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Figure 1.1 Night Sky. In this panoramic photograph of the night sky from the Atacama Desert in Chile, we can see
the central portion of the Milky Way Galaxy arcing upward in the center of the frame. On the left, the Large and Small
Magellanic Clouds (smaller galaxies that orbit the Milky Way Galaxy) are easily visible from the Southern
Hemisphere. (credit: modification of work by ESO/Y. Beletsky)
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Thinking Ahead
Much to your surprise, a member of the Flat Earth Society moves in next door. He believes that Earth is flat and all
the NASA images of a spherical Earth are either faked or simply show the round (but flat) disk of Earth from above.
How could you prove to your new neighbor that Earth really is a sphere? (When you’ve thought about this on your
own, you can check later in the chapter for some suggested answers.)

Today, few people really spend much time looking at the night sky. In ancient days, before electric lights robbed so
many people of the beauty of the sky, the stars and planets were an important aspect of everyone’s daily life. All the
records that we have—on paper and in stone—show that ancient civilizations around the world noticed, worshipped,
and tried to understand the lights in the sky and fit them into their own view of the world. These ancient observers
found both majestic regularity and never-ending surprise in the motions of the heavens. Through their careful study
of the planets, the Greeks and later the Romans laid the foundation of the science of astronomy.
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Learning Objectives
• Define the main features of the celestial sphere

• Explain the system astronomers use to describe the sky

• Describe how motions of the stars appear to us on Earth

• Describe how motions of the Sun, Moon, and planets appear to us on Earth

• Understand the modern meaning of the term constellation

Our senses suggest to us that Earth is the center of the universe—the hub around which the heavens turn. This
geocentric (Earth-centered) view was what almost everyone believed until the European Renaissance. After all, it is
simple, logical, and seemingly self-evident. Furthermore, the geocentric perspective reinforced those philosophical
and religious systems that taught the unique role of human beings as the central focus of the cosmos. However, the
geocentric view happens to be wrong. One of the great themes of our intellectual history is the overthrow of the
geocentric perspective. Let us, therefore, take a look at the steps by which we reevaluated the place of our world in
the cosmic order.

The Celestial Sphere
If you go on a camping trip or live far from city lights, your view of the sky on a clear night is pretty much identical
to that seen by people all over the world before the invention of the telescope. Gazing up, you get the impression that
the sky is a great hollow dome with you at the center (Figure 1.2), and all the stars are an equal distance from you
on the surface of the dome. The top of that dome, the point directly above your head, is called the zenith, and where
the dome meets Earth is called the horizon. From the sea or a flat prairie, it is easy to see the horizon as a circle
around you, but from most places where people live today, the horizon is at least partially hidden by mountains, trees,
buildings, or smog.

Figure 1.2 The Sky around Us. The horizon is where the sky meets the ground; an observer’s zenith is the point
directly overhead.
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you will see stars rising on the eastern horizon (just as the Sun and Moon do), moving across the dome of the sky
in the course of the night, and setting on the western horizon. Watching the sky turn like this night after night, you
might eventually get the idea that the dome of the sky is really part of a great sphere that is turning around you,
bringing different stars into view as it turns. The early Greeks regarded the sky as just such a celestial sphere (Figure
1.3). Some thought of it as an actual sphere of transparent crystalline material, with the stars embedded in it like tiny
jewels.

Figure 1.3 Circles on the Celestial Sphere. Here we show the (imaginary) celestial sphere around Earth, on which
objects are fixed, and which rotates around Earth on an axis. In reality, it is Earth that turns around this axis, creating
the illusion that the sky revolves around us. Note that Earth in this picture has been tilted so that your location is at
the top and the North Pole is where the N is. The apparent motion of celestial objects in the sky around the pole is
shown by the circular arrow.

Today, we know that it is not the celestial sphere that turns as night and day proceed, but rather the planet on which
we live. We can put an imaginary stick through Earth’s North and South Poles, representing our planet’s axis. It is
because Earth turns on this axis every 24 hours that we see the Sun, Moon, and stars rise and set with clockwork
regularity. Today, we know that these celestial objects are not really on a dome, but at greatly varying distances from
us in space. Nevertheless, it is sometimes still convenient to talk about the celestial dome or sphere to help us keep
track of objects in the sky. There is even a special theater, called a planetarium, in which we project a simulation of
the stars and planets onto a white dome.
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stars such as the Big Dipper has the same shape during the course of the night, although it turns with the sky. During
a single night, even objects we know to have significant motions of their own, such as the nearby planets, seem
fixed relative to the stars. Only meteors—brief “shooting stars” that flash into view for just a few seconds—move
appreciably with respect to other objects on the celestial sphere. (This is because they are not stars at all. Rather,
they are small pieces of cosmic dust, burning up as they hit Earth’s atmosphere.) We can use the fact that the entire
celestial sphere seems to turn together to help us set up systems for keeping track of what things are visible in the sky
and where they happen to be at a given time.

Celestial Poles and Celestial Equator
To help orient us in the turning sky, astronomers use a system that extends Earth’s axis points into the sky. Imagine
a line going through Earth, connecting the North and South Poles. This is Earth’s axis, and Earth rotates about this
line. If we extend this imaginary line outward from Earth, the points where this line intersects the celestial sphere are
called the north celestial pole and the south celestial pole. As Earth rotates about its axis, the sky appears to turn in
the opposite direction around those celestial poles (Figure 1.4). We also (in our imagination) throw Earth’s equator
onto the sky and call this the celestial equator. It lies halfway between the celestial poles, just as Earth’s equator lies
halfway between our planet’s poles.

Figure 1.4 Circling the South Celestial Pole. This long-exposure photo shows trails left by stars as a result of the
apparent rotation of the celestial sphere around the south celestial pole. (In reality, it is Earth that rotates.) (Credit:
ESO/Iztok Bončina)

Now let’s imagine how riding on different parts of our spinning Earth affects our view of the sky. The apparent motion
of the celestial sphere depends on your latitude (position north or south of the equator). First of all, notice that Earth’s
axis is pointing at the celestial poles, so these two points in the sky do not appear to turn.

If you stood at the North Pole of Earth, for example, you would see the north celestial pole overhead, at your zenith.
The celestial equator, 90° from the celestial poles, would lie along your horizon. As you watched the stars during the
course of the night, they would all circle around the celestial pole, with none rising or setting. Only that half of the
sky north of the celestial equator is ever visible to an observer at the North Pole. Similarly, an observer at the South
Pole would see only the southern half of the sky.
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of Earth’s equator) pass overhead through your zenith. The celestial poles, being 90° from the celestial equator, must
then be at the north and south points on your horizon. As the sky turns, all stars rise and set; they move straight up
from the east side of the horizon and set straight down on the west side. During a 24-hour period, all stars are above
the horizon exactly half the time. (Of course, during some of those hours, the Sun is too bright for us to see them.)

What would an observer in the latitudes of the United States or Europe see? Remember, we are neither at Earth’s pole
nor at the equator, but in between them. For those in the continental United States and Europe, the north celestial pole
is neither overhead nor on the horizon, but in between. It appears above the northern horizon at an angular height, or
altitude, equal to the observer’s latitude. In San Francisco, for example, where the latitude is 38° N, the north celestial
pole is 38° above the northern horizon.

For an observer at 38° N latitude, the south celestial pole is 38° below the southern horizon and, thus, never visible.
As Earth turns, the whole sky seems to pivot about the north celestial pole. For this observer, stars within 38° of the
North Pole can never set. They are always above the horizon, day and night. This part of the sky is called the north
circumpolar zone. For observers in the continental United States, the Big Dipper, Little Dipper, and Cassiopeia are
examples of star groups in the north circumpolar zone. On the other hand, stars within 38° of the south celestial pole
never rise. That part of the sky is the south circumpolar zone. To most U.S. observers, the Southern Cross is in that
zone. (Don’t worry if you are not familiar with the star groups just mentioned; we will introduce them more formally
later on.)

The Rotating Sky Lab (http://www.openstaxcollege.org/l/30rotatingsky)
created by the University of Nebraska–Lincoln provides an interactive
demonstration that introduces the horizon coordinate system, the apparent
rotation of the sky, and allows for exploration of the relationship between the
horizon and celestial equatorial coordinate systems.

At this particular time in Earth’s history, there happens to be a star very close to the north celestial pole. It is called
Polaris, the pole star, and has the distinction of being the star that moves the least amount as the northern sky turns
each day. Because it moved so little while the other stars moved much more, it played a special role in the mythology
of several Native American tribes, for example (some called it the “fastener of the sky”).

What’s Your Angle?

Astronomers measure how far apart objects appear in the sky by using angles. By definition, there are 360° in
a circle, so a circle stretching completely around the celestial sphere contains 360°. The half-sphere or dome
of the sky then contains 180° from horizon to opposite horizon. Thus, if two stars are 18° apart, their separation
spans about 1/10 of the dome of the sky. To give you a sense of how big a degree is, the full Moon is about
half a degree across. This is about the width of your smallest finger (pinkie) seen at arm’s length.

Rising and Setting of the Sun
We described the movement of stars in the night sky, but what about during the daytime? The stars continue to
circle during the day, but the brilliance of the Sun makes them difficult to see. (The Moon can often be seen in the
daylight, however.) On any given day, we can think of the Sun as being located at some position on the hypothetical

Link to Learning

Astronomy Basics
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is scattered by the molecules of our atmosphere, filling our sky with light and hiding the stars above the horizon.

For thousands of years, astronomers have been aware that the Sun does more than just rise and set. It changes position
gradually on the celestial sphere, moving each day about 1° to the east relative to the stars. Very reasonably, the
ancients thought this meant the Sun was slowly moving around Earth, taking a period of time we call 1 year to make
a full circle. Today, of course, we know it is Earth that is going around the Sun, but the effect is the same: the Sun’s
position in our sky changes day to day. We have a similar experience when we walk around a campfire at night; we
see the flames appear in front of each person seated about the fire in turn.

The path the Sun appears to take around the celestial sphere each year is called the ecliptic (Figure 1.5). Because of
its motion on the ecliptic, the Sun rises about 4 minutes later each day with respect to the stars. Earth must make just
a bit more than one complete rotation (with respect to the stars) to bring the Sun up again.

Figure 1.5 Star Circles at Different Latitudes. The turning of the sky looks different depending on your latitude on
Earth. (a) At the North Pole, the stars circle the zenith and do not rise and set. (b) At the equator, the celestial poles
are on the horizon, and the stars rise straight up and set straight down. (c) At intermediate latitudes, the north
celestial pole is at some position between overhead and the horizon. Its angle above the horizon turns out to be equal
to the observer’s latitude. Stars rise and set at an angle to the horizon.

As the months go by and we look at the Sun from different places in our orbit, we see it projected against different
places in our orbit, and thus against different stars in the background (Figure 1.6 and Table 1.1)—or we would,
at least, if we could see the stars in the daytime. In practice, we must deduce which stars lie behind and beyond the
Sun by observing the stars visible in the opposite direction at night. After a year, when Earth has completed one trip
around the Sun, the Sun will appear to have completed one circuit of the sky along the ecliptic.
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Figure 1.6 Constellations on the Ecliptic. As Earth revolves around the Sun, we sit on “platform Earth” and see the
Sun moving around the sky. The circle in the sky that the Sun appears to make around us in the course of a year is
called the ecliptic. This circle (like all circles in the sky) goes through a set of constellations. The ancients thought
these constellations, which the Sun (and the Moon and planets) visited, must be special and incorporated them into
their system of astrology. Note that at any given time of the year, some of the constellations crossed by the ecliptic
are visible in the night sky; others are in the day sky and are thus hidden by the brilliance of the Sun.

Constellations on the Ecliptic

Constellation on the Ecliptic Dates When the Sun Crosses It

Capricornus January 21–February 16

Aquarius February 16–March 11

Pisces March 11–April 18

Aries April 18–May 13

Taurus May 13–June 22

Gemini June 22–July 21

Cancer July 21–August 10

Leo August 10–September 16

Virgo September 16–October 31

Libra October 31–November 23

Scorpius November 23– November 29

Table 1.1
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Constellation on the Ecliptic Dates When the Sun Crosses It

Ophiuchus November 29–December 18

Sagittarius December 18–January 21

Table 1.1

The ecliptic does not lie along the celestial equator but is inclined to it at an angle of about 23.5°. In other words, the
Sun’s annual path in the sky is not linked with Earth’s equator. This is because our planet’s axis of rotation is tilted by
about 23.5° from a vertical line sticking out of the plane of the ecliptic (Figure 1.7). Being tilted from “straight up”
is not at all unusual among celestial bodies; Uranus and Pluto are actually tilted so much that they orbit the Sun “on
their side.”

Figure 1.7 The Celestial Tilt. The celestial equator is tilted by 23.5° to the ecliptic. As a result, North Americans and
Europeans see the Sun north of the celestial equator and high in our sky in June, and south of the celestial equator
and low in the sky in December.

The inclination of the ecliptic is the reason the Sun moves north and south in the sky as the seasons change. In..., we 
discuss the progression of the seasons in more detail.
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The Sun is not the only object that moves among the fixed stars. The Moon and each of the planets that are visible
to the unaided eye—Mercury, Venus, Mars, Jupiter, Saturn, and Uranus (although just barely)—also change their
positions slowly from day to day. During a single day, the Moon and planets all rise and set as Earth turns, just as
the Sun and stars do. But like the Sun, they have independent motions among the stars, superimposed on the daily
rotation of the celestial sphere. Noticing these motions, the Greeks of 2000 years ago distinguished between what
they called the fixed stars—those that maintain fixed patterns among themselves through many generations—and the
wandering stars, or planets. The word “planet,” in fact, means “wanderer” in ancient Greek.

Today, we do not regard the Sun and Moon as planets, but the ancients applied the term to all seven of the moving
objects in the sky. Much of ancient astronomy was devoted to observing and predicting the motions of these celestial
wanderers. They even dedicated a unit of time, the week, to the seven objects that move on their own; that’s why
there are 7 days in a week. The Moon, being Earth’s nearest celestial neighbor, has the fastest apparent motion; it
completes a trip around the sky in about 1 month (or moonth). To do this, the Moon moves about 12°, or 24 times its
own apparent width on the sky, each day.

Example 1.1

Angles in the Sky
A circle consists of 360 degrees (°). When we measure the angle in the sky that something moves, we can
use this formula:

speed = distance
time

This is true whether the motion is measured in kilometers per hour or degrees per hour; we just need to use
consistent units.

As an example, let’s say you notice the bright star Sirius due south from your observing location in the
Northern Hemisphere. You note the time, and then later, you note the time that Sirius sets below the horizon.
You find that Sirius has traveled an angular distance of about 75° in 5 h. About how many hours will it take
for Sirius to return to its original location?

Solution

The speed of Sirius is
75°
5 h = 15°

1 h .

If we want to know the time required for Sirius to return to its original location, we need to wait until it goes
around a full circle, or 360°. Rearranging the formula for speed we were originally given, we find:

time = distance
speed = 360°

15°/h = 24 h

The actual time is a few minutes shorter than this, and we will explore why in a later chapter.

Check Your Learning

The Moon moves in the sky relative to the background stars (in addition to moving with the stars as a result
of Earth’s rotation.) Go outside at night and note the position of the Moon relative to nearby stars. Repeat
the observation a few hours later. How far has the Moon moved? (For reference, the diameter of the Moon
is about 0.5°.) Based on your estimate of its motion, how long will it take for the Moon to return to the
position relative to the stars in which you first observed it?

Answer: The speed of the moon is 0.5°/1 h. To move a full 360°, the moon needs 720 h:
0.5°
1 h = 360°

720 h.

Dividing 720 h by the conversion factor of 24 h/day reveals the lunar cycle is about 30 days.
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is because the paths of the planets about the Sun, and of the Moon about Earth, are all in nearly the same plane, as
if they were circles on a huge sheet of paper. The planets, the Sun, and the Moon are thus always found in the sky
within a narrow 18-degree-wide belt, centered on the ecliptic, called the zodiac (Figure 1.6). (The root of the term
“zodiac” is the same as that of the word “zoo” and means a collection of animals; many of the patterns of stars within
the zodiac belt reminded the ancients of animals, such as a fish or a goat.)

How the planets appear to move in the sky as the months pass is a combination of their actual motions plus the
motion of Earth about the Sun; consequently, their paths are somewhat complex. As we will see, this complexity has
fascinated and challenged astronomers for centuries.

Constellations
The backdrop for the motions of the “wanderers” in the sky is the canopy of stars. If there were no clouds in the sky
and we were on a flat plain with nothing to obstruct our view, we could see about 3000 stars with the unaided eye.
To find their way around such a multitude, the ancients found groupings of stars that made some familiar geometric
pattern or (more rarely) resembled something they knew. Each civilization found its own patterns in the stars, much
like a modern Rorschach test in which you are asked to discern patterns or pictures in a set of inkblots. The ancient
Chinese, Egyptians, and Greeks, among others, found their own groupings—or constellations—of stars. These were
helpful in navigating among the stars and in passing their star lore on to their children.

You may be familiar with some of the old star patterns we still use today, such as the Big Dipper, Little Dipper, and
Orion the hunter, with his distinctive belt of three stars (Figure 1.8). However, many of the stars we see are not part
of a distinctive star pattern at all, and a telescope reveals millions of stars too faint for the eye to see. Therefore, during
the early decades of the 20th century, astronomers from many countries decided to establish a more formal system for
organizing the sky.

Figure 1.8 Orion. (a) The winter constellation of Orion, the hunter, is surrounded by neighboring constellations, as
illustrated in the seventeenth-century atlas by Hevelius. (b) A photograph shows the Orion region in the sky. Note the
three blue stars that make up the belt of the hunter. The bright red star above the belt denotes his armpit and is called
Betelgeuse (pronounced “Beetel-juice”). The bright blue star below the belt is his foot and is called Rigel. (credit a:
modification of work by Johannes Hevelius; b: modification of work by Matthew Spinelli)

Today, we use the term constellation to mean one of 88 sectors into which we divide the sky, much as the United 
States is divided into 50 states. The modern boundaries between the constellations are imaginary lines in the sky 
running north–south and east–west, so that each point in the sky falls in a specific constellation, although, like the 
states, not all constellations are the same size. All the constellations are listed in ... . Whenever possible, we 
have named each modern constellation
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of Orion is a kind of box on the sky, which includes, among many other objects, the stars that made up the ancient
picture of the hunter. Some people use the term asterism to denote an especially noticeable star pattern within a
constellation (or sometimes spanning parts of several constellations). For example, the Big Dipper is an asterism
within the constellation of Ursa Major, the Big Bear.

Students are sometimes puzzled because the constellations seldom resemble the people or animals for which they
were named. In all likelihood, the Greeks themselves did not name groupings of stars because they looked like actual
people or subjects (any more than the outline of Washington state resembles George Washington). Rather, they named
sections of the sky in honor of the characters in their mythology and then fit the star configurations to the animals and
people as best they could.

This website about objects in the sky (http://www.openstaxcollege.org/
l/30heavensabove) allows users to construct a detailed sky map showing
the location and information about the Sun, Moon, planets, stars,
constellations, and even satellites orbiting Earth. Begin by setting your
observing location using the option in the menu in the upper right corner of
the screen.

2.2 Ancient Astronomy

Learning Objectives
• Describe early examples of astronomy around the world

• Explain how Greek astronomers were able to deduce that Earth is spherical

• Explain how Greek astronomers were able to calculate Earth’s size

• Describe the motion of Earth called precession

• Describe Ptolemy’s geocentric system of planetary motion

Let us now look briefly back into history. Much of modern Western civilization is derived in one way or another
from the ideas of the ancient Greeks and Romans, and this is true in astronomy as well. However, many other ancient
cultures also developed sophisticated systems for observing and interpreting the sky.

Astronomy around the World
Ancient Babylonian, Assyrian, and Egyptian astronomers knew the approximate length of the year. The Egyptians 
of 3000 years ago, for example, adopted a calendar based on a 365-day year. They kept careful track of the rising 
time of the bright star Sirius in the predawn sky, which has a yearly cycle that corresponded with the flooding 
of the Nile River. The Chinese also had a working calendar; they determined the length of the year at about the 
same time as the Egyptians. The Chinese also recorded comets, bright meteors, and dark spots on the Sun. (Many 
types of astronomical objects were introduced in .... I f you are not familiar with terms like comets and meteors, 
you may want to review that chapter.) Later, Chinese astronomers kept careful records of “guest stars”—those 
that are normally too faint to see but suddenly flare up to become visible to the unaided eye for a few weeks or 
months. We still use some of these records in studying stars that exploded a long time ago.

Link to Learning

Chapter 2 | Observing the Sky: The Birth of Astronomy 15

http://www.openstaxcollege.org/l/30heavensabove
http://www.openstaxcollege.org/l/30heavensabove


SAMPLE CHAPTERS 
NOT FINAL DRAFTThe Mayan culture in Mexico and Central America developed a sophisticated calendar based on the planet Venus,

and they made astronomical observations from sites dedicated to this purpose a thousand years ago. The Polynesians
learned to navigate by the stars over hundreds of kilometers of open ocean—a skill that enabled them to colonize new
islands far away from where they began.
I n Britain, before the widespread use of writing, ancient people used stones to keep track of the motions of the 
Sun and Moon. We still find some of the great stone circles they built for this purpose, dating from as far back as 
2800 BCE. The best known of these is Stonehenge, which is discussed in ...  .

Early Greek and Roman Cosmology
Our concept of the cosmos—its basic structure and origin—is called cosmology, a word with Greek roots. Before the
invention of telescopes, humans had to depend on the simple evidence of their senses for a picture of the universe. The
ancients developed cosmologies that combined their direct view of the heavens with a rich variety of philosophical
and religious symbolism.

At least 2000 years before Columbus, educated people in the eastern Mediterranean region knew Earth was round.
Belief in a spherical Earth may have stemmed from the time of Pythagoras, a philosopher and mathematician who
lived 2500 years ago. He believed circles and spheres to be “perfect forms” and suggested that Earth should therefore
be a sphere. As evidence that the gods liked spheres, the Greeks cited the fact that the Moon is a sphere, using
evidence we describe later.

The writings of Aristotle (384–322 BCE), the tutor of Alexander the Great, summarize many of the ideas of his 
day. They describe how the progression of the Moon’s phases—its apparent changing shape—results from our 
seeing different portions of the Moon’s sunlit hemisphere as the month goes by (see ...). Aristotle also knew 
that the Sun has to be farther away from Earth than is the Moon, because occasionally the Moon passed exactly 
between Earth and the Sun and hid the Sun temporarily from view. We call this a solar eclipse.

Aristotle cited convincing arguments that Earth must be round. First is the fact that as the Moon enters or emerges
from Earth’s shadow during an eclipse of the Moon, the shape of the shadow seen on the Moon is always round
(Figure 1.9). Only a spherical object always produces a round shadow. If Earth were a disk, for example, there would
be some occasions when the sunlight would strike it edge-on and its shadow on the Moon would be a line.

Figure 1.9 Earth’s Round Shadow. A lunar eclipse occurs when the Moon moves into and out of Earth’s shadow.
Note the curved shape of the shadow—evidence for a spherical Earth that has been recognized since antiquity.
(credit: modification of work by Brian Paczkowski)

As a second argument, Aristotle explained that travelers who go south a significant distance are able to observe stars
that are not visible farther north. And the height of the North Star—the star nearest the north celestial pole—decreases
as a traveler moves south. On a flat Earth, everyone would see the same stars overhead. The only possible explanation
is that the traveler must have moved over a curved surface on Earth, showing stars from a different angle. (See the
How Do We Know Earth Is Round? feature for more ideas on proving Earth is round.)

One Greek thinker, Aristarchus of Samos (310–230 BCE), even suggested that Earth was moving around the Sun, but
Aristotle and most of the ancient Greek scholars rejected this idea. One of the reasons for their conclusion was the
thought that if Earth moved about the Sun, they would be observing the stars from different places along Earth’s orbit.
As Earth moved along, nearby stars should shift their positions in the sky relative to more distant stars. In a similar
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we ride on a train, the trees in the foreground appear to shift their position relative to distant hills as the train rolls by.
Unconsciously, we use this phenomenon all of the time to estimate distances around us.

The apparent shift in the direction of an object as a result of the motion of the observer is called parallax. We call
the shift in the apparent direction of a star due to Earth’s orbital motion stellar parallax. The Greeks made dedicated
efforts to observe stellar parallax, even enlisting the aid of Greek soldiers with the clearest vision, but to no avail. The
brighter (and presumably nearer) stars just did not seem to shift as the Greeks observed them in the spring and then
again in the fall (when Earth is on the opposite side of the Sun).

This meant either that Earth was not moving or that the stars had to be so tremendously far away that the parallax
shift was immeasurably small. A cosmos of such enormous extent required a leap of imagination that most ancient
philosophers were not prepared to make, so they retreated to the safety of the Earth-centered view, which would
dominate Western thinking for nearly two millennia.

How Do We Know Earth Is Round?

In addition to the two ways (from Aristotle’s writings) discussed in this chapter, you might also reason as
follows:

1. Let’s watch a ship leave its port and sail into the distance on a clear day. On a flat Earth, we would just
see the ship get smaller and smaller as it sails away. But this isn’t what we actually observe. Instead,
ships sink below the horizon, with the hull disappearing first and the mast remaining visible for a while
longer. Eventually, only the top of the mast can be seen as the ship sails around the curvature of Earth.
Finally, the ship disappears under the horizon.

2. The International Space Station circles Earth once every 90 minutes or so. Photographs taken from the
shuttle and other satellites show that Earth is round from every perspective.

3. Suppose you made a friend in each time zone of Earth. You call all of them at the same hour and ask,
“Where is the Sun?” On a flat Earth, each caller would give you roughly the same answer. But on a
round Earth you would find that, for some friends, the Sun would be high in the sky whereas for others
it would be rising, setting, or completely out of sight (and this last group of friends would be upset with
you for waking them up).

Measurement of Earth by Eratosthenes
The Greeks not only knew Earth was round, but also they were able to measure its size. The first fairly accurate
determination of Earth’s diameter was made in about 200 BCE by Eratosthenes (276–194 BCE), a Greek living in
Alexandria, Egypt. His method was a geometric one, based on observations of the Sun.

The Sun is so distant from us that all the light rays that strike our planet approach us along essentially parallel lines.
To see why, look at Figure 1.10. Take a source of light near Earth—say, at position A. Its rays strike different parts
of Earth along diverging paths. From a light source at B, or at C (which is still farther away), the angle between rays
that strike opposite parts of Earth is smaller. The more distant the source, the smaller the angle between the rays. For
a source infinitely distant, the rays travel along parallel lines.

Astronomy Basics
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Figure 1.10 Light Rays from Space. The more distant an object, the more nearly parallel the rays of light coming
from it.

Of course, the Sun is not infinitely far away, but given its distance of 150 million kilometers, light rays striking Earth
from a point on the Sun diverge from one another by an angle far too small to be observed with the unaided eye. As a
consequence, if people all over Earth who could see the Sun were to point at it, their fingers would, essentially, all be
parallel to one another. (The same is also true for the planets and stars—an idea we will use in our discussion of how
telescopes work.)

Eratosthenes was told that on the first day of summer at Syene, Egypt (near modern Aswan), sunlight struck the
bottom of a vertical well at noon. This indicated that the Sun was directly over the well—meaning that Syene was
on a direct line from the center of Earth to the Sun. At the corresponding time and date in Alexandria, Eratosthenes
observed the shadow a column made and saw that the Sun was not directly overhead, but was slightly south of the
zenith, so that its rays made an angle with the vertical equal to about 1/50 of a circle (7°). Because the Sun’s rays
striking the two cities are parallel to one another, why would the two rays not make the same angle with Earth’s
surface? Eratosthenes reasoned that the curvature of the round Earth meant that “straight up” was not the same in
the two cities. And the measurement of the angle in Alexandria, he realized, allowed him to figure out the size of
Earth. Alexandria, he saw, must be 1/50 of Earth’s circumference north of Syene (Figure 1.11). Alexandria had been
measured to be 5000 stadia north of Syene. (The stadium was a Greek unit of length, derived from the length of the
racetrack in a stadium.) Eratosthenes thus found that Earth’s circumference must be 50 × 5000, or 250,000 stadia.
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Figure 1.11 How Eratosthenes Measured the Size of Earth. Eratosthenes measured the size of Earth by
observing the angle at which the Sun’s rays hit our planet’s surface. The Sun’s rays come in parallel, but because
Earth’s surface curves, a ray at Syene comes straight down whereas a ray at Alexandria makes an angle of 7° with
the vertical. That means, in effect, that at Alexandria, Earth’s surface has curved away from Syene by 7° of 360°, or
1/50 of a full circle. Thus, the distance between the two cities must be 1/50 the circumference of Earth. (credit:
modification of work by NOAA Ocean Service Education)

It is not possible to evaluate precisely the accuracy of Eratosthenes solution because there is doubt about which of the
various kinds of Greek stadia he used as his unit of distance. If it was the common Olympic stadium, his result is about
20% too large. According to another interpretation, he used a stadium equal to about 1/6 kilometer, in which case his
figure was within one percent of the correct value of 40,000 kilometers. Even if his measurement was not exact, his
success at measuring the size of our planet by using only shadows, sunlight, and the power of human thought was one
of the greatest intellectual achievements in history.

Hipparchus and Precession
Perhaps the greatest astronomer of antiquity was Hipparchus, born in Nicaea in what is present-day Turkey. He
erected an observatory on the island of Rhodes around 150 BCE, when the Roman Republic was expanding its
influence throughout the Mediterranean region. There he measured, as accurately as possible, the positions of objects
in the sky, compiling a pioneering star catalog with about 850 entries. He designated celestial coordinates for each
star, specifying its position in the sky, just as we specify the position of a point on Earth by giving its latitude and
longitude.

He also divided the stars into apparent magnitudes according to their apparent brightness. He called the brightest
ones “stars of the first magnitude”; the next brightest group, “stars of the second magnitude”; and so forth. This
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astronomers).

By observing the stars and comparing his data with older observations, Hipparchus made one of his most remarkable
discoveries: the position in the sky of the north celestial pole had altered over the previous century and a half.
Hipparchus deduced correctly that this had happened not only during the period covered by his observations, but was
in fact happening all the time: the direction around which the sky appears to rotate changes slowly but continuously.
Recall from the section on celestial poles and the celestial equator that the north celestial pole is just the projection
of Earth’s North Pole into the sky. If the north celestial pole is wobbling around, then Earth itself must be doing
the wobbling. Today, we understand that the direction in which Earth’s axis points does indeed change slowly but
regularly—a motion we call precession. If you have ever watched a spinning top wobble, you observed a similar kind
of motion. The top’s axis describes a path in the shape of a cone, as Earth’s gravity tries to topple it (Figure 1.12).

Figure 1.12 Precession. Just as the axis of a rapidly spinning top wobbles slowly in a circle, so the axis of Earth
wobbles in a 26,000-year cycle. Today the north celestial pole is near the star Polaris, but about 5000 years ago it
was close to a star called Thuban, and in 14,000 years it will be closest to the star Vega.

Because our planet is not an exact sphere, but bulges a bit at the equator, the pulls of the Sun and Moon cause it to
wobble like a top. It takes about 26,000 years for Earth’s axis to complete one circle of precession. As a result of this
motion, the point where our axis points in the sky changes as time goes on. While Polaris is the star closest to the
north celestial pole today (it will reach its closest point around the year 2100), the star Vega in the constellation of
Lyra will be the North Star in 14,000 years.

Ptolemy’s Model of the Solar System
The last great astronomer of the Roman era was Claudius Ptolemy (or Ptolemaeus), who flourished in Alexandria
in about the year 140. He wrote a mammoth compilation of astronomical knowledge, which today is called by its
Arabic name, Almagest (meaning “The Greatest”). Almagest does not deal exclusively with Ptolemy’s own work; it
includes a discussion of the astronomical achievements of the past, principally those of Hipparchus. Today, it is our
main source of information about the work of Hipparchus and other Greek astronomers.
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of the planets for any desired date and time. Hipparchus, not having enough data on hand to solve the problem
himself, had instead amassed observational material for posterity to use. Ptolemy supplemented this material with
new observations of his own and produced a cosmological model that endured more than a thousand years, until the
time of Copernicus.

The complicating factor in explaining the motions of the planets is that their apparent wandering in the sky results
from the combination of their own motions with Earth’s orbital revolution. As we watch the planets from our vantage
point on the moving Earth, it is a little like watching a car race while you are competing in it. Sometimes opponents’
cars pass you, but at other times you pass them, making them appear to move backward for a while with respect to
you.

Figure 1.13 shows the motion of Earth and a planet farther from the Sun—in this case, Mars. Earth travels around
the Sun in the same direction as the other planet and in nearly the same plane, but its orbital speed is faster. As a
result, it overtakes the planet periodically, like a faster race car on the inside track. The figure shows where we see the
planet in the sky at different times. The path of the planet among the stars is illustrated in the star field on the right
side of the figure.

Figure 1.13 Retrograde Motion of a Planet beyond Earth’s Orbit. The letters on the diagram show where Earth
and Mars are at different times. By following the lines from each Earth position through each corresponding Mars
position, you can see how the retrograde path of Mars looks against the background stars.

This retrograde simulation of Mars (http://www.openstaxcollege.org/l/
30marsretrograd) illustrates the motion of Mars as seen from Earth as well
as Earth’s retrograde motion as seen from Mars. There is also an animation
of the movement of the two planets relative to each other that creates the
appearance of this motion.

Link to Learning

Chapter 2 | Observing the Sky: The Birth of Astronomy 21

http://www.openstaxcollege.org/l/30marsretrograd
http://www.openstaxcollege.org/l/30marsretrograd


SAMPLE CHAPTERS 
NOT FINAL DRAFTNormally, planets move eastward in the sky over the weeks and months as they orbit the Sun, but from positions

B to D in Figure 1.13, as Earth passes the planets in our example, it appears to drift backward, moving west in
the sky. Even though it is actually moving to the east, the faster-moving Earth has overtaken it and seems, from our
perspective, to be leaving it behind. As Earth rounds its orbit toward position E, the planet again takes up its apparent
eastward motion in the sky. The temporary apparent westward motion of a planet as Earth swings between it and the
Sun is called retrograde motion. Such backward motion is much easier for us to understand today, now that we know
Earth is one of the moving planets and not the unmoving center of all creation. But Ptolemy was faced with the far
more complex problem of explaining such motion while assuming a stationary Earth.

Furthermore, because the Greeks believed that celestial motions had to be circles, Ptolemy had to construct his model
using circles alone. To do it, he needed dozens of circles, some moving around other circles, in a complex structure
that makes a modern viewer dizzy. But we must not let our modern judgment cloud our admiration for Ptolemy’s
achievement. In his day, a complex universe centered on Earth was perfectly reasonable and, in its own way, quite
beautiful. However, as Alfonso X, the King of Castile, was reported to have said after having the Ptolemaic system of
planet motions explained to him, “If the Lord Almighty had consulted me before embarking upon Creation, I should
have recommended something simpler.”

Ptolemy solved the problem of explaining the observed motions of planets by having each planet revolve in a small
orbit called an epicycle. The center of the epicycle then revolved about Earth on a circle called a deferent (Figure
1.14). When the planet is at position x in Figure 1.14 on the epicycle orbit, it is moving in the same direction as
the center of the epicycle; from Earth, the planet appears to be moving eastward. When the planet is at y, however,
its motion is in the direction opposite to the motion of the epicycle’s center around Earth. By choosing the right
combination of speeds and distances, Ptolemy succeeded in having the planet moving westward at the correct speed
and for the correct interval of time, thus replicating retrograde motion with his model.

Figure 1.14 Ptolemy’s Complicated Cosmological System. Each planet orbits around a small circle called an
epicycle. Each epicycle orbits on a larger circle called the deferent. This system is not centered exactly on Earth but
on an offset point called the equant. The Greeks needed all this complexity to explain the actual motions in the sky
because they believed that Earth was stationary and that all sky motions had to be circular.

However, we shall see in ... that the planets, like Earth, travel about the Sun in orbits that are ellipses, not circles. 
Their actual behavior cannot be represented accurately by a scheme of uniform circular motions. I n order to 
match the observed motions of the planets, Ptolemy had to center the deferent circles, not on Earth, but at points 
some distance from Earth. In addition, he introduced uniform circular motion around yet another axis, called the 
equant point. All of these considerably complicated his scheme.
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account successfully for the observations of planets. It may be that Ptolemy did not intend for his cosmological model
to describe reality, but merely to serve as a mathematical representation that allowed him to predict the positions
of the planets at any time. Whatever his thinking, his model, with some modifications, was eventually accepted as
authoritative in the Muslim world and (later) in Christian Europe.

2.3 Astrology and Astronomy

Learning Objectives
• Explain the origins of astrology

• Explain what a horoscope is

• Summarize the arguments that invalidate astrology as a scientific practice

Many ancient cultures regarded the planets and stars as representatives or symbols of the gods or other supernatural
forces that controlled their lives. For them, the study of the heavens was not an abstract subject; it was connected
directly to the life-and-death necessity of understanding the actions of the gods and currying favor with them.
Before the time of our scientific perspectives, everything that happened in nature—from the weather, to diseases
and accidents, to celestial surprises such as eclipses or new comets—was thought to be an expression of the whims
or displeasure of the gods. Any signs that helped people understand what these gods had in mind were considered
extremely important.

The movements of the seven objects that had the power to “wander” through the realm of the sky—the Sun, the Moon,
and five planets visible to the unaided eye—clearly must have special significance in such a system of thinking.

Most ancient cultures associated these seven objects with various supernatural rulers in their pantheon and kept track
of them for religious reasons. Even in the comparatively sophisticated Greece of antiquity, the planets had the names
of gods and were credited with having the same powers and influences as the gods whose names they bore. From
such ideas was born the ancient system called astrology, still practiced by some people today, in which the positions
of these bodies among the stars of the zodiac are thought to hold the key to understanding what we can expect from
life.

The Beginnings of Astrology
Astrology began in Babylonia about two and half millennia ago. The Babylonians, believing the planets and their
motions influenced the fortunes of kings and nations, used their knowledge of astronomy to guide their rulers. When
the Babylonian culture was absorbed by the Greeks, astrology gradually came to influence the entire Western world
and eventually spread to Asia as well.

By the 2nd century BCE the Greeks democratized astrology by developing the idea that the planets influence every
individual. In particular, they believed that the configuration of the Sun, Moon, and planets at the moment of birth
affected a person’s personality and fortune—a doctrine called natal astrology. Natal astrology reached its peak with
Ptolemy 400 years later. As famous for his astrology as for his astronomy, Ptolemy compiled the Tetrabiblos, a treatise
on astrology that remains the “bible” of the subject. It is essentially this ancient religion, older than Christianity or
Islam, that is still practiced by today’s astrologers.

The Horoscope
The key to natal astrology is the horoscope, a chart showing the positions of the planets in the sky at the moment of an
individual’s birth. The word “horoscope” comes from the Greek words hora (meaning “time”) and skopos (meaning
a “watcher” or “marker”), so “horoscope” can literally be translated as “marker of the hour.” When a horoscope is
charted, the planets (including the Sun and Moon, classed as wanderers by the ancients) must first be located in the
zodiac. At the time astrology was set up, the zodiac was divided into 12 sectors called signs (Figure 1.15), each 30°
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pass—the sign of Virgo after the constellation of Virgo, for example.

Figure 1.15 Zodiac Signs. The signs of the zodiac are shown in a medieval woodcut.

When someone today casually asks you your “sign,” they are asking for your “sun sign”—which zodiac sign the Sun
was in at the moment you were born. However, more than 2000 years have passed since the signs received their names
from the constellations. Because of precession, the constellations of the zodiac slide westward along the ecliptic,
going once around the sky in about 26,000 years. Thus, today the real stars have slipped around by about 1/12 of the
zodiac—about the width of one sign.

In most forms of astrology, however, the signs have remained assigned to the dates of the year they had when
astrology was first set up. This means that the astrological signs and the real constellations are out of step; the sign
of Aries, for example, now occupies the constellation of Pisces. When you look up your sun sign in a newspaper
astrology column, the name of the sign associated with your birthday is no longer the name of the constellation in
which the Sun was actually located when you were born. To know that constellation, you must look for the sign before
the one that includes your birthday.

A complete horoscope shows the location of not only the Sun, but also the Moon and each planet in the sky by
indicating its position in the appropriate sign of the zodiac. However, as the celestial sphere turns (owing to the
rotation of Earth), the entire zodiac moves across the sky to the west, completing a circuit of the heavens each day.
Thus, the position in the sky (or “house” in astrology) must also be calculated. There are more or less standardized
rules for the interpretation of the horoscope, most of which (at least in Western schools of astrology) are derived from
the Tetrabiblos of Ptolemy. Each sign, each house, and each planet—the last acting as a center of force—is supposed
to be associated with particular matters in a person’s life.

The detailed interpretation of a horoscope is a very complicated business, and there are many schools of astrological
thought on how it should be done. Although some of the rules may be standardized, how each rule is to be weighed
and applied is a matter of judgment—and “art.” It also means that it is very difficult to tie down astrology to specific
predictions or to get the same predictions from different astrologers.
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Astrologers today use the same basic principles laid down by Ptolemy nearly 2000 years ago. They cast horoscopes
(a process much simplified by the development of appropriate computer programs) and suggest interpretations. Sun
sign astrology (which you read in the newspapers and many magazines) is a recent, simplified variant of natal
astrology. Although even professional astrologers do not place much trust in such a limited scheme, which tries to fit
everyone into just 12 groups, sun sign astrology is taken seriously by many people (perhaps because it is discussed so
commonly in the media).

Today, we know much more about the nature of the planets as physical bodies, as well as about human genetics, than
the ancients could. It is hard to imagine how the positions of the Sun, Moon, or planets in the sky at the moment of
our birth could have anything to do with our personality or future. There are no known forces, not gravity or anything
else, that could cause such effects. (For example, a straightforward calculation shows that the gravitational pull of
the obstetrician delivering a newborn baby is greater than that of Mars.) Astrologers thus have to argue there must be
unknown forces exerted by the planets that depend on their configurations with respect to one another and that do not
vary according to the distance of the planet—forces for which there is no shred of evidence.

Another curious aspect of astrology is its emphasis on planet configurations at birth. What about the forces that
might influence us at conception? Isn’t our genetic makeup more important for determining our personality than the
circumstances of our birth? Would we really be a different person if we had been born a few hours earlier or later, as
astrology claims? (Back when astrology was first conceived, birth was thought of as a moment of magic significance,
but today we understand a lot more about the long process that precedes it.)

Actually, very few well-educated people today buy the claim that our entire lives are predetermined by astrological
influences at birth, but many people apparently believe that astrology has validity as an indicator of affinities and
personality. A surprising number of Americans make judgments about people—whom they will hire, associate with,
and even marry—on the basis of astrological information. To be sure, these are difficult decisions, and you might
argue that we should use any relevant information that might help us to make the right choices. But does astrology
actually provide any useful information on human personality? This is the kind of question that can be tested using
the scientific method (see Testing Astrology).

The results of hundreds of tests are all the same: there is no evidence that natal astrology has any predictive power,
even in a statistical sense. Why, then, do people often seem to have anecdotes about how well their own astrologer
advised them? Effective astrologers today use the language of the zodiac and the horoscope only as the outward
trappings of their craft. Mostly they work as amateur therapists, offering simple truths that clients like or need to hear.
(Recent studies have shown that just about any sort of short-term therapy makes people feel a little better because the
very act of talking about our problems with someone who listens attentively is, in itself, beneficial.)

The scheme of astrology has no basis in scientific fact, however; at best, it can be described as a pseudoscience. It is
an interesting historical system, left over from prescientific days and best remembered for the impetus it gave people
to learn the cycles and patterns of the sky. From it grew the science of astronomy, which is our main subject for
discussion.

Testing Astrology

In response to modern public interest in astrology, scientists have carried out a wide range of statistical tests
to assess its predictive power. The simplest of these examine sun sign astrology to determine whether—as
astrologers assert—some signs are more likely than others to be associated with some objective measure of
success, such as winning Olympic medals, earning high corporate salaries, or achieving elective office or high
military rank. (You can devise such a test yourself by looking up the birth dates of all members of Congress,
for example, or all members of the U.S. Olympic team.) Are our political leaders somehow selected at birth by
their horoscopes and thus more likely to be Leos, say, than Scorpios?

Making Connections
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You do not even need to be specific about your prediction in such tests. After all, many schools of astrology
disagree about which signs go with which personality characteristics. To demonstrate the validity of the
astrological hypothesis, it would be sufficient if the birthdays of all our leaders clustered in any one or two
signs in some statistically significant way. Dozens of such tests have been performed, and all have come up
completely negative: the birth dates of leaders in all fields tested have been found to be distributed randomly
among all the signs. Sun sign astrology does not predict anything about a person’s future occupation or strong
personality traits.

In a fine example of such a test, two statisticians examined the reenlistment records of the United States
Marine Corps. We suspect you will agree that it takes a certain kind of personality not only to enlist, but also
to reenlist in the Marines. If sun signs can predict strong personality traits—as astrologers claim—then those
who reenlisted (with similar personalities) should have been distributed preferentially in those one or few signs
that matched the personality of someone who loves being a Marine. However, the reenlisted were distributed
randomly among all the signs.

More sophisticated studies have also been done, involving full horoscopes calculated for thousands of
individuals. The results of all these studies are also negative: none of the systems of astrology has been shown
to be at all effective in connecting astrological aspects to personality, success, or finding the right person to
love.

Other tests show that it hardly seems to matter what a horoscope interpretation says, as long as it is vague
enough, and as long as each subject feels it was prepared personally just for him or her. The French statistician
Michel Gauquelin, for example, sent the horoscope interpretation for one of the worst mass murderers in
history to 150 people, but told each recipient that it was a “reading” prepared exclusively for him or her. Ninety-
four percent of the readers said they recognized themselves in the interpretation of the mass murderer’s
horoscope.

Geoffrey Dean, an Australian researcher, reversed the astrological readings of 22 subjects, substituting
phrases that were the opposite of what the horoscope actually said. Yet, his subjects said that the resulting
readings applied to them just as often (95%) as the people to whom the original phrases were given.

For more on astrology and science from an astronomer’s point of view, read
this article (http://www.openstaxcollege.org/l/30astrosociety) .

2.4 The Birth of Modern Astronomy

Learning Objectives
• 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

Link to Learning

26 Chapter 2 | Observing the Sky: The Birth of Astronomy

 

http://www.openstaxcollege.org/l/30astrosociety


SAMPLE CHAPTERS 
NOT FINAL DRAFTAstronomy 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 1.16).

Figure 1.16 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 1.17).
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Figure 1.17 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. With his theory, he was able to
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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 1.18). 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 1.18 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 (http://www.openstaxcollege.org/l/30venusphases)
shows the phases of Venus.

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 1.19), 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.
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Figure 1.19 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.

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.
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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 (http://www.openstaxcollege.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 1.20).

Figure 1.20 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.

Link to Learning
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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 satellites, or 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 1.18.)
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 (http://www.openstaxcollege.org/l/30GalProj) at Rice University.

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
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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.
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accelerate

apparent magnitude

astrology

celestial equator

celestial poles

celestial sphere

circumpolar zone

cosmology

ecliptic

epicycle

geocentric

heliocentric

horizon (astronomical)

horoscope

parallax

planet

precession (of Earth)

retrograde motion

year

zenith

zodiac

Key Terms
to change velocity; to speed up, slow down, or change direction.

a measure of how bright a star looks in the sky; the larger the number, the dimmer the star
appears to us

the pseudoscience that deals with the supposed influences on human destiny of the configurations and
locations in the sky of the Sun, Moon, and planets

a great circle on the celestial sphere 90° from the celestial poles; where the celestial sphere
intersects the plane of Earth’s equator

points about which the celestial sphere appears to rotate; intersections of the celestial sphere with
Earth’s polar axis

the apparent sphere of the sky; a sphere of large radius centered on the observer; directions of
objects in the sky can be denoted by their position on the celestial sphere

those portions of the celestial sphere near the celestial poles that are either always above or
always below the horizon

the study of the organization and evolution of the universe

the apparent annual path of the Sun on the celestial sphere

the circular orbit of a body in the Ptolemaic system, the center of which revolves about another circle (the
deferent)

centered on Earth

centered on the Sun

a great circle on the celestial sphere 90° from the zenith; more popularly, the circle around
us where the dome of the sky meets Earth

a chart used by astrologers that shows the positions along the zodiac and in the sky of the Sun, Moon,
and planets at some given instant and as seen from a particular place on Earth—usually corresponding to the time
and place of a person’s birth

the apparent displacement of a nearby star that results from the motion of Earth around the Sun

today, any of the larger objects revolving about the Sun or any similar objects that orbit other stars; in
ancient times, any object that moved regularly among the fixed stars

the slow, conical motion of Earth’s axis of rotation caused principally by the gravitational
pull of the Moon and Sun on Earth’s equatorial bulge

the apparent westward motion of a planet on the celestial sphere or with respect to the stars

the period of revolution of Earth around the Sun

the point on the celestial sphere opposite the direction of gravity; point directly above the observer

a belt around the sky about 18° wide centered on the ecliptic

Chapter 2 | Observing the Sky: The Birth of Astronomy 35



SAMPLE CHAPTERS 
NOT FINAL DRAFTSummary

2.1 The Sky Above
The direct evidence of our senses supports a geocentric perspective, with the celestial sphere pivoting on the celestial
poles and rotating about a stationary Earth. We see only half of this sphere at one time, limited by the horizon; the
point directly overhead is our zenith. The Sun’s annual path on the celestial sphere is the ecliptic—a line that runs
through the center of the zodiac, which is the 18-degree-wide strip of the sky within which we always find the Moon
and planets. The celestial sphere is organized into 88 constellations, or sectors.

2.2 Ancient Astronomy
Ancient Greeks such as Aristotle recognized that Earth and the Moon are spheres, and understood the phases of the
Moon, but because of their inability to detect stellar parallax, they rejected the idea that Earth moves. Eratosthenes
measured the size of Earth with surprising precision. Hipparchus carried out many astronomical observations, making
a star catalog, defining the system of stellar magnitudes, and discovering precession from the apparent shift in
the position of the north celestial pole. Ptolemy of Alexandria summarized classic astronomy in his Almagest; he
explained planetary motions, including retrograde motion, with remarkably good accuracy using a model centered
on Earth. This geocentric model, based on combinations of uniform circular motion using epicycles, was accepted as
authority for more than a thousand years.

2.3 Astrology and Astronomy
The ancient religion of astrology, with its main contribution to civilization a heightened interest in the heavens, began
in Babylonia. It reached its peak in the Greco-Roman world, especially as recorded in the Tetrabiblos of Ptolemy.
Natal astrology is based on the assumption that the positions of the planets at the time of our birth, as described by
a horoscope, determine our future. However, modern tests clearly show that there is no evidence for this, even in a
broad statistical sense, and there is no verifiable theory to explain what might cause such an astrological influence.

2.4 The Birth of Modern Astronomy
Nicolaus Copernicus introduced the heliocentric cosmology to Renaissance Europe in his book De Revolutionibus.
Although he retained the Aristotelian idea of uniform circular motion, Copernicus suggested that Earth is a planet
and that the planets all circle about the Sun, dethroning Earth from its position at the center of the universe. Galileo
was the father of both modern experimental physics and telescopic astronomy. He studied the acceleration of moving
objects and, in 1610, began telescopic observations, discovering the nature of the Milky Way, the large-scale features
of the Moon, the phases of Venus, and four satellites of Jupiter. Although he was accused of heresy for his support
of heliocentric cosmology, Galileo is credited with observations and brilliant writings that convinced most of his
scientific contemporaries of the reality of the Copernican theory.

For Further Exploration
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Astronomy and Astrology
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(February 2009): 28.

Sobel, D. “The Heretic’s Daughter: A Startling Correspondence Reveals a New Portrait of Galileo.” The New Yorker
(September 13, 1999): 52.

Websites
Ancient Astronomy

Aristarchos of Samos: http://adsabs.harvard.edu//full/seri/JRASC/0075//0000029.000.html. By Dr. Alan Batten.

Claudius Ptolemy: http://www-history.mcs.st-and.ac.uk/Biographies/Ptolemy.html. An interesting biography.

Hipparchus of Rhodes: http://www-history.mcs.st-andrews.ac.uk/Biographies/Hipparchus.html. An interesting
biography.

Astronomy and Astrology

Astrology and Science: http://www.astrology-and-science.com/hpage.htm. The best site for a serious examination of
the issues with astrology and the research on whether it works.

Real Romance in the Stars: http://www.independent.co.uk/voices/the-real-romance-in-the-stars-1527970.html. 1995
Newspaper commentary attacking astrology.

Copernicus and Galileo

Galileo Galilei: http://www-history.mcs.st-andrews.ac.uk/Biographies/Galileo.html. A good biography with
additional links.

Galileo Project. http://galileo.rice.edu/. Rice University’s repository of information on Galileo.

Nicolaus Copernicus: http://www-groups.dcs.st-and.ac.uk/~history/Biographies/Copernicus.html. A biography
including links to photos about his life.

Videos
Astronomy and Astrology

Astrology Debunked: https://www.youtube.com/watch?v=y84HX2pMo5U. A compilation of scientists and
magicians commenting skeptically on astrology (9:09).

Copernicus and Galileo

Galileo: http://www.biography.com/people/galileo-9305220. A brief biography (2:51).

Galileo’s Battle for the Heavens: https://www.youtube.com/watch?v=VnEH9rbrIkk. A NOVA episode on PBS
(1:48:55)

Nicolaus Copernicus: http://www.biography.com/people/nicolaus-copernicus-9256984. An overview of his life and
work (2:41).

Collaborative Group Activities
A. With your group, consider the question with which we began this chapter. How many ways can you think of

to prove to a member of the “Flat Earth Society” that our planet is, indeed, round?

B. Make a list of ways in which a belief in astrology (the notion that your life path or personality is controlled by
the position of the Sun, Moon, and planets at the time of your birth) might be harmful to an individual or to
society at large.
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you identify any constellations? Make a list of reasons why you think so many fewer people know the night
sky today than at the time of the ancient Greeks. Discuss reasons for why a person, today, may want to be
acquainted with the night sky.

D. Constellations commemorate great heroes, dangers, or events in the legends of the people who name them.
Suppose we had to start from scratch today, naming the patterns of stars in the sky. Whom or what would
you choose to commemorate by naming a constellation after it, him, or her and why (begin with people from
history; then if you have time, include living people as well)? Can the members of your group agree on any
choices?

E. Although astronomical mythology no longer holds a powerful sway over the modern imagination, we still
find proof of the power of astronomical images in the number of products in the marketplace that have
astronomical names. How many can your group come up with? (Think of things like Milky Way candy bars,
Eclipse and Orbit gum, or Comet cleanser.)

Exercises
Review Questions
1. From where on Earth could you observe all of the stars during the course of a year? What fraction of the sky can
be seen from the North Pole?

2. Give four ways to demonstrate that Earth is spherical.

3. Explain, according to both geocentric and heliocentric cosmologies, why we see retrograde motion of the
planets.

4. In what ways did the work of Copernicus and Galileo differ from the views of the ancient Greeks and of their
contemporaries?

5. What were four of Galileo’s discoveries that were important to astronomy?

6. Explain the origin of the magnitude designation for determining the brightness of stars. Why does it seem to go
backward, with smaller numbers indicating brighter stars?

7. Ursa Minor contains the pole star, Polaris, and the asterism known as the Little Dipper. From most locations in
the Northern Hemisphere, all of the stars in Ursa Minor are circumpolar. Does that mean these stars are also above
the horizon during the day? Explain.

8. How many degrees does the Sun move per day relative to the fixed stars? How many days does it take for the
Sun to return to its original location relative to the fixed stars?

9. How many degrees does the Moon move per day relative to the fixed stars? How many days does it take for the
Moon to return to its original location relative to the fixed stars?

10. Explain how the zodiacal constellations are different from the other constellations.

11. The Sun was once thought to be a planet. Explain why.

12. Is the ecliptic the same thing as the celestial equator? Explain.

13. What is an asterism? Can you name an example?
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NOT FINAL DRAFT14. Why did Pythagoras believe that Earth should be spherical?

15. How did Aristotle deduce that the Sun is farther away from Earth than the Moon?

16. What are two ways in which Aristotle deduced that Earth is spherical?

17. How did Hipparchus discover the wobble of Earth’s axis, known as precession?

18. Why did Ptolemy have to introduce multiple circles of motion for the planets instead of a single, simple circle
to represent the planet’s motion around the Sun?

19. Why did Copernicus want to develop a completely new system for predicting planetary positions? Provide two
reasons.

20. What two factors made it difficult, at first, for astronomers to choose between the Copernican heliocentric
model and the Ptolemaic geocentric model?

21. What phases would Venus show if the geocentric model were correct?

Thought Questions
22. Describe a practical way to determine in which constellation the Sun is found at any time of the year.

23. What is a constellation as astronomers define it today? What does it mean when an astronomer says, “I saw a
comet in Orion last night?”

24. Draw a picture that explains why Venus goes through phases the way the Moon does, according to the
heliocentric cosmology. Does Jupiter also go through phases as seen from Earth? Why?

25. Show with a simple diagram how the lower parts of a ship disappear first as it sails away from you on a spherical
Earth. Use the same diagram to show why lookouts on old sailing ships could see farther from the masthead than from
the deck. Would there be any advantage to posting lookouts on the mast if Earth were flat? (Note that these nautical
arguments for a spherical Earth were quite familiar to Columbus and other mariners of his time.)

26. Parallaxes of stars were not observed by ancient astronomers. How can this fact be reconciled with the
heliocentric hypothesis?

27. Why do you think so many people still believe in astrology and spend money on it? What psychological needs
does such a belief system satisfy?

28. Consider three cosmological perspectives—the geocentric perspective, the heliocentric perspective, and the
modern perspective—in which the Sun is a minor star on the outskirts of one galaxy among billions. Discuss some of
the cultural and philosophical implications of each point of view.

29. The north celestial pole appears at an altitude above the horizon that is equal to the observer’s latitude. Identify
Polaris, the North Star, which lies very close to the north celestial pole. Measure its altitude. (This can be done with a
protractor. Alternatively, your fist, extended at arm’s length, spans a distance approximately equal to 10°.) Compare
this estimate with your latitude. (Note that this experiment cannot be performed easily in the Southern Hemisphere
because Polaris itself is not visible in the south and no bright star is located near the south celestial pole.)
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31. Although the Copernican system was largely correct to place the Sun at the center of all planetary motion, the
model still gave inaccurate predictions for planetary positions. Explain the flaw in the Copernican model that hindered
its accuracy.

32. During a retrograde loop of Mars, would you expect Mars to be brighter than usual in the sky, about average in
brightness, or fainter than usual in the sky? Explain.

33. The Great Pyramid of Giza was constructed nearly 5000 years ago. Within the pyramid, archaeologists
discovered a shaft leading from the central chamber out of the pyramid, oriented for favorable viewing of the bright
star Thuban. Thinking about Earth’s precession, explain why Thuban might have been an important star to the ancient
Egyptians.

34. Explain why more stars are circumpolar for observers at higher latitudes.

35. What is the altitude of the north celestial pole in the sky from your latitude? If you do not know your latitude,
look it up. If you are in the Southern Hemisphere, answer this question for the south celestial pole, since the north
celestial pole is not visible from your location.

36. If you were to drive to some city south of your current location, how would the altitude of the celestial pole in
the sky change?

37. Hipparchus could have warned us that the dates associated with each of the natal astrology sun signs would
eventually be wrong. Explain why.

38. Explain three lines of evidence that argue against the validity of astrology.

39. What did Galileo discover about the planet Jupiter that cast doubt on exclusive geocentrism?

40. What did Galileo discover about Venus that cast doubt on geocentrism?

Figuring for Yourself
41. Suppose Eratosthenes had found that, in Alexandria, at noon on the first day of summer, the line to the Sun
makes an angle 30° with the vertical. What, then, would he have found for Earth’s circumference?

42. Suppose Eratosthenes’ results for Earth’s circumference were quite accurate. If the diameter of Earth is 12,740
km, what is the length of his stadium in kilometers?

43. Suppose you are on a strange planet and observe, at night, that the stars do not rise and set, but circle parallel
to the horizon. Next, you walk in a constant direction for 8000 mi, and at your new location on the planet, you find
that all stars rise straight up in the east and set straight down in the west, perpendicular to the horizon. How could you
determine the circumference of the planet without any further observations? What is the circumference, in miles, of
the planet?

40 Chapter 2 | Observing the Sky: The Birth of Astronomy

 



SAMPLE CHAPTERS 
NOT FINAL DRAFTChapter 6

Astronomical Instruments

Figure 1.1 Hubble Space Telescope (HST). The solar panels are unfurled, and most of the telescope can be seen,
with Earth in the background. (credit: modification of work by NASA)

Chapter Outline
6.1 Telescopes

6.2 Telescopes Today

6.3 Visible-Light Detectors and Instruments 

6.4 Radio Telescopes

6.5 Observations outside Earth’s Atmosphere 

6.6 The Future of Large Telescopes

Thinking Ahead
If you look at the sky when you are far away from city lights, there seem to be an overwhelming number of stars up
there. In reality, only about 9000 stars are visible to the unaided eye (from both hemispheres of our planet). The light
from most stars is so weak that by the time it reaches Earth, it cannot be detected by the human eye. How can we
learn about the vast majority of objects in the universe that our unaided eyes simply cannot see?

In this chapter, we describe the tools astronomers use to extend their vision into space. We have learned almost
everything we know about the universe from studying electromagnetic radiation, as discussed in the previous
chapter. In the twentieth century, our exploration of space made it possible to detect electromagnetic radiation at all
wavelengths, from gamma rays to radio waves. The different wavelengths carry different kinds of information, and
the appearance of any given object often depends on the wavelength at which the observations are made.
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Learning Objectives
• Describe the three basic components of a modern system for measuring astronomical sources

• Describe the main functions of a telescope

• Describe the two basic types of optical telescopes and explain how they form images (“optical” telescopes are
used to observe both visible light and infrared radiation)

Systems for Measuring Radiation
There are three basic components of a modern system for measuring radiation from astronomical sources. First, there 
is a telescope, which serves as a “bucket” for collecting visible light (or radiation at other wavelengths, as shown in 
(Figure 1.2). Just as you can catch more rain with a garbage can than with a coffee cup, large telescopes gather much 
more light than your eye can. Second, there is an instrument attached to the telescope that sorts the incoming radiation 
by wavelength. Sometimes the sorting is fairly crude. For example, we might simply want to separate blue light from 
red light so that we can determine the temperature of a star. But at other times, we want to see individual spectral 
lines to determine what an object is made of, or to measure its speed (as explained in the ... chapter). Third, we 
need some type of detector, a device that senses the radiation in the wavelength regions we have chosen and 
permanently records the observations.

Figure 1.2 Orion Region at Different Wavelengths. The same part of the sky looks different when observed with
instruments that are sensitive to different bands of the spectrum. (a) Visible light: this shows part of the Orion region
as the human eye sees it, with dotted lines added to show the figure of the mythical hunter, Orion. (b) X-rays: here,
the view emphasizes the point-like X-ray sources nearby. The colors are artificial, changing from yellow to white to
blue with increasing energy of the X-rays. The bright, hot stars in Orion are still seen in this image, but so are many
other objects located at very different distances, including other stars, star corpses, and galaxies at the edge of the
observable universe. (c) Infrared radiation: here, we mainly see the glowing dust in this region. (credit a: modification
of work by Howard McCallon/NASA/IRAS; credit b: modification of work by Howard McCallon/NASA/IRAS; credit c:
modification of work by Michael F. Corcoran)

The history of the development of astronomical telescopes is about how new technologies have been applied to
improve the efficiency of these three basic components: the telescopes, the wavelength-sorting device, and the
detectors. Let’s first look at the development of the telescope.
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could measure the positions of celestial objects, mostly to keep track of time and date. Many of these ancient
observatories had religious and ritual functions as well. The eye was the only device available to gather light, all of
the colors in the light were observed at once, and the only permanent record of the observations was made by human
beings writing down or sketching what they saw.

Figure 1.3 Two Pre-Telescopic Observatories. (a) Machu Picchu is a fifteenth century Incan site located in Peru.
(b) Stonehenge, a prehistoric site (3000–2000 BCE), is located in England. (credit a: modification of work by Allard
Schmidt)

While Hans Lippershey, Zaccharias Janssen, and Jacob Metius are all credited with the invention of the telescope
around 1608—applying for patents within weeks of each other—it was Galileo who, in 1610, used this simple tube
with lenses (which he called a spyglass) to observe the sky and gather more light than his eyes alone could. Even
his small telescope—used over many nights—revolutionized ideas about the nature of the planets and the position of
Earth.

How Telescopes Work
Telescopes have come a long way since Galileo’s time. Now they tend to be huge devices; the most expensive
cost hundreds of millions to billions of dollars. (To provide some reference point, however, keep in mind that just
renovating college football stadiums typically costs hundreds of millions of dollars—with the most expensive recent
renovation, at Texas A&M University’s Kyle Field, costing $450 million.) The reason astronomers keep building
bigger and bigger telescopes is that celestial objects—such as planets, stars, and galaxies—send much more light to
Earth than any human eye (with its tiny opening) can catch, and bigger telescopes can detect fainter objects. If you
have ever watched the stars with a group of friends, you know that there’s plenty of starlight to go around; each of
you can see each of the stars. If a thousand more people were watching, each of them would also catch a bit of each
star’s light. Yet, as far as you are concerned, the light not shining into your eye is wasted. It would be great if some of
this “wasted” light could also be captured and brought to your eye. This is precisely what a telescope does.

The most important functions of a telescope are (1) to collect the faint light from an astronomical source and (2) to
focus all the light into a point or an image. Most objects of interest to astronomers are extremely faint: the more light
we can collect, the better we can study such objects. (And remember, even though we are focusing on visible light
first, there are many telescopes that collect other kinds of electromagnetic radiation.)

Telescopes that collect visible radiation use a lens or mirror to gather the light. Other types of telescopes may use
collecting devices that look very different from the lenses and mirrors with which we are familiar, but they serve the
same function. In all types of telescopes, the light-gathering ability is determined by the area of the device acting
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power by comparing the apertures, or diameters, of the opening through which light travels or reflects.

The amount of light a telescope can collect increases with the size of the aperture. A telescope with a mirror that is
4 meters in diameter can collect 16 times as much light as a telescope that is 1 meter in diameter. (The diameter is
squared because the area of a circle equals πd2/4, where d is the diameter of the circle.)

Example 1.1

Calculating the Light-Collecting Area
What is the area of a 1-m diameter telescope? A 4-m diameter one?

Solution

Using the equation for the area of a circle,

A = πd2

4

the area of a 1-m telescope is

πd2

4 = π × 1 m2

4 = 0.7854 m2

and the area of a 4-m telescope is

πd2

4 = π × 4 m2

4 = 12.57 m2

Check Your Learning

Show that the ratio of the two areas is 16:1.

Answer:
12.57 m2

0.7854 m2 = 16.00

Therefore, with 16 times the area, a 4-m telescope collects 16 times the light of a 1-m telescope.

After the telescope forms an image, we need some way to detect and record it so that we can measure, reproduce,
and analyze the image in various ways. Before the nineteenth century, astronomers simply viewed images with their
eyes and wrote descriptions of what they saw. This was very inefficient and did not lead to a very reliable long-term
record; you know from crime shows on television that eyewitness accounts are often inaccurate.

In the nineteenth century, the use of photography became widespread. In those days, photographs were a chemical
record of an image on a specially treated glass plate. Today, the image is generally detected with sensors similar to
those in digital cameras, recorded electronically, and stored in computers. This permanent record can then be used for
detailed and quantitative studies. Professional astronomers rarely look through the large telescopes that they use for
their research.

Formation of an Image by a Lens or a Mirror
Whether or not you wear glasses, you see the world through lenses; they are key elements of your eyes. A lens is a
transparent piece of material that bends the rays of light passing through it. If the light rays are parallel as they enter,
the lens brings them together in one place to form an image (Figure 1.4). If the curvatures of the lens surfaces are
just right, all parallel rays of light (say, from a star) are bent, or refracted, in such a way that they converge toward
a point, called the focus of the lens. At the focus, an image of the light source appears. In the case of parallel light
rays, the distance from the lens to the location where the light rays focus, or image, behind the lens is called the focal
length of the lens.
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Figure 1.4 Formation of an Image by a Simple Lens. Parallel rays from a distant source are bent by the convex
lens so that they all come together in a single place (the focus) to form an image.

As you look at Figure 1.4, you may ask why two rays of light from the same star would be parallel to each other.
After all, if you draw a picture of star shining in all directions, the rays of light coming from the star don’t look
parallel at all. But remember that the stars (and other astronomical objects) are all extremely far away. By the time the
few rays of light pointed toward us actually arrive at Earth, they are, for all practical purposes, parallel to each other.
Put another way, any rays that were not parallel to the ones pointed at Earth are now heading in some very different
direction in the universe.

To view the image formed by the lens in a telescope, we use an additional lens called an eyepiece. The eyepiece
focuses the image at a distance that is either directly viewable by a human or at a convenient place for a detector.
Using different eyepieces, we can change the magnification (or size) of the image and also redirect the light to a more
accessible location. Stars look like points of light, and magnifying them makes little difference, but the image of a
planet or a galaxy, which has structure, can often benefit from being magnified.

Many people, when thinking of a telescope, picture a long tube with a large glass lens at one end. This design, which
uses a lens as its main optical element to form an image, as we have been discussing, is known as a refractor (Figure
1.5), and a telescope based on this design is called a refracting telescope. Galileo’s telescopes were refractors, as are
today’s binoculars and field glasses. However, there is a limit to the size of a refracting telescope. The largest one ever
built was a 49-inch refractor built for the Paris 1900 Exposition, and it was dismantled after the Exposition. Currently,
the largest refracting telescope is the 40-inch refractor at Yerkes Observatory in Wisconsin.
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Figure 1.5 Refracting and Reflecting telescopes. Light enters a refracting telescope through a lens at the upper
end, which focuses the light near the bottom of the telescope. An eyepiece then magnifies the image so that it can be
viewed by the eye, or a detector like a photographic plate can be placed at the focus. The upper end of a reflecting
telescope is open, and the light passes through to the mirror located at the bottom of the telescope. The mirror then
focuses the light at the top end, where it can be detected. Alternatively, as in this sketch, a second mirror may reflect
the light to a position outside the telescope structure, where an observer can have easier access to it. Professional
astronomers’ telescopes are more complicated than this, but they follow the same principles of reflection and
refraction.

One problem with a refracting telescope is that the light must pass through the lens of a refractor. That means the glass
must be perfect all the way through, and it has proven very difficult to make large pieces of glass without flaws and
bubbles in them. Also, optical properties of transparent materials change a little bit with the wavelengths of light, so
there is some additional distortion, known as chromatic aberration. Each wavelength focuses at a slightly different
spot, causing the image to appear blurry.

In addition, since the light must pass through the lens, the lens can only be supported around its edges (just like the
frames of our eyeglasses). The force of gravity will cause a large lens to sag and distort the path of the light rays
as they pass through it. Finally, because the light passes through it, both sides of the lens must be manufactured to
precisely the right shape in order to produce a sharp image.

A different type of telescope uses a concave primary mirror as its main optical element. The mirror is curved like the
inner surface of a sphere, and it reflects light in order to form an image (Figure 1.5). Telescope mirrors are coated
with a shiny metal, usually silver, aluminum, or, occasionally, gold, to make them highly reflective. If the mirror has
the correct shape, all parallel rays are reflected back to the same point, the focus of the mirror. Thus, images are
produced by a mirror exactly as they are by a lens.

Telescopes designed with mirrors avoid the problems of refracting telescopes. Because the light is reflected from the
front surface only, flaws and bubbles within the glass do not affect the path of the light. In a telescope designed with
mirrors, only the front surface has to be manufactured to a precise shape, and the mirror can be supported from the
back. For these reasons, most astronomical telescopes today (both amateur and professional) use a mirror rather than
a lens to form an image; this type of telescope is called a reflecting telescope. The first successful reflecting telescope
was built by Isaac Newton in 1668.
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the light back up the tube to form an image near the front end at a location called the prime focus. The image can
be observed at the prime focus, or additional mirrors can intercept the light and redirect it to a position where the
observer can view it more easily (Figure 1.6). Since an astronomer at the prime focus can block much of the light
coming to the main mirror, the use of a small secondary mirror allows more light to get through the system.

Figure 1.6 Focus Arrangements for Reflecting Telescopes. Reflecting telescopes have different options for where
the light is brought to a focus. With prime focus, light is detected where it comes to a focus after reflecting from the
primary mirror. With Newtonian focus, light is reflected by a small secondary mirror off to one side, where it can be
detected (see also Figure 1.5). Most large professional telescopes have a Cassegrain focus in which light is reflected
by the secondary mirror down through a hole in the primary mirror to an observing station below the telescope.

6.2 Telescopes Today

Learning Objectives
• Recognize the largest visible-light and infrared telescopes in operation today

• Discuss the factors relevant to choosing an appropriate telescope site

• Define the technique of adaptive optics and describe the effects of the atmosphere on astronomical observations

Since Newton’s time, when the sizes of the mirrors in telescopes were measured in inches, reflecting telescopes have
grown ever larger. In 1948, US astronomers built a telescope with a 5-meter (200-inch) diameter mirror on Palomar
Mountain in Southern California. It remained the largest visible-light telescope in the world for several decades.
The giants of today, however, have primary mirrors (the largest mirrors in the telescope) that are 8- to 10-meters in
diameter, and larger ones are being built (Figure 1.7).
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Figure 1.7 Large Telescope Mirror. This image shows one of the primary mirrors of the European Southern
Observatory’s Very Large Telescope, named Yepun, just after it was recoated with aluminum. The mirror is a little
over 8 meters in diameter. (credit: ESO/G. Huedepohl)

Modern Visible-Light and Infrared Telescopes
The decades starting in 1990 saw telescope building around the globe grow at an unprecedented rate. (See Table 1.1,
which also includes websites for each telescope in case you want to visit or learn more about them.) Technological
advancements had finally made it possible to build telescopes significantly larger than the 5-meter telescope at
Palomar at a reasonable cost. New technologies have also been designed to work well in the infrared, and not just
visible, wavelengths.

Large Single-Dish Visible-light and Infrared Telescopes

Aperture
(m)

Telescope Name Location Status Website

39 European Extremely
Large Telescope (E-
ELT)

Cerro Armazonas,
Chile

First light 2025
(estimated)

www.eso.org/sci/facilities/
eelt

30 Thirty-Meter Telescope
(TMT)

Mauna Kea, HI First light 2025
(estimated)

www.tmt.org

24.5 Giant Magellan
Telescope (GMT)

Las Campanas
Observatory, Chile

First light 2025
(estimated)

www.gmto.org

11.1 ×
9.9

Southern African Large
Telescope (SALT)

Sutherland, South
Africa

2005 www.salt.ac.za

10.4 Gran Telescopio
Canarias (GTC)

La Palma, Canary
Islands

First light 2007 http://www.gtc.iac.es

10.0 Keck I and II (two
telescopes)

Mauna Kea, HI Completed
1993–96

www.keckobservatory.org

9.1 Hobby–Eberly
Telescope (HET)

Mount Locke, TX Completed 1997 www.as.utexas.edu/
mcdonald/het

8.4 Large Binocular
Telescope (LBT) (two
telescopes)

Mount Graham, AZ First light 2004 www.lbto.org

8.4 Large Synoptic Survey
Telescope (LSST)

The Cerro Pachón,
Chile

First light 2021 www.lsst.org

Table 1.1
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Aperture
(m)

Telescope Name Location Status Website

8.3 Subaru Telescope Mauna Kea, HI First light 1998 www.naoj.org

8.2 Very Large Telescope
(VLT)

Cerro Paranal, Chile All four
telescopes
completed 2000

www.eso.org/public/teles-
instr/paranal

8.1 Gemini North and
Gemini South

Mauna Kea, HI
(North) and Cerro
Pachón, Chile
(South)

First light 1999
(North), First
light 2000
(South)

www.gemini.edu

6.5 Magellan Telescopes
(two telescopes: Baade
and Landon Clay)

Las Campanas,
Chile

First light 2000
and 2002

obs.carnegiescience.edu/
Magellan

6.5 Multi-Mirror Telescope
(MMT)

Mount Hopkins, AZ Completed 1979 www.mmto.org

6.0 Big Telescope
Altazimuth (BTA-6)

Mount Pastukhov,
Russia

Completed 1976 w0.sao.ru/Doc-en/
Telescopes/bta/
descrip.html

5.1 Hale Telescope Mount Palomar, CA Completed 1948 www.astro.caltech.edu/
palomar/about/
telescopes/hale.html

Table 1.1

The differences between the Palomar telescope and the modern Gemini North telescope (to take an example) are
easily seen in Figure 1.8. The Palomar telescope is a massive steel structure designed to hold the 14.5-ton primary
mirror with a 5-meter diameter. Glass tends to sag under its own weight; hence, a huge steel structure is needed to
hold the mirror. A mirror 8 meters in diameter, the size of the Gemini North telescope, if it were built using the
same technology as the Palomar telescope, would have to weigh at least eight times as much and would require an
enormous steel structure to support it.
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Figure 1.8 Modern Reflecting Telescopes. (a) The Palomar 5-meter reflector: The Hale telescope on Palomar
Mountain has a complex mounting structure that enables the telescope (in the open “tube” pointing upward in this
photo) to swing easily into any position. (b) The Gemini North 8-meter telescope: The Gemini North mirror has a
larger area than the Palomar mirror, but note how much less massive the whole instrument seems. (credit a:
modification of work by Caltech/Palomar Observatory; credit b: modification of work by Gemini Observatory/AURA)

The 8-meter Gemini North telescope looks like a featherweight by contrast, and indeed it is. The mirror is only about
8 inches thick and weighs 24.5 tons, less than twice as much as the Palomar mirror. The Gemini North telescope
was completed about 50 years after the Palomar telescope. Engineers took advantage of new technologies to build a
telescope that is much lighter in weight relative to the size of the primary mirror. The Gemini mirror does sag, but
with modern computers, it is possible to measure that sag many times each second and apply forces at 120 different
locations to the back of the mirror to correct the sag, a process called active control. Seventeen telescopes with mirrors
6.5 meters in diameter and larger have been constructed since 1990.

The twin 10-meter Keck telescopes on Mauna Kea, which were the first of these new-technology instruments, use
precision control in an entirely novel way. Instead of a single primary mirror 10 meters in diameter, each Keck
telescope achieves its larger aperture by combining the light from 36 separate hexagonal mirrors, each 1.8 meters wide
(Figure 1.9). Computer-controlled actuators (motors) constantly adjust these 36 mirrors so that the overall reflecting
surface acts like a single mirror with just the right shape to collect and focus the light into a sharp image.
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Figure 1.9 Thirty-Six Eyes Are Better Than One. The mirror of the 10-meter Keck telescope is composed of 36
hexagonal sections. (credit: NASA)

Learn more about the Keck Observatory on Mauna Kea
(http://www.openstaxcollege.org/l/30KeckObserv) through this History
Channel clip on the telescopes and the work that they do.

In addition to holding the mirror, the steel structure of a telescope is designed so that the entire telescope can be
pointed quickly toward any object in the sky. Since Earth is rotating, the telescope must have a motorized drive system
that moves it very smoothly from east to west at exactly the same rate that Earth is rotating from west to east, so it can
continue to point at the object being observed. All this machinery must be housed in a dome to protect the telescope
from the elements. The dome has an opening in it that can be positioned in front of the telescope and moved along
with it, so that the light from the objects being observed is not blocked.

Link to Learning
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George Ellery Hale: Master Telescope Builder

George Ellery Hale (Figure 1.10) was a giant among early telescope builders. Not once, but four times, he
initiated projects that led to the construction of what was the world’s largest telescope at the time. And he was
a master at winning over wealthy benefactors to underwrite the construction of these new instruments.

Figure 1.10 George Ellery Hale (1868–1938). Hale’s work led to the construction of several major
telescopes, including the 40-inch refracting telescope at Yerkes Observatory, and three reflecting telescopes:
the 60-inch Hale and 100-inch Hooker telescopes at Mount Wilson Observatory, and the 200-inch Hale
Telescope at Palomar Observatory.

Hale’s training and early research were in solar physics. In 1892, at age 24, he was named associate professor
of astral physics and director of the astronomical observatory at the University of Chicago. At the time, the
largest telescope in the world was the 36-inch refractor at the Lick Observatory near San Jose, California.
Taking advantage of an existing glass blank for a 40-inch telescope, Hale set out to raise money for a larger
telescope than the one at Lick. One prospective donor was Charles T. Yerkes, who, among other things, ran
the trolley system in Chicago.

Hale wrote to Yerkes, encouraging him to support the construction of the giant telescope by saying that “the
donor could have no more enduring monument. It is certain that Mr. Lick’s name would not have been nearly so
widely known today were it not for the famous observatory established as a result of his munificence.” Yerkes
agreed, and the new telescope was completed in May 1897; it remains the largest refractor in the world (Figure
1.11).

Voyagers in Astronomy

16 Chapter 6 | Astronomical Instruments

 



SAMPLE CHAPTERS 
NOT FINAL DRAFT

Figure 1.11 The Yerkes 40-inch (1-meter) refracting telescope.

Even before the completion of the Yerkes refractor, Hale was not only dreaming of building a still larger
telescope but was also taking concrete steps to achieve that goal. In the 1890s, there was a major controversy
about the relative quality of refracting and reflecting telescopes. Hale realized that 40 inches was close to the
maximum feasible aperture for refracting telescopes. If telescopes with significantly larger apertures were to
be built, they would have to be reflecting telescopes.

Using funds borrowed from his own family, Hale set out to construct a 60-inch reflector. For a site, he left the
Midwest for the much better conditions on Mount Wilson—at the time, a wilderness peak above the small city
of Los Angeles. In 1904, at the age of 36, Hale received funds from the Carnegie Foundation to establish the
Mount Wilson Observatory. The 60-inch mirror was placed in its mount in December 1908.

Two years earlier, in 1906, Hale had already approached John D. Hooker, who had made his fortune
in hardware and steel pipe, with a proposal to build a 100-inch telescope. The technological risks were
substantial. The 60-inch telescope was not yet complete, and the usefulness of large reflectors for astronomy
had yet to be demonstrated. George Ellery Hale’s brother called him “the greatest gambler in the world.” Once
again, Hale successfully obtained funds, and the 100-inch telescope was completed in November 1917. (It was
with this telescope that Edwin Hubble was able to establish that the spiral nebulae were separate islands of
stars—or galaxies—quite removed from our own Milky Way.)

Hale was not through dreaming. In 1926, he wrote an article in Harper’s Magazine about the scientific value
of a still larger telescope. This article came to the attention of the Rockefeller Foundation, which granted $6
million for the construction of a 200-inch telescope. Hale died in 1938, but the 200-inch (5-meter) telescope on
Palomar Mountain was dedicated 10 years later and is now named in Hale’s honor.

Picking the Best Observing Sites
A telescope like the Gemini or Keck telescope costs about $100 million to build. That kind of investment demands
that the telescope be placed in the best possible site. Since the end of the nineteenth century, astronomers have realized
that the best observatory sites are on mountains, far from the lights and pollution of cities. Although a number of urban
observatories remain, especially in the large cities of Europe, they have become administrative centers or museums.
The real action takes place far away, often on desert mountains or isolated peaks in the Atlantic and Pacific Oceans,
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themselves. A large observatory today requires a supporting staff of 20 to 100 people in addition to the astronomers.

The performance of a telescope is determined not only by the size of its mirror but also by its location. Earth’s
atmosphere, so vital to life, presents challenges for the observational astronomer. In at least four ways, our air imposes
limitations on the usefulness of telescopes:

1. The most obvious limitation is weather conditions such as clouds, wind, and rain. At the best sites, the weather
is clear as much as 75% of the time.

2. Even on a clear night, the atmosphere filters out a certain amount of starlight, especially in the infrared, where
the absorption is due primarily to water vapor. Astronomers therefore prefer dry sites, generally found at high
altitudes.

3. The sky above the telescope should be dark. Near cities, the air scatters the glare from lights, producing
an illumination that hides the faintest stars and limits the distances that can be probed by telescopes.
(Astronomers call this effect light pollution.) Observatories are best located at least 100 miles from the nearest
large city.

4. Finally, the air is often unsteady; light passing through this turbulent air is disturbed, resulting in blurred
star images. Astronomers call these effects “bad seeing.” When seeing is bad, images of celestial objects are
distorted by the constant twisting and bending of light rays by turbulent air.

The best observatory sites are therefore high, dark, and dry. The world’s largest telescopes are found in such remote
mountain locations as the Andes Mountains of Chile (Figure 1.12), the desert peaks of Arizona, the Canary Islands
in the Atlantic Ocean, and Mauna Kea in Hawaii, a dormant volcano with an altitude of 13,700 feet (4200 meters).

Light pollution is a problem not just for professional astronomers, but for
everyone who wants to enjoy the beauty of the night sky. In addition,
research is now showing that it can disrupt the life cycle of animals with
whom we share the urban and suburban landscape. And the light wasted
shining into the sky leads to unnecessary municipal expenses and use of
fossil fuels. Concerned people have formed an organization, the

International Dark-Sky Association, whose website
(http://www.openstaxcollege.org/l/30IntDSA) is full of good information. A citizen
science project called Globe at Night (http://www.openstaxcollege.org/l/
30GlbatNght) allows you to measure the light levels in your community by counting
stars and to compare it to others around the world. And, if you get interested in this
topic and want to do a paper for your astronomy course or another course while you
are in college, the Dark Night Skies guide (http://www.openstaxcollege.org/l/
30DNSGuide) can point you to a variety of resources on the topic.

Link to Learning
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Figure 1.12 High and Dry Site. Cerro Paranal, a mountain summit 2.7 kilometers above sea level in Chile’s
Atacama Desert, is the site of the European Southern Observatory’s Very Large Telescope. This photograph shows
the four 8-meter telescope buildings on the site and vividly illustrates that astronomers prefer high, dry sites for their
instruments. The 4.1-meter Visible and Infrared Survey Telescope for Astronomy (VISTA) can be seen in the distance
on the next mountain peak. (credit: ESO)

The Resolution of a Telescope
In addition to gathering as much light as they can, astronomers also want to have the sharpest images possible.
Resolution refers to the precision of detail present in an image: that is, the smallest features that can be distinguished.
Astronomers are always eager to make out more detail in the images they study, whether they are following the
weather on Jupiter or trying to peer into the violent heart of a “cannibal galaxy” that recently ate its neighbor for
lunch.

One factor that determines how good the resolution will be is the size of the telescope. Larger apertures produce
sharper images. Until very recently, however, visible-light and infrared telescopes on Earth’s surface could not
produce images as sharp as the theory of light said they should.

The problem—as we saw earlier in this chapter—is our planet’s atmosphere, which is turbulent. It contains many
small-scale blobs or cells of gas that range in size from inches to several feet. Each cell has a slightly different
temperature from its neighbor, and each cell acts like a lens, bending (refracting) the path of the light by a small
amount. This bending slightly changes the position where each light ray finally reaches the detector in a telescope.
The cells of air are in motion, constantly being blown through the light path of the telescope by winds, often in
different directions at different altitudes. As a result, the path followed by the light is constantly changing.

For an analogy, think about watching a parade from a window high up in a skyscraper. You decide to throw some
confetti down toward the marchers. Even if you drop a handful all at the same time and in the same direction, air
currents will toss the pieces around, and they will reach the ground at different places. As we described earlier, we
can think of the light from the stars as a series of parallel beams, each making its way through the atmosphere. Each
path will be slightly different, and each will reach the detector of the telescope at a slightly different place. The result
is a blurred image, and because the cells are being blown by the wind, the nature of the blur will change many times
each second. You have probably noticed this effect as the “twinkling” of stars seen from Earth. The light beams are
bent enough that part of the time they reach your eye, and part of the time some of them miss, thereby making the star
seem to vary in brightness. In space, however, the light of the stars is steady.

Astronomers search the world for locations where the amount of atmospheric blurring, or turbulence, is as small as
possible. It turns out that the best sites are in coastal mountain ranges and on isolated volcanic peaks in the middle of
an ocean. Air that has flowed long distances over water before it encounters land is especially stable.

The resolution of an image is measured in units of angle on the sky, typically in units of arcseconds. One arcsecond is
1/3600 degree, and there are 360 degrees in a full circle. So we are talking about tiny angles on the sky. To give you a
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5 kilometers. The best images obtained from the ground with traditional techniques reveal details as small as several
tenths of an arcsecond across. This image size is remarkably good. One of the main reasons for launching the Hubble
Space Telescope was to escape Earth’s atmosphere and obtain even sharper images.

But since we can’t put every telescope into space, astronomers have devised a technique called adaptive optics that
can beat Earth’s atmosphere at its own game of blurring. This technique (which is most effective in the infrared
region of the spectrum with our current technology) makes use of a small flexible mirror placed in the beam of a
telescope. A sensor measures how much the atmosphere has distorted the image, and as often as 500 times per second,
it sends instructions to the flexible mirror on how to change shape in order to compensate for distortions produced
by the atmosphere. The light is thus brought back to an almost perfectly sharp focus at the detector. Figure 1.13
shows just how effective this technique is. With adaptive optics, ground-based telescopes can achieve resolutions of
0.1 arcsecond or a little better in the infrared region of the spectrum. This impressive figure is the equivalent of the
resolution that the Hubble Space Telescope achieves in the visible-light region of the spectrum.

Figure 1.13 Power of Adaptive Optics. One of the clearest pictures of Jupiter ever taken from the ground, this
image was produced with adaptive optics using an 8-meter-diameter telescope at the Very Large Telescope in Chile.
Adaptive optics uses infrared wavelengths to remove atmospheric blurring, resulting in a much clearer image. (credit:
ESO, F.Marchis, M.Wong (UC Berkeley); E.Marchetti, P.Amico, S.Tordo (ESO))

How Astronomers Really Use Telescopes

In the popular view (and some bad movies), an astronomer spends most nights in a cold observatory peering
through a telescope, but this is not very accurate today. Most astronomers do not live at observatories, but
near the universities or laboratories where they work. An astronomer might spend only a week or so each
year observing at the telescope and the rest of the time measuring or analyzing the data acquired from large
project collaborations and dedicated surveys. Many astronomers use radio telescopes for space experiments,
which work just as well during the daylight hours. Still others work at purely theoretical problems using
supercomputers and never observe at a telescope of any kind.

Astronomy Basics
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Even when astronomers are observing with large telescopes, they seldom peer through them. Electronic
detectors permanently record the data for detailed analysis later. At some observatories, observations may be
made remotely, with the astronomer sitting at a computer thousands of miles away from the telescope.

Time on major telescopes is at a premium, and an observatory director will typically receive many more
requests for telescope time than can be accommodated during the year. Astronomers must therefore write
a convincing proposal explaining how they would like to use the telescope and why their observations will
be important to the progress of astronomy. A committee of astronomers is then asked to judge and rank the
proposals, and time is assigned only to those with the greatest merit. Even if your proposal is among the high-
rated ones, you may have to wait many months for your turn. If the skies are cloudy on the nights you have
been assigned, it may be more than a year before you get another chance.

Some older astronomers still remember long, cold nights spent alone in an observatory dome, with only music
from a tape recorder or an all-night radio station for company. The sight of the stars shining brilliantly hour
after hour through the open slit in the observatory dome was unforgettable. So, too, was the relief as the first
pale light of dawn announced the end of a 12-hour observation session. Astronomy is much easier today, with
teams of observers working together, often at their computers, in a warm room. Those who are more nostalgic,
however, might argue that some of the romance has gone from the field, too.

6.3 Visible-Light Detectors and Instruments

Learning Objectives
• Describe the difference between photographic plates and charge-coupled devices

• Describe the unique difficulties associated with infrared observations and their solutions

• Describe how a spectrometer works

After a telescope collects radiation from an astronomical source, the radiation must be detected and measured. The
first detector used for astronomical observations was the human eye, but it suffers from being connected to an
imperfect recording and retrieving device—the human brain. Photography and modern electronic detectors have
eliminated the quirks of human memory by making a permanent record of the information from the cosmos.

The eye also suffers from having a very short integration time; it takes only a fraction of a second to add light energy
together before sending the image to the brain. One important advantage of modern detectors is that the light from
astronomical objects can be collected by the detector over longer periods of time; this technique is called “taking a
long exposure.” Exposures of several hours are required to detect very faint objects in the cosmos.

Before the light reaches the detector, astronomers today normally use some type of instrument to sort the light
according to wavelength. The instrument may be as simple as colored filters, which transmit light within a specified
range of wavelengths. A red transparent plastic is an everyday example of a filter that transmits only the red light
and blocks the other colors. After the light passes through a filter, it forms an image that astronomers can then use to
measure the apparent brightness and color of objects. We will show you many examples of such images in the later
chapters of this book, and we will describe what we can learn from them.
Alternatively, the instrument between telescope and detector may be one of several devices that spread the light out 
into its full rainbow of colors so that astronomers can measure individual lines in the spectrum. Such an instrument 
(which you learned about in the chapter on ...) is called a spectrometer because it allows astronomers to measure (to 
meter) the spectrum of a source of radiation. Whether a filter or a spectrometer, both types of wavelength-sorting 
instruments still have to use detectors to record and measure the properties of light.
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Throughout most of the twentieth century, photographic film or glass plates served as the prime astronomical
detectors, whether for photographing spectra or direct images of celestial objects. In a photographic plate, a light-
sensitive chemical coating is applied to a piece of glass that, when developed, provides a lasting record of the image.
At observatories around the world, vast collections of photographs preserve what the sky has looked like during
the past 100 years. Photography represents a huge improvement over the human eye, but it still has limitations.
Photographic films are inefficient: only about 1% of the light that actually falls on the film contributes to the chemical
change that makes the image; the rest is wasted.

Astronomers today have much more efficient electronic detectors to record astronomical images. Most often, these
are charge-coupled devices (CCD), which are similar to the detectors used in video camcorders or in digital cameras
(like the one more and more students have on their cell phones) (see Figure 1.14). In a CCD, photons of radiation
hitting any part of the detector generate a stream of charged particles (electrons) that are stored and counted at the end
of the exposure. Each place where the radiation is counted is called a pixel (picture element), and modern detectors
can count the photons in millions of pixels (megapixels, or MPs).

Figure 1.14 Charge-Coupled Devices (CCDs). (a) This CCD is a mere 300-micrometers thick (thinner than a
human hair) yet holds more than 21 million pixels. (b) This matrix of 42 CCDs serves the Kepler telescope. (credit a:
modification of work by US Department of Energy; credit b: modification of work by NASA and Ball Aerospace)

Because CCDs typically record as much as 60–70% of all the photons that strike them, and the best silicon and
infrared CCDs exceed 90% sensitivity, we can detect much fainter objects. Among these are many small moons
around the outer planets, icy dwarf planets beyond Pluto, and dwarf galaxies of stars. CCDs also provide more
accurate measurements of the brightness of astronomical objects than photography, and their output is digital—in the
form of numbers that can go directly into a computer for analysis.

Infrared Observations
Observing the universe in the infrared band of the spectrum presents some additional challenges. The infrared region
extends from wavelengths near 1 micrometer (µm), which is about the long wavelength sensitivity limit of both CCDs
and photography, to 100 micrometers or longer. Recall from the discussion on light and spectra that infrared is “heat
radiation” (given off at temperatures that we humans are comfortable with). The main challenge to astronomers using
infrared is to distinguish between the tiny amount of heat radiation that reaches Earth from stars and galaxies, and the
much greater heat radiated by the telescope itself and our planet’s atmosphere.
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is only a little cooler. According to Wien’s law (from the chapter on ... ), the telescope, the observatory, and 
even the sky are radiating infrared energy with a peak wavelength of about 10 micrometers. To infrared eyes, 
everything on Earth is brightly aglow—including the telescope and camera (Figure 1.15). The challenge is to 
detect faint cosmic sources against this sea of infrared light. Another way to look at this is that an astronomer using 
infrared must always contend with the situation that a visible-light observer would face if working in broad 
daylight with a telescope and optics lined with bright fluorescent lights.

Figure 1.15 Infrared Eyes. Infrared waves can penetrate places in the universe from which light is blocked, as
shown in this infrared image where the plastic bag blocks visible light but not infrared. (credit: NASA/JPL-Caltech/R.
Hurt (SSC))

To solve this problem, astronomers must protect the infrared detector from nearby radiation, just as you would shield
photographic film from bright daylight. Since anything warm radiates infrared energy, the detector must be isolated
in very cold surroundings; often, it is held near absolute zero (1 to 3 K) by immersing it in liquid helium. The second
step is to reduce the radiation emitted by the telescope structure and optics, and to block this heat from reaching the
infrared detector.

Check out The Infrared Zoo (http://www.openstaxcollege.org/l/30IFZoo)
to get a sense of what familiar objects look like with infrared radiation. Slide
the slider to change the wavelength of radiation for the picture, and click the
arrow to see other animals.

Link to Learning
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Spectroscopy is one of the astronomer’s most powerful tools, providing information about the composition,
temperature, motion, and other characteristics of celestial objects. More than half of the time spent on most large
telescopes is used for spectroscopy.

The many different wavelengths present in light can be separated by passing them through a spectrometer to form
a spectrum. The design of a simple spectrometer is illustrated in Figure 1.16. Light from the source (actually,
the image of a source produced by the telescope) enters the instrument through a small hole or narrow slit, and is
collimated (made into a beam of parallel rays) by a lens. The light then passes through a prism, producing a spectrum:
different wavelengths leave the prism in different directions because each wavelength is bent by a different amount
when it enters and leaves the prism. A second lens placed behind the prism focuses the many different images of
the slit or entrance hole onto a CCD or other detecting device. This collection of images (spread out by color) is the
spectrum that astronomers can then analyze at a later point. As spectroscopy spreads the light out into more and more
collecting bins, fewer photons go into each bin, so either a larger telescope is needed or the integration time must be
greatly increased—usually both.

Figure 1.16 Prism Spectrometer. The light from the telescope is focused on a slit. A prism (or grating) disperses the
light into a spectrum, which is then photographed or recorded electronically.

In practice, astronomers today are more likely to use a different device, called a grating, to disperse the spectrum. A
grating is a piece of material with thousands of grooves on its surface. While it functions completely differently, a
grating, like a prism, also spreads light out into a spectrum.

Choosing Your Own Telescope

If the astronomy course you are taking whets your appetite for exploring the sky further, you may be thinking
about buying your own telescope. Many excellent amateur telescopes are available, and some research is
required to find the best model for your needs. Some good sources of information about personal telescopes
are the two popular US magazines aimed at amateur astronomers: Sky & Telescope and Astronomy. Both
carry regular articles with advice, reviews, and advertisements from reputable telescope dealers.

Some of the factors that determine which telescope is right for you depend upon your preferences:

Making Connections
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• Will you be setting up the telescope in one place and leaving it there, or do you want an instrument that
is portable and can come with you on outdoor excursions? How portable should it be, in terms of size
and weight?

• Do you want to observe the sky with your eyes only, or do you want to take photographs? (Long-
exposure photography, for example, requires a good clock drive to turn your telescope to compensate
for Earth’s rotation.)

• What types of objects will you be observing? Are you interested primarily in comets, planets, star
clusters, or galaxies, or do you want to observe all kinds of celestial sights?

You may not know the answers to some of these questions yet. For this reason, you may want to “test-drive” 
some telescopes first. Most communities have amateur astronomy clubs that sponsor star parties open to the 
public. The members of those clubs often know a lot about telescopes and can share their ideas with you. Your 
instructor may know where the nearest amateur astronomy club meets; or, to find a club near you, use the 
websites suggested in ... .

Furthermore, you may already have an instrument like a telescope at home (or have access to one through
a relative or friend). Many amateur astronomers recommend starting your survey of the sky with a good pair
of binoculars. These are easily carried around and can show you many objects not visible (or clear) to the
unaided eye.

When you are ready to purchase a telescope, you might find the following ideas useful:

• The key characteristic of a telescope is the aperture of the main mirror or lens; when someone says
they have a 6-inch or 8-inch telescope, they mean the diameter of the collecting surface. The larger the
aperture, the more light you can gather, and the fainter the objects you can see or photograph.

• Telescopes of a given aperture that use lenses (refractors) are typically more expensive than those
using mirrors (reflectors) because both sides of a lens must be polished to great accuracy. And,
because the light passes through it, the lens must be made of high-quality glass throughout. In contrast,
only the front surface of a mirror must be accurately polished.

• Magnification is not one of the criteria on which to base your choice of a telescope. As we discussed,
the magnification of the image is done by a smaller eyepiece, so the magnification can be adjusted
by changing eyepieces. However, a telescope will magnify not only the astronomical object you are
viewing but also the turbulence of Earth’s atmosphere. If the magnification is too high, your image will
shimmer and shake and be difficult to view. A good telescope will come with a variety of eyepieces that
stay within the range of useful magnification.

• The mount of a telescope (the structure on which it rests) is one of its most critical elements. Because
a telescope shows a tiny field of view, which is magnified significantly, even the smallest vibration or
jarring of the telescope can move the object you are viewing around or out of your field of view. A
sturdy and stable mount is essential for serious viewing or photography (although it clearly affects how
portable your telescope can be).

• A telescope requires some practice to set up and use effectively. Don’t expect everything to go perfectly
on your first try. Take some time to read the instructions. If a local amateur astronomy club is nearby,
use it as a resource.

6.4 Radio Telescopes

Learning Objectives
• Describe how radio waves from space are detected

• Identify the world’s largest radio telescopes

• Define the technique of interferometry and discuss the benefits of interferometers over single-dish telescopes
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surface of Earth. In the early 1930s, Karl G. Jansky, an engineer at Bell Telephone Laboratories, was experimenting
with antennas for long-range radio communication when he encountered some mysterious static—radio radiation
coming from an unknown source (Figure 1.17). He discovered that this radiation came in strongest about four
minutes earlier on each successive day and correctly concluded that since Earth’s sidereal rotation period (how long it
takes us to rotate relative to the stars) is four minutes shorter than a solar day, the radiation must be originating from
some region fixed on the celestial sphere. Subsequent investigation showed that the source of this radiation was part
of the Milky Way; Jansky had discovered the first source of cosmic radio waves.

Figure 1.17 First Radio Telescope. This rotating radio antenna was used by Jansky in his serendipitous discovery
of radio radiation from the Milky Way.

In 1936, Grote Reber, who was an amateur astronomer interested in radio communications, used galvanized iron
and wood to build the first antenna specifically designed to receive cosmic radio waves. Over the years, Reber built
several such antennas and used them to carry out pioneering surveys of the sky for celestial radio sources; he remained
active in radio astronomy for more than 30 years. During the first decade, he worked practically alone because
professional astronomers had not yet recognized the vast potential of radio astronomy.

Detection of Radio Energy from Space
It is important to understand that radio waves cannot be “heard”: they are not the sound waves you hear coming out
of the radio receiver in your home or car. Like light, radio waves are a form of electromagnetic radiation, but unlike
light, we cannot detect them with our senses—we must rely on electronic equipment to pick them up. In commercial
radio broadcasting, we encode sound information (music or a newscaster’s voice) into radio waves. These must be
decoded at the other end and then turned back into sound by speakers or headphones.

The radio waves we receive from space do not, of course, have music or other program information encoded in them.
If cosmic radio signals were translated into sound, they would sound like the static you hear when scanning between
stations. Nevertheless, there is information in the radio waves we receive—information that can tell us about the
chemistry and physical conditions of the sources of the waves.

Just as vibrating charged particles can produce electromagnetic waves (see the ... chapter), electromagnetic 
waves can make charged particles move back and forth. Radio waves can produce a current in conductors of 
electricity such as metals. An antenna is such a conductor: it intercepts radio waves, which create a feeble current in 
it. The current is then amplified in a radio receiver until it is strong enough to measure or record. Like your television 
or radio, receivers can be tuned to select a single frequency (channel). In astronomy, however, it is more common to 
use sophisticated data-processing techniques that allow thousands of separate frequency bands to be detected 
simultaneously. Thus, the astronomical

26 Chapter 6 | Astronomical Instruments

 



SAMPLE CHAPTERS 
NOT FINAL DRAFTradio receiver operates much like a spectrometer on a visible-light or infrared telescope, providing information about

how much radiation we receive at each wavelength or frequency. After computer processing, the radio signals are
recorded on magnetic disks for further analysis.

Radio waves are reflected by conducting surfaces, just as light is reflected from a shiny metallic surface, and
according to the same laws of optics. A radio-reflecting telescope consists of a concave metal reflector (called a dish),
analogous to a telescope mirror. The radio waves collected by the dish are reflected to a focus, where they can then
be directed to a receiver and analyzed. Because humans are such visual creatures, radio astronomers often construct a
pictorial representation of the radio sources they observe. Figure 1.18 shows such a radio image of a distant galaxy,
where radio telescopes reveal vast jets and complicated regions of radio emissions that are completely invisible in
photographs taken with light.

Figure 1.18 Radio Image. This image has been constructed of radio observations of a galaxy called Cygnus A.
Colors have been added to help the eye sort out regions of different radio intensities. Red regions are the most
intense, blue the least. The visible galaxy would be a small dot in the center of the image. The radio image reveals
jets of expelled material (more than 160,000 light-years long) on either side of the galaxy. (credit:
“Mhardcastle”/Wikimedia)

Radio astronomy is a young field compared with visible-light astronomy, but it has experienced tremendous growth
in recent decades. The world’s largest radio reflectors that can be pointed to any direction in the sky have apertures of
100 meters. One of these has been built at the US National Radio Astronomy Observatory in West Virginia (Figure
1.19). Table 1.2 lists some of the major radio telescopes of the world.

Chapter 6 | Astronomical Instruments 27



SAMPLE CHAPTERS 
NOT FINAL DRAFT

Figure 1.19 Robert C. Byrd Green Bank Telescope. This fully steerable radio telescope in West Virginia went into
operation in August 2000. Its dish is about 100 meters across. (credit: “Cyberbaud”/Wikimedia)

Major Radio Observatories of the World

Observatory Location Description Website

Individual Radio Dishes

Arecibo Observatory Arecibo, Puerto
Rico 305-m fixed dish www.naic.edu

Green Bank Telescope
(GBT)

Green Bank,
WV

110 × 100-m steerable
dish

www.science.nrao.edu/facilities/
gbt

Effelsberg 100-m
Telescope Bonn, Germany 100-m steerable dish www.mpifr-bonn.mpg.de/en/

effelsberg

Lovell Telescope Manchester,
England 76-m steerable dish www.jb.man.ac.uk/aboutus/lovell

Canberra Deep Space
Communication
Complex (CDSCC)

Tidbinbilla,
Australia 70-m steerable dish www.cdscc.nasa.gov

Goldstone Deep Space
Communications
Complex (GDSCC)

Barstow, CA 70-m steerable dish www.gdscc.nasa.gov

Parkes Observatory Parkes,
Australia 64-m steerable dish www.parkes.atnf.csiro.au

Arrays of Radio Dishes

Square Kilometre Array
(SKA)

South Africa and
Western
Australia

Thousands of dishes,
km2 collecting area,
partial array in 2020

www.skatelescope.org

Table 1.2
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Observatory Location Description Website

Atacama Large
Millimeter/submillimeter
Array (ALMA)

Atacama desert,
Northern Chile 66 7-m and 12-m dishes www.almaobservatory.org

Very Large Array (VLA) Socorro, New
Mexico

27-element array of
25-m dishes (36-km
baseline)

www.science.nrao.edu/facilities/vla

Westerbork Synthesis
Radio Telescope
(WSRT)

Westerbork, the
Netherlands

12-element array of
25-m dishes (1.6-km
baseline)

www.astron.nl/radio-observatory/
public/public-0

Very Long Baseline
Array (VLBA)

Ten US sites, HI
to the Virgin
Islands

10-element array of
25-m dishes (9000 km
baseline)

www.science.nrao.edu/facilities/
vlba

Australia Telescope
Compact Array (ATCA)

Several sites in
Australia

8-element array (seven
22-m dishes plus Parkes
64 m)

www.narrabri.atnf.csiro.au

Multi-Element Radio
Linked Interferometer
Network (MERLIN)

Cambridge,
England, and
other British
sites

Network of seven dishes
(the largest is 32 m) www.e-merlin.ac.uk

Millimeter-wave Telescopes

IRAM Granada, Spain 30-m steerable mm-
wave dish www.iram-institute.org

James Clerk Maxwell
Telescope (JCMT) Mauna Kea, HI 15-m steerable mm-

wave dish www.eaobservatory.org/jcmt

Nobeyama Radio
Observatory (NRO)

Minamimaki,
Japan

6-element array of 10-m
wave dishes www.nro.nao.ac.jp/en

Hat Creek Radio
Observatory (HCRO) Cassel, CA 6-element array of 5-m

wave dishes

www.sri.com/research-
development/specialized-facilities/
hat-creek-radio-observatory

Table 1.2

Radio Interferometry
As we discussed earlier, a telescope’s ability to show us fine detail (its resolution) depends upon its aperture, but it
also depends upon the wavelength of the radiation that the telescope is gathering. The longer the waves, the harder
it is to resolve fine detail in the images or maps we make. Because radio waves have such long wavelengths, they
present tremendous challenges for astronomers who need good resolution. In fact, even the largest radio dishes on
Earth, operating alone, cannot make out as much detail as the typical small visible-light telescope used in a college
astronomy lab. To overcome this difficulty, radio astronomers have learned to sharpen their images by linking two
or more radio telescopes together electronically. Two or more telescopes linked together in this way are called an
interferometer.

“Interferometer” may seem like a strange term because the telescopes in an interferometer work cooperatively; they
don’t “interfere” with each other. Interference, however, is a technical term for the way that multiple waves interact
with each other when they arrive in our instruments, and this interaction allows us to coax more detail out of our
observations. The resolution of an interferometer depends upon the separation of the telescopes, not upon their
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kilometer across (although they are not, of course, able to collect as much radiation as a radio-wave bucket that is 1
kilometer across).

To get even better resolution, astronomers combine a large number of radio dishes into an interferometer array. In
effect, such an array works like a large number of two-dish interferometers, all observing the same part of the sky
together. Computer processing of the results permits the reconstruction of a high-resolution radio image. The most
extensive such instrument in the United States is the National Radio Astronomy Observatory’s Very Large Array
(VLA) near Socorro, New Mexico. It consists of 27 movable radio telescopes (on railroad tracks), each having an
aperture of 25 meters, spread over a total span of about 36 kilometers. By electronically combining the signals from
all of its individual telescopes, this array permits the radio astronomer to make pictures of the sky at radio wavelengths
comparable to those obtained with a visible-light telescope, with a resolution of about 1 arcsecond.

The Atacama Large Millimeter/submillimeter array (ALMA) in the Atacama Desert of Northern Chile (Figure
1.20), at an altitude of 16,400 feet, consists of 12 7-meter and 54 12-meter telescopes, and can achieve baselines up to
16 kilometers. Since it became operational in 2013, it has made observations at resolutions down to 6 milliarcseconds
(0.006 arcseconds), a remarkable achievement for radio astronomy.

Figure 1.20 Atacama Large Millimeter/submillimeter Array (ALMA). Located in the Atacama Desert of Northern
Chile, ALMA currently provides the highest resolution for radio observations. (credit: ESO/S. Guisard)

Watch this documentary (http://www.openstaxcollege.org/l/
30ALMAdoc) that explains the work that went into designing and building
ALMA, discusses some of its first images, and explores its future.

Initially, the size of interferometer arrays was limited by the requirement that all of the dishes be physically
wired together. The maximum dimensions of the array were thus only a few tens of kilometers. However, larger
interferometer separations can be achieved if the telescopes do not require a physical connection. Astronomers, with
the use of current technology and computing power, have learned to time the arrival of electromagnetic waves coming
from space very precisely at each telescope and combine the data later. If the telescopes are as far apart as California
and Australia, or as West Virginia and Crimea in Ukraine, the resulting resolution far surpasses that of visible-light
telescopes.

The United States operates the Very Long Baseline Array (VLBA), made up of 10 individual telescopes stretching
from the Virgin Islands to Hawaii (Figure 1.21). The VLBA, completed in 1993, can form astronomical images with

Link to Learning
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the center of our galaxy.

Figure 1.21 Very Long Baseline Array. This map shows the distribution of 10 antennas that constitute an array of
radio telescopes stretching across the United States and its territories.

Recent advances in technology have also made it possible to do interferometry at visible-light and infrared
wavelengths. At the beginning of the twenty-first century, three observatories with multiple telescopes each began
using their dishes as interferometers, combining their light to obtain a much greater resolution. In addition, a
dedicated interferometric array was built on Mt. Wilson in California. Just as in radio arrays, these observations allow
astronomers to make out more detail than a single telescope could provide.

Optical Interferometers

Longest
Baseline (m)

Telescope Name Location Mirrors Status

400 CHARA Array (Center for High Angular
Resolution Astronomy)

Mount
Wilson, CA

Six 1-m
telescopes

Operational
since 2004

200
Very Large Telescope

Cerro
Paranal,
Chile

Four 8.2-m
telescopes Completed 2000

85 Keck I and II telescopes Mauna Kea,
HI

Two 10-m
telescopes

Operated from
2001 to 2012

22.8 Large Binocular Telescope Mount
Graham, AZ

Two 8.4-m
telescopes First light 2004

Table 1.3

Radar Astronomy
Radar is the technique of transmitting radio waves to an object in our solar system and then detecting the radio
radiation that the object reflects back. The time required for the round trip can be measured electronically with great
precision. Because we know the speed at which radio waves travel (the speed of light), we can determine the distance
to the object or a particular feature on its surface (such as a mountain).

Radar observations have been used to determine the distances to planets and how fast things are moving in the solar 
system (using the Doppler effect, discussed in the ... chapter). Radar waves have played important roles in 
navigating spacecraft throughout the solar system. In addition, as will be discussed in later chapters, radar 
observations have determined the rotation periods of Venus and Mercury, probed tiny Earth-approaching asteroids, 
and allowed us to investigate the mountains and valleys on the surfaces of Mercury, Venus, Mars, and the large 
satellites of Jupiter.
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The most spectacular facility in the world for radar astronomy is the 1000-foot (305-meter) telescope at Arecibo in
Puerto Rico (Figure 1.22). The Arecibo telescope is too large to be pointed directly at different parts of the sky.
Instead, it is constructed in a huge natural “bowl” (more than a mere dish) formed by several hills, and it is lined with
reflecting metal panels. A limited ability to track astronomical sources is achieved by moving the receiver system,
which is suspended on cables 100 meters above the surface of the bowl. An even larger (500-meter) radar telescope
is currently under construction. It is the Five-hundred-meter Aperture Spherical Telescope (FAST) in China and is
expected to be completed in 2016.

Figure 1.22 Largest Radio and Radar Dish. The Arecibo Observatory, with its 1000-foot radio dish-filling valley in
Puerto Rico, is part of the National Astronomy and Ionosphere Center, operated by SRI International, USRA, and
UMET under a cooperative agreement with the National Science Foundation. (credit: National Astronomy and
Ionosphere Center, Cornell U., NSF)

6.5 Observations outside Earth’s Atmosphere

Learning Objectives
• List the advantages of making astronomical observations from space

• Explain the importance of the Hubble Space Telescope

• Describe some of the major space-based observatories astronomers use

Earth’s atmosphere blocks most radiation at wavelengths shorter than visible light, so we can only make direct
ultraviolet, X-ray, and gamma ray observations from space (though indirect gamma ray observations can be made
from Earth). Getting above the distorting effects of the atmosphere is also an advantage at visible and infrared
wavelengths. The stars don’t “twinkle” in space, so the amount of detail you can observe is limited only by the size
of your instrument. On the other hand, it is expensive to place telescopes into space, and repairs can present a major
challenge. This is why astronomers continue to build telescopes for use on the ground as well as for launching into
space.

Airborne and Space Infrared Telescopes
Water vapor, the main source of atmospheric interference for making infrared observations, is concentrated in the
lower part of Earth’s atmosphere. For this reason, a gain of even a few hundred meters in elevation can make an
important difference in the quality of an infared observatory site. Given the limitations of high mountains, most of
which attract clouds and violent storms, and the fact that the ability of humans to perform complex tasks degrades at
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and ultimately from space.

Infrared observations from airplanes have been made since the 1960s, starting with a 15-centimeter telescope on
board a Learjet. From 1974 through 1995, NASA operated a 0.9-meter airborne telescope flying regularly out of the
Ames Research Center south of San Francisco. Observing from an altitude of 12 kilometers, the telescope was above
99% of the atmospheric water vapor. More recently, NASA (in partnership with the German Aerospace Center) has
constructed a much larger 2.5-meter telescope, called the Stratospheric Observatory for Infrared Astronomy (SOFIA),
which flies in a modified Boeing 747SP (Figure 1.23).

Figure 1.23 Stratospheric Observatory for Infrared Astronomy (SOFIA). SOFIA allows observations to be made
above most of Earth’s atmospheric water vapor. (credit: NASA)

To find out more about SOFIA, watch this video
(http://www.openstaxcollege.org/l/30SOFIAvid) provided by NASA’s
Armstrong Flight Research Center.

Getting even higher and making observations from space itself have important advantages for infrared astronomy.
First is the elimination of all interference from the atmosphere. Equally important is the opportunity to cool the entire
optical system of the instrument in order to nearly eliminate infrared radiation from the telescope itself. If we tried
to cool a telescope within the atmosphere, it would quickly become coated with condensing water vapor and other
gases, making it useless. Only in the vacuum of space can optical elements be cooled to hundreds of degrees below
freezing and still remain operational.

The first orbiting infrared observatory, launched in 1983, was the Infrared Astronomical Satellite (IRAS), built as a
joint project by the United States, the Netherlands, and Britain. IRAS was equipped with a 0.6-meter telescope cooled
to a temperature of less than 10 K. For the first time, the infrared sky could be seen as if it were night, rather than
through a bright foreground of atmospheric and telescope emissions. IRAS carried out a rapid but comprehensive
survey of the entire infrared sky over a 10-month period, cataloging about 350,000 sources of infrared radiation.
Since then, several other infrared telescopes have operated in space with much better sensitivity and resolution due to
improvements in infrared detectors. The most powerful of these infrared telescopes is the 0.85-meter Spitzer Space
Telescope, which launched in 2003. A few of its observations are shown in Figure 1.24. With infrared observations,
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of dying stars, that visible-light images don’t reveal.

Figure 1.24 Observations from the Spitzer Space Telescope (SST). These infrared images—Flame nebula,
Cassiopeia A, and Helix nebula—show just a few of the observations made and transmitted back to Earth from the
SST. Since our eyes are not sensitive to infrared rays, we don’t perceive colors from them. The colors in these
images have been selected by astronomers to highlight details like the composition or temperature in these regions.
(credit “Flame nebula”: modification of work by NASA (X-ray: NASA/CXC/PSU/K.Getman, E.Feigelson, M.Kuhn & the
MYStIX team; Infrared:NASA/JPL-Caltech); credit “Cassiopeia A”: modification of work by NASA/JPL-Caltech; credit
“Helix nebula”: modification of work by NASA/JPL-Caltech)

Hubble Space Telescope
In April 1990, a great leap forward in astronomy was made with the launch of the Hubble Space Telescope (HST).
With an aperture of 2.4 meters, this is the largest telescope put into space so far. (Its aperture was limited by the
size of the payload bay in the Space Shuttle that served as its launch vehicle.) It was named for Edwin Hubble, the
astronomer who discovered the expansion of the universe in the 1920s (whose work we will discuss in the chapters
on galaxies).

HST is operated jointly by NASA’s Goddard Space F light Center and the Space Telescope Science Institute in 
Baltimore. It is the first orbiting observatory designed to be serviced by Shuttle astronauts and, over the years 
since it was launched, they made several visits to improve or replace its initial instruments and to repair some 
of the systems that operate the spacecraft (...)—though this repair program has now been discontinued, and 
no more visits or improvements will be made.

With the Hubble, astronomers have obtained some of the most detailed images of astronomical objects from the solar
system outward to the most distant galaxies. Among its many great achievements is the Hubble Ultra-Deep Field, an
image of a small region of the sky observed for almost 100 hours. It contains views of about 10,000 galaxies, some
of which formed when the universe was just a few percent of its current age (Figure 1.25).
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Figure 1.25 Hubble Ultra-Deep Field (HUDF). The Hubble Space Telescope has provided an image of a specific
region of space built from data collected between September 24, 2003, and January 16, 2004. These data allow us to
search for galaxies that existed approximately 13 billion years ago. (credit: modification of work by NASA)

The HST’s mirror was ground and polished to a remarkable degree of accuracy. If we were to scale up its 2.4-meter
mirror to the size of the entire continental United States, there would be no hill or valley larger than about 6
centimeters in its smooth surface. Unfortunately, after it was launched, scientists discovered that the primary mirror
had a slight error in its shape, equal to roughly 1/50 the width of a human hair. Small as that sounds, it was enough to
ensure that much of the light entering the telescope did not come to a clear focus and that all the images were blurry.
(In a misplaced effort to save money, a complete test of the optical system had not been carried out before launch, so
the error was not discovered until HST was in orbit.)

The solution was to do something very similar to what we do for astronomy students with blurry vision: put corrective
optics in front of their eyes. In December 1993, in one of the most exciting and difficult space missions ever flown,
astronauts captured the orbiting telescope and brought it back into the shuttle payload bay. There they installed a
package containing compensating optics as well as a new, improved camera before releasing HST back into orbit.
The telescope now works as it was intended to, and further missions to it were able to install even more advanced
instruments to take advantage of its capabilities.

High-Energy Observatories
Ultraviolet, X-ray, and direct gamma-ray (high-energy electromagnetic wave) observations can be made only from
space. Such observations first became possible in 1946, with V2 rockets captured from Germany after World War II.
The US Naval Research Laboratory put instruments on these rockets for a series of pioneering flights, used initially
to detect ultraviolet radiation from the Sun. Since then, many other rockets have been launched to make X-ray and
ultraviolet observations of the Sun, and later of other celestial objects.

Beginning in the 1960s, a steady stream of high-energy observatories has been launched into orbit to reveal and
explore the universe at short wavelengths. Among recent X-ray telescopes is the Chandra X-ray Observatory, which
was launched in 1999 (Figure 1.26). It is producing X-ray images with unprecedented resolution and sensitivity.
Designing instruments that can collect and focus energetic radiation like X-rays and gamma rays is an enormous
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of building and launching sophisticated X-ray instruments. In 2008, NASA launched the Fermi Gamma-ray Space
Telescope, designed to measure cosmic gamma rays at energies greater than any previous telescope, and thus able to
collect radiation from some of the most energetic events in the universe.

Figure 1.26 Chandra X-ray Satellite. Chandra, the world’s most powerful X-ray telescope, was developed by NASA
and launched in July 1999. (credit: modification of work by NASA)

One major challenge is to design “mirrors” to reflect such penetrating radiation as X-rays and gamma rays, which
normally pass straight through matter. However, although the technical details of design are more complicated,
the three basic components of an observing system, as we explained earlier in this chapter, are the same at all
wavelengths: a telescope to gather up the radiation, filters or instruments to sort the radiation according to wavelength,
and some method of detecting and making a permanent record of the observations. Table 1.4 lists some of the most
important active space observatories that humanity has launched.

Gamma-ray detections can also be made from Earth’s surface by using the atmosphere as the primary detector.
When a gamma ray hits our atmosphere, it accelerates charged particles (mostly electrons) in the atmosphere. Those
energetic particles hit other particles in the atmosphere and give off their own radiation. The effect is a cascade of light
and energy that can be detected on the ground. The VERITAS array in Arizona and the H.E.S.S. array in Namibia are
two such ground-based gamma-ray observatories.

Recent Observatories in Space

Observatory Date
Operation

Began

Bands of
the

Spectrum

Notes Website

Hubble Space Telescope
(HST)

1990 visible,
UV, IR

2.4-m mirror;
images and
spectra

www.hubblesite.org

Chandra X-Ray Observatory 1999 X-rays X-ray images and
spectra

www.chandra.si.edu

Table 1.4
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Observatory Date
Operation

Began

Bands of
the

Spectrum

Notes Website

XMM-Newton 1999 X-rays X-ray
spectroscopy

http://www.cosmos.esa.int/
web/xmm-newton

International Gamma-Ray
Astrophysics Laboratory
(INTEGRAL)

2002 X- and
gamma-
rays

higher resolution
gamma-ray
images

http://sci.esa.int/integral/

Spitzer Space Telescope 2003 IR 0.85-m telescope www.spitzer.caltech.edu

Fermi Gamma-ray Space
Telescope

2008 gamma-
rays

first high-energy
gamma-ray
observations

fermi.gsfc.nasa.gov

Kepler 2009 optical planet finder http://kepler.nasa.gov

Wide-field Infrared Survey
Explorer (WISE)

2009 IR whole-sky map,
asteroid searches

www.nasa.gov/
mission_pages/WISE/
main

Gaia 2013 optical Precise map of the
Milky Way

http://sci.esa.int/gaia/

Table 1.4

6.6 The Future of Large Telescopes

Learning Objectives
• Describe the next generation of ground- and space-based observatories

• Explain some of the challenges involved in building these observatories

If you’ve ever gone on a hike, you have probably been eager to see what lies just around the next bend in the path.
Researchers are no different, and astronomers and engineers are working on the technologies that will allow us to
explore even more distant parts of the universe and to see them more clearly.

The premier space facility planned for the next decade is the James Webb Space Telescope (Figure 1.27), which (in a
departure from tradition) is named after one of the early administrators of NASA instead of a scientist. This telescope
will have a mirror 6 meters in diameter, made up, like the Keck telescopes, of 36 small hexagons. These will have
to unfold into place once the telescope reaches its stable orbit point, some 1.5 million kilometers from Earth (where
no astronauts can currently travel if it needs repair.) The telescope is scheduled for launch in 2018 and should have
the sensitivity needed to detect the very first generation of stars, formed when the universe was only a few hundred
million years old. With the ability to measure both visible and infrared wavelengths, it will serve as the successor to
both HST and the Spitzer Space Telescope.
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Figure 1.27 James Webb Space Telescope (JWST). This image shows some of the mirrors of the JWST as they
underwent cryogenic testing. The mirrors were exposed to extreme temperatures in order to gather accurate
measurements on changes in their shape as they heated and cooled. (credit: NASA/MSFC/David Higginbotham/
Emmett Given)

Watch this video (http://www.openstaxcollege.org/l/30JWSTvid) to learn
more about the James Webb Space Telescope and how it will build upon
the work that Hubble has allowed us to begin in exploring the universe.

On the ground, optical astronomers have started building the Large Synoptic Survey Telescope (LSST), an 8.4-meter
telescope with a significantly larger field of view than any existing telescopes. It will rapidly scan the sky to find
transients, phenomena that change quickly, such as exploding stars and chunks of rock that orbit near Earth. The
LSST is expected to see first light in 2021.

The international gamma-ray community is planning the Cherenkov Telescope Array (CTA), two arrays of telescopes,
one in each hemisphere, which will indirectly measure gamma rays from the ground. The CTA will measure gamma-
ray energies a thousand times as great as the Fermi telescope can detect.

Several groups of astronomers around the globe interested in studying visible light and infrared are exploring the
feasibility of building ground-based telescopes with mirrors larger than 30 meters across. Stop and think what this
means: 30 meters is one-third the length of a football field. It is technically impossible to build and transport a single
astronomical mirror that is 30 meters or larger in diameter. The primary mirror of these giant telescopes will consist
of smaller mirrors, all aligned so that they act as a very large mirror in combination. These include the Thirty-Meter
Telescope for which construction has begun at the top of Mauna Kea in Hawaii.

The most ambitious of these projects is the European Extremely Large Telescope (E-ELT) (Figure 1.28).
(Astronomers try to outdo each other not only with the size of these telescopes, but also their names!) The design of
the E-ELT calls for a 39.3-meter primary mirror, which will follow the Keck design and be made up of 798 hexagonal
mirrors, each 1.4 meters in diameter and all held precisely in position so that they form a continuous surface.

Construction on the site in the Atacama Desert in Northern Chile started in 2014. The E-ELT, along with the Thirty
Meter Telescope and the Giant Magellan Telescope, which are being built by international consortia led by US
astronomers, will combine light-gathering power with high-resolution imaging. These powerful new instruments
will enable astronomers to tackle many important astronomical problems. For example, they should be able to tell
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and spectra of such planets and thus, perhaps, give us the first real evidence (from the chemistry of these planets’
atmospheres) that life exists elsewhere.

Figure 1.28 Artist’s Conception of the European Extremely Large Telescope. The primary mirror in this
telescope is 39.3 meters across. The telescope is under construction in the Atacama Desert in Northern Chile. (credit:
ESO/L. Calçada)

Check out this fun diagram (http://www.openstaxcollege.org/l/
30JWSTdiag) comparing the sizes of the largest planned and existing
telescopes to a regulation basketball and tennis court.
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adaptive optics

aperture

charge-coupled device (CCD)

chromatic aberration

detector

eyepiece

focus

interference

interferometer

interferometer array

prime focus

radar

reflecting telescope

refracting telescope

resolution

seeing

telescope

Key Terms
systems used with telescopes that can compensate for distortions in an image introduced by the

atmosphere, thus resulting in sharper images

diameter of the primary lens or mirror of a telescope

array of high-sensitivity electronic detectors of electromagnetic radiation, used at
the focus of a telescope (or camera lens) to record an image or spectrum

distortion that causes an image to appear fuzzy when each wavelength coming into a
transparent material focuses at a different spot

device sensitive to electromagnetic radiation that makes a record of astronomical observations

magnifying lens used to view the image produced by the objective lens or primary mirror of a telescope

(of telescope) point where the rays of light converged by a mirror or lens meet

process in which waves mix together such that their crests and troughs can alternately reinforce and
cancel one another

instrument that combines electromagnetic radiation from one or more telescopes to obtain a
resolution equivalent to what would be obtained with a single telescope with a diameter equal to the baseline
separating the individual separate telescopes

combination of multiple radio dishes to, in effect, work like a large number of two-dish
interferometers

point in a telescope where the objective lens or primary mirror focuses the light

technique of transmitting radio waves to an object and then detecting the radiation that the object reflects
back to the transmitter; used to measure the distance to, and motion of, a target object or to form images of it

telescope in which the principal light collector is a concave mirror

telescope in which the principal light collector is a lens or system of lenses

detail in an image; specifically, the smallest angular (or linear) features that can be distinguished

unsteadiness of Earth’s atmosphere, which blurs telescopic images; good seeing means the atmosphere is
steady

instrument for collecting visible-light or other electromagnetic radiation

Summary
6.1 Telescopes
A telescope collects the faint light from astronomical sources and brings it to a focus, where an instrument can sort
the light according to wavelength. Light is then directed to a detector, where a permanent record is made. The light-
gathering power of a telescope is determined by the diameter of its aperture, or opening—that is, by the area of its
largest or primary lens or mirror. The primary optical element in a telescope is either a convex lens (in a refracting
telescope) or a concave mirror (in a reflector) that brings the light to a focus. Most large telescopes are reflectors; it is
easier to manufacture and support large mirrors because the light does not have to pass through glass.
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New technologies for creating and supporting lightweight mirrors have led to the construction of a number of large
telescopes since 1990. The site for an astronomical observatory must be carefully chosen for clear weather, dark skies,
low water vapor, and excellent atmospheric seeing (low atmospheric turbulence). The resolution of a visible-light or
infrared telescope is degraded by turbulence in Earth’s atmosphere. The technique of adaptive optics, however, can
make corrections for this turbulence in real time and produce exquisitely detailed images.

6.3 Visible-Light Detectors and Instruments
Visible-light detectors include the human eye, photographic film, and charge-coupled devices (CCDs). Detectors that 
are sensitive to infrared radiation must be cooled to very low temperatures since everything in and near the telescope 
gives off infrared waves. A spectrometer disperses the light into a spectrum to be recorded for detailed analysis.

6.4 Radio Telescopes
In the 1930s, radio astronomy was pioneered by Karl G. Jansky and Grote Reber. A radio telescope is basically a radio
antenna (often a large, curved dish) connected to a receiver. Significantly enhanced resolution can be obtained with
interferometers, including interferometer arrays like the 27-element VLA and the 66-element ALMA. Expanding to
very long baseline interferometers, radio astronomers can achieve resolutions as precise as 0.0001 arcsecond. Radar
astronomy involves transmitting as well as receiving. The largest radar telescope currently in operation is a 305-meter
bowl at Arecibo.

6.5 Observations outside Earth’s Atmosphere
Infrared observations are made with telescopes aboard aircraft and in space, as well as from ground-based facilities
on dry mountain peaks. Ultraviolet, X-ray, and gamma-ray observations must be made from above the atmosphere.
Many orbiting observatories have been flown to observe in these bands of the spectrum in the last few decades. The
largest-aperture telescope in space is the Hubble Space telescope (HST), the most significant infrared telescope is
Spitzer, and Chandra and Fermi are the premier X-ray and gamma-ray observatories, respectively.

6.6 The Future of Large Telescopes
New and even larger telescopes are on the drawing boards. The James Webb Space Telescope, a 6-meter successor to 
Hubble, is currently scheduled for launch in 2018. Gamma-ray astronomers are planning to build the CTA to measure 
very energetic gamma rays. Astronomers are building the LSST to observe with an unprecedented field of view and 
a new generation of visible-light/infrared telescopes with apertures of 24.5 to 39 meters in diameter.

For Further Exploration
Articles

Blades, J. C. “Fixing the Hubble One Last Time.” Sky & Telescope (October 2008): 26. On the last Shuttle service
mission and what the Hubble was then capable of doing.

Brown, A. “How Gaia will Map a Billion Stars.” Astronomy (December 2014): 32. Nice review of the mission to do
photometry and spectroscopy of all stars above a certain brightness.

Irion, R. “Prime Time.” Astronomy (February 2001): 46. On how time is allotted on the major research telescopes.

Jedicke, Peter & Robert. “The Coming Giant Sky Patrols.” Sky & Telescope (September 2008): 30. About giant
telescopes to survey the sky continuously.

Lazio, Joseph, et al. “Tuning in to the Universe: 21st Century Radio Astronomy.” Sky & Telescope (July 2008): 21.
About ALMA and the Square Kilometer Array.

Lowe, Jonathan. “Mirror, Mirror.” Sky & Telescope (December 2007): 22. On the Large Binocular Telescope in
Arizona.

Lowe, Jonathan. “Next Light: Tomorrow’s Monster Telescopes.” Sky & Telescope (April 2008): 20. About plans for
extremely large telescopes on the ground.
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Subinsky, Raymond. “Who Really Invented the Telescope.” Astronomy (August 2008): 84. Brief historical
introduction, focusing on Hans Lippershey.

Websites

Websites for major telescopes are given in ...

Videos

Galaxies Viewed in Full Spectrum of Light: https://www.youtube.com/watch?v=368K0iQv8nE. Scientists with the
Spitzer Observatory show how a galaxy looks different at different wavelengths (6:22)

Lifting the Cosmic Veil: Highlights from a Decade of the Spitzer Space Telescope: https://www.youtube.com/
watch?v=nkrNQcwkY78. A talk by Dr. Michael Bicay (1:42:44)

Astronomy from the Stratosphere: SOFIA: https://www.youtube.com/watch?v=NV98BcBBA9c. A talk by Dr. Dana
Backman (1:15:32)

Collaborative Group Activities
A. Most large telescopes get many more proposals for observing projects than there is night observing time

available in a year. Suppose your group is the telescope time allocation committee reporting to an observatory
director. What criteria would you use in deciding how to give out time on the telescope? What steps could you
take to make sure all your colleagues thought the process was fair and people would still talk to you at future
astronomy meetings?

B. Your group is a committee of nervous astronomers about to make a proposal to the government ministers of
your small European country to chip in with other countries to build the world’s largest telescope in the high,
dry desert of the Chilean Andes Mountains. You expect the government ministers to be very skeptical about
supporting this project. What arguments would you make to convince them to participate?

C. The same government ministers we met in the previous activity ask you to draw up a list of the pros and cons
of having the world’s largest telescope in the mountains of Chile (instead of a mountain in Europe). What
would your group list in each column?

D. Your group should discuss and make a list of all the ways in which an observing session at a large visible-light
telescope and a large radio telescope might differ. (Hint: Bear in mind that because the Sun is not especially
bright at many radio wavelengths, observations with radio telescopes can often be done during the day.)

E. Another “environmental threat” to astronomy (besides light pollution) comes from the spilling of terrestrial
communications into the “channels”—wavelengths and frequencies—previously reserved for radio
astronomy. For example, the demand for cellular phones means that more and more radio channels will be
used for this purpose. The faint signals from cosmic radio sources could be drowned in a sea of earthly
conversation (translated and sent as radio waves). Assume your group is a congressional committee being
lobbied by both radio astronomers, who want to save some clear channels for doing astronomy, and the
companies that stand to make a lot of money from expanding cellular phone use. What arguments would sway
you to each side?

F. When the site for the new Thirty-Meter Telescope on Hawaii’s Mauna Kea was dedicated, a group of native
Hawaiians announced opposition to the project because astronomers were building too many telescopes
on a mountain that native Hawaiians consider a sacred site. You can read more about this controversy
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telescope.html?_r=0 and at http://www.nature.com/news/the-mountain-top-battle-over-the-thirty-meter-
telescope-1.18446. Once your group has the facts, discuss the claims of each side in the controversy. How do
you think it should be resolved?

G. If you could propose to use a large modern telescope, what would you want to find out? What telescope would
you use and why?

H. Light pollution (spilled light in the night sky making it difficult to see the planets and stars) used to be an
issue that concerned mostly astronomers. Now spilled light at night is also of concern to environmentalists
and those worrying about global warming. Can your group come up with some non-astronomical reasons to
be opposed to light pollution?

Exercises
Review Questions
1. What are the three basic components of a modern astronomical instrument? Describe each in one to two
sentences.

2. Name the two spectral windows through which electromagnetic radiation easily reaches the surface of Earth and
describe the largest-aperture telescope currently in use for each window.

3. List the largest-aperture single telescope currently in use in each of the following bands of the electromagnetic
spectrum: radio, X-ray, gamma ray.

4. When astronomers discuss the apertures of their telescopes, they say bigger is better. Explain why.

5. The Hooker telescope at Palomar Observatory has a diameter of 5 m, and the Keck I telescope has a diameter of
10 m. How much more light can the Keck telescope collect than the Hooker telescope in the same amount of time?

6. What is meant by “reflecting” and “refracting” telescopes?

7. Why are the largest visible-light telescopes in the world made with mirrors rather than lenses?

8. Compare the eye, photographic film, and CCDs as detectors for light. What are the advantages and
disadvantages of each?

9. What is a charge-coupled device (CCD), and how is it used in astronomy?

10. Why is it difficult to observe at infrared wavelengths? What do astronomers do to address this difficulty?

11. Radio and radar observations are often made with the same antenna, but otherwise they are very different
techniques. Compare and contrast radio and radar astronomy in terms of the equipment needed, the methods used,
and the kind of results obtained.

12. Look back at ...
of Cygnus A and read its caption again. The material in the giant lobes at the edges of the image had to have 
been ejected from the center at least how many years ago?

13. Why do astronomers place telescopes in Earth’s orbit? What are the advantages for the different regions of the
spectrum?
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NOT FINAL DRAFT14. What was the problem with the Hubble Space Telescope and how was it solved?

15. Describe the techniques radio astronomers use to obtain a resolution comparable to what astronomers working
with visible light can achieve.

16. What kind of visible-light and infrared telescopes on the ground are astronomers planning for the future? Why
are they building them on the ground and not in space?

17. Describe one visible-light or infrared telescope that astronomers are planning to launch into space in the future.

Thought Questions
18. What happens to the image produced by a lens if the lens is “stopped down” (the aperture reduced, thereby
reducing the amount of light passing through the lens) with an iris diaphragm—a device that covers its periphery?

19. What would be the properties of an ideal astronomical detector? How closely do the actual properties of a CCD
approach this ideal?

20. Many decades ago, the astronomers on the staff of Mount Wilson and Palomar Observatories each received about
60 nights per year for their observing programs. Today, an astronomer feels fortunate to get 10 nights per year on a
large telescope. Can you suggest some reasons for this change?

21. The largest observatory complex in the world is on Mauna Kea, the tallest mountain on Earth. What are some
factors astronomers consider when selecting an observatory site? Don’t forget practical ones. Should astronomers, for
example, consider building an observatory on Mount McKinley (Denali) or Mount Everest?

22. Suppose you are looking for sites for an optical observatory, an infrared observatory, and a radio observatory.
What are the main criteria of excellence for each? What sites are actually considered the best today?

23. Radio astronomy involves wavelengths much longer than those of visible light, and many orbiting observatories
have probed the universe for radiation of very short wavelengths. What sorts of objects and physical conditions would
you expect to be associated with emission of radiation at very long and very short wavelengths?

24. The dean of a university located near the ocean (who was not a science major in college) proposes building an
infrared telescope right on campus and operating it in a nice heated dome so that astronomers will be comfortable on
cold winter nights. Criticize this proposal, giving your reasoning.

Figuring for Yourself
25. What is the area, in square meters, of a 10-m telescope?

26. Approximately 9000 stars are visible to the naked eye in the whole sky (imagine that you could see around the
entire globe and both the northern and southern hemispheres), and there are about 41,200 square degrees on the sky.
How many stars are visible per square degree? Per square arcsecond?

27. Theoretically (that is, if seeing were not an issue), the resolution of a telescope is inversely proportional to its
diameter. How much better is the resolution of the ALMA when operating at its longest baseline than the resolution
of the Arecibo telescope?

28. In broad daylight, the size of your pupil is typically 3 mm. In dark situations, it expands to about 7 mm. How
much more light can it gather?
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at 7 mm?

30. How much more light can the Keck telescope (with its 10-m diameter mirror) gather than an amateur telescope
whose mirror is 25 cm (0.25 m) across?

31. People are often bothered when they discover that reflecting telescopes have a second mirror in the middle to
bring the light out to an accessible focus where big instruments can be mounted. “Don’t you lose light?” people 
ask. Well, yes, you do, but there is no better alternative. You can estimate how much light is lost by such an 
arrangement. The primary mirror (the one at the bottom in ...) of the Gemini North telescope is 8 m in 
diameter. The secondary mirror at the top is about 1 m in diameter. Use the formula for the area of a circle to 
estimate what fraction of the light is blocked by the secondary mirror.

32. Telescopes can now be operated remotely from a warm room, but until about 25 years ago, astronomers
worked at the telescope to guide it so that it remained pointed in exactly the right place. In a large telescope, 
like the Palomar 200-inch telescope, astronomers sat in a cage at the top of the telescope, where the secondary 
mirror is located, as shown in ... . Assume for the purpose of your calculation that the diameter of 
this cage was 40 inches. What fraction of the light is blocked?

33. The HST cost about $1.7 billion for construction and $300 million for its shuttle launch, and it costs $250 million
per year to operate. If the telescope lasts for 20 years, what is the total cost per year? Per day? If the telescope can
be used just 30% of the time for actual observations, what is the cost per hour and per minute for the astronomer’s
observing time on this instrument? What is the cost per person in the United States? Was your investment in the
Hubble Space telescope worth it?

34. How much more light can the James Webb Space Telescope (with its 6-m diameter mirror) gather than the
Hubble Space Telescope (with a diameter of 2.4 m)?

35. The Palomar telescope’s 5-m mirror weighs 14.5 tons. If a 10-m mirror were constructed of the same thickness
as Palomar’s (only bigger), how much would it weigh?
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Other Worlds: An Introduction to
the Solar System

Figure 1.1 “Self-portrait” of Mars. This picture was taken by the Curiosity Rover on Mars in 2012. The image is
reconstructed digitally from 55 different images taken by a camera on the rover’s extended mast, so that the many
positions of the mast (which acted like a selfie stick) are edited out. (credit: modification of work by NASA/JPL-
Caltech/MSSS)

Chapter Outline
7.1 Overview of Our Planetary System 

7.2 Composition and Structure of Planets 

7.3 Dating Planetary Surfaces

7.4 Origin of the Solar System

Thinking Ahead
Surrounding the Sun is a complex system of worlds with a wide range of conditions: eight major planets, many dwarf
planets, hundreds of moons, and countless smaller objects. Thanks largely to visits by spacecraft, we can now envision
the members of the solar system as other worlds like our own, each with its own chemical and geological history, and
unique sights that interplanetary tourists may someday visit. Some have called these past few decades the “golden
age of planetary exploration,” comparable to the golden age of exploration in the fifteenth century, when great sailing
ships plied Earth’s oceans and humanity became familiar with our own planet’s surface.

In this chapter, we discuss our planetary system and introduce the idea of comparative planetology—studying how
the planets work by comparing them with one another. We want to get to know the planets not only for what we can
learn about them, but also to see what they can tell us about the origin and evolution of the entire solar system. In
the upcoming chapters, we describe the better-known members of the solar system and begin to compare them to the
thousands of planets that have been discovered recently, orbiting other stars.
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Learning Objectives
• Describe how the objects in our solar system are identified, explored, and characterized

• Describe the types of small bodies in our solar system, their locations, and how they formed

• Model the solar system with distances from everyday life to better comprehend distances in space

The solar system[1] consists of the Sun and many smaller objects: the planets, their moons and rings, and such “debris”
as asteroids, comets, and dust. Decades of observation and spacecraft exploration have revealed that most of these
objects formed together with the Sun about 4.5 billion years ago. They represent clumps of material that condensed
from an enormous cloud of gas and dust. The central part of this cloud became the Sun, and a small fraction of the
material in the outer parts eventually formed the other objects.

During the past 50 years, we have learned more about the solar system than anyone imagined before the space age. In
addition to gathering information with powerful new telescopes, we have sent spacecraft directly to many members
of the planetary system. (Planetary astronomy is the only branch of our science in which we can, at least vicariously,
travel to the objects we want to study.) With evocative names such as Voyager, Pioneer, Curiosity, and Pathfinder,
our robot explorers have flown past, orbited, or landed on every planet, returning images and data that have dazzled
both astronomers and the public. In the process, we have also investigated two dwarf planets, hundreds of fascinating
moons, four ring systems, a dozen asteroids, and several comets (smaller members of our solar system that we will
discuss later).

Our probes have penetrated the atmosphere of Jupiter and landed on the surfaces of Venus, Mars, our Moon, Saturn’s
moon Titan, the asteroids Eros and Itokawa, and the comet Churyumov-Gerasimenko (usually referred to as 67P).
Humans have set foot on the Moon and returned samples of its surface soil for laboratory analysis (Figure 1.2). We
have even discovered other places in our solar system that might be able to support some kind of life.

1. The generic term for a group of planets and other bodies circling a star is planetary system. Ours is called the solar system because our
Sun is sometimes called Sol. Strictly speaking, then, there is only one solar system; planets orbiting other stars are in planetary systems.
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Figure 1.2 Astronauts on the Moon. The lunar lander and surface rover from the Apollo 15 mission are seen in this
view of the one place beyond Earth that has been explored directly by humans. (credit: David R. Scott, NASA)

The Project Apollo Archive Flickr Gallery contains a large collection of raw,
unprocessed, public domain NASA images
(http://www.openstaxcollege.org/l/30projapolloarc) that trace the history
of the Apollo (and other) space missions.

An Inventory
The Sun, a star that is brighter than about 80% of the stars in the galaxy, is by far the most massive member of the solar
system, as shown in Table 1.1. It is an enormous ball about 1.4 million kilometers in diameter, with surface layers
of incandescent gas and an interior temperature of millions of degrees. The Sun will be discussed in later chapters as
our first, and best-studied, example of a star.

Link to Learning
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Object Percentage of Total Mass of Solar System

Sun 99.80

Jupiter 0.10

Comets 0.0005–0.03 (estimate)

All other planets and dwarf planets 0.04

Moons and rings 0.00005

Asteroids 0.000002 (estimate)

Cosmic dust 0.0000001 (estimate)

Table 1.1

Table 1.1 also shows that most of the material of the planets is actually concentrated in the largest one, Jupiter, which
is more massive than all the rest of the planets combined. Astronomers were able to determine the masses of the
planets centuries ago using Kepler’s laws of planetary motion and Newton’s law of gravity to measure the planets’
gravitational effects on one another or on moons that orbit them. Today, we make even more precise measurements
of their masses by tracking their gravitational effects on the motion of spacecraft that pass near them.

Beside Earth, five other planets were known to the ancients—Mercury, Venus, Mars, Jupiter, and Saturn—and two 
were discovered after the invention of the telescope: Uranus and Neptune. The eight planets all revolve in the same 
direction around the Sun. They orbit in approximately the same plane, like cars traveling on concentric tracks on 
a giant, flat racecourse. Each planet stays in its own “traffic lane,” following a nearly circular orbit about the Sun 
and obeying the “traffic” laws discovered by Galileo, Kepler, and Newton. Besides these planets, we have also been 
discovering smaller worlds beyond Neptune that are called trans-Neptunian objects or TNOs (see Figure 1.3). The 
first to be found, in 1930, was Pluto, but others have been discovered during the twenty-first century. One of them, 
Eris, is about the same size as Pluto and has at least one moon (Pluto has five known moons.) The largest TNOs 
are also classed as dwarf planets , as is the largest asteroid, Ceres. (Dwarf planets will be discussed further in the 
chapter on ...). To date, more than 1750 of these TNOs have been discovered.
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Figure 1.3 Orbits of the Planets. All eight major planets orbit the Sun in roughly the same plane. The five currently
known dwarf planets are also shown: Eris, Haumea, Pluto, Ceres, and Makemake. Note that Pluto’s orbit is not in the
plane of the planets.

Each of the planets and dwarf planets also rotates (spins) about an axis running through it, and in most cases the
direction of rotation is the same as the direction of revolution about the Sun. The exceptions are Venus, which rotates
backward very slowly (that is, in a retrograde direction), and Uranus and Pluto, which also have strange rotations,
each spinning about an axis tipped nearly on its side. We do not yet know the spin orientations of Eris, Haumea, and
Makemake.

The four planets closest to the Sun (Mercury through Mars) are called the inner or terrestrial planets. Often, the
Moon is also discussed as a part of this group, bringing the total of terrestrial objects to five. (We generally call
Earth’s satellite “the Moon,” with a capital M; and the other satellites “moons,” with lowercase m’s.) The terrestrial
planets are relatively small worlds, composed primarily of rock and metal. All of them have solid surfaces that bear
the records of their geological history in the forms of craters, mountains, and volcanoes (Figure 1.4).
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Figure 1.4 Surface of Mercury. The pockmarked face of this terrestrial world is more typical of the inner planets
than the watery surface of Earth. This black-and-white image, taken with the Mariner 10 spacecraft, shows a region
more than 400 kilometers wide. (credit: NASA/John Hopkins University Applied Physics Laboratory/Carnegie
Institution of Washington)

The next four planets (Jupiter through Neptune) are much larger and are composed primarily of lighter ices, liquids,
and gases. We call these four the jovian planets (after “Jove,” another name for Jupiter in mythology) or giant
planets—a name they richly deserve (Figure 1.5). More than 1400 Earths could fit inside Jupiter, for example. These
planets do not have solid surfaces on which future explorers might land. They are more like vast, spherical oceans
with much smaller, dense cores.

Figure 1.5 The Four Giant Planets. This montage shows the four giant planets: Jupiter, Saturn, Uranus, and
Neptune. Below them, Earth is shown to scale. (credit: modification of work by NASA, Solar System Exploration)
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Neptune (Pluto was visited by a spacecraft, the NASA New Horizons mission, in 2015 [see Figure 1.6]). Table 1.2
summarizes some of the main facts about the planets.

Figure 1.6 Pluto Close-up. This intriguing image from the New Horizons spacecraft, taken when it flew by the dwarf
planet in July 2015, shows some of its complex surface features. The rounded white area is being called the Sputnik
Plain, after humanity’s first spacecraft. (credit: NASA/Johns Hopkins University Applied Physics Laboratory/
Southwest Research Institute)

The Planets

Name Distance from Sun
(AU)[2]

Revolution Period
(y)

Diameter
(km)

Mass (1023

kg)
Density (g/

cm3)[3]

Mercury 0.39 0.24 4,878 3.3 5.4

Venus 0.72 0.62 12,120 48.7 5.2

Earth 1.00 1.00 12,756 59.8 5.5

Mars 1.52 1.88 6,787 6.4 3.9

Jupiter 5.20 11.86 142,984 18,991 1.3

Saturn 9.54 29.46 120,536 5686 0.7

Uranus 19.18 84.07 51,118 866 1.3

Neptune 30.06 164.82 49,660 1030 1.6

Table 1.2

Example 1.1

Comparing Densities
Let’s compare the densities of several members of the solar system. The density of an object equals its mass
divided by its volume. The volume (V) of a sphere (like a planet) is calculated using the equation

V = 4
3πR

3

where π (the Greek letter pi) has a value of approximately 3.14. Although planets are not perfect spheres, 
this equation works well enough. The masses and diameters of the planets are given in Table 1.2. For data 
on the satellites, see .... Let’s

2. An AU (or astronomical unit) is the distance from Earth to the Sun.
3. We give densities in units where the density of water is 1 g/cm3. To get densities in units of kg/m3, multiply the given value by 1000.
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400 km (radius, 200 km = 2 × 105 m).

Solution

The volume of Mimas is

4
3 × 3.14 × ⎛⎝2 × 105 m⎞⎠

3
= 3.3 × 1016 m3

Density is mass divided by volume:

4 × 1019 kg
3.3 × 1016 m3 = 1.2 × 103 kg/m3

Note that the density of water in these units is 1000 kg/m3, so Mimas must be made mainly of ice, not 
rock. (Note that the density of Mimas given in ... is 1.2, but the units used there are different. In that table, 
we give density in units of g/cm3, for which the density of water equals 1. Can you show, by converting 
units, that 1 g/cm3 is the same as 1000 kg/m3?)

Check Your Learning

Calculate the average density of our own planet, Earth. Show your work. How does it compare to the density
of an ice moon like Mimas? See Table 1.2 for data.

Answer: For a sphere,
density = mass

⎛
⎝43πR3⎞⎠

kg/m3

For Earth, then,

density = 6 × 1024 kg
4.2 × 2.6 × 1020 m3 = 5.5 × 103 kg/m3

This density is four to five times greater than Mimas’. In fact, Earth is the densest of the planets.

Learn more about NASA’s mission to Pluto
(http://www.openstaxcollege.org/l/30NASAmisspluto) and high-
resolution images of Pluto’s moon Charon.

Smaller Members of the Solar System
Most of the planets are accompanied by one or more moons; only Mercury and Venus move through space alone. 
There are more than 180 known moons orbiting planets and dwarf planets (see ... for a listing of the larger 
ones), and undoubtedly many other small ones remain undiscovered. The largest of the moons are as big as small 
planets and just as interesting. In addition to our Moon, they include the four largest moons of Jupiter (called the 
Galilean moons, after their discoverer) and the largest moons of Saturn and Neptune (confusingly named Titan and 
Triton).

Link to Learning
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grains of dust, all in orbit about the equator of the planet. The bright rings of Saturn are, by far, the easiest to see.
They are among the most beautiful sights in the solar system (Figure 1.7). But, all four ring systems are interesting
to scientists because of their complicated forms, influenced by the pull of the moons that also orbit these giant planets.

Figure 1.7 Saturn and Its Rings. This 2007 Cassini image shows Saturn and its complex system of rings, taken
from a distance of about 1.2 million kilometers. This natural-color image is a composite of 36 images taken over the
course of 2.5 hours. (credit: NASA/JPL/Space Science Institute)

The solar system has many other less-conspicuous members. Another group is the asteroids, rocky bodies that orbit
the Sun like miniature planets, mostly in the space between Mars and Jupiter (although some do cross the orbits of
planets like Earth—see Figure 1.8). Most asteroids are remnants of the initial population of the solar system that
existed before the planets themselves formed. Some of the smallest moons of the planets, such as the moons of Mars,
are very likely captured asteroids.
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Figure 1.8 Asteroid Eros. This small Earth–crossing asteroid image was taken by the NEAR-Shoemaker spacecraft
from an altitude of about 100 kilometers. This view of the heavily cratered surface is about 10 kilometers wide. The
spacecraft orbited Eros for a year before landing gently on its surface. (credit: NASA/JHUAPL)

Another class of small bodies is composed mostly of ice, made of frozen gases such as water, carbon dioxide, and
carbon monoxide; these objects are called comets (see Figure 1.9). Comets also are remnants from the formation
of the solar system, but they were formed and continue (with rare exceptions) to orbit the Sun in distant, cooler
regions—stored in a sort of cosmic deep freeze. This is also the realm of the larger icy worlds, called dwarf planets.
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Figure 1.9 Comet Churyumov-Gerasimenko (67P). This image shows 67P near its closest approach to the Sun in
2015, as seen from the Rosetta spacecraft. Note the jets of gas escaping from the solid surface. (credit: ESA/
Rosetta/NAVACAM, CC BY-SA IGO 3.0 (http://creativecommons.org/licenses/by-sa/3.0/igo/) )

Finally, there are countless grains of broken rock, which we call cosmic dust, scattered throughout the solar system.
When these particles enter Earth’s atmosphere (as millions do each day) they burn up, producing a brief flash of light
in the night sky known as a meteor (meteors are often referred to as shooting stars). Occasionally, some larger chunk
of rocky or metallic material survives its passage through the atmosphere and lands on Earth. Any piece that strikes
the ground is known as a meteorite. (You can see meteorites on display in many natural history museums and can
sometimes even purchase pieces of them from gem and mineral dealers.)

Carl Sagan: Solar System Advocate

The best-known astronomer in the world during the 1970s and 1980s, Carl Sagan devoted most of his
professional career to studying the planets and considerable energy to raising public awareness of what we
can learn from exploring the solar system (see Figure 1.10). Born in Brooklyn, New York, in 1934, Sagan
became interested in astronomy as a youngster; he also credits science fiction stories for sustaining his
fascination with what’s out in the universe.

Voyagers in Astronomy
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Figure 1.10 Carl Sagan (1934–1996) and Neil deGrasse Tyson. Sagan was Tyson’s inspiration to become
a scientist. (credit “Sagan”: modification of work by NASA, JPL; credit “Tyson”: modification of work by Bruce
F. Press)

In the early 1960s, when many scientists still thought Venus might turn out to be a hospitable place, Sagan
calculated that the thick atmosphere of Venus could act like a giant greenhouse, keeping the heat in and
raising the temperature enormously. He showed that the seasonal changes astronomers had seen on Mars
were caused, not by vegetation, but by wind-blown dust. He was a member of the scientific teams for many of
the robotic missions that explored the solar system and was instrumental in getting NASA to put a message-
bearing plaque aboard the Pioneer spacecraft, as well as audio–video records on the Voyager spacecraft—all
of them destined to leave our solar system entirely and send these little bits of Earth technology out among the
stars.

To encourage public interest and public support of planetary exploration, Sagan helped found The Planetary
Society, now the largest space-interest organization in the world. He was a tireless and eloquent advocate of
the need to study the solar system close-up and the value of learning about other worlds in order to take better
care of our own.

Sagan simulated conditions on early Earth to demonstrate how some of life’s fundamental building blocks
might have formed from the “primordial soup” of natural compounds on our planet. In addition, he and
his colleagues developed computer models showing the consequences of nuclear war for Earth would be
even more devastating than anyone had thought (this is now called the nuclear winter hypothesis) and
demonstrating some of the serious consequences of continued pollution of our atmosphere.

Sagan was perhaps best known, however, as a brilliant popularizer of astronomy and the author of many books
on science, including the best-selling Cosmos, and several evocative tributes to solar system exploration such
as The Cosmic Connection and Pale Blue Dot. His book The Demon Haunted World, completed just before
his death in 1996, is perhaps the best antidote to fuzzy thinking about pseudo-science and irrationality in print
today. An intriguing science fiction novel he wrote, titled Contact, which became a successful film as well, is still
recommended by many science instructors as a scenario for making contact with life elsewhere that is much
more reasonable than most science fiction.

Sagan was a master, too, of the television medium. His 13-part public television series, Cosmos, was seen by
an estimated 500 million people in 60 countries and has become one of the most-watched series in the history
of public broadcasting. A few astronomers scoffed at a scientist who spent so much time in the public eye, but
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it is probably fair to say that Sagan’s enthusiasm and skill as an explainer won more friends for the science of
astronomy than anyone or anything else in the second half of the twentieth century.

In the two decades since Sagan’s death, no other scientist has achieved the same level of public recognition.
Perhaps closest is the director of the Hayden Planetarium, Neil deGrasse Tyson, who followed in Sagan’s
footsteps by making an updated version of the Cosmos program in 2014. Tyson is quick to point out that Sagan
was his inspiration to become a scientist, telling how Sagan invited him to visit for a day at Cornell when he
was a high school student looking for a career. However, the media environment has fragmented a great deal
since Sagan’s time. It is interesting to speculate whether Sagan could have adapted his communication style
to the world of cable television, Twitter, Facebook, and podcasts.

Two imaginative videos provide a tour of the solar system objects we have
been discussing. Shane Gellert’s I Need Some Space
(http://www.openstaxcollege.org/l/30needsomespace) uses NASA
photography and models to show the various worlds with which we share
our system. In the more science fiction-oriented Wanderers video
(http://www.openstaxcollege.org/l/30wanderers) , we see some of the

planets and moons as tourist destinations for future explorers, with commentary taken
from recordings by Carl Sagan.

A Scale Model of the Solar System
Astronomy often deals with dimensions and distances that far exceed our ordinary experience. What does 1.4 billion
kilometers—the distance from the Sun to Saturn—really mean to anyone? It can be helpful to visualize such large
systems in terms of a scale model.

In our imaginations, let us build a scale model of the solar system, adopting a scale factor of 1 billion (109)—that is,
reducing the actual solar system by dividing every dimension by a factor of 109. Earth, then, has a diameter of 1.3
centimeters, about the size of a grape. The Moon is a pea orbiting this at a distance of 40 centimeters, or a little more
than a foot away. The Earth–Moon system fits into a standard backpack.

In this model, the Sun is nearly 1.5 meters in diameter, about the average height of an adult, and our Earth is at
a distance of 150 meters—about one city block—from the Sun. Jupiter is five blocks away from the Sun, and its
diameter is 15 centimeters, about the size of a very large grapefruit. Saturn is 10 blocks from the Sun; Uranus, 20
blocks; and Neptune, 30 blocks. Pluto, with a distance that varies quite a bit during its 249-year orbit, is currently just
beyond 30 blocks and getting farther with time. Most of the satellites of the outer solar system are the sizes of various
kinds of seeds orbiting the grapefruit, oranges, and lemons that represent the outer planets.

In our scale model, a human is reduced to the dimensions of a single atom, and cars and spacecraft to the size of
molecules. Sending the Voyager spacecraft to Neptune involves navigating a single molecule from the Earth–grape
toward a lemon 5 kilometers away with an accuracy equivalent to the width of a thread in a spider’s web.

If that model represents the solar system, where would the nearest stars be? If we keep the same scale, the closest stars
would be tens of thousands of kilometers away. If you built this scale model in the city where you live, you would
have to place the representations of these stars on the other side of Earth or beyond.

By the way, model solar systems like the one we just presented have been built in cities throughout the world. In
Sweden, for example, Stockholm’s huge Globe Arena has become a model for the Sun, and Pluto is represented

Link to Learning
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Washington on the Mall between the White House and Congress (perhaps proving they are worlds apart?).

Names in the Solar System

We humans just don’t feel comfortable until something has a name. Types of butterflies, new elements, and
the mountains of Venus all need names for us to feel we are acquainted with them. How do we give names to
objects and features in the solar system?

Planets and moons are named after gods and heroes in Greek and Roman mythology (with a few exceptions 
among the moons of Uranus, which have names drawn from English literature). When William Herschel, a 
German immigrant to England, first discovered the planet we now call Uranus, he wanted to name it Georgium 
Sidus (George’s star) after King George III of his adopted country. This caused such an outcry among 
astronomers in other nations, however, that the classic tradition was upheld—and has been maintained ever 
since. Luckily, there were a lot of minor gods in the ancient pantheon, so plenty of names are left for the many 
small moons we are discovering around the giant planets. (... lists the larger moons).

Comets are often named after their discoverers (offering an extra incentive to comet hunters). Asteroids are
named by their discoverers after just about anyone or anything they want. Recently, asteroid names have been
used to recognize people who have made significant contributions to astronomy, including the three original
authors of this book.

That was pretty much all the naming that was needed while our study of the solar system was confined to
Earth. But now, our spacecraft have surveyed and photographed many worlds in great detail, and each world
has a host of features that also need names. To make sure that naming things in space remains multinational,
rational, and somewhat dignified, astronomers have given the responsibility of approving names to a special
committee of the International Astronomical Union (IAU), the body that includes scientists from every country
that does astronomy.

This IAU committee has developed a set of rules for naming features on other worlds. For example, craters
on Venus are named for women who have made significant contributions to human knowledge and welfare.
Volcanic features on Jupiter’s moon Io, which is in a constant state of volcanic activity, are named after gods of
fire and thunder from the mythologies of many cultures. Craters on Mercury commemorate famous novelists,
playwrights, artists, and composers. On Saturn’s satellite Tethys, all the features are named after characters
and places in Homer’s great epic poem, The Odyssey. As we explore further, it may well turn out that more
places in the solar system need names than Earth history can provide. Perhaps by then, explorers and settlers
on these worlds will be ready to develop their own names for the places they may (if but for a while) call home.

You may be surprised to know that the meaning of the word planet has recently become controversial because
we have discovered many other planetary systems that don’t look very much like our own. Even within our
solar system, the planets differ greatly in size and chemical properties. The biggest dispute concerns Pluto,
which is much smaller than the other eight major planets. The category of dwarf planet was invented to include
Pluto and similar icy objects beyond Neptune. But is a dwarf planet also a planet? Logically, it should be, but
even this simple issue of grammar has been the subject of heated debate among both astronomers and the
general public.

Making Connections
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Learning Objectives
• Describe the characteristics of the giant planets, terrestrial planets, and small bodies in the solar system

• Explain what influences the temperature of a planet’s surface

• Explain why there is geological activity on some planets and not on others

The fact that there are two distinct kinds of planets—the rocky terrestrial planets and the gas-rich jovian
planets—leads us to believe that they formed under different conditions. Certainly their compositions are dominated
by different elements. Let us look at each type in more detail.

The Giant Planets
The two largest planets, Jupiter and Saturn, have nearly the same chemical makeup as the Sun; they are composed
primarily of the two elements hydrogen and helium, with 75% of their mass being hydrogen and 25% helium. On
Earth, both hydrogen and helium are gases, so Jupiter and Saturn are sometimes called gas planets. But, this name is
misleading. Jupiter and Saturn are so large that the gas is compressed in their interior until the hydrogen becomes a
liquid. Because the bulk of both planets consists of compressed, liquefied hydrogen, we should really call them liquid
planets.

Under the force of gravity, the heavier elements sink toward the inner parts of a liquid or gaseous planet. Both Jupiter
and Saturn, therefore, have cores composed of heavier rock, metal, and ice, but we cannot see these regions directly.
In fact, when we look down from above, all we see is the atmosphere with its swirling clouds (Figure 1.11). We
must infer the existence of the denser core inside these planets from studies of each planet’s gravity.

Figure 1.11 Jupiter. This true-color image of Jupiter was taken by Cassini in 2000. (credit: NASA/JPL/University of
Arizona)

Uranus and Neptune are much smaller than Jupiter and Saturn, but each also has a core of rock, metal, and ice. Uranus
and Neptune were less efficient at attracting hydrogen and helium gas, so they have much smaller atmospheres in
proportion to their cores.
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combined chemically with hydrogen to form water (H2O). Chemists call such a hydrogen-dominated composition
reduced. Throughout the outer solar system, we find abundant water (mostly in the form of ice) and reducing
chemistry.

The Terrestrial Planets
The terrestrial planets are quite different from the giants. In addition to being much smaller, they are composed 
primarily of rocks and metals. These, in turn, are made of elements that are less common in the universe as a whole. 
The most abundant rocks, called silicates, are made of silicon and oxygen, and the most common metal is iron. 
We can tell from their densities (see ...) that Mercury has the greatest proportion of metals (which are denser) and 
the Moon has the lowest. Earth, Venus, and Mars all have roughly similar bulk compositions: about one third of 
their mass consists of iron–nickel or iron–sulfur combinations; two thirds is made of silicates. Because these planets 
are largely composed of oxygen compounds (such as the silicate minerals of their crusts), their chemistry is said to 
be oxidized.

When we look at the internal structure of each of the terrestrial planets, we find that the densest metals are in a central
core, with the lighter silicates near the surface. If these planets were liquid, like the giant planets, we could understand
this effect as the result the sinking of heavier elements due to the pull of gravity. This leads us to conclude that,
although the terrestrial planets are solid today, at one time they must have been hot enough to melt.

Differentiation is the process by which gravity helps separate a planet’s interior into layers of different compositions
and densities. The heavier metals sink to form a core, while the lightest minerals float to the surface to form a crust.
Later, when the planet cools, this layered structure is preserved. In order for a rocky planet to differentiate, it must be
heated to the melting point of rocks, which is typically more than 1300 K.

Moons, Asteroids, and Comets
Chemically and structurally, Earth’s Moon is like the terrestrial planets, but most moons are in the outer solar system,
and they have compositions similar to the cores of the giant planets around which they orbit. The three largest
moons—Ganymede and Callisto in the jovian system, and Titan in the saturnian system—are composed half of frozen
water, and half of rocks and metals. Most of these moons differentiated during formation, and today they have cores
of rock and metal, with upper layers and crusts of very cold and—thus very hard—ice (Figure 1.12).
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Figure 1.12 Ganymede. This view of Jupiter’s moon Ganymede was taken in June 1996 by the Galileo spacecraft.
The brownish gray color of the surface indicates a dusty mixture of rocky material and ice. The bright spots are
places where recent impacts have uncovered fresh ice from underneath. (credit: NASA/JPL)

Most of the asteroids and comets, as well as the smallest moons, were probably never heated to the melting
point. However, some of the largest asteroids, such as Vesta, appear to be differentiated; others are fragments from
differentiated bodies. Because most asteroids and comets retain their original composition, they represent relatively
unmodified material dating back to the time of the formation of the solar system. In a sense, they act as chemical
fossils, helping us to learn about a time long ago whose traces have been erased on larger worlds.

Temperatures: Going to Extremes
Generally speaking, the farther a planet or satellite is from the Sun, the cooler its surface. The planets are heated by
the radiant energy of the Sun, which gets weaker with the square of the distance. You know how rapidly the heating
effect of a fireplace or an outdoor radiant heater diminishes as you walk away from it; the same effect applies to the
Sun. Mercury, the closest planet to the Sun, has a blistering surface temperature that ranges from 280–430 °C on its
sunlit side, whereas the surface temperature on Pluto is only about –220 °C, colder than liquid air.

Mathematically, the temperatures decrease approximately in proportion to the square root of the distance from the
Sun. Pluto is about 30 AU at its closest to the Sun (or 100 times the distance of Mercury) and about 49 AU at its
farthest from the Sun. Thus, Pluto’s temperature is less than that of Mercury by the square root of 100, or a factor of
10: from 500 K to 50 K.

In addition to its distance from the Sun, the surface temperature of a planet can be influenced strongly by its
atmosphere. Without our atmospheric insulation (the greenhouse effect, which keeps the heat in), the oceans of Earth
would be permanently frozen. Conversely, if Mars once had a larger atmosphere in the past, it could have supported
a more temperate climate than it has today. Venus is an even more extreme example, where its thick atmosphere of
carbon dioxide acts as insulation, reducing the escape of heat built up at the surface, resulting in temperatures greater
than those on Mercury. Today, Earth is the only planet where surface temperatures generally lie between the freezing
and boiling points of water. As far as we know, Earth is the only planet to support life.
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There’s No Place Like Home

In the classic film The Wizard of Oz, Dorothy, the heroine, concludes after her many adventures in “alien”
environments that “there’s no place like home.” The same can be said of the other worlds in our solar system.
There are many fascinating places, large and small, that we might like to visit, but humans could not survive
on any without a great deal of artificial assistance.

A thick carbon dioxide atmosphere keeps the surface temperature on our neighbor Venus at a sizzling 700
K (near 900 °F). Mars, on the other hand, has temperatures generally below freezing, with air (also mostly
carbon dioxide) so thin that it resembles that found at an altitude of 30 kilometers (100,000 feet) in Earth’s
atmosphere. And the red planet is so dry that it has not had any rain for billions of years.

The outer layers of the jovian planets are neither warm enough nor solid enough for human habitation. Any
bases we build in the systems of the giant planets may well have to be in space or one of their satellites—none
of which is particularly hospitable to a luxury hotel with a swimming pool and palm trees. Perhaps we will find
warmer havens deep inside the clouds of Jupiter or in the ocean under the frozen ice of its moon Europa.

All of this suggests that we had better take good care of Earth, because it is the only site where life as we
know it could survive. Recent human activity may be reducing the habitability of our planet by adding pollutants
to the atmosphere, especially the potent greenhouse gas carbon dioxide. Human civilization is changing our
planet dramatically, and these changes are not necessarily for the better. In a solar system that seems unready
to receive us, making Earth less hospitable to life may be a grave mistake.

Geological Activity
The crusts of all of the terrestrial planets, as well as of the larger moons, have been modified over their histories by 
both internal and external forces. Externally, each has been battered by a slow rain of projectiles from space, leaving 
their surfaces pockmarked by impact craters of all sizes (see ...). We have good evidence that this bombardment was 
far greater in the early history of the solar system, but it certainly continues to this day, even if at a lower rate. The 
collision of more than 20 large pieces of comet Shoemaker–Levy 9 with Jupiter in the summer of 1994 (see Figure 
1.13) is one dramatic example of this process.

Figure 1.13 Comet Shoemaker–Levy 9. In this image of comet Shoemaker–Levy 9 taken on May 17, 1994, by
NASA’s Hubble Space Telescope, you can see about 20 icy fragments trailing behind the comet. The comet was
approximately 660 million kilometers from Earth, heading on a collision course with Jupiter. (credit: NASA, ESA, H.
Weaver (STScl), E. Smith (STScl))

Figure 1.14 shows the aftermath of these collisions, when debris clouds larger than Earth could be seen in Jupiter’s
atmosphere.

Astronomy Basics
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Figure 1.14 Jupiter with Huge Dust Clouds. The Hubble Space Telescope took this sequence of images of Jupiter
in summer 1994, when fragments of comet Shoemaker–Levy 9 collided with the giant planet. Here we see the site hit
by fragment G, from five minutes to five days after impact. Several of the dust clouds generated by the collisions
became larger than Earth. (credit: H. Hammel, NASA)

During the time all the planets have been subject to such impacts, internal forces on the terrestrial planets have
buckled and twisted their crusts, built up mountain ranges, erupted as volcanoes, and generally reshaped the surfaces
in what we call geological activity. (The prefix geo means “Earth,” so this is a bit of an “Earth–chauvinist” term, but it
is so widely used that we bow to tradition.) Among the terrestrial planets, Earth and Venus have experienced the most
geological activity over their histories, although some of the moons in the outer solar system are also surprisingly
active. In contrast, our own Moon is a dead world where geological activity ceased billions of years ago.

Geological activity on a planet is the result of a hot interior. The forces of volcanism and mountain building are driven
by heat escaping from the interiors of planets. As we will see, each of the planets was heated at the time of its birth,
and this primordial heat initially powered extensive volcanic activity, even on our Moon. But, small objects such as
the Moon soon cooled off. The larger the planet or moon, the longer it retains its internal heat, and therefore the more
we expect to see surface evidence of continuing geological activity. The effect is similar to our own experience with
a hot baked potato: the larger the potato, the more slowly it cools. If we want a potato to cool quickly, we cut it into
small pieces.

For the most part, the history of volcanic activity on the terrestrial planets conforms to the predictions of this simple
theory. The Moon, the smallest of these objects, is a geologically dead world. Although we know less about Mercury,
it seems likely that this planet, too, ceased most volcanic activity about the same time the Moon did. Mars represents
an intermediate case. It has been much more active than the Moon, but less so than Earth. Earth and Venus, the largest
terrestrial planets, still have molten interiors even today, some 4.5 billion years after their birth.

7.3 Dating Planetary Surfaces

Learning Objectives
• Explain how astronomers can tell whether a planetary surface is geologically young or old

• Describe different methods for dating planets
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being mostly gas and liquid), astronomers have developed some techniques for estimating how long ago that surface
solidified. Note that the age of these surfaces is not necessarily the age of the planet as a whole. On geologically
active objects (including Earth), vast outpourings of molten rock or the erosive effects of water and ice, which we
call planet weathering, have erased evidence of earlier epochs and present us with only a relatively young surface for
investigation.

Counting the Craters
One way to estimate the age of a surface is by counting the number of impact craters. This technique works because
the rate at which impacts have occurred in the solar system has been roughly constant for several billion years. Thus,
in the absence of forces to eliminate craters, the number of craters is simply proportional to the length of time the
surface has been exposed. This technique has been applied successfully to many solid planets and moons (Figure
1.15).

Figure 1.15 Our Cratered Moon. This composite image of the Moon’s surface was made from many smaller images
taken between November 2009 and February 2011 by the Lunar Reconnaissance Orbiter (LRO) and shows craters of
many different sizes. (credit: NASA/GSFC/Arizona State University)

Bear in mind that crater counts can tell us only the time since the surface experienced a major change that could
modify or erase preexisting craters. Estimating ages from crater counts is a little like walking along a sidewalk in
a snowstorm after the snow has been falling steadily for a day or more. You may notice that in front of one house
the snow is deep, while next door the sidewalk may be almost clear. Do you conclude that less snow has fallen in
front of Ms. Jones’s house than Mr. Smith’s? More likely, you conclude that Jones has recently swept the walk clean
and Smith has not. Similarly, the numbers of craters indicate how long it has been since a planetary surface was last
“swept clean” by ongoing lava flows or by molten materials ejected when a large impact happened nearby.

Still, astronomers can use the numbers of craters on different parts of the same world to provide important clues about
how regions on that world evolved. On a given planet or moon, the more heavily cratered terrain will generally be
older (that is, more time will have elapsed there since something swept the region clean).
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Another way to trace the history of a solid world is to measure the age of individual rocks. After samples were 
brought back from the Moon by Apollo astronauts, the techniques that had been developed to date rocks on Earth 
were applied to rock samples from the Moon to establish a geological chronology for the Moon. Furthermore, a few 
samples of material from the Moon, Mars, and the large asteroid Vesta have fallen to Earth as meteorites and can be 
examined directly (see the chapter on ... ).

Scientists measure the age of rocks using the properties of natural radioactivity. Around the beginning of the 
twentieth century, physicists began to understand that some atomic nuclei are not stable but can split apart (decay) 
spontaneously into smaller nuclei. The process of radioactive decay involves the emission of particles such as 
electrons, or of radiation in the form of gamma rays (see the chapter on ... ).

For any one radioactive nucleus, it is not possible to predict when the decay process will happen. Such decay is
random in nature, like the throw of dice: as gamblers have found all too often, it is impossible to say just when the
dice will come up 7 or 11. But, for a very large number of dice tosses, we can calculate the odds that 7 or 11 will come
up. Similarly, if we have a very large number of radioactive atoms of one type (say, uranium), there is a specific time
period, called its half-life, during which the chances are fifty-fifty that decay will occur for any of the nuclei.

A particular nucleus may last a shorter or longer time than its half-life, but in a large sample, almost exactly half of
the nuclei will have decayed after a time equal to one half-life. Half of the remaining nuclei will have decayed after
two half-lives pass, leaving only one half of a half—or one quarter—of the original sample (Figure 1.16).

Figure 1.16 Radioactive Decay. This graph shows (in pink) the amount of a radioactive sample that remains after
several half-lives have passed. After one half-life, half the sample is left; after two half-lives, one half of the remainder
(or one quarter) is left; and after three half-lives, one half of that (or one eighth) is left. Note that, in reality, the decay
of radioactive elements in a rock sample would not cause any visible change in the appearance of the rock; the
splashes of color are shown here for conceptual purposes only.

If you had 1 gram of pure radioactive nuclei with a half-life of 100 years, then after 100 years you would have 1/
2 gram; after 200 years, 1/4 gram; after 300 years, only 1/8 gram; and so forth. However, the material does not
disappear. Instead, the radioactive atoms are replaced with their decay products. Sometimes the radioactive atoms are
called parents and the decay products are called daughter elements.
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comparing how much of a radioactive parent element is left in a rock to how much of its daughter products have
accumulated, we can learn how long the decay process has been going on and hence how long ago the rock formed.
Table 1.3 summarizes the decay reactions used most often to date lunar and terrestrial rocks.

Radioactive Decay Reaction Used to Date Rocks[4]

Parent Daughter Half-Life (billions of years)

Samarium-147 Neodymium-143 106

Rubidium-87 Strontium-87 48.8

Thorium-232 Lead-208 14.0

Uranium-238 Lead-206 4.47

Potassium-40 Argon-40 1.31

Table 1.3

PBS provides a evolution series excerpt
(http://www.openstaxcollege.org/l/30pbsradiomat) that explains how we
use radioactive elements to date Earth.

This Science Channel video (http://www.openstaxcollege.org/l/
30billnyevideo) features Bill Nye the Science Guy showing how scientists

have used radioactive dating to determine the age of Earth.

When astronauts first flew to the Moon, one of their most important tasks was to bring back lunar rocks for radioactive
age-dating. Until then, astronomers and geologists had no reliable way to measure the age of the lunar surface.
Counting craters had let us calculate relative ages (for example, the heavily cratered lunar highlands were older than
the dark lava plains), but scientists could not measure the actual age in years. Some thought that the ages were as
young as those of Earth’s surface, which has been resurfaced by many geological events. For the Moon’s surface to
be so young would imply active geology on our satellite. Only in 1969, when the first Apollo samples were dated, did
we learn that the Moon is an ancient, geologically dead world. Using such dating techniques, we have been able to
determine the ages of both Earth and the Moon: each was formed about 4.5 billion years ago (although, as we shall
see, Earth probably formed earlier).

We should also note that the decay of radioactive nuclei generally releases energy in the form of heat. Although
the energy from a single nucleus is not very large (in human terms), the enormous numbers of radioactive nuclei in
a planet or satellite (especially early in its existence) can be a significant source of internal energy for that world.
Geologists estimate that about half of Earth’s current internal heat budget comes from the decay of radioactive
isotopes in its interior.

Link to Learning

4. The number after each element is its atomic weight, equal to the number of protons plus neutrons in its nucleus. This specifies the
isotope of the element; different isotopes of the same element differ in the number of neutrons.
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Learning Objectives
• Describe the characteristics of planets that are used to create formation models of the solar system

• Describe how the characteristics of extrasolar systems help us to model our own solar system

• Explain the importance of collisions in the formation of the solar system

Much of astronomy is motivated by a desire to understand the origin of things: to find at least partial answers to
age-old questions of where the universe, the Sun, Earth, and we ourselves came from. Each planet and satellite is a
fascinating place that may stimulate our imagination as we try to picture what it would be like to visit. Taken together,
the members of the solar system preserve patterns that can tell us about the formation of the entire system. As we
begin our exploration of the planets, we want to introduce our modern picture of how the solar system formed.

The recent discovery of hundreds of planets in orbit around other stars has shown astronomers that many exoplanetary
systems can be quite different from our own solar system. For example, it is common for these systems to include
planets intermediate in size between our terrestrial and giant planets. These are often called superearths. Some
exoplanet systems even have giant planets close to the star, reversing the order we see in our system. In a later chapter,
we will look at these exoplanet systems. But for now, let us focus on theories of how our own particular system has
formed and evolved.

Looking for Patterns
One way to approach our question of origin is to look for regularities among the planets. We found, for example, that
all the planets lie in nearly the same plane and revolve in the same direction around the Sun. The Sun also spins in
the same direction about its own axis. Astronomers interpret this pattern as evidence that the Sun and planets formed
together from a spinning cloud of gas and dust that we call the solar nebula (Figure 1.17).
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Figure 1.17 Solar Nebula. This artist’s conception of the solar nebula shows the flattened cloud of gas and dust
from which our planetary system formed. Icy and rocky planetesimals (precursors of the planets) can be seen in the
foreground. The bright center is where the Sun is forming. (credit: William K. Hartmann, Planetary Science Institute)

The composition of the planets gives another clue about origins. Spectroscopic analysis allows us to determine which
elements are present in the Sun and the planets. The Sun has the same hydrogen-dominated composition as Jupiter and
Saturn, and therefore appears to have been formed from the same reservoir of material. In comparison, the terrestrial
planets and our Moon are relatively deficient in the light gases and the various ices that form from the common
elements oxygen, carbon, and nitrogen. Instead, on Earth and its neighbors, we see mostly the rarer heavy elements
such as iron and silicon. This pattern suggests that the processes that led to planet formation in the inner solar system
must somehow have excluded much of the lighter materials that are common elsewhere. These lighter materials must
have escaped, leaving a residue of heavy stuff.

The reason for this is not hard to guess, bearing in mind the heat of the Sun. The inner planets and most of the
asteroids are made of rock and metal, which can survive heat, but they contain very little ice or gas, which evaporate
when temperatures are high. (To see what we mean, just compare how long a rock and an ice cube survive when they
are placed in the sunlight.) In the outer solar system, where it has always been cooler, the planets and their moons, as
well as icy dwarf planets and comets, are composed mostly of ice and gas.

The Evidence from Far Away
A second approach to understanding the origins of the solar system is to look outward for evidence that other systems
of planets are forming elsewhere. We cannot look back in time to the formation of our own system, but many stars in
space are much younger than the Sun. In these systems, the processes of planet formation might still be accessible to
direct observation. We observe that there are many other “solar nebulas” or circumstellar disks—flattened, spinning
clouds of gas and dust surrounding young stars. These disks resemble our own solar system’s initial stages of
formation billions of years ago (Figure 1.18).
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Figure 1.18 Atlas of Planetary Nurseries. These Hubble Space Telescope photos show sections of the Orion
nebula, a relatively close-by region where stars are currently forming. Each image shows an embedded circumstellar
disk orbiting a very young star. Seen from different angles, some are energized to glow by the light of a nearby star
while others are dark and seen in silhouette against the bright glowing gas of the Orion nebula. Each is a
contemporary analog of our own solar nebula—a location where planets are probably being formed today. (credit:
modification of work by NASA/ESA, L. Ricci (ESO))

Building Planets
Circumstellar disks are a common occurrence around very young stars, suggesting that disks and stars form together.
Astronomers can use theoretical calculations to see how solid bodies might form from the gas and dust in these disks
as they cool. These models show that material begins to coalesce first by forming smaller objects, precursors of the
planets, which we call planetesimals.

Today’s fast computers can simulate the way millions of planetesimals, probably no larger than 100 kilometers in
diameter, might gather together under their mutual gravity to form the planets we see today. We are beginning to
understand that this process was a violent one, with planetesimals crashing into each other and sometimes even
disrupting the growing planets themselves. As a consequence of those violent impacts (and the heat from radioactive
elements in them), all the planets were heated until they were liquid and gas, and therefore differentiated, which helps
explain their present internal structures.

The process of impacts and collisions in the early solar system was complex and, apparently, often random. The solar
nebula model can explain many of the regularities we find in the solar system, but the random collisions of massive
collections of planetesimals could be the reason for some exceptions to the “rules” of solar system behavior. For
example, why do the planets Uranus and Pluto spin on their sides? Why does Venus spin slowly and in the opposite
direction from the other planets? Why does the composition of the Moon resemble Earth in many ways and yet exhibit
substantial differences? The answers to such questions probably lie in enormous collisions that took place in the solar
system long before life on Earth began.

Today, some 4.5 billion years after its origin, the solar system is—thank goodness—a much less violent place. As
we will see, however, some planetesimals have continued to interact and collide, and their fragments move about the
solar system as roving “transients” that can make trouble for the established members of the Sun’s family, such as our
own Earth. (We discuss this “troublemaking” in the chapters on Earth and the smaller members of our solar system.)
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A great variety of infographics (http://www.openstaxcollege.org/l/
30worldsinsolar) at space.com explore what it would be like to live on
various worlds in the solar system.

Link to Learning
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asteroid

comet

differentiation

giant planet

half-life

meteor

meteorite

planetesimals

radioactivity

solar nebula

terrestrial planet

Key Terms
a stony or metallic object orbiting the Sun that is smaller than a major planet but that shows no evidence of

an atmosphere or of other types of activity associated with comets

a small body of icy and dusty matter that revolves about the Sun; when a comet comes near the Sun, some of
its material vaporizes, forming a large head of tenuous gas and often a tail

gravitational separation of materials of different density into layers in the interior of a planet or
satellite

any of the planets Jupiter, Saturn, Uranus, and Neptune in our solar system, or planets of roughly that
mass and composition in other planetary systems

time required for half of the radioactive atoms in a sample to disintegrate

a small piece of solid matter that enters Earth’s atmosphere and burns up, popularly called a shooting star
because it is seen as a small flash of light

a portion of a meteor that survives passage through an atmosphere and strikes the ground

objects, from tens to hundreds of kilometers in diameter, that formed in the solar nebula as an
intermediate step between tiny grains and the larger planetary objects we see today; the comets and some
asteroids may be leftover planetesimals

process by which certain kinds of atomic nuclei decay naturally, with the spontaneous emission of
subatomic particles and gamma rays

the cloud of gas and dust from which the solar system formed

any of the planets Mercury, Venus, Earth, or Mars; sometimes the Moon is included in the list

Summary
7.1 Overview of Our Planetary System
Our solar system currently consists of the Sun, eight planets, five dwarf planets, nearly 200 known satellites, and
a host of smaller objects. The planets can be divided into two groups: the inner terrestrial planets and the outer
giant planets. Pluto, Eris, Haumea, and Makemake do not fit into either category; as icy dwarf planets, they exist
in an ice realm on the fringes of the main planetary system. The giant planets are composed mostly of liquids and
gases. Smaller members of the solar system include asteroids (including the dwarf planet Ceres), which are rocky
and metallic objects found mostly between Mars and Jupiter; comets, which are made mostly of frozen gases and
generally orbit far from the Sun; and countless smaller grains of cosmic dust. When a meteor survives its passage
through our atmosphere and falls to Earth, we call it a meteorite.

7.2 Composition and Structure of Planets
The giant planets have dense cores roughly 10 times the mass of Earth, surrounded by layers of hydrogen and helium.
The terrestrial planets consist mostly of rocks and metals. They were once molten, which allowed their structures
to differentiate (that is, their denser materials sank to the center). The Moon resembles the terrestrial planets in
composition, but most of the other moons—which orbit the giant planets—have larger quantities of frozen ice within
them. In general, worlds closer to the Sun have higher surface temperatures. The surfaces of terrestrial planets have
been modified by impacts from space and by varying degrees of geological activity.
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The ages of the surfaces of objects in the solar system can be estimated by counting craters: on a given world, a more
heavily cratered region will generally be older than one that is less cratered. We can also use samples of rocks with
radioactive elements in them to obtain the time since the layer in which the rock formed last solidified. The half-life
of a radioactive element is the time it takes for half the sample to decay; we determine how many half-lives have
passed by how much of a sample remains the radioactive element and how much has become the decay product. In
this way, we have estimated the age of the Moon and Earth to be roughly 4.5 billion years.

7.4 Origin of the Solar System
Regularities among the planets have led astronomers to hypothesize that the Sun and the planets formed together in 
a giant, spinning cloud of gas and dust called the solar nebula. Astronomical observations show tantalizingly similar 
circumstellar disks around other stars. Within the solar nebula, material first coalesced into planetesimals; many of 
these gathered together to make the planets and satellites. The remainder can still be seen as comets and asteroids. 
Probably all planetary systems have formed in similar ways, but many exoplanet systems have evolved along quite 
different paths, as we will see in ... .

For Further Exploration
Articles

Davidson, K. “Carl Sagan’s Coming of Age.” Astronomy. (November 1999): 40. About the noted popularizer of
science and how he developed his interest in astronomy.

Garget, J. “Mysterious Microworlds.” Astronomy. (July 2005): 32. A quick tour of a number of the moons in the solar
system.

Hartmann, W. “The Great Solar System Revision.” Astronomy. (August 1998): 40. How our views have changed over
the past 25 years.

Kross, J. “What’s in a Name?” Sky & Telescope. (May 1995): 28. How worlds are named.

Rubin, A. “Secrets of Primitive Meteorites.” Scientific American. (February 2013): 36. What meteorites can teach us
about the environment in which the solar system formed.

Soter, S. “What Is a Planet?” Scientific American. (January 2007): 34. The IAU’s new definition of a planet in our
solar system, and what happened to Pluto as a result.

Talcott, R. “How the Solar System Came to Be.” Astronomy. (November 2012): 24. On the formation period of the
Sun and the planets.

Wood, J. “Forging the Planets: The Origin of our Solar System.” Sky & Telescope. (January 1999): 36. Good
overview.

Websites

Gazetteer of Planetary Nomenclature: http://planetarynames.wr.usgs.gov/. Outlines the rules for naming bodies and
features in the solar system.

Planetary Photojournal: http://photojournal.jpl.nasa.gov/index.html. This NASA site features thousands of the best
images from planetary exploration, with detailed captions and excellent indexing. You can find images by world,
feature name, or mission, and download them in a number of formats. And the images are copyright-free because
your tax dollars paid for them.

The following sites present introductory information and pictures about each of the worlds of our solar system:

NASA/JPL Solar System Exploration pages: http://solarsystem.nasa.gov/index.cfm.

National Space Science Data Center Lunar and Planetary Science pages: http://nssdc.gsfc.nasa.gov/planetary/.
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NOT FINAL DRAFTNine [now 8] Planets Solar System Tour: http://www.nineplanets.org/.

Planetary Society solar system pages: http://www.planetary.org/explore/space-topics/compare/.

Views of the Solar System by Calvin J. Hamilton: http://www.solarviews.com/eng/homepage.htm.

Videos

Brown Dwarfs and Free Floating Planets: When You Are Just Too Small to Be a Star: https://www.youtube.com/
watch?v=zXCDsb4n4KU. A nontechnical talk by Gibor Basri of the University of California at Berkeley,
discussing some of the controversies about the meaning of the word “planet.” (1:32:52)

In the Land of Enchantment: The Epic Story of the Cassini Mission to Saturn: https://www.youtube.com/
watch?v=Vx135n8VFxY. A public lecture by Dr. Carolyn Porco that focuses mainly on the exploration of Saturn
and its moons, but also presents an eloquent explanation of why we explore the solar system. (1:37:52)

Origins of the Solar System: http://www.pbs.org/wgbh/nova/space/origins-solar-system.html. A video from PBS that
focuses on the evidence from meteorites. Narrated by Neil deGrasse Tyson. (13:02)

To Scale: The Solar System: https://www.youtube.com/watch?t=84&v=zR3Igc3Rhfg. Constructing a scale model of
the solar system in the Nevada desert. (07:06)

Collaborative Group Activities
A. Discuss and make a list of the reasons why we humans might want to explore the other worlds in the solar

system. Does your group think such missions of exploration are worth the investment? Why?

B. Your instructor will assign each group a world. Your task is to think about what it would be like to be there.
(Feel free to look ahead in the book to the relevant chapters.) Discuss where on or around your world we
would establish a foothold and what we would need to survive there.

C. In the ...
feature, we discuss briefly how human activity is transforming our planet’s overall environment. Can 
you think of other ways that this is happening?

D. Some scientists criticized Carl Sagan for “wasting his research time” popularizing astronomy. To what extent
do you think scientists should spend their time interpreting their field of research for the public? Why or why
not? Are there ways that scientists who are not as eloquent or charismatic as Carl Sagan or Neil deGrasse
Tyson can still contribute to the public understanding of science?

E. Your group has been named to a special committee by the International Astronomical Union to suggest names
of features (such as craters, trenches, and so on) on a newly explored asteroid. Given the restriction that any
people after whom features are named must no longer be alive, what names or types of names would you
suggest? (Keep in mind that you are not restricted to names of people, by the way.)

F. A member of your group has been kidnapped by a little-known religious cult that worships the planets. They
will release him only if your group can tell which of the planets are currently visible in the sky during the
evening and morning. You are forbidden from getting your instructor involved. How and where else could
you find out the information you need? (Be as specific as you can. If your instructor says it’s okay, feel free to
answer this question using online or library resources.)

G. In the
... feature, you learned that science fiction helped spark and sustain his interest in astronomy. Did any of the 
members of your group get interested in astronomy as a result of a science fiction story, movie, or TV show? 
Did any of the stories or films you or your group members saw take place on the planets of our solar 
system? Can you remember any specific ones that inspired you? If no one in the group is into science 
fiction, perhaps you can interview some friends or classmates who are and report back to the group.
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missions-list[/link]. Your instructor will assign each group a mission. Look up when the mission was launched
and executed, and describe the mission goals, the basic characteristics of the spacecraft (type of instruments,
propellant, size, and so on), and what was learned from the mission. If time allows, each group should present
its findings to the rest of the class.

I. What would be some of the costs or risks of developing a human colony or base on another planetary body?
What technologies would need to be developed? What would people need to give up to live on a different
world in our solar system?

Exercises
Review Questions
1. Venus rotates backward and Uranus and Pluto spin about an axis tipped nearly on its side. Based on what you
learned about the motion of small bodies in the solar system and the surfaces of the planets, what might be the cause
of these strange rotations?

2. What is the difference between a differentiated body and an undifferentiated body, and how might that influence
a body’s ability to retain heat for the age of the solar system?

3. What does a planet need in order to retain an atmosphere? How does an atmosphere affect the surface of a planet
and the ability of life to exist?

4. Which type of planets have the most moons? Where did these moons likely originate?

5. What is the difference between a meteor and a meteorite?

6. Explain our ideas about why the terrestrial planets are rocky and have less gas than the giant planets.

7. Do all planetary systems look the same as our own?

8. What is comparative planetology and why is it useful to astronomers?

9. What changed in our understanding of the Moon and Moon–Earth system as a result of humans landing on the
Moon’s surface?

10. If Earth was to be hit by an extraterrestrial object, where in the solar system could it come from and how would
we know its source region?

11. List some reasons that the study of the planets has progressed more in the past few decades than any other
branch of astronomy.

12. Imagine you are a travel agent in the next century. An eccentric billionaire asks you to arrange a “Guinness
Book of Solar System Records” kind of tour. Where would you direct him to find the following (use this chapter 
and ... and ... ):

A. the least-dense planet
B. the densest planet
C. the largest moon in the solar system
D. excluding the jovian planets, the planet where you would weigh the most on its surface (Hint: Weight is

directly proportional to surface gravity.)
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F. the planet that takes the longest time to rotate
G. the planet that takes the shortest time to rotate
H. the planet with a diameter closest to Earth’s
I. the moon with the thickest atmosphere
J. the densest moon

K. the most massive moon

13. What characteristics do the worlds in our solar system have in common that lead astronomers to believe that
they all formed from the same “mother cloud” (solar nebula)?

14. How do terrestrial and giant planets differ? List as many ways as you can think of.

15. Why are there so many craters on the Moon and so few on Earth?

16. How do asteroids and comets differ?

17. How and why is Earth’s Moon different from the larger satellites of the giant planets?

18. Where would you look for some “original” planetesimals left over from the formation of our solar system?

19. Describe how we use radioactive elements and their decay products to find the age of a rock sample. Is this
necessarily the age of the entire world from which the sample comes? Explain.

20. What was the solar nebula like? Why did the Sun form at its center?

Thought Questions
21. What can we learn about the formation of our solar system by studying other stars? Explain.

22. Earlier in this chapter, we modeled the solar system with Earth at a distance of about one city block from the
Sun. If you were to make a model of the distances in the solar system to match your height, with the Sun at the top
of your head and Pluto at your feet, which planet would be near your waist? How far down would the zone of the
terrestrial planets reach?

23. Seasons are a result of the inclination of a planet’s axial tilt being inclined from the normal of the planet’s orbital
plane. For example, Earth has an axis tilt of 23.4° (...). Using information about just the inclination alone, 
which planets might you expect to have seasonal cycles similar to Earth, although different in duration because 
orbital periods around the Sun are different?

24. Again using ... , which planet(s)
might you expect not to have significant seasonal activity? Why?

25. Again using ..., which planets
might you expect to have extreme seasons? Why?

26. Using some of the astronomical resources in your college library or the Internet, find five names of features on
each of three other worlds that are named after real people. In a sentence or two, describe each of these people and
what contributions they made to the progress of science or human thought.
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asteroid belt, is not.

28. Would you expect as many impact craters per unit area on the surface of Venus as on the surface of Mars? Why
or why not?

29. Interview a sample of 20 people who are not taking an astronomy class and ask them if they can name a living
astronomer. What percentage of those interviewed were able to name one? Typically, the two living astronomers
the public knows these days are Stephen Hawking and Neil deGrasse Tyson. Why are they better known than most
astronomers? How would your result have differed if you had asked the same people to name a movie star or a
professional basketball player?

30. Using ... , complete the following
table that describes the characteristics of the Galilean satellites of Jupiter, starting from Jupiter and moving outward
in distance.

Satellite Semimajor Axis (km3) Diameter Density (g/cm3)

Io

Europa

Ganymede

Callisto

This system has often been described as a mini solar system. Why might this be so? If Jupiter were to represent the
Sun and the Galilean satellites represented planets, which moons could be considered more terrestrial in nature and
which ones more like gas/ice giants? Why? (Hint: Use the values in your table to help explain your categorization.)

Figuring for Yourself
31. Calculate the density of Jupiter. Show your work. Is it more or less dense than Earth? Why?

32. Calculate the density of Saturn. Show your work. How does it compare with the density of water? Explain how
this can be.

33. What is the density of Jupiter’s moon Europa (see ...
for data on moons)? Show your work.

34. Look at ... and ...
and indicate the satellite with a diameter that is the largest fraction of the diameter of the planet it orbits.

35. Barnard’s Star, the second closest star to us, is about 56 trillion (5.6 × 1012) km away. Calculate how far it would
be using the scale model of the solar system given in Section 7.1.

36. A radioactive nucleus has a half-life of 5 × 108 years. Assuming that a sample of rock (say, in an asteroid)
solidified right after the solar system formed, approximately what fraction of the radioactive element should be left in
the rock today?
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The Sun: A Nuclear Powerhouse

Figure 1.1 The Sun. It takes an incredible amount of energy for the Sun to shine, as it has and will continue to do for
billions of years. (credit: modification of work by Ed Dunens)

Chapter Outline
16.1 Sources of Sunshine: Thermal and Gravitational Energy 

16.2 Mass, Energy, and the Theory of Relativity

16.3 The Solar Interior: Theory

16.4 The Solar Interior: Observations

Thinking Ahead
The Sun puts out an incomprehensible amount of energy—so much that its ultraviolet radiation can cause sunburns
from 93 million miles away. It is also very old. As you learned earlier, evidence shows that the Sun formed about 4.5
billion years ago and has been shining ever since. How can the Sun produce so much energy for so long?

The Sun’s energy output is about 4 × 1026 watts. This is unimaginably bright: brighter than a trillion cities together
each with a trillion 100-watt light bulbs. Most known methods of generating energy fall far short of the capacity of
the Sun. The total amount of energy produced over the entire life of the Sun is staggering, since the Sun has been
shining for billions of years. Scientists were unable to explain the seemingly unlimited energy of stars like the Sun
prior to the twentieth century.
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Gravitational Energy

Learning Objectives
• Identify different forms of energy

• Understand the law of conservation of energy

• Explain ways that energy can be transformed

Energy is a challenging concept to grasp because it exists in so many different forms that it defies any single simple
explanation. In many ways, comprehending energy is like comprehending wealth: There are very different forms of
wealth and they follow different rules, depending on if they are the stock market, real estate, a collection of old comic
books, great piles of cash, or one of the many other ways to make and lose money. It is easier to discuss one or two
forms of wealth—or energy—than to discuss that concept in general.

When striving to understand how the Sun can put out so much energy for so long, scientists considered many different
types of energy. Nineteenth-century scientists knew of two possible sources for the Sun’s energy: chemical and
gravitational energy. The source of chemical energy most familiar to them was the burning (the chemical term is
oxidation) of wood, coal, gasoline, or other fuel. We know exactly how much energy the burning of these materials
can produce. We can thus calculate that even if the immense mass of the Sun consisted of a burnable material like coal
or wood, our star could not produce energy at its present rate for more than few thousand years. However, we know
from geologic evidence that water was present on Earth’s surface nearly 4 billion years ago, so the Sun must have
been shining brightly (and making Earth warm) at least as long as that. Today, we also know that at the temperatures
found in the Sun, nothing like solid wood or coal could survive.

What’s Watt?

Just a word about the units we are using. A watt (W) is a unit of power, which is energy used or given off per
unit time. It is measured in joules per second (J/s). You know from your everyday experience that it is not just
how much energy you expend, but how long you take to do it. (Burning 10 Calories in 10 minutes requires
a very different kind of exercise than burning those 10 Calories in an hour.) Watts tell you the rate at which
energy is being used; for example, a 100-watt bulb uses 100 joules (J) of energy every second.

And how big is a joule? A 73-kilogram (160-pound) astronomy instructor running at about 4.4 meters/second
(10 miles/hour) because he is late for class has a motion energy of about 700 joules.

Conservation of Energy
Other nineteenth-century attempts to determine what makes the Sun shine used the law of conservation of energy.
Simply stated, this law says that energy cannot be created or destroyed, but can be transformed from one type to
another, such as from heat to mechanical energy. The steam engine, which was key to the Industrial Revolution,
provides a good example. In this type of engine, the hot steam from a boiler drives the movement of a piston,
converting heat energy into motion energy.

Conversely, motion can be transformed into heat. If you clap your hands vigorously at the end of an especially good
astronomy lecture, your palms become hotter. If you rub ice on the surface of a table, the heat produced by friction
melts the ice. The brakes on cars use friction to reduce speed, and in the process, transform motion energy into heat
energy. That is why after bringing a car to a stop, the brakes can be very hot; this also explains why brakes can
overheat when used carelessly while descending long mountain roads.

Astronomy Basics
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meteorites falling into it. Their calculations showed, however, that in order to produce the total amount of energy
emitted by the Sun, the mass in meteorites that would have to fall into the Sun every 100 years would equal the mass
of Earth. The resulting increase in the Sun’s mass would, according to Kepler’s third law, change the period of Earth’s
orbit by 2 seconds per year. Such a change would be easily measurable and was not, in fact, occurring. Scientists
could then disprove this as the source of the Sun’s energy.

Gravitational Contraction as a Source of Energy
Proposing an alternative explanation, British physicist Lord Kelvin and German scientist Hermann von Helmholtz
(Figure 1.2), in about the middle of the nineteenth century, proposed that the Sun might produce energy by the
conversion of gravitational energy into heat. They suggested that the outer layers of the Sun might be “falling” inward
because of the force of gravity. In other words, they proposed that the Sun could be shrinking in size, staying hot and
bright as a result.

Figure 1.2 Kelvin (1824–1907) and Helmholtz (1821–1894). (a) British physicist William Thomson (Lord Kelvin)
and (b) German scientist Hermann von Helmholtz proposed that the contraction of the Sun under its own gravity
might account for its energy. (credit a: modification of work by Wellcome Library, London; credit b: modification of
work by Wellcome Library, London)

To imagine what would happen if this hypothesis were true, picture the outer layer of the Sun starting to fall inward. 
This outer layer is a gas made up of individual atoms, all moving about in random directions. If a layer falls inward, 
the atoms acquire an additional speed because of falling motion. As the outer layer falls inward, it also contracts, 
moving the atoms closer together. Collisions become more likely, and some of them transfer the extra speed associated 
with the falling motion to other atoms. This, in turn, increases the speeds of those atoms. The temperature of a gas is a 
measure of the kinetic energy (motion) of the atoms within it; hence, the temperature of this layer of the Sun increases. 
Collisions also excite electrons within the atoms to higher-energy orbits. When these electrons return to their normal 
orbits, they emit photons, which can then escape from the Sun (see ...).

Kelvin and Helmholtz calculated that a contraction of the Sun at a rate of only about 40 meters per year would be
enough to produce the amount of energy that it is now radiating. Over the span of human history, the decrease in the
Sun’s size from such a slow contraction would be undetectable.
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been radiated by the Sun during its entire lifetime as it has contracted from a very large diameter to its present size.
The amount of energy is on the order of 1042 joules. Since the solar luminosity is 4 × 1026 watts (joules/second) or
about 1034 joules per year, contraction could keep the Sun shining at its present rate for roughly 100 million years.

In the nineteenth century, 100 million years at first seemed plenty long enough, since Earth was then widely thought 
to be much younger than this. But toward the end of that century and into the twentieth, geologists and physicists 
showed that Earth (and, hence, the Sun) is actually much older. Contraction therefore cannot be the primary source 
of solar energy (although, as we shall see in ..., contraction is an important source of energy for a while in stars 
that are just being born). Scientists were thus confronted with a puzzle of enormous proportions. Either an 
unknown type of energy was responsible for the most important energy source known to humanity, or estimates 
of the age of the solar system (and life on Earth) had to be seriously modified. Charles Darwin, whose theory of 
evolution required a longer time span than the theories of the Sun seemed to permit, was discouraged by these results 
and continued to worry about them until his death in 1882.

It was only in the twentieth century that the true source of the Sun’s energy was identified. The two key pieces of
information required to solve the puzzle were the structure of the nucleus of the atom and the fact that mass can be
converted into energy.

16.2 Mass, Energy, and the Theory of Relativity

Learning Objectives
• Explain how matter can be converted into energy

• Describe the particles that make up atoms

• Describe the nucleus of an atom

• Understand the nuclear forces that hold atoms together

• Trace the nuclear reactions in the solar interior

As we have seen, energy cannot be created or destroyed, but only converted from one form to another. One of the
remarkable conclusions derived by Albert Einstein (see Albert Einstein) when he developed his theory of relativity
is that matter can be considered a form of energy too and can be converted into energy. Furthermore, energy can also
be converted into matter. This seemed to contradict what humans had learned over thousands of years by studying
nature. Matter is something we can see and touch, whereas energy is something objects have when they do things like
move or heat up. The idea that matter or energy can be converted into each other seemed as outrageous as saying you
could accelerate a car by turning the bumper into more speed, or that you could create a bigger front seat by slowing
down your car. That would be pretty difficult to believe; yet, the universe actually works somewhat like that.

Converting Matter into Energy
The remarkable equivalence between matter and energy is given in one of the most famous equations:

E = mc2

In this equation, E stands for energy, m stands for mass, and c, the constant that relates the two, is the speed of light
(3 × 108 meters/second). Note that mass is a measure of the quantity of matter, so the significance of this equation
is that matter can be converted into energy and energy can be converted into matter. Let’s compare this equation of
converting matter and energy to some common conversion equations that have the same form:

inches = feet × 12, or cents = dollars × 100

Just as each conversion formula allows you to calculate the conversion of one thing into another, when we convert
matter into energy, we consider how much mass the matter has. The conversion factor in this case turns out not to be
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not have to travel at the speed of light (or the speed of light squared) for this conversion to occur. The factor of c2 is
just the number that Einstein showed must be used to relate mass and energy.

Notice that this formula does not tell us how to convert mass into energy, just as the formula for cents does not tell us
where to exchange coins for a dollar bill. The formulas merely tell us what the equivalent values are if we succeed in
making the conversion. When Einstein first derived his formula in 1905, no one had the faintest idea how to convert
mass into energy in any practical way. Einstein himself tried to discourage speculation that the large-scale conversion
of atomic mass into energy would be feasible in the near future. Today, as a result of developments in nuclear physics,
we regularly convert mass into energy in power plants, nuclear weapons, and high-energy physics experiments in
particle accelerators.

Because the speed of light squared (c2) is a very large quantity, the conversion of even a small amount of mass results
in a very large amount of energy. For example, the complete conversion of 1 gram of matter (about 1/28 ounce, or
approximately 1 paperclip) would produce as much energy as the burning of 15,000 barrels of oil.

Scientists soon realized that the conversion of mass into energy is the source of the Sun’s heat and light. With
Einstein’s equation of E = mc2, we can calculate that the amount of energy radiated by the Sun could be produced
by the complete conversion of about 4 million tons of matter into energy inside the Sun each second. Destroying 4
million tons per second sounds like a lot when compared to earthly things, but bear in mind that the Sun is a very big
reservoir of matter. In fact, we will see that the Sun contains more than enough mass to destroy such huge amounts of
matter and still continue shining at its present rate for billions of years.

But knowing all that still does not tell us how mass can be converted into energy. To understand the process that
actually occurs in the Sun, we need to explore the structure of the atom a bit further.

Albert Einstein

For a large part of his life, Albert Einstein (Figure 1.3) was one of the most recognized celebrities of his day.
Strangers stopped him on the street, and people all over the world asked him for endorsements, advice, and
assistance. In fact, when Einstein and the great film star Charlie Chaplin met in California, they found they
shared similar feelings about the loss of privacy that came with fame. Einstein’s name was a household word
despite the fact that most people did not understand the ideas that had made him famous.

Einstein was born in 1879 in Ulm, Germany. Legend has it that he did not do well in school (even in arithmetic),
and thousands of students have since attempted to justify a bad grade by referring to this story. Alas, like
many legends, this one is not true. Records indicate that although he tended to rebel against the authoritarian
teaching style in vogue in Germany at that time, Einstein was a good student.

After graduating from the Federal Polytechnic Institute in Zurich, Switzerland, Einstein at first had trouble
getting a job (even as a high school teacher), but he eventually became an examiner in the Swiss Patent
Office. Working in his spare time, without the benefit of a university environment but using his superb physical
intuition, he wrote four papers in 1905 that would ultimately transform the way physicists looked at the world.

One of these, which earned Einstein the Nobel Prize in 1921, set part of the foundation of quantum
mechanics—the rich, puzzling, and remarkable theory of the subatomic realm. But his most important paper
presented the special theory of relativity, a reexamination of space, time, and motion that added a whole new
level of sophistication to our understanding of those concepts. The famed equation E = mc2 was actually a
relatively minor part of this theory, added in a later paper.

In 1916, Einstein published his general theory of relativity, which was, among other things, a fundamentally 
new description of gravity (see ... ). When this theory was confirmed by measurements of the “bending 
of starlight”

Voyagers in Astronomy
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during a 1919 eclipse (The New York Times headline read, “Lights All Askew in the Heavens”), Einstein
became world famous.

In 1933, to escape Nazi persecution, Einstein left his professorship in Berlin and settled in the United States
at the newly created Institute for Advanced Studies at Princeton. He remained there until his death in 1955,
writing, lecturing, and espousing a variety of intellectual and political causes. For example, he agreed to sign a
letter written by Leo Szilard and other scientists in 1939, alerting President Roosevelt to the dangers of allowing
Nazi Germany to develop the atomic bomb first. And in 1952, Einstein was offered the second presidency of
Israel. In declining the position, he said, “I know a little about nature and hardly anything about men.”

Figure 1.3 Albert Einstein (1879–1955). This portrait of Einstein was taken in 1912. (credit: modification of
work by J. F. Langhans)

Elementary Particles
The fundamental components of atoms are the proton, neutron, and electron (see ... ).

Protons, neutrons, and electrons are by no means all the particles that exist. First, for each kind of particle, there is a
corresponding but opposite antiparticle. If the particle carries a charge, its antiparticle has the opposite charge. The
antielectron is the positron, which has the same mass as the electron but is positively charged. Similarly, the antiproton
has a negative charge. The remarkable thing about such antimatter is that when a particle comes into contact with
its antiparticle, the original particles are annihilated, and substantial amounts of energy in the form of photons are
produced.

Since our world is made exclusively of ordinary particles of matter, antimatter cannot survive for very long. But
individual antiparticles are found in cosmic rays (particles that arrive at the top of Earth’s atmosphere from space)
and can be created in particle accelerators. And, as we will see in a moment, antimatter is created in the core of the
Sun and other stars.

Science fiction fans may be familiar with antimatter from the Star Trek television series and films. The Starship
Enterprise is propelled by the careful combining of matter and antimatter in the ship’s engine room. According to E
= mc2, the annihilation of matter and antimatter can produce a huge amount of energy, but keeping the antimatter fuel
from touching the ship before it is needed must be a big problem. No wonder Scotty, the chief engineer in the original
TV show, always looked worried!
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Energy seemed to disappear when certain types of nuclear reactions took place, violating the law of conservation of
energy. Pauli was reluctant to accept the idea that one of the basic laws of physics was wrong, and he suggested a
“desperate remedy.” Perhaps a so-far-undetected particle, which was given the name neutrino (“little neutral one”),
carried away the “missing” energy. He suggested that neutrinos were particles with zero mass, and that like photons,
they moved with the speed of light.

Figure 1.4 Wolfgang Pauli in 1945. Pauli is considered the “father” of the neutrino, having conceived of it in 1933.

The elusive neutrino was not detected until 1956. The reason it was so hard to find is that neutrinos interact very
weakly with other matter and therefore are very difficult to detect. Earth is more transparent to a neutrino than the
thinnest and cleanest pane of glass is to a photon of light. In fact, most neutrinos can pass completely through a
star or planet without being absorbed. As we shall see, this behavior of neutrinos makes them a very important tool
for studying the Sun. Since Pauli’s prediction, scientists have learned a lot more about the neutrino. We now know
that there are three different types of neutrinos, and in 1998, neutrinos were discovered to have a tiny amount of
mass. Indeed, it is so tiny that electrons are at least 500,000 times more massive. Ongoing research is focused on
determining the mass of neutrinos more precisely, and it may still turn out that one of the three types is massless. We
will return to the subject of neutrinos later in this chapter.

Some of the properties of the proton, electron, neutron, and neutrino are summarized in Table 1.1. (Other subatomic
particles have been produced by experiments with particle accelerators, but they do not play a role in the generation
of solar energy.)

Properties of Some Common Particles

Particle Mass (kilograms) Charge

Proton 1.67265 × 10−27 +1

Neutron 1.67495 × 10−27 0

Electron 9.11 × 10−31 −1

Neutrino <2 × 10−36 (uncertain) 0

Table 1.1
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The nucleus of an atom is not just a loose collection of elementary particles. Inside the nucleus, particles are held
together by a very powerful force called the strong nuclear force. This is short-range force, only capable of acting
over distances about the size of the atomic nucleus. A quick thought experiment shows how important this force is.
Take a look at your finger and consider the atoms composing it. Among them is carbon, one of the basic elements
of life. Focus your imagination on the nucleus of one of your carbon atoms. It contains six protons, which have a
positive charge, and six neutrons, which are neutral. Thus, the nucleus has a net charge of six positives. If only the
electrical force were acting, the protons in this and every carbon atom would find each other very repulsive and fly
apart.

The strong nuclear force is an attractive force, stronger than the electrical force, and it keeps the particles of the
nucleus tightly bound together. We saw earlier that if under the force of gravity a star “shrinks”—bringing its atoms
closer together—gravitational energy is released. In the same way, if particles come together under the strong nuclear
force and unite to form an atomic nucleus, some of the nuclear energy is released. The energy given up in such a
process is called the binding energy of the nucleus.

When such binding energy is released, the resulting nucleus has slightly less mass than the sum of the masses of the
particles that came together to form it. In other words, the energy comes from the loss of mass. This slight deficit in
mass is only a small fraction of the mass of one proton. But because each bit of lost mass can provide a lot of energy
(remember, E = mc2), this nuclear energy release can be quite substantial.

Measurements show that the binding energy is greatest for atoms with a mass near that of the iron nucleus (with
a combined number of protons and neutrons equal to 56) and less for both the lighter and the heavier nuclei. Iron,
therefore, is the most stable element: since it gives up the most energy when it forms, it would require the most energy
to break it back down into its component particles.

What this means is that, in general, when light atomic nuclei come together to form a heavier one (up to iron), mass
is lost and energy is released. This joining together of atomic nuclei is called nuclear fusion.

Energy can also be produced by breaking up heavy atomic nuclei into lighter ones (down to iron); this process is
called nuclear fission. Nuclear fission was the process we learned to use first—in atomic bombs and in nuclear
reactors used to generate electrical power—and it may therefore be more familiar to you. Fission also sometimes
occurs spontaneously in some unstable nuclei through the process of natural radioactivity. But fission requires big,
complex nuclei, whereas we know that the stars are made up predominantly of small, simple nuclei. So we must look
to fusion first to explain the energy of the Sun and the stars (Figure 1.5).

Figure 1.5 Fusion and Fission. (a) In fusion, light atomic nuclei join together to form a heavier nuclei, releasing
energy in the process. (b) In fission, energy is produced by the breaking up of heavy, complex nuclei into lighter ones.
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So far, we seem to have a very attractive prescription for producing the energy emitted by the Sun: “roll” some nuclei
together and join them via nuclear fusion. This will cause them to lose some of their mass, which then turns into
energy. However, every nucleus, even simple hydrogen, has protons—and protons all have positive charges. Since
like charges repel via the electrical force, the closer we get two nuclei to each other, the more they repel. It’s true that
if we can get them within “striking distance” of the nuclear force, they will then come together with a much stronger
attraction. But that striking distance is very tiny, about the size of a nucleus. How can we get nuclei close enough to
participate in fusion?

The answer turns out to be heat—tremendous heat—which speeds the protons up enough to overcome the electrical
forces that try to keep protons apart. Inside the Sun, as we saw, the most common element is hydrogen, whose nucleus
contains only a single proton. Two protons can fuse only in regions where the temperature is greater than about 12
million K, and the speed of the protons average around 1000 kilometers/second or more. (In old-fashioned units,
that’s over 2 million miles per hour!)

In our Sun, such extreme temperatures are reached only in the regions near its center, which has a temperature of 15
million K. Calculations show that nearly all of the Sun’s energy is generated within about 150,000 kilometers of its
core, or within less than 10% of its total volume.

Even at these high temperatures, it is exceedingly difficult to force two protons to combine. On average, a proton
will rebound from other protons in the Sun’s crowded core for about 14 billion years, at the rate of 100 million
collisions per second, before it fuses with a second proton. This is, however, only the average waiting time. Some of
the enormous numbers of protons in the Sun’s inner region are “lucky” and take only a few collisions to achieve a
fusion reaction: they are the protons responsible for producing the energy radiated by the Sun. Since the Sun is about
4.5 billion years old, most of its protons have not yet been involved in fusion reactions.

Nuclear Reactions in the Sun’s Interior
The Sun, then, taps the energy contained in the nuclei of atoms through nuclear fusion. Let’s look at what happens
in more detail. Deep inside the Sun, a three-step process takes four hydrogen nuclei and fuses them together to form
a single helium nucleus. The helium nucleus is slightly less massive than the four hydrogen nuclei that combine to
form it, and that mass is converted into energy.

The initial step required to form one helium nucleus from four hydrogen nuclei is shown in Figure 1.6. At the high
temperatures inside the Sun’s core, two protons combine to make a deuterium nucleus, which is an isotope (or version)
of hydrogen that contains one proton and one neutron. In effect, one of the original protons has been converted into a
neutron in the fusion reaction. Electric charge has to be conserved in nuclear reactions, and it is conserved in this one.
A positron (antimatter electron) emerges from the reaction and carries away the positive charge originally associated
with one of the protons.

Figure 1.6 Proton-Proton Chain, Step 1. This is the first step in the process of fusing hydrogen into helium in the
Sun. High temperatures are required because this reaction starts with two hydrogen nuclei, which are protons (shown
in blue at left) that must overcome electrical repulsion to combine, forming a hydrogen nucleus with a proton and a
neutron (shown in red). Note that hydrogen containing one proton and one neutron is given its own name: deuterium.
Also produced in this reaction are a positron, which is an antielectron, and an elusive particle named the neutrino.
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electromagnetic energy in the form of gamma-ray photons. This gamma ray, which has been created in the center
of the Sun, finds itself in a world crammed full of fast-moving nuclei and electrons. The gamma ray collides with
particles of matter and transfers its energy to one of them. The particle later emits another gamma-ray photon, but
often the emitted photon has a bit less energy than the one that was absorbed.

Such interactions happen to gamma rays again and again and again as they make their way slowly toward the outer 
layers of the Sun, until their energy becomes so reduced that they are no longer gamma rays but X-rays (recall what 
you learned in ... ). Later, as the photons lose still more energy through collisions in the crowded center of the 
Sun, they become ultraviolet photons.

By the time they reach the Sun’s surface, most of the photons have given up enough energy to be ordinary light—and
they are the sunlight we see coming from our star. (To be precise, each gamma-ray photon is ultimately converted
into many separate lower-energy photons of sunlight.) So, the sunlight given off by the Sun today had its origin as
a gamma ray produced by nuclear reactions deep in the Sun’s core. The length of time that photons require to reach
the surface depends on how far a photon on average travels between collisions, and the travel time depends on what
model of the complicated solar interior we accept. Estimates are somewhat uncertain but indicate that the emission
of energy from the surface of the Sun can lag its production in the interior by 100,000 years to as much as 1,000,000
years.

In addition to the positron, the fusion of two hydrogen atoms to form deuterium results in the emission of a neutrino.
Because neutrinos interact so little with ordinary matter, those produced by fusion reactions near the center of the Sun
travel directly to the Sun’s surface and then out into space, in all directions. Neutrinos move at nearly the speed of
light, and they escape the Sun about two seconds after they are created.

Figure 1.7 Proton-Proton Chain, Step 2. This is the second step of the proton-proton chain, the fusion reaction that
converts hydrogen into helium in the Sun. This step combines one hydrogen nucleus, which is a proton (shown in
blue), with the deuterium nucleus from the previous step (shown as a red and blue particle). The product of this is an
isotope of helium with two protons (blue) and one neutron (red) and energy in the form of gamma-ray radiation.

The second step in forming helium from hydrogen is to add another proton to the deuterium nucleus to create a helium
nucleus that contains two protons and one neutron (Figure 1.7). In the process, some mass is again lost and more
gamma radiation is emitted. Such a nucleus is helium because an element is defined by its number of protons; any
nucleus with two protons is called helium. But this form of helium, which we call helium-3 (and write in shorthand
as 3He) is not the isotope we see in the Sun’s atmosphere or on Earth. That helium has two neutrons and two protons
and hence is called helium-4 (4He).

To get to helium-4 in the Sun, helium-3 must combine with another helium-3 in the third step of fusion (illustrated
in Figure 1.8). Note that two energetic protons are left over from this step; each of them comes out of the reaction
ready to collide with other protons and to start step 1 in the chain of reactions all over again.
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Figure 1.8 Proton-Proton Chain, Step 3. This is the third step in the fusion of hydrogen into helium in the Sun. Note
that the two 3-helium nuclei from the second step (see Figure 1.7) must combine before the third step becomes
possible. The two protons that come out of this step have the energy to collide with other protons in the Sun and start
step one again.

Animations of proton-proton reactions
(http://www.openstaxcollege.org/l/30proproreactio) are shown.

Visit the Tokamak Fusion Reactor (http://www.openstaxcollege.org/l/
30tokamakfusrea) at the General Atomics Lab in San Diego, CA, for an
8-minute tour.

The Proton-Proton Chain
The nuclear reactions in the Sun that we have been discussing can be described succinctly through the following
nuclear formulas:

1 H + 1 H → 2 H + e+ + v
2 H + 1 H → 3 He + γ
3 He + 3 He → 4 He + 1 H + 1 H

Here, the superscripts indicate the total number of neutrons plus protons in the nucleus, e+ is the positron, v is the
neutrino, and γ indicates that gamma rays are emitted. Note that the third step requires two helium-3 nuclei to start;
the first two steps must happen twice before the third step can occur.

Although, as we discussed, the first step in this chain of reactions is very difficult and generally takes a long time,
the other steps happen more quickly. After the deuterium nucleus is formed, it survives an average of only about 6
seconds before being converted into 3He. About a million years after that (on average), the 3He nucleus will combine
with another to form 4He.

Link to Learning

Link to Learning
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masses. The masses of hydrogen and helium atoms in the units normally used by scientists are 1.007825 u and
4.00268 u, respectively. (The unit of mass, u, is defined to be 1/12 the mass of an atom of carbon, or approximately the
mass of a proton.) Here, we include the mass of the entire atom, not just the nucleus, because electrons are involved
as well. When hydrogen is converted into helium, two positrons are created (remember, the first step happens twice),
and these are annihilated with two free electrons, adding to the energy produced.

4 × 1.007825 = 4.03130 u (mass of initial hydrogen atoms)
−4.00268 u (mass of final helium atoms)
= 0.02862 u (mass lost in the transformation)

The mass lost, 0.02862 u, is 0.71% of the mass of the initial hydrogen. Thus, if 1 kilogram of hydrogen is converted
into helium, then the mass of the helium is only 0.9929 kilogram, and 0.0071 kilogram of material is converted into
energy. The speed of light (c) is 3 × 108 meters/second, so the energy released by the conversion of just 1 kilogram of
hydrogen into helium is:

E = mc2

E = 0.0071 kg × ⎛⎝3 × 108 m/s⎞⎠
2

= 6.4 × 1014 J

This amount, the energy released when a single kilogram (2.2 pounds) of hydrogen undergoes fusion, would supply
all of the electricity used in the United States for about 2 weeks.

To produce the Sun’s luminosity of 4 × 1026 watts, some 600 million tons of hydrogen must be converted into helium
each second, of which about 4 million tons are converted from matter into energy. As large as these numbers are, the
store of hydrogen (and thus of nuclear energy) in the Sun is still more enormous, and can last a long time—billions of
years, in fact.

At the temperatures inside the stars with masses smaller than about 1.2 times the mass of our Sun (a category that
includes the Sun itself), most of the energy is produced by the reactions we have just described, and this set of
reactions is called the proton-proton chain (or sometimes, the p-p chain). In the proton-proton chain, protons collide
directly with other protons to form helium nuclei.

In hotter stars, another set of reactions, called the carbon-nitrogen-oxygen (CNO) cycle, accomplishes the same net
result. In the CNO cycle, carbon and hydrogen nuclei collide to initiate a series of reactions that form nitrogen,
oxygen, and ultimately, helium. The nitrogen and oxygen nuclei do not survive but interact to form carbon again.
Therefore, the outcome is the same as in the proton-proton chain: four hydrogen atoms disappear, and in their place,
a single helium atom is created. The CNO cycle plays only a minor role in the Sun but is the main source of energy
for stars with masses greater than about the mass of the Sun.

So you can see that we have solved the puzzle that so worried scientists at the end of the nineteenth century. The Sun
can maintain its high temperature and energy output for billions of years through the fusion of the simplest element
in the universe, hydrogen. Because most of the Sun (and the other stars) is made of hydrogen, it is an ideal “fuel”
for powering a star. As will be discussed in the following chapters, we can define a star as a ball of gas capable of
getting its core hot enough to initiate the fusion of hydrogen. There are balls of gas that lack the mass required to do
this (Jupiter is a local example); like so many hopefuls in Hollywood, they will never be stars.

Fusion on Earth

Wouldn’t it be wonderful if we could duplicate the Sun’s energy mechanism in a controlled way on Earth? (We
have already duplicated it in an uncontrolled way in hydrogen bombs, but we hope our storehouses of these
will never be used.) Fusion energy would have many advantages: It would use hydrogen (or deuterium, which
is heavy hydrogen) as fuel, and there is abundant hydrogen in Earth’s lakes and oceans. Water is much more

Making Connections
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evenly distributed around the world than oil or uranium, meaning that a few countries would no longer hold
an energy advantage over the others. And unlike fission, which leaves dangerous byproducts, the nuclei that
result from fusion are perfectly safe.

The problem is that, as we saw, it takes extremely high temperatures for nuclei to overcome their electrical
repulsion and undergo fusion. When the first hydrogen bombs were exploded in tests in the 1950s, the “fuses”
to get them hot enough were fission bombs. Interactions at such temperatures are difficult to sustain and
control. To make fusion power on Earth, after all, we have to do what the Sun does: produce temperatures and
pressures high enough to get hydrogen nuclei on intimate terms with one another.

The European Union, the United States, South Korea, Japan, China, Russia, Switzerland, and India are
collaborating on the International Thermonuclear Experimental Reactor (ITER), a project to demonstrate the
feasibility of controlled fusion (Figure 1.9). The facility is being built in France. Construction will require over
10,000,000 components and 2000 workers for assembly. The date for the start of operations is yet to be
determined.

ITER is based on the Tokamak design, in which a large doughnut-shaped container is surrounded by
superconducting magnets to confine and control the hydrogen nuclei in a strong magnetic field. Previous fusion
experiments have produced about 15 million watts of energy, but only for a second or two, and they have
required 100 million watts to produce the conditions necessary to achieve fusion. The goal of ITER is to build
the first fusion device capable of producing 500 million watts of fusion energy for up to 1000 seconds. The
challenge is keeping the deuterium and tritium—which will participate in fusion reactions—hot enough and
dense enough, for a long enough time to produce energy.

Figure 1.9 ITER Design. The bright yellow areas in this model show where the superconducting magnets
will circle the chamber within which fusion will take place. A huge magnet will keep the charged nuclei of
heavy hydrogen confined. The goal is to produce 500 megawatts of energy. (credit: modification of work by
Stephan Mosel)
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Learning Objectives
• Describe the state of equilibrium of the Sun

• Understand the energy balance of the Sun

• Explain how energy moves outward through the Sun

• Describe the structure of the solar interior

Fusion of protons can occur in the center of the Sun only if the temperature exceeds 12 million K. How do we know
that the Sun is actually this hot? To determine what the interior of the Sun might be like, it is necessary to resort
to complex calculations. Since we can’t see the interior of the Sun, we have to use our understanding of physics,
combined with what we see at the surface, to construct a mathematical model of what must be happening in the
interior. Astronomers use observations to build a computer program containing everything they think they know about
the physical processes going on in the Sun’s interior. The computer then calculates the temperature and pressure at
every point inside the Sun and determines what nuclear reactions, if any, are taking place. For some calculations, we
can use observations to determine whether the computer program is producing results that match what we see. In this
way, the program evolves with ever-improving observations.

The computer program can also calculate how the Sun will change with time. After all, the Sun must change.
In its center, the Sun is slowly depleting its supply of hydrogen and creating helium instead. Will the Sun get
hotter? Cooler? Larger? Smaller? Brighter? Fainter? Ultimately, the changes in the center could be catastrophic, since
eventually all the hydrogen fuel hot enough for fusion will be exhausted. Either a new source of energy must be found,
or the Sun will cease to shine. We will describe the ultimate fate of the Sun in later chapters. For now, let’s look at
some of the things we must teach the computer about the Sun in order to carry out such calculations.

The Sun Is a Plasma
The Sun is so hot that all of the material in it is in the form of an ionized gas, called a plasma. Plasma acts much like a
hot gas, which is easier to describe mathematically than either liquids or solids. The particles that constitute a gas are
in rapid motion, frequently colliding with one another. This constant bombardment is the pressure of the gas (Figure
1.10).

Figure 1.10 Gas Pressure. The particles in a gas are in rapid motion and produce pressure through collisions with
the surrounding material. Here, particles are shown bombarding the sides of an imaginary container.
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particles increases with their number. The pressure is also greater when the molecules or atoms are moving faster.
Since the molecules move faster when the temperature is hotter, higher temperatures produce higher pressure.

The Sun Is Stable
The Sun, like the majority of other stars, is stable; it is neither expanding nor contracting. Such a star is said to be in
a condition of equilibrium. All the forces within it are balanced, so that at each point within the star, the temperature,
pressure, density, and so on are maintained at constant values. We will see in later chapters that even these stable stars,
including the Sun, are changing as they evolve, but such evolutionary changes are so gradual that, for all intents and
purposes, the stars are still in a state of equilibrium at any given time.

The mutual gravitational attraction between the masses of various regions within the Sun produces tremendous forces
that tend to collapse the Sun toward its center. Yet we know from the history of Earth that the Sun has been emitting
roughly the same amount of energy for billions of years, so clearly it has managed to resist collapse for a very long
time. The gravitational forces must therefore be counterbalanced by some other force. That force is due to the pressure
of gases within the Sun (Figure 1.11). Calculations show that, in order to exert enough pressure to prevent the Sun
from collapsing due to the force of gravity, the gases at its center must be maintained at a temperature of 15 million K.
Think about what this tells us. Just from the fact that the Sun is not contracting, we can conclude that its temperature
must indeed be high enough at the center for protons to undergo fusion.

Figure 1.11 Hydrostatic Equilibrium. In the interior of a star, the inward force of gravity is exactly balanced at each
point by the outward force of gas pressure.

The Sun maintains its stability in the following way. If the internal pressure in such a star were not great enough
to balance the weight of its outer parts, the star would collapse somewhat, contracting and building up the pressure
inside. On the other hand, if the pressure were greater than the weight of the overlying layers, the star would
expand, thus decreasing the internal pressure. Expansion would stop, and equilibrium would again be reached when
the pressure at every internal point equaled the weight of the stellar layers above that point. An analogy is an
inflated balloon, which will expand or contract until an equilibrium is reached between the pressure of the air inside
and outside. The technical term for this condition is hydrostatic equilibrium. Stable stars are all in hydrostatic
equilibrium; so are the oceans of Earth as well as Earth’s atmosphere. The air’s own pressure keeps it from falling to
the ground.
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As everyone who has ever left a window open on a cold winter night knows, heat always flows from hotter to 
cooler regions. As energy filters outward toward the surface of a star, it must be flowing from inner, hotter regions. 
The temperature cannot ordinarily get cooler as we go inward in a star, or energy would flow in and heat up those 
regions until they were at least as hot as the outer ones. Scientists conclude that the temperature is highest at the 
center of a star, dropping to lower and lower values toward the stellar surface. (The high temperature of the Sun’s 
chromosphere and corona may therefore appear to be a paradox. But remember from ... that these high 
temperatures are maintained by magnetic effects, which occur in the Sun’s atmosphere.)

The outward flow of energy through a star robs it of its internal heat, and the star would cool down if that energy
were not replaced. Similarly, a hot iron begins to cool as soon as it is unplugged from its source of electric energy.
Therefore, a source of fresh energy must exist within each star. In the Sun’s case, we have seen that this energy source
is the ongoing fusion of hydrogen to form helium.

Heat Transfer in a Star
Since the nuclear reactions that generate the Sun’s energy occur deep within it, the energy must be transported from
the center of the Sun to its surface—where we see it in the form of both heat and light. There are three ways in
which energy can be transferred from one place to another. In conduction, atoms or molecules pass on their energy
by colliding with others nearby. This happens, for example, when the handle of a metal spoon heats up as you stir a
cup of hot coffee. In convection, currents of warm material rise, carrying their energy with them to cooler layers. A
good example is hot air rising from a fireplace. In radiation, energetic photons move away from hot material and are
absorbed by some material to which they convey some or all of their energy. You can feel this when you put your hand
close to the coils of an electric heater, allowing infrared photons to heat up your hand. Conduction and convection
are both important in the interiors of planets. In stars, which are much more transparent, radiation and convection are
important, whereas conduction can usually be ignored.

Stellar convection occurs as currents of hot gas flow up and down through the star (Figure 1.12). Such currents travel
at moderate speeds and do not upset the overall stability of the star. They don’t even result in a net transfer of mass
either inward or outward because, as hot material rises, cool material falls and replaces it. This results in a convective
circulation of rising and falling cells as seen in Figure 1.12. In much the same way, heat from a fireplace can stir
up air currents in a room, some rising and some falling, without driving any air into or out the room. Convection
currents carry heat very efficiently outward through a star. In the Sun, convection turns out to be important in the
central regions and near the surface.

Figure 1.12 Convection. Rising convection currents carry heat from the Sun’s interior to its surface, whereas cooler
material sinks downward. Of course, nothing in a real star is as simple as diagrams in textbooks suggest.
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Radiation is not an efficient means of energy transport in stars because gases in stellar interiors are very opaque, 
that is, a photon does not go far (in the Sun, typically about 0.01 meter) before it is absorbed. (The processes by 
which atoms and ions can interrupt the outward flow of photons—such as becoming ionized—were discussed in the 
section on the ... .) The absorbed energy is always reemitted, but it can be reemitted in any direction. A photon 
absorbed when traveling outward in a star has almost as good a chance of being radiated back toward the center of the 
star as toward its surface.

A particular quantity of energy, therefore, zigzags around in an almost random manner and takes a long time to work
its way from the center of a star to its surface (Figure 1.13). Estimates are somewhat uncertain, but in the Sun, as
we saw, the time required is probably between 100,000 and 1,000,000 years. If the photons were not absorbed and
reemitted along the way, they would travel at the speed of light and could reach the surface in a little over 2 seconds,
just as neutrinos do (Figure 1.14).

Figure 1.13 Photons Deep in the Sun. A photon moving through the dense gases in the solar interior travels only a
short distance before it interacts with one of the surrounding atoms. The photon usually has a lower energy after each
interaction and may then travel in any random direction.
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Figure 1.14 Photon and Neutrino Paths in the Sun. (a) Because photons generated by fusion reactions in the
solar interior travel only a short distance before being absorbed or scattered by atoms and sent off in random
directions, estimates are that it takes between 100,000 and 1,000,000 years for energy to make its way from the
center of the Sun to its surface. (b) In contrast, neutrinos do not interact with matter but traverse straight through the
Sun at the speed of light, reaching the surface in only a little more than 2 seconds.

Heat Transfer and Cooking

The three ways that heat energy moves from higher-temperature regions to cooler regions are all used in
cooking, and this is important to all of us who enjoy making or eating food.

Conduction is heat transfer by physical contact during which the energetic motion of particles in one region
spread to other regions and even to adjacent objects in close contact. A tasty example of this is cooking a
steak on a hot iron skillet. When a flame makes the bottom of a skillet hot, the particles in it vibrate actively and
collide with neighboring particles, spreading the heat energy throughout the skillet (the ability to spread heat
uniformly is a key criterion for selecting materials for cookware). A steak sitting on the surface of the skillet
picks up heat energy by the particles in the surface of the skillet colliding with particles on the surface of the
steak. Many cooks will put a little oil on the pan, and this layer of oil, besides preventing sticking, increases
heat transfer by filling in gaps and increasing the contact surface area.

Convection is heat transfer by the motion of matter that rises because it is hot and less dense. Heating a fluid
makes it expand, which makes it less dense, so it rises. An oven is a great example of this: the fire is at the
bottom of the oven and heats the air down there, causing it to expand (becoming less dense), so it rises up
to where the food is. The rising hot air carries the heat from the fire to the food by convection. This is how
conventional ovens work. You may also be familiar with convection ovens that use a fan to circulate hot air
for more even cooking. A scientist would object to that name because normal non-fan ovens that rely on hot
air rising to circulate the heat are convection ovens; technically, the ovens that use fans to help move heat
are “advection” ovens. (You may not have heard about this because the scientists who complain loudly about
misusing the terms convection and advection don’t get out much.)

Radiation is the transfer of heat energy by electromagnetic radiation. Although microwave ovens are an
obvious example of using radiation to heat food, a simpler example is a toy oven. Toy ovens are powered by
a very bright light bulb. The child-chefs prepare a mix for brownies or cookies, put it into a tray, and place it in
the toy oven under the bright light bulb. The light and heat from the bulb hit the brownie mix and cook it. If you
have ever put your hand near a bright light, you have undoubtedly noticed your hand getting warmed by the
light.

Making Connections
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Scientists use the principles we have just described to calculate what the Sun’s interior is like. These physical ideas
are expressed as mathematical equations that are solved to determine the values of temperature, pressure, density, the
efficiency with which photons are absorbed, and other physical quantities throughout the Sun. The solutions obtained,
based on a specific set of physical assumptions, provide a theoretical model for the interior of the Sun.

Figure 1.15 schematically illustrates the predictions of a theoretical model for the Sun’s interior. Energy is generated
through fusion in the core of the Sun, which extends only about one-quarter of the way to the surface but contains
about one-third of the total mass of the Sun. At the center, the temperature reaches a maximum of approximately 15
million K, and the density is nearly 150 times that of water. The energy generated in the core is transported toward
the surface by radiation until it reaches a point about 70% of the distance from the center to the surface. At this point,
convection begins, and energy is transported the rest of the way, primarily by rising columns of hot gas.

Figure 1.15 Interior Structure of the Sun. Energy is generated in the core by the fusion of hydrogen to form helium.
This energy is transmitted outward by radiation—that is, by the absorption and reemission of photons. In the
outermost layers, energy is transported mainly by convection. (credit: modification of work by NASA/Goddard)

Figure 1.16 shows how the temperature, density, rate of energy generation, and composition vary from the center of
the Sun to its surface.
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Figure 1.16 Interior of the Sun. Diagrams showing how temperature, density, rate of energy generation, and the
percentage (by mass) abundance of hydrogen vary inside the Sun. The horizontal scale shows the fraction of the
Sun’s radius: the left edge is the very center, and the right edge is the visible surface of the Sun, which is called the
photosphere.

16.4 The Solar Interior: Observations

Learning Objectives
• Explain how the Sun pulsates

• Explain what helioseismology is and what it can tell us about the solar interior

• Discuss how studying neutrinos from the Sun has helped understand neutrinos

Recall that when we observe the Sun’s photosphere (the surface layer we see from the outside), we are not seeing
very deeply into our star, certainly not into the regions where energy is generated. That’s why the title of this
section—observations of the solar interior—should seem very surprising. However, astronomers have indeed devised
two types of measurements that can be used to obtain information about the inner parts of the Sun. One technique
involves the analysis of tiny changes in the motion of small regions at the Sun’s surface. The other relies on the
measurement of the neutrinos emitted by the Sun.

Solar Pulsations
Astronomers discovered that the Sun pulsates—that is, it alternately expands and contracts—just as your chest
expands and contracts as you breathe. This pulsation is very slight, but it can be detected by measuring the radial
velocity of the solar surface—the speed with which it moves toward or away from us. The velocities of small regions
on the Sun are observed to change in a regular way, first toward Earth, then away, then toward, and so on. It is as if
the Sun were “breathing” through thousands of individual lungs, each having a size in the range of 4000 to 15,000
kilometers, each fluctuating back and forth (Figure 1.17).
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Figure 1.17 Oscillations in the Sun. New observational techniques permit astronomers to measure small
differences in velocity at the Sun’s surface to infer what the deep solar interior is like. In this computer simulation, red
shows surface regions that are moving away from the observer (inward motion); blue marks regions moving toward
the observer (outward motion). Note that the velocity changes penetrate deep into the Sun’s interior. (credit: GONG,
NOAO)

The typical velocity of one of the oscillating regions on the Sun is only a few hundred meters per second, and it takes
about 5 minutes to complete a full cycle from maximum to minimum velocity and back again. The change in the size
of the Sun measured at any given point is no more than a few kilometers.

The remarkable thing is that these small velocity variations can be used to determine what the interior of the Sun is
like. The motion of the Sun’s surface is caused by waves that reach it from deep in the interior. Study of the amplitude
and cycle length of velocity changes provides information about the temperature, density, and composition of the
layers through which the waves passed before they reached the surface. The situation is somewhat analogous to the
use of seismic waves generated by earthquakes to infer the properties of Earth’s interior. For this reason, studies of
solar oscillations (back-and-forth motions) are referred to as helioseismology.

It takes a little over an hour for waves to traverse the Sun from center to surface, so the waves, like neutrinos, provide
information about what the solar interior is like at the present time. In contrast, remember that the sunlight we see
today emerging from the Sun was actually generated in the core several hundred thousand years ago.

Helioseismology has shown that convection extends inward from the surface 30% of the way toward the center; 
we have used this information in drawing .... Pulsation measurements also show that the differential rotation 
that we see at the Sun’s surface, with the fastest rotation occurring at the equator, persists down through the 
convection zone. Below the convection zone, however, the Sun, even though it is gaseous throughout, rotates as if it 
were a solid body like a bowling ball. Another finding from helioseismology is that the abundance of helium inside 
the Sun, except in the center where nuclear reactions have converted hydrogen into helium, is about the same as at its 
surface. That result is important to astronomers because it means we are correct when we use the abundance of the 
elements measured in the solar atmosphere to construct models of the solar interior.

Helioseismology also allows scientists to look beneath a sunspot and see how it works. In ... , we said that 
sunspots are cool because strong magnetic fields block the outward flow of energy. Figure 1.18 shows how gas 
moves around underneath a sunspot. Cool material from the sunspot flows downward, and material surrounding the 
sunspot is pulled

Chapter 16 | The Sun: A Nuclear Powerhouse 25



SAMPLE CHAPTERS 
NOT FINAL DRAFTinward, carrying magnetic field with it and thus maintaining the strong field that is necessary to form a sunspot. As

the new material enters the sunspot region, it too cools, becomes denser, and sinks, thus setting up a self-perpetuating
cycle that can last for weeks.

Figure 1.18 Sunspot Structure. This drawing shows our new understanding, from helioseismology, of what lies
beneath a sunspot. The black arrows show the direction of the flow of material. The intense magnetic field associated
with the sunspot stops the upward flow of hot material and creates a kind of plug that blocks the hot gas. As the
material above the plug cools (shown in blue), it becomes denser and plunges inward, drawing more gas and more
magnetic field behind it into the spot. The concentrated magnetic field causes more cooling, thereby setting up a self-
perpetuating cycle that allows a spot to survive for several weeks. Since the plug keeps hot material from flowing up
into the sunspot, the region below the plug, represented by red in this picture, becomes hotter. This material flows
sideways and then upward, eventually reaching the solar surface in the area surrounding the sunspot. (credit: NASA,
SDO)

The downward-flowing cool material acts as a kind of plug that block the upward flow of hot material, which is then 
diverted sideways and eventually reaches the solar surface in the region around the sunspot. This outward flow of hot 
material accounts for the paradox that we described in ... —namely, that the Sun emits slightly more energy when 
more of its surface is covered by cool sunspots.

Helioseismology has become an important tool for predicting solar storms that might impact Earth. Active regions
can appear and grow large in only a few days. The solar rotation period is about 28 days. Therefore, regions capable
of producing solar flares and coronal mass ejections can develop on the far side of the Sun, where, for a long time,
we couldn’t see them directly.

Fortunately, we now have space telescopes monitoring the Sun from all angles, so we know if there are sunspots
forming on the opposite side of the Sun. Moreover, sound waves travel slightly faster in regions of high magnetic
field, and waves generated in active regions traverse the Sun about 6 seconds faster than waves generated in quiet
regions. By detecting this subtle difference, scientists can provide warnings of a week or more to operators of electric
utilities and satellites about when a potentially dangerous active region might rotate into view. With this warning, it
is possible to plan for disruptions, put key instruments into safe mode, or reschedule spacewalks in order to protect
astronauts.

26 Chapter 16 | The Sun: A Nuclear Powerhouse



SAMPLE CHAPTERS 
NOT FINAL DRAFTSolar Neutrinos

The second technique for obtaining information about the Sun’s interior involves the detection of a few of those
elusive neutrinos created during nuclear fusion. Recall from our earlier discussion that neutrinos created in the center
of the Sun make their way directly out of the Sun and travel to Earth at nearly the speed of light. As far as neutrinos
are concerned, the Sun is transparent.

About 3% of the total energy generated by nuclear fusion in the Sun is carried away by neutrinos. So many protons
react and form neutrinos inside the Sun’s core that, scientists calculate, 35 million billion (3.5 × 1016) solar neutrinos
pass through each square meter of Earth’s surface every second. If we can devise a way to detect even a few of these
solar neutrinos, then we can obtain information directly about what is going on in the center of the Sun. Unfortunately
for those trying to “catch” some neutrinos, Earth and everything on it are also nearly transparent to passing neutrinos,
just like the Sun.

On very, very rare occasions, however, one of the billions and billions of solar neutrinos will interact with another
atom. The first successful detection of solar neutrinos made use of cleaning fluid (C2Cl4), which is the least expensive
way to get a lot of chlorine atoms together. The nucleus of a chlorine (Cl) atom in the cleaning fluid can be turned
into a radioactive argon nucleus by an interaction with a neutrino. Because the argon is radioactive, its presence can
be detected. However, since the interaction of a neutrino with chlorine happens so rarely, a huge amount of chlorine
is needed.

Raymond Davis, Jr. (Figure 1.19) and his colleagues at Brookhaven National Laboratory, placed a tank containing
nearly 400,000 liters of cleaning fluid 1.5 kilometers beneath Earth’s surface in a gold mine at Lead, South Dakota. A
mine was chosen so that the surrounding material of Earth would keep cosmic rays (high-energy particles from space)
from reaching the cleaning fluid and creating false signals. (Cosmic-ray particles are stopped by thick layers of Earth,
but neutrinos find them of no significance.) Calculations show that solar neutrinos should produce about one atom of
radioactive argon in the tank each day.

Figure 1.19 Davis Experiment. (a) Raymond Davis received the Nobel Prize in physics in 2002. (b) Davis’
experiment at the bottom of an abandoned gold mine first revealed problems with our understanding of neutrinos.
(credit a: modification of work by Brookhaven National Laboratory; credit b: modification of work by the United States
Department of Energy)

This was an amazing project: they counted argon atoms about once per month—and remember, they were looking for
a tiny handful of argon atoms in a massive tank of chlorine atoms. When all was said and done, Davis’ experiment,
begun in 1970, detected only about one-third as many neutrinos as predicted by solar models! This was a shocking
result because astronomers thought they had a pretty good understanding of both neutrinos and the Sun’s interior. For
many years, astronomers and physicists wrestled with Davis’ results, trying to find a way out of the dilemma of the
“missing” neutrinos.
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Solar fusion produces only one type of neutrino, the so-called electron neutrino, and the initial experiments to detect
solar neutrinos were designed to detect this one type. Subsequent experiments showed that these neutrinos change to
a different type during their journey from the center of the Sun through space to Earth in a process called neutrino
oscillation.

An experiment, conducted at the Sudbury Neutrino Observatory in Canada, was the first one designed to capture
all three types of neutrinos (Figure 1.20). The experiment was located in a mine 2 kilometers underground. The
neutrino detector consisted of a 12-meter-diameter transparent acrylic plastic sphere, which contained 1000 metric
tons of heavy water. Remember that an ordinary water nucleus contains two hydrogen atoms and one oxygen atom.
Heavy water instead contains two deuterium atoms and one oxygen atom, and incoming neutrinos can occasionally
break up the loosely bound proton and neutron that make up the deuterium nucleus. The sphere of heavy water
was surrounded by a shield of 1700 metric tons of very pure water, which in turn was surrounded by 9600
photomultipliers, devices that detect flashes of light produced after neutrons interact with the heavy water.

Figure 1.20 Sudbury Neutrino Detector. The 12-meter sphere of the Sudbury Neutrino Detector lies more than 2
kilometers underground and holds 1000 metric tons of heavy water. (credit: A.B. McDonald (Queen’s University) et
al., The Sudbury Neutrino Observatory Institute)

To the enormous relief of astronomers who make models of the Sun, the Sudbury experiment detected about 1
neutrino per hour and has shown that the total number of neutrinos reaching the heavy water is just what solar models
predict. Only one-third of these, however, are electron neutrinos. It appears that two-thirds of the electron neutrinos
produced by the Sun transform themselves into one of the other types of neutrinos as they make their way from the
core of the Sun to Earth. This is why the earlier experiments saw only one-third the number of neutrinos expected.

Although it is not intuitively obvious, such neutrino oscillations can happen only if the mass of the electron neutrino 
is not zero. Other experiments indicate that its mass is tiny (even compared to the electron). The 2015 Nobel Prize 
in physics was awarded to researchers Takaaki Kajita and Arthur B. McDonald for their work establishing the 
changeable nature of neutrinos. (Raymond Davis shared the 2002 Nobel Prize with Japan’s Masatoshi Koshiba for the 
experiments that led to our understanding of the neutrino problem in the first place.) But the fact that the neutrino has 
mass at all has deep implications for both physics and astronomy. For example, we will look at the role that neutrinos 
play in the inventory of the mass of the universe in ... .

The Borexino experiment, an international experiment conducted in Italy, detected neutrinos coming from the Sun
that were identified as coming from different reactions. Whereas the p-p chain is the reaction producing most of the
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of such elements as beryllium and boron. By probing the number of neutrinos that come from each reaction, the
Borexino experiment has helped us confirm in detail our understanding of nuclear fusion in the Sun. In 2014, the
Borexino experiment also identified neutrinos that were produced by the first step in the p-p chain, confirming the
models of solar astronomers.

It’s amazing that a series of experiments that began with enough cleaning fluid to fill a swimming pool brought down
the shafts of an old gold mine is now teaching us about the energy source of the Sun and the properties of matter!
This is a good example of how experiments in astronomy and physics, coupled with the best theoretical models we
can devise, continue to lead to fundamental changes in our understanding of nature.
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conduction

convection

fission

fusion

helioseismology

hydrostatic equilibrium

neutrino

positron

proton-proton chain

radiation

Key Terms
process by which heat is directly transmitted through a substance when there is a difference of

temperature between adjoining regions caused by atomic or molecular collisions

movement caused within a gas or liquid by the tendency of hotter, and therefore less dense material, to
rise and colder, denser material to sink under the influence of gravity, which consequently results in transfer of
heat

breaking up of heavier atomic nuclei into lighter ones

building up of heavier atomic nuclei from lighter ones

study of pulsations or oscillations of the Sun in order to determine the characteristics of the solar
interior

balance between the weights of various layers, as in a star or Earth’s atmosphere, and the
pressures that support them

fundamental particle that has no charge and a mass that is tiny relative to an electron; it rarely interacts
with ordinary matter and comes in three different types

particle with the same mass as an electron, but positively charged

series of thermonuclear reactions by which nuclei of hydrogen are built up into nuclei of
helium

emission of energy as electromagnetic waves or photons also the transmitted energy itself

Summary
16.1 Sources of Sunshine: Thermal and Gravitational Energy
The Sun produces an enormous amount of energy every second. Since Earth and the solar system are roughly 4.5 
billion years old, this means that the Sun has been producing vast amounts for energy for a very, very long time. 
Neither chemical burning nor gravitational contraction can account for the total amount of energy radiated by the Sun 
during all this time.

16.2 Mass, Energy, and the Theory of Relativity
Solar energy is produced by interactions of particles—that is, protons, neutrons, electrons, positrons, and neutrinos.
Specifically, the source of the Sun’s energy is the fusion of hydrogen to form helium. The series of reactions required
to convert hydrogen to helium is called the proton-proton chain. A helium atom is about 0.71% less massive than the
four hydrogen atoms that combine to form it, and that lost mass is converted to energy (with the amount of energy
given by the formula E = mc2).

16.3 The Solar Interior: Theory
Even though we cannot see inside the Sun, it is possible to calculate what its interior must be like. As input for these
calculations, we use what we know about the Sun. It is made entirely of hot gas. Apart from some very tiny changes,
the Sun is neither expanding nor contracting (it is in hydrostatic equilibrium) and puts out energy at a constant rate.
Fusion of hydrogen occurs in the center of the Sun, and the energy generated is carried to the surface by radiation and
then convection. A solar model describes the structure of the Sun’s interior. Specifically, it describes how pressure,
temperature, mass, and luminosity depend on the distance from the center of the Sun.
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Studies of solar oscillations (helioseismology) and neutrinos can provide observational data about the Sun’s interior.
The technique of helioseismology has so far shown that the composition of the interior is much like that of the surface
(except in the core, where some of the original hydrogen has been converted into helium), and that the convection
zone extends about 30% of the way from the Sun’s surface to its center. Helioseismology can also detect active
regions on the far side of the Sun and provide better predictions of solar storms that may affect Earth. Neutrinos from
the Sun call tell us about what is happening in the solar interior. A recent experiment has shown that solar models do
predict accurately the number of electron neutrinos produced by nuclear reactions in the core of the Sun. However,
two-thirds of these neutrinos are converted into different types of neutrinos during their long journey from the Sun to
Earth, a result that also indicates that neutrinos are not massless particles.

For Further Exploration
Articles

Harvey, J. et al., “GONG: To See Inside Our Sun,” Sky & Telescope, Nov. (1987): 470.

Hathaway, D. “Journey to the Heart of the Sun,” Astronomy, Jan. (1995): 38.

Kennedy, J. “GONG: Probing the Sun’s Hidden Heart,” Sky & Telescope, Oct. (1996): 20. A discussion on
hydroseismology.

LoPresto, J. “Looking Inside the Sun,” Astronomy, Mar. (1989): 20. A discussion on hydroseismology.

McDonald, A. et al., “Solving the Solar Neutrino Problem,” Scientific American, Apr. (2003): 40. A discussion on
how underground experiments with neutrino detectors helped explain the seeming absence of neutrinos from the
Sun.

Trefil, J. “How Stars Shine,” Astronomy, Jan. (1998): 56.

Websites

Albert Einstein Online: http://www.westegg.com/einstein/.

Princeton Plasma Physics Lab: http://www.pppl.gov/.

GONG Project Site: http://gong.nso.edu/.

Helioseismology: http://solar-center.stanford.edu/about/helioseismology.html.

Solving the Mystery of the Solar Neutrinos: http://www.nobelprize.org/nobel_prizes/themes/physics/bahcall/.

Super Kamiokande Neutrino Mass Page: http://www.ps.uci.edu/~superk/.

The Ghost Particle: http://www.pbs.org/wgbh/nova/neutrino/.

Videos

Deep Secrets of the Neutrino: Physics Underground: https://www.youtube.com/watch?v=Ar9ydagYkYg. 2010 Public
Lecture by Peter Rowson at the Stanford Linear Accelerator Center (1:22:00).

The Elusive Neutrino and the Nature of Physics: https://www.youtube.com/watch?v=CBfUHzkcaHQ. Panel at the
2014 World Science Festival (1:30:00).

The Ghost Particle: http://www.dailymotion.com/video/x20rn7s_nova-the-ghost-particle-discovery-science-
universe-documentary_tv. 2006 NOVA episode (52:49).

Collaborative Group Activities
A. In this chapter, we learned that meteorites falling into the Sun could not be the source of the Sun’s energy

because the necessary increase in the mass of the Sun would lengthen Earth’s orbital period by 2 seconds per
year. Have your group discuss what effects this would cause for our planet and for us as the centuries went on.
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each day. This means that they cannot have their observations interrupted by the day/night cycle. Such an
experiment, called the GONG (Global Oscillation Network Group) project, was first set up in the 1990s. To
save money, this experiment was designed to make use of the minimum possible number of telescopes. It turns
out that if the sites are selected carefully, the Sun can be observed all but about 10% of the time with only six
observing stations. What factors do you think have to be taken into consideration in selecting the observing
sites? Can your group suggest six general geographic locations that would optimize the amount of time that
the Sun can be observed? Check your answer by looking at the GONG website.

C. What would it be like if we actually manage to get controlled fusion on Earth to be economically feasible?
If the hydrogen in water becomes the fuel for releasing enormous amounts of energy (instead of fossil fuels),
have your group discuss how this affects the world economy and international politics. (Think of the role that
oil and natural gas deposits now play on the world scene and in international politics.)

D. Your group is a delegation sent to the city council of a small mining town to explain why the government is
putting a swimming-pool-sized vat of commercial cleaning fluid down one of the shafts of an old gold mine.
How would you approach this meeting? Assuming that the members of the city council do not have much
science background, how would you explain the importance of the project to them? Suggest some visual aids
you could use.

E. When Raymond Davis first suggested his experiment in the underground gold mine, which had significant
costs associated with it, some people said it wasn’t worth the expense since we already understood the
conditions and reactions in the core of the Sun. Yet his experiment led to a major change in our understanding
of neutrinos and the physics of subatomic particles. Can your group think of other “expensive” experiments
in astronomy that led to fundamental improvements in our understanding of nature?

Exercises
Review Questions
1. How do we know the age of the Sun?

2. Explain how we know that the Sun’s energy is not supplied either by chemical burning, as in fires here on Earth,
or by gravitational contraction (shrinking).

3. What is the ultimate source of energy that makes the Sun shine?

4. What are the formulas for the three steps in the proton-proton chain?

5. How is a neutrino different from a neutron? List all the ways you can think of.

6. Describe in your own words what is meant by the statement that the Sun is in hydrostatic equilibrium.

7. Two astronomy students travel to South Dakota. One stands on Earth’s surface and enjoys some sunshine. At the
same time, the other descends into a gold mine where neutrinos are detected, arriving in time to detect the creation
of a new radioactive argon nucleus. Although the photon at the surface and the neutrinos in the mine arrive at the
same time, they have had very different histories. Describe the differences.

8. What do measurements of the number of neutrinos emitted by the Sun tell us about conditions deep in the solar
interior?

9. Do neutrinos have mass? Describe how the answer to this question has changed over time and why.
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transport conduction, convection, or radiation?

11. What conditions are required before proton-proton chain fusion can start in the Sun?

12. Describe the two main ways that energy travels through the Sun.

Thought Questions
13. Someone suggests that astronomers build a special gamma-ray detector to detect gamma rays produced during
the proton-proton chain in the core of the Sun, just like they built a neutrino detector. Explain why this would be a
fruitless effort.

14. Earth contains radioactive elements whose decay produces neutrinos. How might we use neutrinos to determine
how these elements are distributed in Earth’s interior?

15. The Sun is much larger and more massive than Earth. Do you think the average density of the Sun is larger or
smaller than that of Earth? Write down your answer before you look up the densities. Now find the values of the
densities elsewhere in this text. Were you right? Explain clearly the meanings of density and mass.

16. A friend who has not had the benefit of an astronomy course suggests that the Sun must be full of burning coal
to shine as brightly as it does. List as many arguments as you can against this hypothesis.

17. Which of the following transformations is (are) fusion and which is (are) fission: helium to carbon, carbon to
iron, uranium to lead, boron to carbon, oxygen to neon? (See .... for a list of the elements.)

18. Why is a higher temperature required to fuse hydrogen to helium by means of the CNO cycle than is required by
the process that occurs in the Sun, which involves only isotopes of hydrogen and helium?

19. Earth’s atmosphere is in hydrostatic equilibrium. What this means is that the pressure at any point in the
atmosphere must be high enough to support the weight of air above it. How would you expect the pressure on Mt.
Everest to differ from the pressure in your classroom? Explain why.

20. Explain what it means when we say that Earth’s oceans are in hydrostatic equilibrium. Now suppose you are a
scuba diver. Would you expect the pressure to increase or decrease as you dive below the surface to a depth of 200
feet? Why?

21. What mechanism transfers heat away from the surface of the Moon? If the Moon is losing energy in this way,
why does it not simply become colder and colder?

22. Suppose you are standing a few feet away from a bonfire on a cold fall evening. Your face begins to feel hot.
What is the mechanism that transfers heat from the fire to your face? (Hint: Is the air between you and the fire hotter
or cooler than your face?)

23. Give some everyday examples of the transport of heat by convection and by radiation.

24. Suppose the proton-proton cycle in the Sun were to slow down suddenly and generate energy at only 95% of its
current rate. Would an observer on Earth see an immediate decrease in the Sun’s brightness? Would she immediately
see a decrease in the number of neutrinos emitted by the Sun?
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26. Why is fission not an important energy source in the Sun?

27. Why do you suppose so great a fraction of the Sun’s energy comes from its central regions? Within what
fraction of the Sun’s radius does practically all of the Sun’s luminosity originate (see ... )? Within what radius 
of the Sun has its original hydrogen been partially used up? Discuss what relationship the answers to these 
questions bear to one another.

28. Explain how mathematical computer models allow us to understand what is going on inside of the Sun.

Figuring for Yourself
29. Estimate the amount of mass that is converted to energy when a proton combines with a deuterium nucleus to
form 3He?

30. How much energy is released when a proton combines with a deuterium nucleus to produce 3He?

31. The Sun converts 4 × 109 kilograms of mass to energy every second. How many years would it take the Sun to
convert a mass equal to the mass of Earth to energy?

32. Assume that the mass of the Sun is 75% hydrogen and that all of this mass could be converted to energy
according to Einstein’s equation E = mc2. How much total energy could the Sun generate? If m is in kilograms and c is 
in meters/second, then E will be expressed in joules. (The mass of the Sun is given in ....)

33. In fact, the conversion of mass to energy in the Sun is not 100% efficient. As we have seen in the text, the
conversion of four hydrogen atoms to one helium atom results in the conversion of about 0.02862 times the mass of 
a proton to energy. How much energy in joules does one such reaction produce? (See ... for the mass of the 
hydrogen atom, which, for all practical purposes, is the mass of a proton.)

34. Now suppose that all of the hydrogen atoms in the Sun were converted into helium. How much total energy
would be produced? (To calculate the answer, you will have to estimate how many hydrogen atoms are in the Sun. 
This will give you good practice with scientific notation, since the numbers involved are very large! See ...for a 
review of scientific notation.)

35. Models of the Sun indicate that only about 10% of the total hydrogen in the Sun will participate in nuclear
reactions, since it is only the hydrogen in the central regions that is at a high enough temperature. Use the total energy
radiated per second by the Sun, 3.8 × 1026 watts, alongside the exercises and information given here to estimate the
lifetime of the Sun. (Hint: Make sure you keep track of the units: if the luminosity is the energy radiated per second,
your answer will also be in seconds. You should convert the answer to something more meaningful, such as years.)

36. Show that the statement in the text is correct: namely, that roughly 600 million tons of hydrogen must be
converted to helium in the Sun each second to explain its energy output. (Hint: Recall Einstein’s most famous formula,
and remember that for each kilogram of hydrogen, 0.0071 kilograms of mass is converted into energy.) How long will
it be before 10% of the hydrogen is converted into helium? Does this answer agree with the lifetime you calculated in
Exercise 1.35?
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