
For more on astrology and science from an astronomer’s point of view, read this article
(https://openstax.org/l/30astrosociety) that shines light on the topic through an accessible Q&A.

2.4 The Birth of Modern Astronomy

Learning Objectives
By the end of this section, you will be able to:

Explain how Copernicus developed the heliocentric model of the solar system
Explain the Copernican model of planetary motion and describe evidence or arguments in favor of it
Describe Galileo’s discoveries concerning the study of motion and forces
Explain how Galileo’s discoveries tilted the balance of evidence in favor of the Copernican model

Astronomy made no major advances in strife-torn medieval Europe. The birth and expansion of Islam after the
seventh century led to a flowering of Arabic and Jewish cultures that preserved, translated, and added to many
of the astronomical ideas of the Greeks. Many of the names of the brightest stars, for example, are today
taken from the Arabic, as are such astronomical terms as “zenith.”

As European culture began to emerge from its long, dark age, trading with Arab countries led to a rediscovery
of ancient texts such as Almagest and to a reawakening of interest in astronomical questions. This time of
rebirth (in French, “renaissance”) in astronomy was embodied in the work of Copernicus (Figure 2.16).

Figure 2.16 Nicolaus Copernicus (1473–1543). Copernicus was a cleric and scientist who played a leading role in the emergence of
modern science. Although he could not prove that Earth revolves about the Sun, he presented such compelling arguments for this
idea that he turned the tide of cosmological thought and laid the foundations upon which Galileo and Kepler so effectively built in
the following century.

Copernicus

One of the most important events of the Renaissance was the displacement of Earth from the center of the
universe, an intellectual revolution initiated by a Polish cleric in the sixteenth century. Nicolaus Copernicus was
born in Torun, a mercantile town along the Vistula River. His training was in law and medicine, but his main
interests were astronomy and mathematics. His great contribution to science was a critical reappraisal of the
existing theories of planetary motion and the development of a new Sun-centered, or heliocentric, model of
the solar system. Copernicus concluded that Earth is a planet and that all the planets circle the Sun. Only the
Moon orbits Earth (Figure 2.17).
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Figure 2.17 Copernicus’ System. Copernicus developed a heliocentric plan of the solar system. This system was published in the
first edition of De Revolutionibus Orbium Coelestium. Notice the word Sol for “Sun” in the middle. (credit: Nicolai Copernici)

Copernicus described his ideas in detail in his book De Revolutionibus Orbium Coelestium (On the Revolution
of Celestial Orbs), published in 1543, the year of his death. By this time, the old Ptolemaic system needed
significant adjustments to predict the positions of the planets correctly. Copernicus wanted to develop an
improved theory from which to calculate planetary positions, but in doing so, he was himself not free of all
traditional prejudices.

He began with several assumptions that were common in his time, such as the idea that the motions of the
heavenly bodies must be made up of combinations of uniform circular motions. But he did not assume (as
most people did) that Earth had to be in the center of the universe, and he presented a defense of the
heliocentric system that was elegant and persuasive. His ideas, although not widely accepted until more than a
century after his death, were much discussed among scholars and, ultimately, had a profound influence on the
course of world history.

One of the objections raised to the heliocentric theory was that if Earth were moving, we would all sense or
feel this motion. Solid objects would be ripped from the surface, a ball dropped from a great height would not
strike the ground directly below it, and so forth. But a moving person is not necessarily aware of that motion.
We have all experienced seeing an adjacent train, bus, or ship appear to move, only to discover that it is we
who are moving.

Copernicus argued that the apparent motion of the Sun about Earth during the course of a year could be
represented equally well by a motion of Earth about the Sun. He also reasoned that the apparent rotation of
the celestial sphere could be explained by assuming that Earth rotates while the celestial sphere is stationary.
To the objection that if Earth rotated about an axis it would fly into pieces, Copernicus answered that if such
motion would tear Earth apart, the still faster motion of the much larger celestial sphere required by the
geocentric hypothesis would be even more devastating.

The Heliocentric Model

The most important idea in Copernicus’ De Revolutionibus is that Earth is one of six (then-known) planets that
revolve about the Sun. Using this concept, he was able to work out the correct general picture of the solar
system. He placed the planets, starting nearest the Sun, in the correct order: Mercury, Venus, Earth, Mars,
Jupiter, and Saturn. Further, he deduced that the nearer a planet is to the Sun, the greater its orbital speed.
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With his theory, he was able to explain the complex retrograde motions of the planets without epicycles and to
work out a roughly correct scale for the solar system.

Copernicus could not prove that Earth revolves about the Sun. In fact, with some adjustments, the old
Ptolemaic system could have accounted, as well, for the motions of the planets in the sky. But Copernicus
pointed out that the Ptolemaic cosmology was clumsy and lacking the beauty and symmetry of its successor.

In Copernicus’ time, in fact, few people thought there were ways to prove whether the heliocentric or the older
geocentric system was correct. A long philosophical tradition, going back to the Greeks and defended by the
Catholic Church, held that pure human thought combined with divine revelation represented the path to truth.
Nature, as revealed by our senses, was suspect. For example, Aristotle had reasoned that heavier objects
(having more of the quality that made them heavy) must fall to Earth faster than lighter ones. This is
absolutely incorrect, as any simple experiment dropping two balls of different weights shows. However, in
Copernicus’ day, experiments did not carry much weight (if you will pardon the expression); Aristotle’s
reasoning was more convincing.

In this environment, there was little motivation to carry out observations or experiments to distinguish
between competing cosmological theories (or anything else). It should not surprise us, therefore, that the
heliocentric idea was debated for more than half a century without any tests being applied to determine its
validity. (In fact, in the North American colonies, the older geocentric system was still taught at Harvard
University in the first years after it was founded in 1636.)

Contrast this with the situation today, when scientists rush to test each new hypothesis and do not accept any
ideas until the results are in. For example, when two researchers at the University of Utah announced in 1989
that they had discovered a way to achieve nuclear fusion (the process that powers the stars) at room
temperature, other scientists at more than 25 laboratories around the United States attempted to duplicate
“cold fusion” within a few weeks—without success, as it turned out. The cold fusion theory soon went down in
flames.

How would we look at Copernicus’ model today? When a new hypothesis or theory is proposed in science, it
must first be checked for consistency with what is already known. Copernicus’ heliocentric idea passes this
test, for it allows planetary positions to be calculated at least as well as does the geocentric theory. The next
step is to determine which predictions the new hypothesis makes that differ from those of competing ideas. In
the case of Copernicus, one example is the prediction that, if Venus circles the Sun, the planet should go
through the full range of phases just as the Moon does, whereas if it circles Earth, it should not (Figure 2.18).
Also, we should not be able to see the full phase of Venus from Earth because the Sun would then be between
Venus and Earth. But in those days, before the telescope, no one imagined testing these predictions.
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Figure 2.18 Phases of Venus. As Venus moves around the Sun, we see changing illumination of its surface, just as we see the face of
the Moon illuminated differently in the course of a month.

This animation (https://openstax.org/l/30venusphases) shows the phases of Venus. You can also see its
distance from Earth as it orbits the Sun.

Galileo and the Beginning of Modern Science

Many of the modern scientific concepts of observation, experimentation, and the testing of hypotheses
through careful quantitative measurements were pioneered by a man who lived nearly a century after
Copernicus. Galileo Galilei (Figure 2.19), a contemporary of Shakespeare, was born in Pisa. Like Copernicus, he
began training for a medical career, but he had little interest in the subject and later switched to mathematics.
He held faculty positions at the University of Pisa and the University of Padua, and eventually became
mathematician to the Grand Duke of Tuscany in Florence.

Figure 2.19 Galileo Galilei (1564–1642). Galileo advocated that we perform experiments or make observations to ask nature its
ways. When Galileo turned the telescope to the sky, he found things were not the way philosophers had supposed.
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Galileo’s greatest contributions were in the field of mechanics, the study of motion and the actions of forces
on bodies. It was familiar to all persons then, as it is to us now, that if something is at rest, it tends to remain at
rest and requires some outside influence to start it in motion. Rest was thus generally regarded as the natural
state of matter. Galileo showed, however, that rest is no more natural than motion.

If an object is slid along a rough horizontal floor, it soon comes to rest because friction between it and the
floor acts as a retarding force. However, if the floor and the object are both highly polished, the object, given
the same initial speed, will slide farther before stopping. On a smooth layer of ice, it will slide farther still.
Galileo reasoned that if all resisting effects could be removed, the object would continue in a steady state of
motion indefinitely. He argued that a force is required not only to start an object moving from rest but also to
slow down, stop, speed up, or change the direction of a moving object. You will appreciate this if you have ever
tried to stop a rolling car by leaning against it, or a moving boat by tugging on a line.

Galileo also studied the way objects accelerate—change their speed or direction of motion. Galileo watched
objects as they fell freely or rolled down a ramp. He found that such objects accelerate uniformly; that is, in
equal intervals of time they gain equal increments in speed. Galileo formulated these newly found laws in
precise mathematical terms that enabled future experimenters to predict how far and how fast objects would
move in various lengths of time.

In theory, if Galileo is right, a feather and a hammer, dropped at the same time from a height, should land
at the same moment. On Earth, this experiment is not possible because air resistance and air movements
make the feather flutter, instead of falling straight down, accelerated only by the force of gravity. For
generations, physics teachers had said that the place to try this experiment is somewhere where there is no
air, such as the Moon. In 1971, Apollo 15 astronaut David Scott took a hammer and feather to the Moon and
tried it, to the delight of physics nerds everywhere. NASA provides the video of the hammer and feather
(https://openstax.org/l/30HamVsFeath) as well as a brief explanation.

Sometime in the 1590s, Galileo adopted the Copernican hypothesis of a heliocentric solar system. In Roman
Catholic Italy, this was not a popular philosophy, for Church authorities still upheld the ideas of Aristotle and
Ptolemy, and they had powerful political and economic reasons for insisting that Earth was the center of
creation. Galileo not only challenged this thinking but also had the audacity to write in Italian rather than
scholarly Latin, and to lecture publicly on those topics. For him, there was no contradiction between the
authority of the Church in matters of religion and morality, and the authority of nature (revealed by
experiments) in matters of science. It was primarily because of Galileo and his “dangerous” opinions that, in
1616, the Church issued a prohibition decree stating that the Copernican doctrine was “false and absurd” and
not to be held or defended.

Galileo’s Astronomical Observations

It is not certain who first conceived of the idea of combining two or more pieces of glass to produce an
instrument that enlarged images of distant objects, making them appear nearer. The first such “spyglasses”
(now called telescopes) that attracted much notice were made in 1608 by the Dutch spectacle maker Hans
Lippershey (1570–1619). Galileo heard of the discovery and, without ever having seen an assembled telescope,
constructed one of his own with a three-power magnification (3×), which made distant objects appear three
times nearer and larger (Figure 2.20).
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Figure 2.20 Telescope Used by Galileo. The telescope has a wooden tube covered with paper and a lens 26 millimeters across.

On August 25, 1609, Galileo demonstrated a telescope with a magnification of 9× to government officials of the
city-state of Venice. By a magnification of 9×, we mean the linear dimensions of the objects being viewed
appeared nine times larger or, alternatively, the objects appeared nine times closer than they really were.
There were obvious military advantages associated with a device for seeing distant objects. For his invention,
Galileo’s salary was nearly doubled, and he was granted lifetime tenure as a professor. (His university
colleagues were outraged, particularly because the invention was not even original.)

Others had used the telescope before Galileo to observe things on Earth. But in a flash of insight that changed
the history of astronomy, Galileo realized that he could turn the power of the telescope toward the heavens.
Before using his telescope for astronomical observations, Galileo had to devise a stable mount and improve
the optics. He increased the magnification to 30×. Galileo also needed to acquire confidence in the telescope.

At that time, human eyes were believed to be the final arbiter of truth about size, shape, and color. Lenses,
mirrors, and prisms were known to distort distant images by enlarging, reducing, or inverting them, or
spreading the light into a spectrum (rainbow of colors). Galileo undertook repeated experiments to convince
himself that what he saw through the telescope was identical to what he saw up close. Only then could he
begin to believe that the miraculous phenomena the telescope revealed in the heavens were real.

Beginning his astronomical work late in 1609, Galileo found that many stars too faint to be seen with the
unaided eye became visible with his telescope. In particular, he found that some nebulous blurs resolved into
many stars, and that the Milky Way—the strip of whiteness across the night sky—was also made up of a
multitude of individual stars.

Examining the planets, Galileo found four moons revolving about Jupiter in times ranging from just under 2
days to about 17 days. This discovery was particularly important because it showed that not everything has to
revolve around Earth. Furthermore, it demonstrated that there could be centers of motion that are themselves
in motion. Defenders of the geocentric view had argued that if Earth was in motion, then the Moon would be
left behind because it could hardly keep up with a rapidly moving planet. Yet, here were Jupiter’s moons doing
exactly that. (To recognize this discovery and honor his work, NASA named a spacecraft that explored the
Jupiter system Galileo.)

With his telescope, Galileo was able to carry out the test of the Copernican theory mentioned earlier, based on
the phases of Venus. Within a few months, he had found that Venus goes through phases like the Moon,
showing that it must revolve about the Sun, so that we see different parts of its daylight side at different times
(see Figure 2.18.) These observations could not be reconciled with Ptolemy’s model, in which Venus circled
about Earth. In Ptolemy’s model, Venus could also show phases, but they were the wrong phases in the wrong
order from what Galileo observed.

Galileo also observed the Moon and saw craters, mountain ranges, valleys, and flat, dark areas that he thought
might be water. These discoveries showed that the Moon might be not so dissimilar to Earth—suggesting that
Earth, too, could belong to the realm of celestial bodies.

For more information about the life and work of Galileo, see the Galileo Project (https://openstax.org/l/
30GalProj) at Rice University.
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After Galileo’s work, it became increasingly difficult to deny the Copernican view, and Earth was slowly
dethroned from its central position in the universe and given its rightful place as one of the planets attending
the Sun. Initially, however, Galileo met with a great deal of opposition. The Roman Catholic Church, still reeling
from the Protestant Reformation, was looking to assert its authority and chose to make an example of Galileo.
He had to appear before the Inquisition to answer charges that his work was heretical, and he was ultimately
condemned to house arrest. His books were on the Church’s forbidden list until 1836, although in countries
where the Roman Catholic Church held less sway, they were widely read and discussed. Not until 1992 did the
Catholic Church admit publicly that it had erred in the matter of censoring Galileo’s ideas.

The new ideas of Copernicus and Galileo began a revolution in our conception of the cosmos. It eventually
became evident that the universe is a vast place and that Earth’s role in it is relatively unimportant. The idea
that Earth moves around the Sun like the other planets raised the possibility that they might be worlds
themselves, perhaps even supporting life. As Earth was demoted from its position at the center of the
universe, so, too, was humanity. The universe, despite what we may wish, does not revolve around us.

Most of us take these things for granted today, but four centuries ago such concepts were frightening and
heretical for some, immensely stimulating for others. The pioneers of the Renaissance started the European
world along the path toward science and technology that we still tread today. For them, nature was rational
and ultimately knowable, and experiments and observations provided the means to reveal its secrets.

Observing the Planets

At most any time of the night, and at any season, you can spot one or more bright planets in the sky. All five
of the planets known to the ancients—Mercury, Venus, Mars, Jupiter, and Saturn—are more prominent than
any but the brightest stars, and they can be seen even from urban locations if you know where and when to
look. One way to tell planets from bright stars is that planets twinkle less.

Venus, which stays close to the Sun from our perspective, appears either as an “evening star” in the west
after sunset or as a “morning star” in the east before sunrise. It is the brightest object in the sky after the
Sun and Moon. It far outshines any real star, and under the most favorable circumstances, it can even cast a
visible shadow. Some young military recruits have tried to shoot Venus down as an approaching enemy
craft or UFO.

Mars, with its distinctive red color, can be nearly as bright as Venus is when close to Earth, but normally it
remains much less conspicuous. Jupiter is most often the second-brightest planet, approximately equaling
in brilliance the brightest stars. Saturn is dimmer, and it varies considerably in brightness, depending on
whether its large rings are seen nearly edge-on (faint) or more widely opened (bright).

Mercury is quite bright, but few people ever notice it because it never moves very far from the Sun (it’s
never more than 28° away in the sky) and is always seen against bright twilight skies.

True to their name, the planets “wander” against the background of the “fixed” stars. Although their
apparent motions are complex, they reflect an underlying order upon which the heliocentric model of the
solar system, as described in this chapter, was based. The positions of the planets are often listed in
newspapers (sometimes on the weather page), and clear maps and guides to their locations can be found
each month in such magazines as Sky & Telescope and Astronomy (available at most libraries and online).
There are also a number of computer programs and phone and tablet apps that allow you to display where
the planets are on any night.

SEEING FOR YOURSELF
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