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Effects of Black Holes Although black holes can’t be seen, their 
effects can be. Many stars in the sky occur as binaries—pairs that 
orbit around each other. Sometimes only one star of a binary pair is 
seen. Matter streams from this visible star toward its invisible com-
panion, emitting X-rays as it accelerates toward the “nothingness” 
that is probably a black hole. And near the centers of most galaxies 
are immensely massive yet very small centers of force that cause stars 
near them to speed around in tight orbits. These black holes, if that’s 
what they are, are more massive than a million suns.

CONCEPT
CHECK ...

... What happens to the gravitational field of a star 
that has collapsed into a black hole?

13.11 Universal Gravitation
We all know that Earth is round. But why is Earth round? It is round 
because of gravitation. Since everything attracts everything else, 
Earth had attracted itself together before it became solid. Any “cor-
ners” of Earth have been pulled in so that Earth is a giant sphere. The 
sun, the moon, and Earth are all fairly spherical because they have to 
be (rotational effects make them somewhat wider at their equators). 
Figure 13.27 shows how gravity played a role in the formation of the 
solar system. A slightly rotating ball of interstellar gas, which is illus-
trated in Figure 13.27a, contracted due to mutual gravitation, which 
is shown in Figure 13.27b. To conserve angular momentum, the rota-
tional speed of the ball of gas increased. The increased momentum 
of the individual particles and clusters of particles caused them to 
sweep in wider paths about the rotational axis, producing an overall 
disk shape, as shown in Figure 13.27c. The greater surface area of the 
disk promoted cooling and clusters of swirling matter—the birth-
place of the planets.

FIGURE 13.27 �
Gravity played an important 
role in the formation of the 
solar system.
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 When a massive star 
collapses into a black 

hole, there is no change in the 
gravitational field at any point 
beyond the original radius of the 
star.
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13.11   Universal 
Gravitation

Key Term
  perturbation

� Teaching Tip  Discuss the 
theory of the expanding universe 
and its possible oscillating mode. 
You can get class interest into 
high gear with speculations as to 
the possibility of past and future 
cycles.

� Teaching Tip   Point out that 
Earth is not actually a perfect 
sphere but an oblate spheroid—
a sphere flattened at the poles. 
Earth’s spin helps produce an 
equatorial bulge.

CONCEPT
CHECK ...

...CONCEPT
CHECK ...

...
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Perturbations in the Solar System If everything pulls on 
everything else, then the planets must pull on each other. The net force 
that controls Jupiter, for example, is not just from the sun, but from the 
planets also. Their effect is small compared with the pull of the more 
massive sun, but it still shows. When the planet Saturn is near Jupiter, 
for example, its pull disturbs the otherwise smooth path of Jupiter. 
Both planets deviate from their normal orbits. The deviation of an 
orbiting object from its path around a center of force caused by the 
action of an additional center of force is called a  perturbation. 

Until the middle of the last century astronomers were puzzled 
by unexplained perturbations of the planet Uranus. Even when the 
influences of the other planets were taken into account, Uranus was 
behaving strangely. Either the law of gravitation was failing at this great 
distance from the sun, or some unknown influence such as another 
planet was perturbing Uranus.

The source of Uranus’s perturbation was uncovered in 1845 
and 1846 by two astronomers, John Adams in England and Urbain 
Leverrier in France. With only pencil and paper and the applica-
tion of Newton’s law of gravitation, both astronomers independently 
arrived at the same conclusion: A disturbing body beyond the orbit 
of Uranus was the culprit. They sent letters to their local observato-
ries with instructions to search a certain part of the sky. The request 
by Adams was delayed by misunderstandings at Greenwich, England, 
but Leverrier’s request to the director of the Berlin Observatory was 
heeded right away. The planet Neptune was discovered within a 
half hour.

Planetary Rings Four planets in the solar system 
have a system of planetary rings. The rings of Saturn 
were brought vividly to life in 2004 by the Cassini-
Huygens space probe. Tidal forces may have caused 
the formation of these rings. A satellite experiences 
competing forces—the tidal forces that tend to 
tear it apart, and the self-gravitation that holds it 
together. Early in the life of the solar system, Saturn 
(and other outer planets) may have had one or more 
moons orbiting too close to the planet’s surface. 
Powerful tidal forces could have stretched them and 
torn them apart. During billions of years fragments 
could have separated into billions of still smaller 

pieces spreading out 
to form the beautiful 
rings we see 
today. Our moon is 
sufficiently far away 
to resist this tidal 
disintegration. But 
if it were to come 
too close, within a few hundred kilometers of Earth, 
the increased tidal forces would tear the moon 
apart. Then Earth, like Saturn, Jupiter, Uranus, and 
Neptune, would have a system of planetary rings!
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� Teaching Tip   Tell your 
students that Newton showed 
that the same force that holds 
us to Earth is responsible for 
the motions of objects in space. 
Explain that Newton made 
physics a universal science. 
He showed that we had the 
potential to know not only 
the mechanics of things in our 
immediate surroundings, but our 
place in the universe itself.

� Teaching Tidbit   In pre-
Copernican times the sun and 
moon were viewed as planets. 
Their planetary status was 
removed when Copernicus 
substituted the sun for Earth’s 
central position. Only then 
was Earth regarded as a planet 
among others. More than 200 
years later, in 1781, telescope 
observers added Uranus to the 
list of planets. Neptune was 
added in 1846. Pluto was added 
in 1930—and removed in 2006.
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Subsequent tracking of the orbits of both Uranus and Neptune 
led to the prediction of another massive body beyond Neptune. In 
1930, at the Lowell Observatory in Arizona, Pluto was discovered. 
Whatever you may have learned in your early schooling, astronomers 
now regard Pluto as a dwarf planet and not a full-fl edged planet. 
Pluto takes 248 years to make a single revolution about the sun, so no 
one will see it in its discovered position again until the year 2178.

The Expanding Universe The shapes of distant galaxies provide 
further evidence that the law of gravity applies to larger distances. 
According to current scientific understanding, the universe origi-
nated and grew from the explosion of a primordial fireball some 
13.7 billion years ago. This is the “Big Bang” theory of the origin of 
the universe. All the matter of the universe was hurled outward from 
this event and continues in an outward expansion. Evidence for this 
includes precise measurements of the earliest remnant of the Big 
Bang: its cosmic microwave background.

More recent evidence suggests the universe is not only expanding, 
but accelerating outward. It is pushed by an anti-gravity dark energy
that makes up an estimated 73 percent of the universe. Twenty-three 
percent of the universe is composed of the yet-to-be discovered par-
ticles of exotic dark matter. Ordinary matter—the stuff of stars, cab-
bages, and kings—makes up only 4 percent. The concepts of dark 
matter and dark energy will continue to inspire exciting research 
throughout this century. They may hold clues to how the cosmos 
began and where it is headed, and may be the key to understanding 
the fate of the universe. Our present view of the universe has pro-
gressed appreciably beyond the universe as Newton perceived it.

Which Hand Is Bigger?
1. Hold your hands outstretched, one twice as far 

from your eyes as the other. 

2. Make a casual judgment about 
which hand looks bigger.

3. Now, overlap your hands slightly 
and carefully view them with one 
eye closed. 

4. Think Why does one hand appear 
bigger than the other?

discover!

Scientists’ usage of the 
term theory differs from 
common usage. The 
theory of gravity, for 
example, is universally 
accepted by scientists, 
based on the preponder-
ance of evidence and the 
success of the model. 
The term theory does 
not imply fundamental 
doubts about a phenom-
enon’s existence.
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discover!

MATERIALS no special materials 
required

EXPECTED OUTCOME With their 
hands outstretched, most 
students will see their hands to 
be about the same size, while 
a few see the nearer hand as 
slightly bigger. Almost nobody 
upon casual inspection sees 
the nearer hand as four times 
as big. When they overlap 
their hands and view them 
with one eye closed, students 
will see the nearer hand as 
clearly bigger.

THINK By the inverse-square 
law, the nearer hand should 
appear twice as tall and twice 
as wide and therefore occupy 
four times as much of your 
visual field as the farther 
hand. However, your belief 
that your hands are the same 
size is so strong that you likely 
overrule this information.

� Teaching Tidbit   When you’re 
looking at stars, do you ever 
wonder if you’re looking at other 
people’s suns?
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Newton’s Impact on Science Few theories have affected sci-
ence and civilization as much as Newton’s theory of gravity. The suc-
cesses of Newton’s ideas ushered in the Age of Reason, or Century of 
Enlightenment. Newton demonstrated that by observation and rea-
son, people could uncover the workings of the physical universe. How 
profound it is that all the moons and planets and stars and galaxies 
have such a beautifully simple rule to govern them, namely,

F G
m1m2

d2

The formulation of the law of universal gravitation is one 
of the major reasons for the success in science that followed, for it 
provided hope that other phenomena of the world might also be 
described by equally simple and universal laws.

This hope nurtured the thinking of many scientists, artists, writers, 
and philosophers of the 1700s. One of these was the English philoso-
pher John Locke, who argued that observation and reason, as demon-
strated by Newton, should be our best judge and guide in all things. 
Locke urged that all of nature and even society should be searched to 
discover any “natural laws” that might exist. Using Newtonian phys-
ics as a model of reason, Locke and his followers modeled a system of 
government that found adherents in the 13 British colonies across the 
Atlantic. These ideas culminated in the Declaration of Independence 
and the Constitution of the United States of America.

CONCEPT
CHECK ...

... How did the formulation of the law of universal 
gravitation affect science?

Your author wonders 
about readers of this 
book who will continue 
in their study of physics 
and help to decipher the 
nature of dark matter, 
dark energy, and other 
wonders of the universe 
yet to be discovered.

Astronomer 
Astronomers study the physics of nature’s extremes—
from the coldness of empty space to the fiery 
hotness of exploding stars, and from tiny elementary 
particles of matter to the vastness of the universe 
itself. Astronomers work mainly for university and 
government observatories. Whereas most of the 
efforts of early astron omers were in cataloging objects 
in the sky, astron omers today employ much physics 
as they study the history of the universe from the Big 
Bang to the present and seek to understand black 
holes, “dark matter” and “dark energy.” It can truly be 
said that astronomers are far-out people.

Physics on the Job
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� Teaching Tip   The first great 
discovery of this 21st century was 
confirming that other stars have 
planets—lots of them. In 2007 
European astronomers discovered 
a planet in the habitable zone 
of Gliese 581, a red dwarf in the 
constellation Libra. Science types 
all over the world are thrilled. 
More and more we come to feel 
we are not alone in the universe. 
Ask your class if they think 
humans will visit another star 
system someday. Most will likely 
say yes. But further investigation 
damps this initial yes. How near is 
the closest star? How long would 
humans be prepared to travel? 
How big will the spaceship 
have to be? How much energy 
would be involved? How will 
time aboard be passed? There’s 
got to be at least a table tennis 
table! And then some! Whatever 
happens should be fascinating to 
those who follow in time.

 The formulation of 
the law of universal 

gravitation provided hope that 
other phenomena of the world 
might also be described by 
equally simple and universal laws.
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