups. It is convenient to classify the four in-
nermost planets—Mercury, Venus, Earth, and Mars—in one group, which we call the
terrestrial planets because of their similarity to Earth (in Latin, “earth” is “terra”). The
next four planets—Jupiter, Saturn, Uranus, and Neptune—are called the Jovian planets
because of their similarity to Jupiter. As already noted, Pluto is unusual in several ways
and it has been classified as a dwarf planet.

Size, Mass, and Density
The diameters of the planets, in kilometers and as ratios to Earth’s diameter, are given
in Appendix C. Although the four terrestrial planets differ quite a bit from one an-
other, they are all much smaller than the Jovian planets. Although the dwarf planet
Pluto is out beyond the Jovian planets, it has a size more like the terrestrials.

The masses of the planets, given in Appendix C, present even bigger differences
between the terrestrial and Jovian planets. Many people have a tendency to skip over
tables and graphs. You are not expected to memorize the values given, but a few
minutes looking at patterns and thinking of their meaning will yield much knowl-
edge about the solar system. Study the values of the masses of the planets in terms of
Earth’s mass. Notice the tremendous difference between the two classifications of
planets. Earth is the most massive of the terrestrial planets, but the least massive
Jovian planet has more than 14 times the mass of Earth. Again, Jupiter stands out as
the giant.

Density values, given in Appendix C, differ between the terrestrial planets and
the Jovian planets. The terrestrials are denser. This is because they are primarily solid,
rocky objects, whereas the Jovians’ are composed primarily of liquid. At one time
Jovian planets were commonly called “gas planets,” but now we know that they ac-
tually contain much more liquid than gas. The average density of the four terrestrial
planets is about 5 g/cm3 (or five times that of water), whereas the average density of
the four Jovian planets is about 1.2 g/cm3.

Satellites and Rings
Table 7-3 shows the number of natural satellites of each planet. Although there is 
no obvious pattern, the Jovian planets have more satellites. More details of the plan-
etary satellites are found in Appendix D and in discussions of the planets in future
chapters.

The table also indicates that all Jovian planets have rings. A planetary ring is
simply planet-orbiting debris, ranging in size from a fraction of a centimeter to sev-
eral meters. Motions of particles within the rings are extremely complex, due largely
to gravitational interactions with nearby planetary satellites. In a sense, each particle
of a ring may be considered a satellite of the planet, but if we do so, counting satel-
lites becomes meaningless. Thus, we continue to speak only of the larger “moons” as
being planetary satellites.

Rotations
We discussed planetary rotations in Section 1.8. The sidereal periods of planetary
rotations are given in Appendix C. The sidereal rotational periods of the terrestrial
planets differ considerably from one another; they range from Earth’s period of
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Jupiter was named after the most

powerful of the Roman gods. “Jove”

is another form of the name “Jupiter”

and “Jovian” is an adjective form of

the name.

Table 7-3
The Number of Known 

Planetary Satellites

Known
Planet Satellites*

Mercury 0

Venus 0

Earth 1

Mars 2

Jupiter 63 � r

Saturn 47 � r

Uranus 27 � r

Neptune 13 � r

Pluto† 3

* An “r”indicates that the planet has
a ring system

† Dwarf planet



about 23.9 hours to Venus’ period of about 243 days; however, all of the Jovian
planets rotate faster than Earth. They range from Jupiter’s period of about 9.9 hours
to Uranus’ period of about 17.2 hours.

As we saw in Section 7-3, every planet revolves around the Sun in a counter-
clockwise direction when viewed from above the Earth’s North Pole. We know from
previous chapters that when viewed from this perspective, the Earth rotates on its
axis in this same counterclockwise direction and that the Moon also orbits the Earth
in a counterclockwise direction. We might ask if this pattern holds elsewhere in the
solar system. The answer is yes, in most cases. As shown in Figure 7-5, all of the plan-
ets except Venus, Uranus (and dwarf planet Pluto) rotate in a counterclockwise direc-
tion as seen from far above the Sun’s North Pole.
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Johannes Kepler once proposed that there might be an undis-
covered planet between Mars and Jupiter, because the large dis-
tance between their orbits does not follow the pattern of other
orbits. The Titius-Bode law also seemed to predict such a planet.
This led Francis von Zach, a German baron, to plan a systematic
search for the planet. Giuseppe Piazzi, a Sicilian astronomer and
monk, was one of the astronomers who had been chosen to
search in one of the sectors into which von Zach had divided the
sky. Before he was notified where he was to search, however,
Piazzi discovered (on January 1, 1801) what he first thought was
an uncharted star in Taurus. The object was far too dim to see
with the naked eye. He named it Ceres after the goddess of the
harvest and of Sicily. Continuing to observe it, he saw that it
moved among the stars, and by January 24, he decided that he
had discovered a comet. He wrote two other astronomers (in-
cluding Bode) of his discovery, but on February 11, he became
sick and was unable to continue his observations. By the time
the astronomers received their letters (in late March), the ob-
ject was too near the Sun to be observed.

Bode was convinced that the hypothesized new planet had
been discovered, but he also realized that it would not be visible
again until fall. By that time, it would have moved so much that
astronomers would have a difficult time finding it again. This was
because relatively few observations had been made of the object’s
position, not enough for the mathematicians of the time to calcu-
late its orbit. Fortunately, a young mathematician named Carl
Friedrich Gauss, one of the greatest mathematicians ever, had re-
cently worked out a new method of calculating orbits. He worked
on Bode’s project for months and was able to predict some
December positions for the object. On December 31, 1801, von
Zach rediscovered the object.

The elation over finding the predicted planet did not last
long, however, for another “planet” was found in nearly the

same orbit about a year later. Its discoverer, Heinrich Olbers, was
looking for Ceres when he discovered another object that moved.
He sent the results of a few nights’ observations to Gauss, and 
the mathematician calculated its orbit. The object was given the
name Pallas, and a new classification of celestial objects had been
found: The new objects were called asteroids.

By 1890, about 300 asteroids had been found using the te-
dious method of searching the skies and comparing the observa-
tions to star charts, looking for uncharted objects. In 1891, a new
method was introduced: A time exposure photograph of a small
portion of the sky was taken, and the photograph was searched
for any tiny streaks. The streaks (Figure B7-2) would be caused by
objects that did not move along with the stars. These objects were
then watched very closely and their orbits determined. Using
such methods, well over 4000 asteroids are now known and
named, and it is predicted that some 100,000 asteroids are visible
in our largest telescopes.

The Discovery of the Asteroids

Figure B7-2
The two streaks (arrows) on the time exposure photo are caused by the motion

of two asteroids as the camera follows the stars’apparent motions across the sky.



7-5 Planetary Atmospheres

Long before people visited the Moon, we knew that it contained no air and no liquid
water. This had been predicted by applying Newton’s law of gravity, and the same law
can also be applied to make predictions concerning planetary atmospheres. To see the
connection between the law of gravity and an object’s lack of atmosphere, we first
discuss how to escape from Earth’s gravity. This discussion leads to an idea that will
help us understand not only why some planets have no atmosphere, but also—in
Chapter 15—what a black hole is.

We start by imagining an Earth with no air. On such an Earth, if we throw
something upward, it is not slowed by air friction. It still feels the effect of gravity,
however, and thus, it slows down, stops, and then falls back to Earth. So we throw
it harder. It rises farther, and as it gets higher, the force of gravity on it is less.
Thus, its rate of slowing—its deceleration—is less at greater heights. Could we
throw the object fast enough so that Earth’s gravity could not stop it and bring it
back down? The answer is yes. We can calculate from the laws of motion and grav-
itation that the minimum speed needed to escape Earth’s gravity, assuming we
start at the surface, is about 11 km/s; this is much greater than the speed of sound
in air at the Earth’s surface (which is about 0.3 km/s). An object fired upward from
Earth at this speed or greater will continue to rise, slowing down all the time, but
never stopping. We call this speed the escape velocity from Earth.

The reason that we imagined an Earth without air friction is that, in practice, if we
fired an object from the surface at 11 km/s, it would be slowed—and probably destroyed—
by air friction. In the space program we have sent probes into space with a velocity ex-
ceeding escape velocity; the probes
were not destroyed by air friction be-
cause rockets carried them above the
atmosphere before increasing their
speed to escape velocity (Figure 7-6).

The escape velocity of a projec-
tile launched from an astronomical
object depends on the gravitational
force at the object’s surface (or from
whatever height we are launching
the projectile). The gravitational
force at the surface of the Moon is
only one sixth of that at the surface
of Earth; a 120-pound astronaut
weighs only about 20 pounds on the
Moon. The escape velocity from the
Moon is therefore less than that
from Earth. It is only about 2.4 km/s.
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Figure 7-5
The tilt between a planet’s axis of rota-

tion and its orbital plane varies among

the planets in our solar system.Venus,

Uranus, and dwarf planet Pluto rotate in

a direction opposite that of Earth’s as

seen from far above the Earth’s North

Pole.The arrows point in the direction

of the planets’north poles, and the di-

rection of rotation is also shown. If you

grab a planet with your right hand in a

manner such that your fingers point in

the direction of its rotation, then your

thumb will point to the planet’s north

pole.This “right-hand rule”is used in

many applications in physics and 

astronomy.
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escape velocity The minimum ve-

locity an object must have to es-

cape the gravitational attraction of

another object, such as a planet or

star.

Even though we use the terms

“speed” and “velocity” as if they are

the same, they are not. An object’s

velocity tells us not only how fast it

is moving (its speed), but also the di-

rection of its motion.

1 km/s � 3600 km/hr � 2237 mi/hr

Figure 7-6
Sixty seconds after takeoff, the main en-

gines on the space shuttle cut back to

65% thrust to avoid stress on the wings

and tail from the Earth’s atmosphere.

When the shuttle reaches thinner air at

higher altitudes, the engines resume

full power until the shuttle reaches or-

biting speed.










































