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The German-born Dutchman Hans Lipperhey 
(d. 1619) often gets credit for inventing the 
telescope. Lipperhey was a spectacle-maker, 

or optician, in the Dutch town of Middelburg. Spectacles, 
or eyeglasses, had been developed in Italy in the late 
thirteenth century. Over the years, lens technology 
improved. By Lipperhey’s day, Middelburg was a real 
center of the craft. (Since lenses are made of essentially 
the same stuff—sand—as semiconductor chips, you might 
call the Middelburg area a very early Silicon Valley.) 

As technology improved, lenses could do more than just 
correct nearsightedness or farsightedness. At some point 
Lipperhey, and no doubt others, stumbled on the idea 
of combinations of lenses that would let people see 
objects a considerable distance away. Lipperhey applied 
for a patent for his telescope. But the authorities denied 
him, essentially on the grounds that it wasn’t unique; too 
many others had the same idea. His patent application 
does go down in history, though, as the earliest record 
of an existing telescope.

People soon discovered they could use a telescope to get 
a close-up view of the local weathervane, or even read 
inscriptions off the tombstones in the village cemetery. 
The early telescopes were really just toys, albeit rather 
expensive ones.

Which do you think is more 
important for real scientifi c 
progress —curiosity and 
imagination, or up-to-date 
scientifi c tools?

• Galileo and the telescope
• Newton’s laws of motion 

and gravity
• Einstein and relativity
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•  geocentric
•  inertia
•  accelerate
•  principle of equivalence
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The idea of “the perfection of the 
heavens” goes back to the ancient 
Greeks. But in the thirteenth century, 
an Italian philosopher and monk 
named St. Thomas Aquinas 
incorporated the Ptolemaic model 
into Christian theology.

Galileo and the Telescope
Galileo did not invent the telescope. But he was the fi rst person 
to use a telescope to study the sky. His observations informed the 
debate between the heliocentric and geocentric—Earth-centered—
theories of the universe. Some people found the whole topic so 
upsetting, though, that they refused to look through a telescope 
at the stars!

The Signifi cance of Galileo’s Observations 
of Imperfections in the Sun and Moon 

With his telescope, which Galileo built himself in 1609 after hearing 
about telescopes people were constructing in the Netherlands, 
he made many different kinds of observations:

• He saw mountains and valleys on the Moon

• He saw many more stars than can be observed with the naked eye

• He saw four moons of Jupiter

• He saw that Venus goes through phases like the Moon.

The fi rst two of these didn’t settle the question of Ptolemy vs. Copernicus. 
But they were unsettling to those who believed in the idea of the “perfection 
of the heavens.” Galileo found the Moon full of features such as mountains 
and craters that seemed all too Earthlike. 
The (relatively) dark spots he saw on the Sun’s 
surface looked like facial blemishes. And what 
about all those stars? The Bible records God 
creating the stars “to give light upon the earth.” 
Did that mean stars too faint to be seen on 
Earth were failing in their divine mission? 
Or was something else altogether going on? 
No wonder some people didn’t want to look 
through the telescope. 
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34 CHAPTER 1 The History of Astronomy

How Galileo’s Observation of Jupiter’s 
Four Moons Challenged Ptolemy’s View

In January 1610 Galileo noticed three faint 
“stars” near Jupiter. He kept watching them, 
and eventually he saw there were four 
of them. And they weren’t stars either, 
but satellites, or moons. He concluded that 
they revolved around Jupiter as the planets 
revolve around the Sun, according to the 
heliocentric model.

These four moons—Io, Europa, Ganymede, 
and Callisto, known as the Galilean moons—
never appear north or south of Jupiter. That 
suggested to Galileo that their orbital plane 
aligned with that of Earth (Figure 3.1). 

Ptolemy believed that everything revolved 
around the Earth. Galileo’s observation of 
the four moons orbiting Jupiter suggested 
otherwise. Indeed, Jupiter and its moons were 
like a miniature solar system. That Jupiter 
could revolve around the Sun without losing 
its moons contradicted the theory that Earth 
must be stationary or it would lose its Moon. 

Galileo’s Observations of the Phases of Venus 

The discovery of Jupiter’s moons was important to Galileo’s understanding of the 
Solar System. But what really convinced him that the Sun was at its center was 
his discovery of a complete set of phases for the planet Venus (Figure 3.2).

Seen with the naked eye, Venus is a bright dot of light. When viewed through 
a telescope, its phases are like those of Earth’s Moon: full, gibbous, and crescent. 
Its full phase occurs when its entire sunlit hemisphere is visible. Its gibbous phase 
reveals more than half of the planet’s sunlit hemisphere. In its crescent phase, 
less than half is visible.

In addition, Galileo noted that Venus seems to change size. A nearly full Venus 
is possible when Venus is on the far side of the Sun from Earth. A crescent Venus 
occurs when Venus on the near side. The arc of Venus’s crescent is much larger 
than the full Venus, showing that it is signifi cantly closer to Earth at that time. 
This is an important clue supporting the Sun-centered model, in which Venus 
orbits the Sun rather than Earth.

Europa

Ganymede

Io

Callisto

(a)

(b)
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Galileo 

Galileo Galilei was born in Pisa, Italy, 
in 1564—the year Shakespeare was 
born and Michelangelo died. The 
Galilei family had been wealthy and 
infl uential in the previous century, 
but Galileo grew up under more 
modest circumstances, the eldest of 
seven children of an accomplished 
musician.

He entered medical school at 17 
but then took up mathematics and 
eventually astronomy. (In fact, in his 
day medical students had to study 
some astronomy for use in medical 
astrology.) He knew the Ptolemaic 
model. But then a book by Kepler 
convinced him of the rightness of the 
Copernican theory.

He kept quiet about his new convictions for many years, however. Then in 1613, 
after several years of observations with his telescope, he published his Letters on 
Sunspots. In this work he voiced his support for the heliocentric model. He stirred 
a great controversy—the more so since he published his work in his native Italian, 
rather than Latin, the language of most scientifi c writings.

In 1616 the Roman Catholic Church declared the Copernican doctrine “false 
and absurd” and barred Galileo from defending it. And it wasn’t just the Catholic 
Church that attacked these new ideas. Protestant leaders Martin Luther and John 
Calvin did as well.

In 1633 an Inquisition court (a court established by the pope to denounce beliefs 
that confl icted with church doctrine) sentenced Galileo to house arrest for life. 
The court forced Galileo to abandon publicly “the false opinion” that the Sun is 
at the center of the universe. This meant he avoided the fate of Giordano Bruno, 
who had held the same view and had been burned at the stake 33 years before.

In 1992 Pope John Paul II formally acknowledged that condemning Galileo had 
been a mistake. 

Similar things happen in societies and cultures around the world. It takes courage 
to defend one’s ideas and be open to the possibility that you are wrong.

GGaGallile

G lil
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(a) (b) (c)

VENUS

EARTH

SUN

A

B

C

(a) (b)

A

B

C

Ptolemy’s theory would have Venus circling Earth. If that were the case, however, 
earthlings would never see more of Venus than a crescent (Figure 3.3). Venus would 
stay close to Earth, but its bright side would be the one turned to the Sun. Little 
of it would be visible from Earth (Figure 3.4). 
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LESSON 3 ■ The Enlightenment and Modern Astronomy 37

Newton’s Laws of Motion and Gravity
Galileo’s observations created a problem: There seemed to be no logic supporting 
Kepler’s laws—they just worked. Building on the ideas of Galileo, Kepler, and 
others, Sir Issac Newton (1643–1727) was the fi rst to create a unifi ed model of 
how the universe operates. Newton summed up his conclusions about force and 
motion in his laws of motion and gravity.

It is diffi cult to exaggerate the importance 
of Newton’s contribution to humanity’s 
understanding of the universe. Without it, 
the modern science of astronomy and the 
exploration of space could not exist. And 
Newton set the stage for Einstein, who 
vastly deepened scientists’ understanding 
of gravity, light, and matter. 
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Newton understood the debt he 
owed to the scientists who went 
before him. “If I have seen further,” 
he wrote to a rival, “it is by standing 
on the shoulders of giants.”
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Newton’s Three Laws of Motion 

If you talk about “inertia” in your daily life, you may use it to refer to that quality 
that makes it hard to get up off the couch on a Saturday afternoon. But in science, 
inertia has a more specifi c meaning: the tendency of an object to resist a change in 
its motion.

Newton stated that—in the absence of a force—an object at rest tends to stay 
at rest, and an object in motion tends to continue moving in a straight line at 
the same speed. A stationary object starts to move only when something makes 
it move. A moving object changes direction or stops only because something 
causes it to do so. 

These concepts are summarized 
in Newton’s fi rst law of motion, 
sometimes stated this way: 
A body in motion tends to stay 
in motion, and a body at rest 
tends to stay at rest. This law 
is a basic observation. It cannot 
be directly proven or derived. 
But it is a powerful tool 
emphasizing cause and effect. 
It says that a force is needed 
to accelerate—that is, to 
change the speed and/or the 
direction of the motion of—
an object. 

Newton’s second law builds 
on his fi rst. It tells us how 
much force is necessary to 
produce a certain acceleration 
of an object: The acceleration 
of an object is proportional 
to the force exerted on it.

Look at the accompanying 
fi gures of bricks on wheels 
for some specifi c discussion 
on how force accelerates 
them (Figures 3.5 and 3.6). 
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LESSON 3 ■ The Enlightenment and Modern Astronomy 39

As a formula, Newton’s second law can be written in two ways: 

Force � mass � acceleration or F � ma

Or

Acceleration � Force � mass or a � F/m

It can be put into words like this: A net external force applied to an object causes 
it to accelerate at a rate that is proportional to the force and inversely proportional 
to its mass.

The Law of Action and Reaction 

“For every action there is an equal and opposite reaction.” This is a simple 
statement of Newton’s third law of motion. 

It’s a simple idea, but its implications are profound. Forces always occur in pairs. 
It is impossible to have a single, isolated force. When you sit down on a chair, the 
chair pushes back upward to you. You can call one force the action force and the 
other the reaction force. It doesn’t matter which “comes fi rst.” Neither can exist 
without the other.

The Law of Gravity

You will see the importance to astronomy of Newton’s three laws of motion when 
you combine them with another of his accomplishments: the law of universal 
gravitation. It’s also known simply as “the law of gravity.”

(a)

(b)

(c)
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Here’s a formal statement of it: 

Between every two objects there is an attractive force, the magnitude of which 
is directly proportional to the mass of each object and inversely proportional 
to the square of the distance between the objects’ centers of mass. 

Every object in the universe attracts every other one, Newton held. The greater the 
mass of an object, the greater the attractive force it exerts on other objects. Thus 
the Earth exerts a force on you—a force called weight—that keeps you from fl oating 
off into outer space. Nearer objects exert more pull than distant objects.

Newton observed that here on Earth the force of gravity made objects fall to the 
ground. He concluded that gravity also held the Moon in orbit around the Earth, 
and the planets in their orbits around the Sun. It’s hard to underestimate the 
importance of the inverse square part of the law. It explains much—why planets 
travel at different speeds; why objects accelerate when falling; why Moon-Earth 
tides are greater than Sun-Earth tides, even though the Sun is thousands of times 
more massive than the Moon. It also greatly affects the course of spacecraft. 

How Newton’s Laws Confi rmed Kepler’s

Working from the basis of his own laws of motion and gravitation, Newton was 
able to prove Kepler’s laws and expand on them. One of Newton’s major insights 
was that gravity worked the same way in the heavens as on Earth. That was the fi nal 
blow to Aristotle’s ideas of “celestial perfection.” That the laws of nature apply in a 
similar fashion throughout the universe is now a basic assumption of astrophysics.

Newton understood the Sun as the source of the force responsible for the motion 
of the planets. He used calculus to demonstrate Kepler’s law about the orbits of 
the planets being elliptical.

Mass and Weight 

You read a moment ago how inertia has a specifi c meaning in science. Mass
is another such word—familiar from everyday conversation, but with a specifi c 
scientifi c defi nition. An object’s mass is the measure of its inertia and is the same 
wherever the object is located in the universe. But mass is not volume (a brick 
made of clay and a brick made of plastic foam may have the same volume, 
but they won’t have the same mass). And it’s not weight either. Weight relates 
to gravity. An object’s weight depends on where it is in the universe. The weight 
of a brick is the downward force on the brick from Earth’s gravity. 

MaMass
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Newton shows that Kepler’s second law 
results from the fact that the gravitational force 
acting on an object orbiting the Sun (or other 
stationary body) always points toward the Sun. 
As a planet moves closer to the Sun, the planet 
speeds up. That’s because the Sun pulls forward 
as well as sideways on the planet. And as the 
planet moves away from the Sun, the Sun’s 
gravity pulls backward and sideways. The planet 
slows down. The sideways pull keeps the planet 
in orbit around the Sun. 

Finally, Newton used his laws of motion and gravity to modify Kepler’s third law. 
It can be applied to any two objects orbiting each other as a result of their mutual 
gravitational attraction. 

Einstein and Relativity 
Newton’s work was grounded in the world of everyday observation. As scientists 
began to study the universe deeper and deeper in the late nineteenth and earlier 
twentieth centuries, they began to fi nd situations in which Newton’s laws didn’t 
apply. This was especially true at high speeds (such as the speed of light) and 
in places where gravity is extremely strong. This led Einstein to develop his 
two theories of relativity.

The Principle of Equivalence and the General Theory of Relativity 

Mass, as you read earlier, is the measure of an object’s inertia. Newton proposed 
that mass also determines the strength of gravitational pull. Why should the 
same quantity be the measure of two seemingly different physical properties? 
Experiments have shown that these two properties—inertia and gravitational pull—
are identical to at least one part in a trillion.

This seems like a coincidence, and scientists don’t like coincidences. An attempt 
to explain this apparent coincidence is what led Albert Einstein to develop his 
general theory of relativity more than two centuries after Newton stated his law 
of gravity.

Einstein’s theory begins by stating that gravity and acceleration are equivalent to 
each other. The principle of equivalence is the statement that effects of acceleration 
are indistinguishable from gravitational effects. 
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Newton, born the same year Galileo 
died, did much of his most important 
work between 1665 and 1666. The 
bubonic plague had struck London, and 
Newton, a young professor just starting 
his career, fl ed to his mother’s house 
in the countryside. His resulting isolation 
led to two of the most productive years 
in the history of science.
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For example: Imagine a woman standing somewhere on Earth—in her backyard, 
say—and dropping a book. The book will land on the ground. Now imagine her 
on an accelerating spaceship far from Earth’s gravity. If she drops her book again, 
it will fall to the fl oor. She won’t be able to tell the difference between the “falling” 
caused by the ship’s acceleration and the “falling” caused by gravity. (Note that 
this is an accelerating spaceship, not one in which astronauts are experiencing 
weightlessness.) This theory changes the way we look at gravity.

Newton’s idea of gravity was that interacting objects act at a distance. One object 
infl uences the other across the empty space between them. Einstein proposed 
instead thinking of space as being curved by a mass so that objects move because 
of the curvature.

The idea of curvature of space makes you think in terms of more than three 
dimensions. And the way to start to get your head around this idea is to think 
about how you would make the transition from two dimensions to three.

In this world you need three dimensions to describe the 
position of something. You may think of them as north-
south, east-west, and up-down. To get from, say, the library 
where you are studying this book to your bed at home, 
you may go half a mile north, a quarter mile east, and then 
20 feet up from the sidewalk to the second fl oor. So far, 
so good. 

Now imagine some tiny two-dimensional creatures on a large, expanding balloon. 
They have no height. Their world is two-dimensional. They understand north-south 
and east-west. But up-down is a blank. Yes, the balloon is really more than two-
dimensional. But if it’s large enough, the tiny creatures would be hard pressed to 
see the balloon’s curvature. If one of them glimpsed the idea of a third dimension, 
it would be diffi cult to explain to the others. A third dimension is not part of their 
world. It would take a great stretch of the imagination.

That stretch is the one you need to make to understand the curvature of space. 
One way to do this is to picture the space near the Sun as being warped as the 
surface of a waterbed is warped by a bowling ball placed at its center (Figure 3.7).

Einstein’s great insight was that matter (the bowling ball, in this case) tells space 
(the waterbed’s surface) how to curve. The space curvature (or warping) tells 
other matter (say, a small ball moving across the waterbed’s surface) how to move. 
All this adds up to the general theory of relativity. 
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This illustration of multiple 
dimensions in space is borrowed 
from Flatland, a book written 
by Edwin A. Abbott in 1884. 
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How Testing the Bending of Light Supported Einstein’s View of Gravity 

The general theory of relativity holds that if an object has enough mass, it can 
defl ect, or bend, a beam of light away from its original straight path. The illustration 
with the bowling ball on the waterbed suggests as much. Einstein predicted this 
gravitational bending of light in 1915. Observations astronomers made during 
a solar eclipse in 1919 confi rmed his prediction.

Newton’s theory included no prediction of a gravitational effect on light, since light 
has no mass, and in everyday life, you cannot see light bend. It takes a very massive 
object to bend light with gravity in an amount you can detect. Newton’s theory 
had never been checked in such a case.

(a)

"Warped" waterbed

Bowling ball

(b)

Curved space Path of 
light beam

Path of 
small ball
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Figure 3.8 illustrates the bending of light during a solar eclipse. Part (a) of the 
fi gure shows the stars as they normally appear. During the eclipse, shown in part 
(b), light from the two stars bends as it passes the Sun en route to Earth. This 
makes the stars appear farther apart, as shown in part (c). The light is bent only 
very slightly—1.75 arcseconds, a tiny fraction of a single degree of a circle. But the 
bending was observable during the 1919 eclipse. Observations matched Einstein’s 
theory, and they provided the fi rst experimental support for the general theory of 
relativity. They showed that Einstein’s theory, which predicted the effects of gravity 
on light, was more correct than Newton’s, which did not. 

How the Constant Speed of Light Proves the Special Theory of Relativity 

About 10 years before he developed the general theory of relativity, Einstein 
proposed the special theory of relativity. It’s based on two postulates, or premises:

• All laws of physics are the same for all nonaccelerating observers, no matter what 
their speed. This is another way of saying that the rules of nature are the same 
everywhere in the universe. There is no celestial perfection in contrast with 
blemished Earth, as the ancient Greeks supposed. Newton understood this, 
and Einstein built on it. The fi rst postulate shows that no place in the universe 
is stationary, or “at rest.” Everything is in motion relative to everything else. 
You seem to be standing or sitting still. But you aren’t—the Earth on which 
you stand or sit is revolving and orbiting the Sun. The Sun is moving towards 
the star Vega. The Milky Way Galaxy you live in is rotating and moving 
through space. Regardless of where you are or how fast you are moving 
(at a constant speed), however, the laws of physics do not change.

The two stars during
a solar eclipse

Apparent position of the lower star

SUN
Moon

Earth

Eclipsed Sun
(a) (c)

(b)
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• The speed of light is the same for all nonaccelerating observers, no matter what 
their motion relative to the source of the light. This prediction is so far from 
anything that can be observed in everyday life that it’s hard to make sense 
of. (Remember the tiny creatures on the balloon, with no sense of “up” or 
“down.”) You know from experience that when you catch a baseball, you see it 
coming at you faster if you move toward it than if you stand still. But Einstein’s 
postulate says that light travels differently. It always travels at the same speed 
regardless of the observer’s speed.

Albert Einstein 

Albert Einstein (1879–1955) can be 
an inspiration to anyone who doesn’t fi t in 
well in school. Born in southern Germany, 
he found school intimidating and boring. 
He dropped out before fi nishing high 
school. He studied on his own, though. 
His studies of geometry and science 
convinced him that the Bible is not 
literally true. That came as a shock and 
left him with a deep distrust of authority 
of any kind.

On his second try, Einstein got into the 
Swiss Federal Institute of Technology 
in Zurich. He earned a Ph. D. in 1900, 
but then it took him a couple of years 
to get a steady job—as a patent examiner 
in the Swiss Patent Offi ce.

Like Newton, Einstein did his most revolutionary work during a short period in his 
early 20s. In 1905 Einstein published four signifi cant papers in an important German 
physics journal. He may be best known for his special theory of relativity. But he won 
the Nobel Prize for his work on the photoelectric effect of light. Scientists recognized 
his genius, but not until 1909 did he gain a full-time academic position at the 
University of Zurich.

Einstein’s theories were slow to gain acceptance because they were so hard to 
confi rm with experiments. But in 1919 the Royal Society of London announced 
that it had verifi ed his prediction of the bending of starlight during an eclipse. 
After that, he was hailed as a genius. And his scientifi c fame gave him infl uence 
in world affairs. He happened to be visiting California when Hitler came to power 
in Germany. Einstein renounced his German citizenship and never returned to 
his home country. 
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Scientists now consider the constancy of the speed of light a law of nature. 
Technological advances since Einstein’s time have allowed scientists to confi rm 
the second postulate repeatedly. He showed that Newton’s laws of motion became 
more and more inaccurate as speed increases.

Einstein made some predictions about objects moving at very high speeds; for 
example, the observed passage of time becomes slower. These predictions are hard 
to confi rm with experiments. But every time the theory has been put to the test, 
it has passed. 

The special theory of relativity concludes that mass (m) can be transformed into 
energy (E) and vice versa. This conversion is expressed mathematically by the 
formula E � mc2. 

The fi rst explosion of a nuclear bomb confi rmed this equation in 1945. The energy 
of these bombs comes from the conversion of mass to energy. The electricity that 
comes from nuclear power plants is a more peaceful expression of this conversion 
of mass to energy. 

Most people tend to view the world in terms of Newton’s theories. His laws still 
have great practical value. At the speeds scientists can currently achieve, space 
navigation is still largely based on Newton’s work.

For scientists studying the universe, however, Einstein’s theories have replaced 
Newton’s. Scientists’ much greater understanding of the universe would not have 
been possible without Einstein. Yet someday another thinker may come along 
and—using data not available in Einstein’s day—develop new theories that will 
replace Einstein’s and more accurately describe the universe.

186,000 mi/sec

5000 mi/sec

EARTH

I measure
186,000 mi/sec

Yep,
186,000 mi/sec

It’s moving at
186,000 mi/sec 93,000

mi/sec
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Lesson 3 Review 
Using complete sentences, answer the following questions on a sheet of paper.

 1. What four different observations did Galileo make with his telescope?

 2. How did Galileo’s observation of Jupiter’s moons challenge Ptolemy?

 3. If Ptolemy were right about Venus, how would it appear to earthlings?

 4. How does Newton’s second law build on his fi rst?

 5. What is Newton’s third law of motion?

 6. What is a formal statement of the law of gravity?

 7. How did Newton understand the Sun with regard to the planets?

 8. What is the principle of equivalence?

 9. What did the solar eclipse of 1919 have to do with the general theory 
of relativity?

 10. How was the equation E � mc2 confi rmed in 1945?

✔ CHECK POINTSCCCCCCCCCCCCCCCHHHHHHHHHHHHHEEEEEEEEEEEEEEECCCCCCCCCCCCCCCKKKKKKKKKKKKKKK PPPPPPPPPPPPPPPOOOOOOOOOOOOOOOIIIIIIIIIIINNNNNNNNNNNNNTTTTTTTTTTTTTTTSSSSSSSSSSSSSSSCCCCCCCCCCCCCCCHHHHHHHHHHHHHHHEEEEEEEEEEEEEEECCCCCCCCCCCCCCCKKKKKKKKKKKKKKK PPPPPPPPPPPPPPPOOOOOOOOOOOOOOOIIIIIIIIIIIIIIINNNNNNNNNNNNNNNTTTTTTTTTTTTTTTSSSSSSSSSSSSSSSCCCCCCCCCCCCCCCHHHHHHHHHHHHHEEEEEEEEEEEEECCCCCCCCCCCCCCCKKKKKKKKKKKKKKK PPPPPPPPPPPPPPPOOOOOOOOOOOOOOOIIIIINNNNNNNNNNNNNTTTTTTTTTTTSSSSSSSCCCCCCCCCCCCCCHHHHHHHHHHHEEEEEEEEEEEEECCCCCCCCCCCCCKKKKKKKKKK PPPPPPPPPPPPPPOOOOOOOOOOOIIIIINNNNNNNNNNNNTTTTTTTTTTTSSSSSSSSSSCCCCCCCCCCCCCHHHHHHHHHHHHHHHEEEEEEEEEEEEEEECCCCCCCCCCCCCKKKKKKKKKKKK PPPPPPPPPPPPPPPOOOOOOOOOOOOOOOIIIIINNNNNNNNNNNNNTTTTTTTTTTTTSSSSSSSSSSSS

 11. Suppose for a minute that someone had developed the general theory 
of relativity in 1800. Why might scientists of the time have rejected it?
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