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LEARNING GOALS
By reading the sections of this chapter, you
will learn
8-1

The key characteristics of the solar system
that must be explained by any theory of its
origins

8-2

How the abundances of chemical elements
in the solar system and beyond explain the
sizes of the planets

8-3

How we can determine the age of the
solar system by measuring abundances
of radioactive elements

8-4

Why scientists think the Sun and planets
all formed from a cloud called the solar
nebula

8-5

How the solar nebula model explains the
formation of the terrestrial planets

8-6

How the jovian planets formed and
migrated in the early solar system

8-7

How astronomers search for planets around
other stars
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hat did our solar system look like before the planets were fully formed?
The answer may lie in these remarkable images from the Hubble Space
Telescope (left) and the Atacama Large Millimeter/submillimeter Array
(ALMA, right). Each image shows an immense disk of gas and dust surrounding a
young star. (In the first image, the light from the star itself was blocked out within
the telescope to make the rather faint disk more visible.) Astronomers strongly suspect that in its infancy our own Sun was surrounded by a similar disk from which
the planets of our solar system eventually coalesced. In the second image, the gaps
in the disk are due to forming planets that have begun to accumulate material. This
protostar, HL Tauri, is only 1 million years old, demonstrating that planet formation begins very quickly.

Planets are thought to form within the disks surrounding young stars such as au Microscopii
(left, seen edge on) and HL Tauri (right). Neptune’s orbit, shown for scale, is about 60 au across.
(Science History Images/Alamy Stock Photo; ALMA (ESO/NAOJ/NRAO))
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Chapter 8

In this chapter, we will examine the evidence that led astronomers to this model of the origin of the planets. We will see how
the abundances of different chemical elements in the solar system
indicate that the Sun and planets formed from a thin cloud of
interstellar matter some 4.54 billion years ago, an age determined
by measuring the radioactivity of meteorites. We will learn how the
nature of planetary orbits provides important clues to what happened as this cloud contracted and how evidence from meteorites
reveals the chaotic conditions that existed within the cloud. And
we will see how this cloud eventually evolved into the solar system
that we see today.
In the past few decades, astronomers have been able to test
this picture of planetary formation by examining disks around
young stars (like the ones in the chapter-opening images). Most
remarkably, they have discovered planets in orbit around hundreds
of other stars. These recent observations provide valuable information about how our own system of planets came to be.

8-1

Any model of solar system origins
must explain the present-day Sun
and planets

How did the Sun and planets form? In other words, where did the
solar system come from? This question has tantalized astronomers
for centuries. Our goal in this chapter is to examine our current
understanding of how the solar system came to be—that is, our
current best theory of the origin of the solar system.
Recall from Section 1-1 that a theory is not merely a set of
wild speculations, but a self-consistent collection of ideas that must
pass the test of providing an accurate description of the real world.
Since no humans were present to witness the formation of the
planets, scientists must base their theories of solar system origins
on their observations of the present-day solar system. (In an analogous way, paleontologists base their understanding of the lives of
dinosaurs on the evidence provided by fossils that have survived
to the present day.) In so doing, they are following the steps of the
scientific method that we described in Section 1-1.
What key attributes of the solar system should guide us in
building a theory of solar system origins? Among the many properties of the planets that we discussed in Chapter 7, three of the
most important are listed in Table 8-1. Any theory that attempts
to describe the origin of the solar system must be able to explain
how these attributes came to be. We begin by considering what

Property 1 tells us; we will return to Properties 2 and 3 and the
orbits of the planets later in this chapter.

CONCEPT CHECK 8-1
Is Earth an exception to any of the three key properties of
our solar system in Table 8-1?
Answer appears at the end of the chapter.

8-2

The cosmic abundances of the
chemical elements are the result
of how stars evolve

The small sizes of the terrestrial planets compared to the jovian
planets (Property 1 in Table 8-1) suggest that some chemical
elements are quite common in our solar system, while others are
quite rare. The tremendous masses of
the jovian planets—Jupiter alone has
The terrestrial
more mass than all of the other planets
planets are
combined—means that the elements of
small because
which they are made, primarily hydrothey are made
gen and helium, are very abundant.
of less abundant
The Sun, too, is made almost entirely of
elements.
hydrogen and helium. Its average density of 1410 kg/m3 is in the same range
as the densities of the jovian planets (see Table 7-1). Hydrogen,
the most abundant element, makes up nearly three-quarters of the
combined mass of the Sun and planets. Helium is the second most
abundant element. Together, hydrogen and helium account for
about 98% of the mass of all the material in the solar system. All
of the other chemical elements are relatively rare; combined, they
make up the remaining 2% (Figure 8-1).
The dominance of hydrogen and helium is not merely a characteristic of our local part of the universe. By analyzing the spectra of
stars and galaxies, astronomers have observed essentially the same
pattern of chemical abundances even at the farthest distance attainable by the most powerful telescopes. Hence, the vast majority of
the atoms in the universe are hydrogen and helium atoms. The
elements that make up the bulk of Earth—mostly iron, oxygen,
and silicon—are relatively rare in the universe as a whole, as are
the elements of which living organisms are made: carbon, oxygen,
nitrogen, and phosphorus, among others. (You may find it useful
to review the periodic table of the elements, described in Box 5-5.)

TABLE 8-1 Three Key Properties of Our Solar System
Any theory of the origin of the solar system must be able to account for these properties of the planets.
Property 1: Sizes and compositions of
terrestrial planets versus jovian planets

The terrestrial planets, which are composed primarily of rocky materials, are
relatively small, while the jovian planets, which are composed primarily of
hydrogen and helium, are relatively large (see Sections 7-1 and 7-4).

Property 2: Directions and orientations
of planetary orbits

All of the planets orbit the Sun in the same direction, and all of their orbits are
in nearly the same plane (see Section 7-1).

Property 3: Distances of terrestrial planets
versus jovian planets from the Sun

The terrestrial planets orbit close to the Sun, while the jovian planets orbit far
from the Sun (see Section 7-1).
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Antares, an aging star,
ejects gas and dust.

Composition of the solar system
(Sun, planets, and small bodies)
by mass
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The dust ejected from
Antares is visible because
it reflects the star’s light.

Saturn
Uranus

FIGU RE 8-2 R I V U X G
Neptune

FIGU RE 8-1
Composition of the Solar System Hydrogen and helium make
up almost all of the mass of our solar system. Other elements such as
carbon, oxygen, nitrogen, iron, gold, and uranium constitute only 2% of
the total mass.

The Origin of the Elements and Cosmic “Recycling”
There is a good reason for this overwhelming abundance of
hydrogen and helium. A wealth of evidence has led astronomers
to conclude that the universe began some 13.7 billion years ago
with a violent event called the Big Bang (Chapter 26). Only the
lightest elements—hydrogen and helium, as well as tiny amounts
of lithium and perhaps beryllium—emerged from the enormously
high temperatures following this cosmic event. All the heavier elements were later manufactured by stars, either by thermonuclear
fusion reactions deep in their interiors, by the violent explosions
that mark the end of massive stars, or by collisions between ultradense stellar remnants called neutron stars. Were it not for these
processes that take place only in stars, there would be no heavy
elements in the universe, no planet like our Earth, and no humans
to contemplate the nature of the cosmos.
Because our solar system contains heavy elements, at least some
of its material must have once resided inside other stars. But how did
this material become available to help build our solar system? The
answer is that near the ends of their lives, stars cast much of their
matter back out into space. For most stars, this process is a comparatively gentle one, in which the star’s outer layers are gradually
expelled. Figure 8-2 shows a star losing material in this fashion. This
ejected material appears as the cloudy region, or nebulosity (from
nubes, Latin for “cloud”), that surrounds the star and is illuminated
by it. A small fraction of all stars eject matter much more dramatically at the very end of their lives, in a spectacular detonation called
a supernova, which blows the star apart (see Figure 1-8).
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A Mature Star Ejecting Gas and Dust The star Antares is shedding

material from its outer layers, forming a thin cloud around the star. We can see
the cloud because some of the ejected material has condensed into tiny grains
of dust that reflect the star’s light. (Dust particles in the air around you reflect
light in the same way, which is why you can see them within a shaft of sunlight
in a darkened room). Antares lies some 600 light-years from Earth in the
constellation Scorpius. (©Australian Astronomical Observatory/David Malin Images)

No matter how it escapes, the ejected material contains heavy
elements dredged up from the star’s interior, where they were
formed. This material becomes part of the interstellar medium,
a tenuous collection of gas and dust that pervades the spaces
between the stars. As stars die, they increasingly enrich the interstellar medium with heavy elements. Observations show that new
stars form as condensations in the interstellar medium (Figure 8-3).
Thus, these new stars have an adequate supply of heavy elements
from which to develop a system of planets, moons, comets, and
asteroids. Our own solar system must have formed from enriched
material in just this way. Thus, our solar system contains “recycled” material that was produced long ago inside now-dead stars.
This “recycled” material includes all of the carbon in your body,
all of the oxygen that you breathe, and all of the iron and silicon
in the soil beneath your feet. Scientifically accurate, a rock song
from 1970 proclaimed: “We are stardust.”

The Abundances of the Elements
Stars create different heavy elements in different amounts. For
example, oxygen (as well as carbon, silicon, and iron) is readily
produced in the interiors of massive stars, whereas gold (as well
as silver, platinum, and uranium) is created only under special
circumstances. Consequently, gold is rare in our solar system and
in the universe as a whole, whereas oxygen is relatively abundant
(although still much less abundant than hydrogen or helium).
A convenient way to express the relative abundances of the
various elements is to say how many atoms of a particular element
are found for every trillion (1012) hydrogen atoms. For example,
for every 1012 hydrogen atoms in space, there are about 100 billion
(1011) helium atoms. From spectral analysis of stars and chemical
analysis of Earth rocks, Moon rocks, and bits of interplanetary
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FIGU RE 8-3 R I V U X G

Gas and dust
ejected from earlier
generations of stars
have coalesced to
form new stars.

New Stars Forming from Gas and Dust Unlike Figure 8-2,
which depicts an old star that is ejecting material into space,
this image shows young stars in the constellation Orion (the
Hunter) that have only recently formed from a cloud of gas and
dust. The bluish, wispy appearance of the cloud (called NGC
1973-1975-1977) is caused by starlight reflecting off interstellar
dust grains within the cloud (see Box 5-4). The grains are made
of heavy elements produced by earlier generations of stars.
(©Australian Astronomical Observatory/David Malin Images)

The dust reflects light emitted
by the newly formed stars.

debris called meteorites, scientists have determined the relative
abundances of the elements in our part of the Milky Way Galaxy
today. Figure 8-4 shows the relative abundances of the 30 lightest
elements, arranged in order of their atomic numbers. An element’s

Relative abundance in our part of the galaxy
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atomic number is the number of protons in the nucleus of an atom
of that element. It is also equal to the number of electrons orbiting
the nucleus (see Box 5-5). In general, the greater the atomic number of an atom, the greater its mass.
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FIGU RE 8-4
Abundances of the Lighter Elements This graph shows the
abundances in our part of the Milky Way Galaxy of the 30 lightest elements
(listed in order of increasing atomic number) compared to a value of 1012 for
hydrogen. The inset lists the 10 most abundant of these elements, which are
also indicated in the graph. Notice that the vertical scale is not linear; each
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division on the scale corresponds to a tenfold increase in abundance. After
hydrogen and helium, the next most abundant element is oxygen, which is
why water (H2O) is a common molecule found in our galaxy. All elements
heavier than zinc (Zn) have abundances of fewer than 1000 atoms per
1012 atoms of hydrogen.
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CAUTION!
Figure 8-4 shows that there is about 10 times more hydrogen than helium in our galaxy when comparing the number
of atoms. Figure 8-1 shows that our solar system is made of
71% hydrogen versus 27% helium when comparing mass. The
explanation of this seeming inconsistency lies in the difference
between comparing the mass of atoms versus their numbers:
Each helium atom has about 4 times the mass of a hydrogen
atom, which makes helium’s contribution to total mass larger
than its contribution to the total number of atoms.

The box inset in Figure 8-4 lists the 10 most abundant elements. Note that even oxygen (chemical symbol O), the third
most abundant element, is quite rare relative to hydrogen (H) and
helium (He): There are only 8.5 3 108 oxygen atoms for each 1012
hydrogen atoms and each 1011 helium atoms. Expressed another
way, for each oxygen atom in our region of the Milky Way Galaxy,
there are about 1200 hydrogen atoms and 120 helium atoms.
In addition to the 10 most abundant elements listed in Figure
8-4, five elements are moderately abundant: sodium (Na), aluminum (Al), argon (Ar), calcium (Ca), and nickel (Ni). These
elements have abundances in the range of 106 to 107 relative to
the standard 1012 hydrogen atoms. Most other elements are much
rarer. For example, for every 1012 hydrogen atoms in the solar
system, there are only 6 atoms of gold. The extreme rarity of many
of these heavier elements results from the different processes by
which they are created. As we’ll see in Chapter 21, gold is produced in the violent merger of objects called neutron stars.
The small cosmic abundances of elements other than hydrogen
and helium help to explain why the terrestrial planets are so small
(Property 1 in Table 8-1). Because the heavier elements required
to make a terrestrial planet are rare, only relatively small planets
can form out of them. By contrast, hydrogen and helium are so
abundant that it was possible for these elements to form large
jovian planets.

CONCEPT CHECK 8-2
What is meant by the phrase “We are stardust”?

CONCEPT CHECK 8-3
From the abundances in Figure 8-4, do you expect that
water (H20) might be a common substance in the galaxy?
Answers appear at the end of the chapter.

8-3

The abundances of radioactive
elements reveal the solar system’s age

The heavy elements can tell us even more about the solar system:
They also help us determine its age. The particular heavy elements
that provide us with this information are radioactive. Their atomic
nuclei are unstable because they contain too many protons or too
many neutrons. A radioactive nucleus therefore ejects particles until
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it becomes stable. In doing so, a nucleus
Our solar
may change from one element to another.
system, which
Physicists refer to this transmutation as
formed 9 billion
radioactive decay. For example, a radioacyears after
tive form of the element rubidium (atomic
the Big Bang,
number 37) spontaneously decays into the
is a relative
element strontium (atomic number 38)
newcomer to
when one of the neutrons in the rubidium
the universe.
nucleus decays into a proton and an electron (which is ejected from the nucleus).
Experiments show that each type of radioactive nucleus decays
at its own characteristic rate, which can be measured in the laboratory. Furthermore, the older a solid rock is, the more of its
bulk has decayed and the less of its original radioactive material
remains. This behavior is the key to a technique called radioactive
dating, which is used to determine how many years ago a rock
cooled and solidified, or simply, to determine the “ages” of rocks.
For example, if a rock contained a certain amount of radioactive
rubidium when it first solidified, over time more and more of
the atoms of rubidium within the rock will decay into strontium
atoms. The ratio of the number of strontium atoms the rock
contains to the number of rubidium atoms it contains then gives
a measure of the age of the rock. Box 8-1 describes radioactive
dating in more detail.

Dating the Solar System
Scientists have applied techniques of radioactive dating to rocks
taken from all over Earth. The results show that most rocks are
tens or hundreds of millions of years old, but that some rocks are
as much as 4 billion (4 3 109) years old. These results confirm
that geologic processes—for example, lava flows—have produced
new surface material over Earth’s history, as we concluded
from the small number of impact craters found on Earth (see
Section 7-6). They also show that Earth must be at least 4 3 109
years old.
Radioactive dating has also been applied to rock samples
brought back from the Moon by the Apollo astronauts. The oldest
Apollo specimen, collected from one of the most heavily cratered—
and hence most ancient—regions of the Moon, is 4.5 3 109 years
old. But the oldest rocks found anywhere in the solar system
are meteorites, bits of interplanetary debris that survive passing
through Earth’s atmosphere and land on our planet’s surface
(Figure 8-5). Radioactive dating of meteorites reveals that they are
all nearly the same age, about 4.54 billion years old. The absence
of any younger or older meteorites indicates that these are all remnants of objects that formed around the same time when rocky
material in the early solar system—which was initially hot—first
cooled and solidified. We conclude that the age of the oldest meteorites, about 4.54 3 109 years, is the age of the solar system itself.
Note that this almost inconceivably long span of time is only about
one-third of the current age of the universe, 13.7 3 109 years.
Thus, by studying the abundances of radioactive elements,
we are led to a remarkable insight: Some 4.54 billion years ago,
a collection of hydrogen, helium, and a much smaller amount
of heavy elements came together to form the Sun and all of the
objects that orbit around it. All those heavy elements, including
the carbon atoms in your body and the oxygen atoms that you
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FIGU RE 8-5 R I V U X G
A Meteorite Although it resembles an ordinary Earth rock, this is actually

a meteorite that fell from space. The proof of its extraterrestrial origin is the
meteorite’s composition and its surface. Searing heat melted the surface as the
rock slammed into our atmosphere. Some meteorites are the oldest objects in
the solar system (see Section 15-5). (Ted Kinsman/Science Source)

breathe, were created and cast off by stars that lived and died long
before our solar system formed, during the first 9 billion years of
the universe’s existence. We are literally made of old stardust, and
our solar system is relatively young.

CONCEPT CHECK 8-4
What is meant by the “age” of a rock? Is it the age of the
rock’s atoms?
Answer appears at the end of the chapter.

BOX 8-1

TOOLS OF THE ASTRONOMER’S TRADE

Radioactive Dating

H

ow old are the rocks found on Earth and other planets? Are
rocks that are found at different locations the same age or
different ages? How old are meteorites? Questions like these are
important to scientists who wish to reconstruct the history of
our solar system. The age of a rock indicates how long ago it
formed, but we cannot tell by simply looking at a rock whether
it was formed a million or a billion years ago. Fortunately, most
rocks contain trace amounts of radioactive elements such as
uranium. By measuring the relative abundances of various radioactive isotopes and their decay products within a rock, scientists
can determine the rock’s age.
As we saw in Box 5-5, every atom of a particular element has
the same number of protons in its nucleus. However, different
isotopes of the same element have different numbers of neutrons
in their nuclei. For example, the common isotopes of uranium
are 235U and 238U. Each isotope of uranium has 92 protons in its
nucleus (correspondingly, uranium is element 92 in the periodic
table; see Box 5-5). However, a 235U nucleus contains 143 neutrons, whereas a 238U nucleus has 146 neutrons.
A radioactive nucleus with too many protons or too many
neutrons is unstable; it decays by ejecting particles until it
becomes stable. If the number of protons (the atomic number)
changes in this process, the nucleus changes from one element
to another.
Some radioactive isotopes decay rapidly, while others decay
slowly. Physicists find it convenient to talk about the decay
rate in terms of an isotope’s half-life. The half-life of an isotope
is the time interval in which one-half of the nuclei decay. For

example, the half-life of 238U is 4.5 billion (4.5 3 109) years.
Uranium’s half-life means that if you start out with 1 kg of
238
U, after 4.5 billion years, you will have only ½ kg of 238U
remaining; the other ½ kg will have turned into other elements.
If you wait another half-life, so that a total of 9 billion years has
elapsed, only ¼ kg of 238U—one-half of one-half of the original
amount—will remain. Several isotopes useful for determining
the ages of rocks are listed in the accompanying table.
To see how geologists date rocks, consider the slow conversion of radioactive rubidium (87Rb) into strontium (87Sr).
(The periodic table in Box 5-5 shows that the atomic numbers
for these elements are 37 for rubidium and 38 for strontium,
so in the decay a neutron is transformed into a proton. In this
process, an electron is ejected from the nucleus.) Over the years,
the amount of 87Rb in a rock decreases, whereas the amount of
87
Sr increases. Because the 87Sr accumulates in the rock due to
radioactive decay, this isotope is called radiogenic. Dating the
rock is not simply a matter of measuring its ratio of rubidium
to strontium, however, because the rock already contained some
strontium when it was formed. Geologists must therefore determine how much fresh strontium came from the decay of rubidium after the rock’s formation.
To make this determination, geologists use as a reference another isotope of strontium whose concentration has
remained constant. In this case, they use 86Sr, which is stable
and is not created by radioactive decay; it is said to be nonradiogenic. Dating a rock thus entails comparing the ratio of
radiogenic and nonradiogenic strontium (87Sr/86Sr) in the rock
(continued on the next page)
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(continued)

to the ratio of radioactive rubidium to nonradiogenic strontium
(87Rb/86Sr). Because the half-life for converting 87Rb into 87Sr is
known, the rock’s age can then be calculated from these ratios
(see the table).

Radioactive isotopes decay with the same half-life no matter
where in the universe they are found. Hence, scientists have used
the same techniques to determine the ages of rocks from the
Moon and of meteorites.

Original Radioactive
Isotope

Final Stable Isotope

Half-Life (Years)

Range of Ages That Can
Be Determined (Years)

Rubidium (87Rb)

Strontium (87Sr)

47 billion

10 million–4.54 billion

Uranium (238U)

Lead (206Pb)

4.5 billion

10 million–4.54 billion

1.3 billion

50,000–4.54 billion

5730

100–70,000

40

Potassium ( K)
14

Carbon ( C)

40

Argon ( Ar)
14

Nitrogen ( N)

8-4 The Sun and planets formed

from a solar nebula

We have seen how processes in the Big
Bang and within ancient stars produced
the raw ingredients for our solar system. But how were these ingredients
combined to make the Sun and planets?
Astronomers have developed a variety of
models for the origin of the solar system.
The test of these models is whether they
explain the properties of the present-day
system of Sun and planets.

(a) A diffuse, roughly spherical, slowly
rotating nebula begins to contract.

Astronomers
see young stars
that may be
forming planets
today in the
same way that
our solar system
did billions of
years ago.

The Failed Tidal Hypothesis
Any model of the origin of the solar system must explain why all
the planets orbit the Sun in the same direction and in nearly the
same plane (Property 2 in Table 8-1). One model that was devised
explicitly to address this issue was the tidal hypothesis, proposed in
the early 1900s. As we saw in Section 4-8, two nearby planets, stars,
or galaxies exert tidal forces on each other that cause the objects to
elongate. In the tidal hypothesis, another star happened to pass close
by the Sun, and tidal forces induced by the star drew a long filament
out of the Sun. In this scenario, the filament material would then have
entered into orbit around the Sun, and the planets would have condensed from it, potentially explaining why they all orbit in the same
direction and in the same plane. However, it was shown in the 1930s
that tidal forces strong enough to pull a filament out of the Sun would
also cause the filament to disperse before it could condense to form
any planets. Hence, the tidal hypothesis cannot be correct.

(b) As a result of contraction and rotation, a flat, rapidly
rotating disk forms. The matter concentrated at the
center becomes the protosun.

FIGU RE 8- 6

The Successful Nebular Hypothesis
An entirely different model is now thought to describe the most
likely series of events that produced our present solar system
(Figure 8-6). The central idea of this model dates to the late 1700s,
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The Birth of the Solar System (a) A cloud of interstellar gas and dust

begins to contract because of its own gravity. (b) As the cloud flattens and
spins more rapidly around its rotation axis, a central concentration develops
and evolves into a glowing protosun. The planets will form out of the
surrounding disk of gas and dust.
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when the German philosopher Immanuel Kant and the French
scientist Pierre-Simon de Laplace each turned their attention to the
manner in which the planets orbit the Sun. Both concluded that the
arrangement of the orbits—all in the same direction and in nearly
the same plane—could not be mere coincidence. To explain the
orbits, Kant and Laplace independently proposed that our entire
solar system, including the Sun as well as all of its planets and
satellites, formed from a vast, rotating cloud of gas and dust called
the solar nebula (Figure 8-6a). This model is called the nebular
hypothesis.
The consensus among today’s astronomers is that Kant and
Laplace were on exactly the right track. In the modern version of
the nebular hypothesis, at the outset the solar nebula was similar
in character to the cloud of gas and dust shown in Figure 8-3 and
had a mass somewhat greater than that of our present-day Sun.
Also as seen in Figure 8-3, it is very likely that other stars formed
from such a large cloud.
Each part of the nebula exerted a gravitational attraction on
the other parts, and these mutual gravitational pulls tended to
make the nebula contract. As it contracted, the greatest concentration of matter built up at the center of the nebula, forming a
relatively dense region called the protosun. As its name suggests,
this part of the solar nebula eventually developed into the Sun. The
planets formed from the much sparser material in the outer regions
of the solar nebula. Indeed, the mass of all the planets together is
only 0.1% of the Sun’s mass.

Evolution of the Protosun
When you drop a ball, the gravitational attraction of Earth makes
the ball move faster and faster as it falls; in the same way, material
falling inward toward the protosun would have gained speed as
it approached the center of the solar nebula. As this fast-moving
material collided with the protosun, the kinetic energy of each
collision was converted into thermal energy, causing the temperature deep inside the solar nebula to climb. This process, in which
the gravitational energy of a contracting gas cloud is converted
into thermal energy, is called Kelvin–Helmholtz contraction,
after the nineteenth-century physicists who first described it. This
heating process will be discussed several times in future chapters
so let’s summarize it here: Kelvin–Helmholtz contraction is the
conversion of gravitational energy into heat as a gaseous cloud
contracts.
As the newly created protosun continued to contract and
become denser, its temperature continued to climb as well. After
about 105 (100,000) years, the protosun’s surface temperature
leveled off at about 6000 K, but the temperature in its interior
kept increasing to ever higher values as the central regions of the
protosun became denser and denser. Eventually, after perhaps 107
(10 million) years had passed since the solar nebula first began to
contract, the gas at the center of the protosun reached a density
of about 105 kg/m3 (about 13 times denser than typical iron)
and a temperature of a few million kelvins (that is, a few times
106 K). Under these extreme conditions, nuclear reactions that
convert hydrogen into helium began in the protosun’s interior.
These nuclear reactions released energy that significantly increased
the pressure in the protosun’s core. When the pressure built up
enough, it stopped further contraction of the protosun and a true
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star was born. In fact, the onset of nuclear reactions defines the
end of a protostar and beginning of a star. Nuclear reactions
continue to the present day in the interior of the Sun and are the
source of all the energy that the Sun radiates into space.

The Protoplanetary Disk
If the solar nebula had not been rotating at all, everything would
have fallen directly into the protosun, leaving nothing behind to
form the planets. Instead, the solar nebula must have had an overall slight rotation, which caused its evolution to follow a different
path. As the slowly rotating nebula collapsed inward, it would naturally have tended to rotate faster. This relationship between the
size of an object and its rotation speed is an example of a general
principle called the conservation of angular momentum.

ANALOGY
Figure skaters make use of the conservation of angular
momentum. When a spinning skater pulls her arms and legs
in close to her body, the rate at which she spins automatically
increases (Figure 8-7). Even if you are not a figure skater, you
can demonstrate this by sitting on a rotating office chair. Sit
with your arms outstretched and hold a weight, like a brick or
a full water bottle, in either hand. Now use your feet to start
your body and the chair rotating, lift your feet off the ground,
and then pull your arms inward. Your rotation will speed up
quite noticeably.

Astronomers see young stars that may be forming planets
today in the same way that our solar system did billions of
years ago. As the solar nebula began to rotate more rapidly, it
also tended to flatten out (Figure 8-6b)—but why? From the

(a)

(b)

FIGU RE 8-7 R I V U X G
Conservation of Angular Momentum A figure skater who (a) spins
slowly with her limbs extended will naturally speed up when (b) she pulls her
limbs in. In the same way, the solar nebula spun more rapidly as its material
contracted toward the center of the nebula. (AMY SANCETTA/AP Images)
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FIGU RE 8-8 R I V U X G
Protoplanetary Disks (a) The Orion Nebula is a star-forming

region located some 1500 light-years from Earth. It is the middle
“star” in Orion’s “sword” (see Figure 2-2a). The smaller, bluish nebula is the
object shown in Figure 8-3. (b) This view of the center of the Orion Nebula is
a mosaic of Hubble Space Telescope images. The four insets are false-color

perspective of a particle on its orbit around the center of mass of
the nebula, it felt as though there were a force pushing the particle
away from the nebula’s axis of rotation. (Likewise, passengers on
a merry-go-round or spinning carnival ride seem to feel a force
pushing them outward and away from the ride’s axis of rotation.)
This apparent force was directed opposite to the inward pull of
gravity, so it tended to slow the contraction of material toward
the nebula’s rotation axis. But there was no such effect opposing
contraction in a direction parallel to the rotation axis. Some 105
(100,000) years after the solar nebula first began to contract, it
had developed the structure shown in Figure 8-6b, with a rotating, flattened disk surrounding what would become the protosun.
This disk is called the protoplanetary disk, since planets formed
from its material. This model explains why their orbits all lie in
essentially the same plane and why they all orbit the Sun in the
same direction.
There were no humans to observe these processes taking place
during the formation of the solar system. But Earth astronomers
have seen disks of material surrounding other stars that formed
only recently. These, too, are called protoplanetary disks, because
it is thought that planets can eventually form from these disks
around other stars. Hence, these disks are planetary systems that
are still “under construction.” By studying these disks around
other stars, astronomers are able to examine what our solar nebula
may have been like some 4.5 3 109 years ago.
Figure 8-8 shows a number of protoplanetary disks in the
Orion Nebula, a region of active star formation. A star is visible
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close-ups of four protoplanetary disks that lie within the nebula. A young,
recently formed star is at the center of each disk. (The disk at upper right is
seen nearly edge on.) The inset at the lower left shows the size of our own
solar system for comparison. (a: ©Australian Astronomical Observatory/
David Malin Images b: C. R. O’Dell and S. K. Wong, Rice University; NASA)

at the center of each disk, which reinforces the idea that our Sun
began to shine before the planets were fully formed. (The images
that open this chapter show even more detailed views of disks
surrounding young stars.) A study of 110 young stars in the Orion
Nebula detected protoplanetary disks around 56 of them, which
suggests that systems of planets may form around a substantial
fraction of stars. Later in this chapter, we will see direct evidence
for planets that have formed around stars other than the Sun.

CONCEPT CHECK 8-5
If the nebular hypothesis is correct, what must it explain
about the orbits of the planets?

CONCEPT CHECK 8- 6
Was the solar nebula cold until nuclear reactions began
powering the Sun?
Answers appear at the end of the chapter.

8-5 The terrestrial planets formed by the

accretion of planetesimals

We have seen how a contracting molecular cloud would have evolved
into a spinning protoplanetary disk with a young Sun at its center.
But how did the material in this disk form into planets? Why are
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there small terrestrial planets located in
the inner solar system (Mercury, Venus,
Earth, and Mars), and giant jovian planets
in the outer solar system (Jupiter, Saturn,
Uranus, and Neptune)? In this section
and the next, we will see how the nebular hypothesis provides answers to these
questions.

Rocky planets
formed in the
inner solar
nebula as a
consequence
of the high
temperatures
close to the
protosun.

The Condensation Temperature
and the Snow Line
To understand how the planets, asteroids, and comets formed, we
start by considering the vast cold cloud of gas and dust, before
it collapsed and heated up to form the Sun and solar system.
Figure 8-9 shows a dust grain of the sort that would have been
present throughout the cold cloud. Other solid materials in the
cold cloud would have formed small ice crystals (like snow). In
the low pressures of space, no liquids can exist, only gases and
solids. Together, these solids—ices, dust grains, and ice-coated
dust grains—were mixed with gaseous hydrogen and helium. But,
as things began to heat up, these components began to change.
Due to Kelvin–Helmholtz contraction—the conversion of
gravitational energy into thermal energy—a hot protosun began
to form in the center of the nebula, and it was actually quite a bit
more luminous than the present-day Sun. The heat from Kelvin–
Helmholtz contraction was so great that nearly the entire cloud
was vaporized into a gaseous state. The product of this transition
from a giant cold cloud of gas and dust to a more dense and diskshaped swirl of heated gas is now called the solar nebula.
With most of the contraction over, the solar nebula began to
cool, especially in the outer regions. The temperature in the nebula
varied significantly, rising above 2000 K closer to the hot protosun,
and dropping below 50 K in the outermost regions (Figure 8-10a).

100
50

animation

8-2

A Grain of Cosmic Dust This highly magnified image shows a
microscopic dust grain that came from interplanetary space. It entered
Earth’s upper atmosphere and was collected by a high-flying aircraft. Dust
grains of this sort are abundant in star-forming regions like that shown in
Figure 8-3. These tiny grains were also abundant in the solar nebula and
served as the building blocks of the planets. (NASA)

Our first goal in determining a model for the origin of the
solar system is to understand why the inner four planets are small
and rocky, whereas the outer jovian planets are large and made of
lighter elements (recall Properties 1 and 3 in Table 8-1). To answer
this, we first need to understand the condensation temperature,
which determines whether a substance forms a solid, liquid, or gas
under given conditions.

Protosun

Methane
condenses
to form ice.

20
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FIGU RE 8-9
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Beyond the snow line, where water freezes,
ices add to planet-building material, leading
to the large jovian planets.

FIGU RE 8-10
Temperature Distribution and Snow Line in the Solar
Nebula (a) This graph shows how temperatures probably

varied across the solar nebula as the planets were forming, and the presentday position of the planets (red arrows). Note the general decline in
temperature with increasing distance from the center of the nebula. Between
the present-day distances of Mars and Jupiter, the snow line marked where
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temperatures were low enough for water to condense and form ice; beyond
about 16 au, methane (CH4) could also condense into ice. (b) Terrestrial
planets formed inside the snow line, where the low abundance of solid dust
grains kept these planets small. The jovian planets formed beyond the snow
line where solid ices of water, methane, and ammonia added their mass to
build larger cores, and attract surrounding gas.
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If the temperature of a substance in the solar nebula is above
its condensation temperature, the substance is a gas. On the other
hand, if the temperature is below the condensation temperature,
the substance solidifies (or condenses) into tiny specks of dust or
icy frost. You can often see similar behavior on a cold morning.
The morning air temperature can be above the condensation temperature of water, while the cold windows of parked cars may have
temperatures below the condensation temperature. Thus, water
molecules in the warmer air remain as a gas (water vapor) but condense to form solid ice particles (frost) on the colder car windows.
With temperatures decreasing over time, and decreasing with
distance from the protosun, the solar nebula evolved into two distinct regions. These regions—inner and outer—had very different
properties and eventually formed very different planets:
•

Inner Region: rock and metal. In the hot inner region
of the nebula, materials with the highest condensation
temperatures would have been the first to condense into
solids as the nebula began to cool down. These rocky and
metallic materials, in the form of solid dust grains (Figure
8-9), eventually formed much of the rock and metal of the
terrestrial planets. On the other hand, hydrogen compounds—
such as water (H2O), methane (CH4), and ammonia (NH3)—
remained as gas; they could not condense into solids in
the warm inner solar system. (Hydrogen and helium could
not condense into solids anywhere in the solar system.)
The terrestrial planets that formed in this inner region are
Mercury, Venus, Earth, and Mars, and now we understand
why they are composed primarily of rock and metal.

•

Outer Region: ices beyond the snow line. In the region
between the present-day orbits of Mars and Jupiter, the
temperature would have fallen below about 170 K. In the
low pressures of the solar nebula, this is the condensation
temperature at which water vapor (H2O) forms ice (see Figure
8-10a). One consequence of this snow line—the distance from
the Sun where it is cool enough for water vapor to condense,
or to solidify into ice or frost—is that beyond this line, solid
ice particles can join with rock and metal grains to provide
more mass for building planets (Figure 8-10b). Farther out,
at even cooler temperatures, methane (CH4), and ammonia
(NH3) also condense to form ices. (Recall from Section 7-4
that “ice” can refer to frozen carbon dioxide, methane, or
ammonia as well as to frozen water.) To summarize: Beyond
the snow line, rocky and metallic dust grains were mixed with
ices, resulting in more material available to build even larger
planets. The large jovian planets that formed in this outer
region are Jupiter, Saturn, Uranus, and Neptune.

The abundances of different materials in the solar nebula provide the final insight about planet sizes. With a mixture similar to
the Sun, the solar nebula was composed of about 98% hydrogen
and helium and about 1.4% hydrogen compounds (H2O, CH4,
and NH3), with the remaining 0.6% made up of rocks and metals.
Inside the snow line, the only solid material available to build planets consisted of rock and metal. Thus, with rock and metal having
the lowest abundances, the inner terrestrial planets that formed
from these dust grains are the smallest. On the other hand, beyond
the snow line there was more solid mass available in the form of
ice-coated dust grains to help build larger planets.
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The phenomena described so far help us understand why smaller
terrestrial planets formed close to the Sun, and larger jovian planets
formed farther out. However, there is more to this story, and some
big mysteries remain. Next, we consider the process of building
planets in more detail, beginning with the terrestrial planets.

Planetesimals, Protoplanets, and
Terrestrial Planets
In the inner part of the solar nebula, the grains of
rocks and metals would have collided and merged into
small clumps. Initially, electric forces—that is, chemical
bonds—held these clumps together, in the same way that chemical
bonds hold an ordinary rock together. Over a few million years,
these clumps continued to collide and coalesced into roughly a
billion asteroidlike objects called planetesimals, with diameters of
a kilometer or so. These larger planetesimals were massive enough
to be held together by their own gravity, resulting from the mutual
gravitational attraction of all the material within them.
During the next stage, gravitational attraction between different planetesimals caused them to collide and accumulate into
about a hundred still-larger objects called protoplanets (also called
planetary embryos), each of which was roughly the size and mass
of our Moon. This accumulation of material to form larger and
larger objects is called accretion. During a period lasting a few
tens of millions of years, these Moon-sized protoplanets collided to
form the inner planets. This final episode must have involved some
truly spectacular, world-shattering collisions. In fact, after Earth
formed, detailed modeling suggests that a leftover protoplanet
collided with Earth and the debris created our Moon! Snapshots
from a computer simulation of accreting planetesimals are shown
in Figure 8-11.
In the higher temperatures of the inner solar nebula, only materials that can remain solid at high temperatures—which excludes
water ice—could form solid dust grains to build protoplanets.
Therefore, we would expect to form a set of inner planets made
predominantly of materials such as iron, silicon, magnesium, and
nickel. In strong support for this model of solar system formation,
these rocky and metallic materials match the composition of the
present-day terrestrial planets. There is also supporting evidence
from meteorites (dated from their radioactivity) that are thought
to have come from smashed-up planetesimals during this early
period. As expected for planetesimals from the inner solar system,
these meteorites contain metallic grains mixed with rocky material
(Figure 8-12).
At first, the material that coalesced to form protoplanets in
the inner solar nebula remained largely in solid form, despite the
high temperatures close to the protosun. But as the protoplanets
grew, they were heated by violent impacts as they collided with
other planetesimals, as well as by the energy released from the
decay of radioactive elements, and all this heat caused melting.
Thus, the terrestrial planets began their existence as spheres of at
least partially molten rocky materials. Material was free to move
within these molten spheres, so the denser, iron-rich minerals sank
to the centers of the planets while the less dense silicon-rich rocky
minerals floated to their surfaces. This process is called chemical
differentiation (see Box 7-1). In this way, the terrestrial planets
developed their dense iron cores.
animation
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The computer simulation
begins with 100 planetesimals
orbiting the Sun.

Collisions have led to
the 100 coalescing
into 22 planetesimals . . .

. . . and eventually into four
planets like the four inner
planets in our solar system.

Sun

Sun

Sun

(a)

(b)

(c)

FIGU RE 8-11
Accretion of the Inner Planets This computer simulation shows the formation of the inner planets
over time. (Adapted from George W. Wetherill)

CONCEPT CHECK 8-8
How does a rocky planet develop a core that has a higher
density than rocks on its surface?
Answers appear at the end of the chapter.

8-6 Gases in the outer solar nebula

formed the jovian planets, and
planetary migration reshaped
the solar system

FIGU RE 8-12 R I V U X G
Primitive Meteorite This is a cross-section from a fragment of the
Allende meteorite that landed in Chihuahua, Mexico in 1969. A fireball was
observed at 1:05 A.M. local time, and over the next 25 years, about 3 tons of
meteorite fragments were collected over an 8 km by 50 km (5 mi by 31 mi)
area. Radioactive dating yields an age of 4.57 billion years, corresponding
to the very early solar system. The meteorite contains rocks and metals that
are consistent with the inner solar system and is thought to come from a
smashed-up planetesimal. In 2009, astronomers where shocked to discover
that the meteorite is also magnetized in a manner that suggests the original
planetesimal had a chemically differentiated iron core with a magnetic
dynamo (similar to the source of Earth’s magnetic field). (Matteo Chinellato/
Shutterstock)

CONCEPT CHECK 8-7
How might the solar system be different if the location at
which water could freeze in the solar nebula was much
more distant from the Sun than it was in the solar nebula
that formed our solar system?
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We have seen how the low abundance of
solid material in the inner solar nebula
led to the formation of the small, rocky
terrestrial planets. To explain the very
different properties of the jovian planets, we need to consider the conditions
that prevailed in the relatively cool outer
regions of the solar nebula.

Low
temperatures
in the outer solar
nebula made
it possible for
planets to grow
to titanic size.

The Core Accretion Model
The large jovian planets initially formed through a similar process
as the terrestrial planets—through the accretion of planetesimals.
As discussed in Section 8-5, a key difference is that ices, which
are solid—in addition to solid rock and metal grains—were
able to form in the cooler outer regions of the solar nebula (see
Figure 8-10). Crucially, the elements of which ices are made are
much more abundant than those that form rocky grains. Thus,
more solid material would have been available to form planetesimals in the outer solar nebula than in the inner part. As a result,
solid objects larger than any of the terrestrial planets could have
formed in the outer solar nebula. Each such object could have
become the core of a jovian planet, a “seed” around which the rest
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FIGU RE 8-13 R I V U X G
Formation of Planets in a Protoplanetary Disk About 175 light-

years away, the protostar TW Hydrae is only about 10 million years old and
obtains its energy through gravitational contraction. The protoplanetary disk
has several dark gaps due to the formation of jovianlike planets that have
accreted material from their orbital region. The two prominent dark rings
are at distances similar to the orbits of Uranus and Pluto around our Sun.
In additional analysis, astronomers even see evidence for a planet forming
around the star at a similar distance as Earth is from the Sun. (S. Andrews

(Harvard-Smithsonian CfA); B. Saxton(NRAO/AUI/NSF); ALMA (ESO/NAOJ/NRAO))

of the planet eventually grew. For example, the mass of Jupiter’s
rock and metal core is estimated to equal about 10 Earth masses.
While the addition of icy material beyond the snow line played a
role in forming the larger cores of jovian planets, astronomers do
not fully understand how their cores get as large as they do, and
this is an active area of research.
For Jupiter, a large seed mass of rock, metal, and ice is only
the beginning: Most of Jupiter’s mass is hydrogen and helium.
Recall that for a planet, retaining a gaseous atmosphere depends on
both the planet’s mass and on the gas temperature (see Box 7-2).
Accordingly, due to the lower temperatures in the outer solar system,
Jupiter’s large seed mass could capture and retain hydrogen and
helium gas. This picture—where a jovian protoplanet core captures
gas and grows by accretion—is called the core accretion model. In
Figure 8-13, evidence of the formation of large jovianlike planets can
be seen in the gaps of the protoplanetary disk as matter is accreted.
As Jupiter grew, its gravitational pull increased, allowing it to
capture more gases and grow even larger (further enhancing its gravitational pull in a feedback cycle) until most of the available gas in its
region had been captured. You can see this actually taking place in a
disk around another star in the chapter-opening figure (right figure,
page 000); the two dark gaps in the disk are due to jovianlike planets
capturing gas as they grow. In our solar system, because hydrogen and
helium were so abundant (98% of the solar nebula), Jupiter quickly
grew to more than 300 Earth masses. You can see Jupiter forming
before the other planets in Figure 8-14, which summarizes the formation of the solar system. Farther out in the solar nebula, Saturn would
have gone through a similar process. About one-third the mass of
Jupiter, Saturn’s 95 Earth masses would have taken longer to accumulate. Uranus and Neptune formed well beyond the snow line, where
temperatures were cold enough for additional ices of carbon dioxide,
methane, and ammonia to form the bulk of these planets.
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Like the protosun, each jovian planet would have been surrounded by a disk—a solar nebula in miniature (see Figure 8-6).
The large moons of the jovian planets, including those shown in
Table 7-2, are thought to have formed from ice particles and dust
grains within these disks. Furthermore, since the moons formed
from a rotating disk, these large satellites all orbit in the same
direction. However, the jovian planets also have smaller bodies—
called irregular satellites—that orbit in the opposite direction, and
these were probably captured after the planets formed.
Observations of protoplanetary disks around other protostars
(such as those in Figure 8-8b) suggest that high-energy photons
and a solar wind (mostly made of electrons and protons) would
eventually disperse any remaining hydrogen and helium gas, and
this gas ends up in the space between the stars. With hydrogen and
helium gone from the disk, formation of the jovian planets came
to an end after a few million years. However, the accumulation of
planetesimals that built the terrestrial planets did not stop when
gas was expelled from the protoplanetary disk, and the terrestrial
planets took longer to form than the jovian planets. It is thought
that Earth formed within a few tens of millions of years, whereas
Mars, being smaller, was formed in less than 10 million years.

Early Migration of Jovian Planets Shapes
the Inner Solar System
We now look at migration, which refers to changes in orbital
distances of the planets. Migration of the planets results from
interactions—gravitational tugs and pulls—between planets and
different parts of the forming solar system. The details of planetary
migration are far from certain, but the broad picture that follows
is emerging from computer simulations.
Within the first few hundred thousand years, long before the
terrestrial planets formed, Jupiter’s interaction with the gaseous
disk of hydrogen and helium led to an inward migration of the
growing giant, followed by an outward migration. At its closest distance to the protosun, Jupiter migrated inward to about
1.5 au, which is near the current orbit of Mars. With its large
mass, Jupiter gravitationally deflected many of the planetesimals
near the current Martian orbit. As a result, when Mars eventually
formed in this region, it ended up with a low mass of about onetenth of Earth’s mass. In fact, it was the mysteriously low mass
of Mars that prompted this analysis of Jupiter’s inward migration. Moreover, inward-then-outward migration of all the jovian
planets—called the Grand Tack model—also solves a long-standing
mystery involving the asteroid belt.
The asteroid belt (Section 7-5) contains rocky objects typical of
the inner solar system, but, surprisingly, also contains icy objects
expected to have formed well beyond the asteroid belt where ices
can form. In the Grand Tack model, as both Jupiter and the other
jovian planets migrate outward, they deflect planetesimals inward
to form the asteroid belt. Some of these planetesimals come from
the inner solar system, but some also come from much farther out
beyond the snow line, providing a very natural explanation for the
icy objects in the asteroid belt.
This early migration, along with jovian planet formation,
ended within the solar system’s first few million years or so.
Another type of migration may have occurred over the next few
hundred million years and reshaped the outer solar system.
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Vast, rotating cloud of cool gas and
dust begins to collapse.

Protosun forms within a solar
nebula and begins to grow.
Increased density,
temperature,
rotation rate
Dusty debris
Decreased
overall size

Snow line
Dust and ice debris

About a million
years
Orbiting gas and dust forms a
disk. Heat from protosun
prevents ices from forming
inside the snow line.

Protosun

Collisions between dust particles
create larger-size debris and
planetesimals. Jupiter quickly
accretes gas and grows very
large. The other jovian planets
form soon after.
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Planetesimals and protoplanets

Saturn, Neptune, and Uranus are
nearly finished and formed closer than
they are today. Icy material beyond the
snow line helps to make these planets
large. Terrestrial planets are still
building, taking tens of millions of
years to reach their present size.

Oort cloud

Neptune

Hundreds of millions
of years

Kuiper belt

The jovian planets migrate outward through
gravitational interactions with planetesimals.
Jupiter continues to fling objects out to form
the Oort cloud. Neptune flings objects out to
form the Kuiper belt.

Asteroid belt

Jupiter
Saturn

Uranus

Neptune

FIGU RE 8-14
The Formation of the Solar System This sequence of drawings shows stages in the formation

of the solar system.
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Late Migration of Jovian Planets Reshapes
the Outer Solar System
Astronomers have long suspected that some planetary migration
must have taken place in the outer solar system. To see why, consider Neptune. At Neptune’s current large orbital distance (about
30 au), the timescale necessary to build a planet of Neptune’s large
size by core accretion is much longer than the timeframe during
which the protoplanetary disk was around. However, planets can
grow much faster if closer to the protosun, where the protoplanetary disk is denser. Therefore, astronomers suspect that Neptune
formed closer in, and then migrated outward.
The leading theory described here for late migration of the
jovian planets is based on the Nice (pronounced “niece”) model.
This model was developed in Nice, France, around 2005 using
detailed computer simulations. It is important to emphasize that
the Nice model is a work in progress and has already evolved with
new ideas and better simulations.
In the Nice model, the jovian planets would have all originally
formed within about 20 au of the protosun, even though the
outermost planet today, Neptune, is at 30 au. Furthermore, the
outermost planet during this early time could have been Uranus,
at 20 au, since gravitational interactions could have switched the
orbital ordering of Neptune and Uranus. In the Nice model, both
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initial scenarios can lead to the arrangement of our present-day
solar system.
Initially, there was also a disk of planetesimals beyond the outermost jovian planet at 20 au, and through gravitational encounters, these planetesimals, on average, were scattered inward. When
a big planet knocks a small planetesimal inward, the planet itself
is kicked slightly outward. Over a few hundred million years, as
numerous planetesimals were knocked inward by Saturn, Neptune,
and Uranus, these jovian planets slowly migrated outward to their
current locations.
Most of the inward-moving planetesimals even made it close
to Jupiter. With its much greater mass, Jupiter did not migrate
inward very much, but did gravitationally fling most of these planetesimals clear out of the solar system. However, a small fraction
of these icy objects would not have made it all the way out of the
solar system and are thought to currently orbit at about 50,000 au
from the Sun—about 0.8 light-year away and one-fifth the distance
to the nearest star. These planetesimals would be very loosely
bound to our Sun, and gravitational deflections from passing stars
would spread many of their orbits into a spherical “halo.” We call
this hypothesized distribution of icy planetesimals the Oort cloud
(Figure 8-15a), which lies beyond the objects of our next topic—
the Kuiper belt.

Region of
the planets
Kuiper belt
Saturn
The Oort cloud
(comprising many
billions of comets)

Uranus

Jupiter
Neptune

Pluto

Oort
cloud

(b)

Sedna’s
orbit
animation

Planetary
region of
solar system

Kuiper belt
50 au
50,000 au

(a) Orbits of some Oort and Kuiper belt objects
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Neptune’s
orbit

FIGU RE 8-15
The Kuiper Belt and Oort Cloud (a) The classical Kuiper

belt of comets spreads from Neptune out to 50 au from the Sun.
Most of the estimated 200 million belt comets are believed to orbit in or near
the plane of the ecliptic. The spherical Oort cloud extends from beyond the
Kuiper belt. Note from the scale bars that the Oort cloud extends about 1000
times farther out than the Kuiper belt. (b) Orbits of identified bodies in the
Kuiper belt. (b: Minor Planet Center)
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Unstable Orbits, the Kuiper Belt, and the
Late Heavy Bombardment
During the slow outward migration of the jovian planets, their
orbits remained mostly circular; in other words, they had very
low eccentricity. The slowly expanding jovian orbits were also
quite stable and allowed the migration to continue for about 600
million years or so. However, gravitational interactions with the
planetesimals eventually destabilized planetary orbits, leading to
elongated, or eccentric, orbits.
With elongated orbits, the planets gravitationally interacted
with each other more strongly. In many computer simulations, this
nearly doubles the orbital distance of Neptune, sending Neptune
out to its current distance of about 30 au. As Neptune moved
outward, its gravity flung nearby planetesimals to greater distances
as well, creating an orbiting collection of icy objects called the
Kuiper belt (Figure 8-15b). (The images that open this chapter
show two young stars surrounded by dusty disks that resemble the
Kuiper belt, one seen edge on and the other seen face on.) Taken
together, the Oort cloud and Kuiper belt contain icy planetesimals
that could not have formed at these great distances where matter
was sparse, but instead were gravitationally deflected outward by
Jupiter and then by Neptune.
The Nice model seems to solve another mystery of the solar system. Many astronomers think there was a cataclysmic period when
the planets and moons of the inner solar system were subjected to a
short but intense period of large impacts; this hypothesis is referred
to as the Late Heavy Bombardment. The evidence comes from
radioactive dating of craters on the Moon, but more lunar samples
are needed to firmly establish a spike in the timing of impact events.
This bombardment is considered “late” because the frequent planetesimal collisions of planet-building had long since passed.
So, what could cause a big jump in impacts? There are several
ideas, but here is the most favored scenario. In the Nice model, the
destabilized and elongated planetary orbits also led to deflections
of planetesimals throughout the inner solar system. Very significantly, this widespread scattering of the planetesimals takes about
600 million years, which is consistent with the surprisingly late
timing of the Late Heavy Bombardment.
To a much lesser extent, gravitational deflections
animation
8-3
continue today. Planetesimals from either the Kuiper
belt or the Oort cloud are occasionally knocked into
new orbits. If one of these icy objects is deflected on a path through
the inner solar system, it begins to evaporate, producing a visible
tail, and is seen as a comet (see Figure 7-9).
Prior to 1995, the only fully formed planetary system to which
we could apply this model was our own. As we will see in the
next section, astronomers can now further test this model on an
ever-growing number of planets known to orbit other stars.

CONCEPT CHECK 8-9
Why is it unlikely that Neptune formed by core accretion at
its current location?

CONCEPT CHECK 8-10
In the Nice model, how did Neptune get to its present
location?
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CONCEPT CHECK 8-11
Does accretion refer to the accumulation of matter by
gravitational attraction or the formation of chemical
bonds?
Answers appear at the end of the chapter.

8-7

Exoplanets: The search for planets
around other stars

If planets formed around our Sun,
Many planets
have they formed around other stars?
have been
The answer is yes, and they are called
discovered
extrasolar planets, or exoplanets. The
around other
discovery of exoplanets brings up sevstars, and some
eral questions: What are the properties
are Earth size.
of these exoplanets—are they similar to
the planets of our solar system? What
do they tell us about the formation of
other solar systems? And perhaps the biggest question of all: Are
there other Earthlike planets suitable for life, or that perhaps
already contain alien life?
Since exoplanets were first detected in the 1990s, this field of
astronomy has exploded with new discoveries. At the time of this
writing, over 3700 exoplanets have been discovered—each one
a new world! Some of these exoplanets are not alone: Over 600
stars have been discovered with multiple planets. There are even
exoplanets orbiting pairs of stars (or binary star systems). Some
exoplanets are larger than Jupiter, but orbit their stars even closer
than Mercury orbits our Sun. Other planets are Earth sized and
might have conditions suitable for life. To appreciate how remarkable these discoveries are, we must look at the methods used to
find exoplanets.

Methods to Search for Exoplanets
It is very difficult to make direct observations of planets orbiting
other stars. The problem is that planets are small and dim compared with stars; for example, the Sun is a billion times brighter
than Jupiter at visible wavelengths. Exoplanets can sometimes be
imaged directly, as in Figure 8-16a, but a star’s glare makes this
method the least productive means of detection. By the time the
exoplanets in Figure 8-16b were imaged in 2010, hundreds of others had been detected through other means.
One very powerful method of exoplanet detection is to search
for stars that appear to “wobble” (Figure 8-17). If a star has
a planet, it is not quite correct to say that the planet orbits the
star. Rather, both the planet and the star move in elliptical orbits
around a point called the center of mass (Figure 8-17a). Imagine
the planet and the star as two objects sitting at opposite ends of a
very long seesaw; the center of mass is where you would have to
place the support point (or fulcrum) in order to balance the seesaw. Because of the star’s much greater mass, the center of mass is
much closer to the star than to the planet. Thus, both the planet
and the star orbit this point—the planet in a very large orbit and
the star in a much smaller orbit. The small orbit of the star is the
star’s wobble.
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FIGU RE 8-16 R I V U X G
Imaging Extrasolar Planets (a) Four planets can be seen orbiting

a planet with about 1.5 times the diameter of Jupiter are captured in this
infrared image. First observed in 2004, this extrasolar planet was the first to
be visible in a telescopic image. At infrared wavelengths, a star outshines a
Jupiter-sized planet by only about 100 to 1, compared to 109 to 1 at visible
wavelengths, making imaging possible in the infrared. (a: NASA/NRC-HIA,

the star HR 8799. The star is about 129 light-years from Earth and can be
seen with the naked eye on a clear night. In capturing this image, special
techniques make the star less visible to reduce its glare and reveal its planets.
The white arrows indicate possible trajectories that each planet might take
over the next 10 years. (b) About 170 light-years away, the star 2M1207 and

Christian Marois, Keck Observatory/NASA; b: ESO/VLT/NACO)

As an example, the Sun and Jupiter both orbit their common
center of mass with an orbital period of 11.86 years. Because
Jupiter has more mass than the other seven planets put together,
it is a reasonable approximation to assume that the Sun’s wobble
is due to Jupiter alone. The Sun’s orbit around the common center

of mass has a semimajor axis only slightly greater than the Sun’s
radius, so the Sun slowly orbits, or wobbles, around a point not
far outside its surface. If astronomers elsewhere in the galaxy could
detect the Sun’s wobbling motion, they would be able to tell that
there is a large planet (Jupiter) orbiting the Sun. As we’ll see, they

Planet (unseen)
Planet

Planet (unseen)

Center of
mass
Star

Star

(a) A planet and its star

Angular
diameter
of star’s
“wobble”

(b) The astrometric method

Doppler shift:
blueshifted
light from
star

Star
Doppler shift:
redshifted
light
from star

(c) The radial velocity method

FIGU RE 8-17
Detecting a Planet by Measuring Its Parent Star’s Motion (a) A
planet and its star both orbit around their common center of mass, always
staying on opposite sides of this point. Even if the planet cannot be seen,
its presence can be inferred if the star’s motion can be detected. (b) The
astrometric method of detecting the unseen planet involves making direct
measurements of the star’s orbital motion during its orbit. (c) In the radial
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velocity method, astronomers measure the Doppler shift of the star’s
spectrum as it moves alternately toward and away from Earth. Analyzing
the Doppler shift of the star’s light leads to the orbital period, orbital size
(semimajor axis), and mass of the unseen planet. The radial velocity method
works for circular and elliptical orbits and can even determine the orbital
eccentricity.
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could even determine the planet’s mass and the size of its orbit,
without seeing the planet itself!

Detecting the wobble of other stars is not an easy task. One
approach to the problem, called the astrometric method, involves
making very precise measurements of a star’s position in the sky
relative to other stars. The goal is to find stars whose positions
change in a cyclic way (Figure 8-17b). The measurements must be
made with very high accuracy and over a long enough time to span
at least one entire orbital period of the star’s motion.
While very few exoplanets have been discovered by the astrometric method so far, the most extensive search for extrasolar
planets will be carried out with this method by the European Space
Agency (ESA)’s Gaia telescope, which was launched in 2013. Gaia
will survey a billion stars—1% of all the stars in the Milky Way
Galaxy!—and will be able to detect tiny stellar wobbles. To detect
these wobbles, Gaia measures changes in a star’s position as small
as 2.4 × 10–5 arcsec, which is fine enough to see something move
1 cm on the Moon all the way from Earth!
Astronomers estimate that Gaia will find about 10 exoplanets
a day, leading to about 15,000 discoveries over the life of its mission. At the time of this writing, the first batch of data has been
released for astronomers to analyze, but the results are not yet
available.
Initially, Gaia finds exoplanet candidates based on their changing positions. This is the side-to-side motion of the star shown in
Figure 8-17b. Then, Gaia performs a second type of measurement
to see whether the star also moves toward and away from us
during its orbit. This brings us to our second method for detecting
exoplanets.

Detection Based on the Doppler Effect
A star’s wobble can also be detected by the radial
velocity method (Figure 8-17c). This method is based
on the Doppler effect, which we discussed in Section
5-9. Unless its orbit is perfectly oriented to face Earth, a wobbling
star will alternately move toward and away from us over repeated
orbits. Only this motion along a radius or line between Earth and
the star—in other words, the star’s radial velocity—contributes
to the Doppler shift. The star’s wobble causes the wavelengths
of its entire spectrum to shift in a periodic fashion, and this can
be measured in the star’s dark absorption lines (for example, the
absorption lines in Figure 5-14). When the star is moving away
from us, its spectrum will undergo a shift to longer wavelengths.
When the star is approaching, there will be a shift of the spectrum
to shorter wavelengths (see Figure 5-26).
These shifts in color are represented by the red and blue colors
used for the starlight in Figure 8-17c. These wavelength shifts are
very small because the star’s motion around its orbit is quite slow. As
an example, the Sun moves around its small orbit at only 12.5 m/s
(45 km/h, or 28 mi/h)—slow enough that someone could beat the
Sun on a fast bike ride! If the Sun were moving directly toward an
observer at this speed, the hydrogen absorption line at a wavelength
of 656 nm in the Sun’s spectrum would shift by only about 1 part
in 25 million. Detecting these tiny shifts requires extraordinarily
careful measurements and painstaking data analysis.
animation
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FIGU RE 8-18
Discovering Planets from a Star’s Wobble: 51 Pegasi As a star
wobbles, it moves toward us and away from us, with a varying radial
velocity that is measured through the Doppler shift. The shape of the curve
indicates the planet’s semimajor axis and also the planet’s mass. However, the
planetary mass is actually a minimum mass because an orbital plane tilted
out of our line of sight would require an even larger mass to produce the
observed Doppler shift.

In 1995, the radial velocity method was used to discover a
planet orbiting the star 51 Pegasi, which is 47.9 light-years away
(see Figure 8-18). For the very first time, solid evidence had been
found for a planet orbiting another star like our Sun. Since that
groundbreaking discovery, techniques have advanced to the point
that we can now measure stars that move slower than we walk.
These improvements have led to the discovery of nearly 600 exoplanets using the radial velocity method.
The radial velocity method also has a significant drawback.
Naturally, we are interested in discovering Earth-sized exoplanets
at orbital distances similar to our own. However, to generate a
large enough radial velocity to be detected, exoplanets need to be
quite massive and must be orbiting close to their star (Figure 8-19).
To detect exoplanets more similar to Earth, we need to use the
method discussed next.

Detection Based on the Transit Method
While the radial velocity method was the first technique
used to find exoplanets, the transit method has been the
most successful, both in finding the most planets and in
determining many of their physical properties. Even better, the
transit method can discover terrestrial Earth-sized planets far
enough away from their star that temperatures might be just right
for water to be stable in the liquid state.
The transit method takes advantage of the rare situaanimation
8-8
tion in which a planet passes between us and its parent
star, an event called a transit. Similar to a partial solar
eclipse (Section 3-5), a planet passing in front of a star during
animation
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A Selection of Extrasolar Planets This
figure summarizes what we know about planets
orbiting a number of other stars. The star name
is given at the left of each line. Each planet is
shown at its average distance from its star (equal
to the semimajor axis of its orbit), and some stars
are found with multiple planets. The mass of
each planet—actually a lower limit—is given as a
multiple of Jupiter’s mass (MJ), equal to 318 Earth
masses. Comparison with our own solar system
(at the top of the figure) shows how closely many
of these extrasolar planets orbit their stars—many
planets about the size of Jupiter orbit closer to
their star than Mercury does to our Sun! Due
to higher temperatures closer to the Sun, many
of these exoplanets are called “hot Jupiters.”
However, the radial velocity method detects large
close-in planets most easily, and if all planets
could be detected, the majority would be smaller
and farther away. (Adapted from the California and
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(b) When the planet transits the star, some light
from the star passes through the planet’s
atmosphere on its way to us.
• The additional absorption features in the star’s
spectrum reveal the composition of the planet’s
atmosphere.

(a) When the planet transits (moves in front
of) the star, it blocks out part of the star’s
visible light.
• The amount of dimming tells us the
planet’s diameter.

Orbit of planet HD 209458b
(shown to scale)
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(c) When the planet moves behind the
star, the infrared glow from the planet’s
surface is blocked from our view.
• The amount of infrared dimming tells
us the planet’s surface temperature.

FIGU RE 8-20
A Transiting Extrasolar Planet If the orbit of an extrasolar planet is

209458, we can learn about the planet’s (a) diameter, (b) atmospheric
composition, and (c) surface temperature.

its orbit causes a small and repeating dimming of the star’s light
(Figure 8-20). For a transit to be seen, the orbit must be nearly
edge on to our line of sight. While only 1% of exoplanets are
expected to have this ideal orbital orientation, with over 200
billion stars in our galaxy, there are plenty of transits to observe.
To find Earth-sized exoplanets, and many other types as well,
NASA launched the Kepler spacecraft in 2009 to search for transits among 145,000 stars. Figure 8-21 illustrates two Earth-sized
exoplanets detected by Kepler; many more have been discovered.
Kepler is so sensitive that it can detect transit-caused dips in brightness of 0.01%. Despite mechanical failures that altered the original
mission plan, Kepler has found over 2330 confirmed exoplanets
(as of this writing).
Furthering searches based on the transit method, NASA’s
TESS and ESA’s CHEOPS are expected to launch in 2018. TESS
is designed to monitor about 500,000 stars for transits, while
CHEOPS will analyze known transits in detail to accurately determine each exoplanet’s radius.

Determining Physical Properties of Exoplanets

nearly edge on to our line of sight, like the planet that orbits the star HD
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In our own solar system, Jupiter is more than 28 times larger
than Mercury, yet it is only one-quarter as dense. Venus has a
scorching hot and toxic atmosphere, whereas Earth’s temperature
supports liquid water and it has an oxygen-rich atmosphere. To
search for Earthlike planets—and to understand if our solar system
represents a typical planetary system—we need to be able to determine the physical properties of exoplanets. This process begins by
determining orbital properties such as period and distance.
•

Orbital period. Most methods of detecting planets provide
direct information about the orbital period. This is no
coincidence! Repeating patterns in the brightness or motions
of a star are good indications that a planet (or more than
one) is there. For example, detections based on changes in
position, or the wobble of the star, directly observe how long
it takes for the star to go through one complete wobble. Since
the star’s wobble is produced by the gravitational tug of

5/18/18 5:00 PM

Comparative Planetology II: The Origin of Our Solar System

Kepler-20e

Venus

Earth

231

Kepler-20f

FIGU RE 8-2 1
Earth-Sized Exoplanets Kepler-20 is a star with five known exoplanets.
The exoplanets Kepler-20e and Kepler-20f are illustrated in comparison
to Earth and Venus. Kepler-20e (at 0.05 au) has a radius just 0.87 times

smaller than Earth, while Kepler-20f (at 0.1 au) is 1.03 times larger than Earth.
However, these objects orbit extremely close to their star and are much too
hot for liquid water to be present on their surfaces. (NASA/Ames/JPL-Caltech)

a planet, this observation gives a direct measurement of the
planet’s orbital period. Likewise, the radial velocity method
produces graphs like Figure 8-18, which reveal the planet’s
orbital period—the time it takes for the star’s wobble to
repeat. In Figure 8-20a, you can see that the transit method
would also reveal the planet’s orbital period as the time
between successive dips in the brightness of the host star.
•

Orbital distance. Once a planet’s orbital period p is known
(from any of the methods above), the average orbital distance
a can be found using Newton’s form of Kepler’s third law
(from Section 4-7):
p2 5 c

4p2
d a3
G1mstar 1 mplanet 2

However, we need to consider the masses in the denominator.
First, we can safely assume that the planet’s mass is much
smaller than the star’s mass and simply ignore mplanet. Then,
the star’s mass can be determined from other methods
covered later in Chapter 17 (the mass-luminosity relation).
With this information, the equation can be solved for the
average orbital distance a.
•

to the line of sight to the star. Imagine the star and its planet
as a distant clock, with the star at the center and the planet at
the tip of the second-hand arm as it circles around. With the
clock oriented face on in this way, the tug-induced wobble of
the star at the center would remain in the plane of the clock,
never directed toward or away from you, and thus would not
produce any Doppler shift.
Conversely, if the clock were oriented edge on to your
line of sight so that you couldn’t even see the clock’s face, the
observed Doppler shift of the star would be the maximum
that this star-planet system could produce. When we don’t
know the orientation of the unseen planet’s orbit, we can do
the calculations as if the orbital plane is edge on, but that only
gives us a lower limit to the planet’s mass, since even more
mass would be required to produce a given Doppler shift if
the plane of the wobble is tilted away from us. Fortunately,
the thousands of planets discovered by the transit method
all have to have edge on orbits for a transit to occur! For
these planets, after doing follow-up measurements of their
Doppler shifts, we have precise determinations of planetary
masses.

Planetary mass. For a given orbital distance (as determined
above), a larger planetary mass will produce a larger wobble
of the star, because the wobble of the star is produced by
the gravitational tugs from the planet. The radial velocity
method measures these gravitational tugs in Doppler shifts
of the star’s spectrum. From these shifts, the star’s velocity
as it moves toward and away from us can be inferred, after
which the equations that describe orbiting bodies can be
solved to determine the unseen planet’s mass. However, there’s
a subtlety here: The Doppler shift only results from motion
along your line of sight. Depending on the planetary system’s
orientation with respect to Earth, we might be observing
an orbital plane exactly edge on, nearly perpendicular,
or somewhere in between—with no way of knowing the
orientation direction from the Doppler shift method.
To understand the effects of this uncertainty, first consider
a case where the unseen planet’s orbital plane is perpendicular
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•

Planetary size. During a transit, the larger the planet, the
more of the star’s disk it covers and the greater the dip
in starlight (see Figure 8-20a). To turn this effect into a
numerical value, you first determine the size of the star using
methods described later in Chapter 17. Then, the planet’s
radius can be determined by the size of the starlight dip
during the transit.

•

Planetary density. The average density of any object is its
mass divided by its volume. A planet’s volume is easily
computed once you know its radius (from V 5 43 pr3), and
methods for determining a planet’s radius and mass have
already been described. Knowing the density can quickly
tell you if a planet is a low-density gas giant like our jovian
planets or a dense rocky planet like Earth.

•

Planetary temperature. Consider the orbit of the transiting
planet in Figure 8-20c. When the planet is behind the star,
any light emitted by the planet is blocked out. But what light
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from the planet would this be? Recall that every object with
a temperature emits blackbody radiation, and for planets
this is infrared radiation. By watching the infrared emission
go up and down very slightly during the planet’s orbit, we
can isolate the portion that is coming from the planet and
determine the planet’s temperature. In the absence of this
difficult measurement, we can still estimate a temperature
for any planet simply based on the orbital distance to its star.
This is quite accurate if the planet has no atmosphere, but
atmospheric gases such as water or methane would lead to
higher temperatures (as we will see in Chapter 9, these are
called greenhouse gases.)
•

Planetary atmosphere. Learning about a planet’s atmosphere
is very important in assessing its suitability for life, but also
very difficult. Once again, we turn to the transit method,
which offers the opportunity to collect a spectrum as
illustrated in Figure 8-20b. While the body of the planet
blocks the starlight behind it, a thin atmosphere, if present,
adds absorption lines to the star’s spectrum. The physical
scenario is accurately described by Kirchhoff’s third law at the
top of Figure 5-17, where in this case the “Hot blackbody” is
the star, and the “Cloud of cooler gas” is the thin atmosphere
around the planet. The resulting absorption spectrum is a
unique spectral fingerprint of the atoms and molecules (and
their concentrations) that make up the atmosphere.

The planet that orbits the star HD 209458 in Figure 8-20 was
the first transiting exoplanet to be discovered; it is a good example
of the physical properties that can be determined for exoplanets.
The mass of this planet is 0.69 times that of Jupiter, but its diameter is 1.32 times larger. Hence, this lower-mass, larger-volume
planet has only one-quarter the density of Jupiter. Because this
planet, called HD 209458b, orbits just 0.047 au from its star, its
surface temperature is a torrid 1130 K (860°C, or 1570°F)—about
twice the temperature needed to melt lead! Thanks to its large
mass, extended radius, and close orbit, this planet is known as
a hot Jupiter. Observations of the spectrum during a transit of
this hot Jupiter reveal the presence of hydrogen, carbon, oxygen,
sodium, and possibly water—all in a planetary atmosphere that is
literally evaporating away in the intense starlight. Discoveries such
as these provide insights into the exotic circumstances that can be
found in other planetary systems.

What Have We Discovered?
What do we find in these other solar systems? The planet orbiting
51 Pegasi has a mass of at least 0.47 times that of Jupiter and orbits
only 0.052 au away from its star, with a very short orbital period
of just 4.23 days. Transferred to our own solar system, this planet
would orbit about 7 times closer to the Sun than Mercury! In fact,
as shown in Figure 8-18, most of the extrasolar planets discovered
by the radial velocity method have large masses (comparable with
Jupiter) and also orbit very close to their stars. Why are there so
many? This strange result is an example of a selection effect, where
an observational technique is more likely to detect some systems
and not others. For example, very massive planets that also have
very close orbits tug on their stars to a greater degree, creating a
larger Doppler shift. With the radial velocity method, it is hence
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much easier to detect this type of extrasolar system—and that
shows in the numbers. Overall, hot Jupiters form a minority of
exoplanets, but, due to the selection effect of the radial velocity
method, they were the most common exoplanet discovered until
Kepler’s discoveries using the transit method.
Hot Jupiters like HD 209458b and 51 Pegasi b orbit so close to
their stars that the star’s intense light must produce temperatures
high enough to melt lead. These high temperatures also present
a mystery. According to the picture of our own solar system’s
formation (Section 8-5), jovian planets would be expected to
have formed relatively far from their stars, where low temperatures permit ices to form. The abundance of extra solid material
available for planet building would then allow the protoplanet
to grow quickly and attract a massive envelope of hydrogen and
helium gas. As Figure 8-18 shows, many extrasolar planets are hot
Jupiters orbiting very close to their stars, which contradicts this
picture.
Another surprising result is that many of the extrasolar planets
found so far have noncircular orbits with very large eccentricities
(see Figure 4-10b). As an example, the planet around the star 16
Cygni B has an orbital eccentricity of 0.67; its distance from the
star varies between 0.55 au and 2.79 au. This eccentricity is quite
unlike planetary orbits in our own solar system, where no planet
has an orbital eccentricity greater than 0.2. Recall that solar system formation according to the nebular hypothesis begins with
matter mostly in circular motion. Therefore, to explain the highly
eccentric exoplanet orbits requires some phenomena different than
our understanding of our own solar system’s formation.
Do these observations mean that our picture of how planets
form is incorrect? If Jupiterlike extrasolar planets such as 51 Pegasi
b formed close to their stars, their formation processes might have
been very different from those that produced our solar system.
But another possibility is that extrasolar planets actually did
form at large distances from their stars, just like our jovian planets,
and later migrated inward after their formation. Recall that in the
Grand Tack model of our solar system formation (Section 8-6),
Jupiter migrates inward (although to a much lesser extent than the
extreme migration implied by these hot Jupiters).
This mystery has fueled extensive computer modeling, which
indicates that Jupiter-sized planets can indeed migrate to orbits
very close to their stars. In simulations, this migration is due to
interactions with the disk of gas and dust (formed from the solar
nebula) in cases where the planet forms and migrates before the
gas is dispersed (either blown away by intense radiation from the
star or gathered up by forming planets).
Simulations even suggest that planets can migrate all
animation
8-6
the way inward without stopping, ultimately getting
swallowed by the central star. One piece of evidence
that young planets may sometimes spiral into their parent stars is
the spectrum of the star HD 82943, which has at least two planets
orbiting it currently. The spectrum shows that this star’s atmosphere contains a rare form of lithium that is found in planets but
is very rare in stars, because it is destroyed by nuclear reactions
within 30 million years. The presence of this exotic form of lithium,
known as 6Li, indicates that in the past HD 82943 was orbited by
at least one other planet. It is thought that this planet was consumed by the star when it spiraled too close, leaving behind a 6Li
smoking gun in the star’s atmosphere.
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Are exoplanets intriguingly rare in a galaxy that contains over
200 billion stars? Not at all, as estimates indicate that over 70%
of stars have at least one planet, with the most typical planet being
about twice the size of Earth. When the selection effects of exoplanet detection are taken into account, we can calculate what the
true average exoplanet system looks like in our galaxy. Compared
to our solar system, exoplanet systems tend to orbit closer to their
stars and have higher eccentricities.
One of the most exciting multiplanet systems discovered is
TRAPPIST-1 (Figure 8-22a). This system contains seven Earthsized exoplanets, more than any other discovered so far. The star
is a cool red dwarf, is only 8% the mass of our Sun, and is just
under half the temperature of the Sun. These planets would be very
cold if they orbited at 1 au like our Earth. However, the largest
orbit (that of TRAPPIST-h) is only 6% of Earth’s orbital distance,
and all seven planets orbit their star closer than Mercury orbits
our Sun. Because the star is so faint, the farthest planet is likely
cold enough to freeze any water on its surface, while any water
on the closest planet would quickly boil away. However, models
of possible conditions on three of the planets (e, f, and g) produce
temperatures that allow for liquid water. Earth-sized planets that
could have liquid water are of tremendous interest in our search
for planets suitable for life, and we discuss them next.
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The Search for Earth-Sized Planets
in the Habitable Zone
The ultimate goal of planetary searches is to find planets with
conditions suitable for life and, if possible, to search for alien
life. Since we do not know what conditions would be required
for some unknown form of alien life, we focus on two properties:
liquid water and planetary size. We assume that liquid water significantly improves the chances that a planet could support life.
Even the most exotic forms of life on Earth require liquid water,
and many biochemists argue that an alien life-form based on some
alternative biochemistry would probably still require liquid water.
Fortunately, as you can see in Figure 8-4, hydrogen and oxygen
are the first and third most abundant atoms in the universe. Since
these atoms spontaneously bond together, water is fairly common
in the universe. Most of the universe is too cold or too hot for
these molecules to exist in the liquid state, so conditions need to
be “just right.”
A rocky planet in the so-called habitable zone of a stellar system might have liquid water on its surface (Figure 8-22b). In the
habitable zone, a planet is close enough to its star—a direct source
of heat—to melt water ice, yet not close enough to boil the water
away. But the habitable zone is only a rough guide; p
 lanetary
greenhouse gases and other conditions can warm up a cold planet

(a)

(b)

FIGU RE 8-2 2
TRAPPIST-1 Exoplanets and the Habitable Zone This illustration
compares the presently known properties of the star’s seven exoplanets to
our four terrestrial planets orbiting the Sun. (a) Illustrations of the seven
planets are labeled b through h in order of the distance from their star,
named TRAPPIST-1. In galactic terms, this star system is very close at only
40 light-years away, making additional observations much easier. (b) Three
of the exoplanets, TRAPPIST-1 e, f, and g, could be in the so-called habitable
zone—shaded in green for both systems—where the planets’ distance from
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their star and models of possible atmospheric greenhouse gases could result
in temperatures compatible with liquid water, and thus, conditions possibly
suitable for life. For TRAPPIST-1 f and g, even greenhouse gases are not likely
to create enough warming for liquid water to be present on their surfaces.
However, the same tidal forces that keep our Moon facing Earth could keep
one side of these exoplanets facing their star to create enough warmth to
allow liquid water. (NASA)
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FIGU RE 8-2 3
Potentially Habitable Exoplanets Each of

these exoplanets is in the habitable zone around its
star. These exoplanets are ranked by how similar they
might be to Earth, given by the number below them
in the square brackets, which is based on both the
size of the planet and the distance to its star. Thus,
Earth has a value of [1.00], and Proxima Cen b might
be similar to Earth with a value of [0.87]. These
values do not include the effects of a possible planetwarming atmosphere that might be discovered
with additional observations, nor the effects of
atmosphere-depleting stellar winds for exoplanets
close to their stars. (PHL@UPR Arecibo (phl.upr.edu)

Nov 15, 2017)

or even (as in the case of Venus) warm it so much that any water
boils away. Furthermore, as in the case of Jupiter’s Europa and
other moons (which are far beyond our habitable zone), tidal
forces can warm up an icy moon to support liquid water in a subsurface ocean. Therefore, the habitable zone neither guarantees,
nor excludes, liquid water on a planet or moon.
In addition to an ideal range of orbital distances, we also seek
planets that are rocky and roughly “Earth sized.” As in the case of
Mars (discussed later in Chapter 11), small planets can lose their
heat too quickly, ultimately leading to a loss of their atmosphere
and the conditions required to maintain liquid water. Planets that
are too large also seem less likely to support life. For radii larger
than about 1.6 REarth, planets begin to retain thick atmospheres,
and, rather than having a distinct rocky surface, transition to have
a more gradual change in density with depth. Life is not ruled out
on these larger planets lacking a solid surface, but we exclude them
from lists of Earthlike planets. Taking a planet’s size and distance
from its star into account, Figure 8-23 ranks the best candidates
for habitable planets at the time of this writing.
Within our galaxy, how many Earth-sized planets could we
expect to orbit in a habitable zone? This question was answered
only recently with the Kepler telescope. If we consider exoplanets
with a radius between 1 and 1.6 times Earth’s, and only those
orbiting stars like our Sun, there should be a whopping 1 billion
exoplanets in habitable zones! If you include stars as cool as half
our Sun’s temperature, there are about 14 billion Earth-sized
exoplanets in habitable zones. Roughly speaking, about one in

five stars in our galaxy should have an Earth-sized exoplanet in a
habitable zone!
With so many stars in habitable zones, the search for life is in
full swing. Unfortunately, even with recent technological advances,
we do not expect to be able to directly observe life on even the
nearest exoplanets any time soon. However, we might observe a
signature byproduct of some forms of life. For example, oxygen
is considered a “biosignature” if found in large quantities within
an atmosphere. Here on Earth, oxygen makes up 21% of our
atmosphere and mostly originated from photosynthesis in oceanic
microbes. Other than life, there is no known mechanism to produce
that much atmospheric oxygen, so it would be a strong piece of evidence (though not proof) for life on another planet. If we get lucky
and there is a nearby exoplanet with a thick oxygen-rich atmosphere, we could detect it with the James Webb Space Telescope
(JWST), expected to launch in late 2018. While the discovery of an
oxygen-rich atmosphere may require the next generation of telescopes following JWST, humanity is entering a truly unique time
when we could find strong indications of life around another star!

CONCEPT CHECK 8-12
Why will the radial velocity method fail to discover an
extrasolar planet if the plane of the extrasolar planet’s orbit
is oriented perpendicular to the line between Earth and the
wobbling star?
Answer appears at the end of the chapter.

KEY WORDS
Term preceded by an asterisk (*) is discussed in Box 8-1.
accretion, p. 000
astrometric method (for
detecting extrasolar planets),
p. 000
atomic number, p. 000
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center of mass, p. 000
chemical differentiation,
p. 000
condensation temperature,
p. 000

conservation of angular
momentum, p. 000
core accretion model, p. 000
exoplanet, p. 000
extrasolar planet, p. 000

Grand Tack model, p. 000
habitable zone, p. 000
*half-life, p. 000
hot Jupiter, p. 000
interstellar medium, p. 000
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Kelvin–Helmholtz contraction,
p. 000
Late Heavy Bombardment,
p. 000
meteorite, p. 000
migration, p. 000
nebular hypothesis, p. 000

nebulosity, p. 000
Nice model, p. 000
orbiting, p. 000
planetesimal, p. 000
protoplanet, p. 000
protoplanetary disk, p. 000
protosun, p. 000

radial velocity method (for
detecting extrasolar planets),
p. 000
radioactive dating, p. 000
radioactive decay, p. 000
selection effect, p. 000
snow line, p. 000
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solar nebula, p. 000
transit, p. 000
transit method (for detecting
extrasolar planets), p. 000

KEY IDEAS
(a) A diffuse, roughly spherical, slowly
rotating nebula begins to contract.

The Solar Nebula and Its Evolution: The chemical composition
of the solar nebula, by mass, was 98% hydrogen and helium
(elements that formed shortly after the beginning of the universe)
and 2% heavier elements (produced much later in the centers
of stars and cast into space when the stars died). The heavier
elements were in the form of ice and dust particles.
• The nebula flattened into a disk in which all the material
orbited the center in the same direction, just as do the
present-day planets.

(b) As a result of contraction and rotation, a flat, rapidly
rotating disk forms. The matter concentrated at the
center becomes the protosun.
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Formation of the Planets and Sun: The terrestrial planets, the jovian planets,
and the Sun followed different pathways to formation.
• The four terrestrial planets formed through the accretion of rock and
metal dust grains into planetesimals, then into
larger protoplanets.
• Closer to the Sun—inside the snow line—water could not freeze into
ice to help build larger planets. With rocks and metals making up only
a small fraction of mass throughout the nebula, the terrestrial planets
made from these materials in the inner solar system are small.
• Jovian planets form beyond the snow line, where ices of water and
methane contribute to make larger cores as these planets form. These
larger cores can then attract copious amounts of hydrogen and helium
gas, becoming large jovian planets.
• Gravitational interactions between the jovian planets and a gaseous
disk, and much later with a disk of planetesimals, lead to planetary
migration. These migrations can explain the small size of Mars, the
composition of the asteroid belt, the locations of the jovian planets,
aspects of the Kuiper belt and Oort cloud, and even account for a Late
Heavy Bombardment.
• The Sun formed by gravitational contraction of the center of the
nebula. After about 108 years, temperatures at the protosun’s center
became high enough to ignite nuclear reactions that convert hydrogen
into helium, thus forming a true star.

Temperature (K)

The Nebular
Hypothesis: The most
successful model of
the origin of the solar
system is called the
nebular hypothesis.
According to this
hypothesis, the solar
system formed from
a cloud of interstellar
material called the
solar nebula. This
occurred 4.54 billion
years ago (as determined by radioactive
dating).

20
0.1

0.2
0.5 1.0 2.0
5.0 10 20 40
Distance from center of solar nebula (au)

Protosun

Beyond the snow line, where water freezes,
ices add to planet-building material, leading
to the large jovian planets.
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Extrasolar Planets: Astronomers have discovered many planets orbiting other stars.
• Many of these planets are detected by the “wobble” of the stars around which they orbit. The
radial velocity method detects this wobble through Doppler shifts. The astrometric method
directly observes a star’s change in position as it wobbles.
• Many extrasolar planets have been discovered by the transit method, and a lesser number by
direct imaging.
• Most of the extrasolar planets discovered to date are quite massive and have orbits that are very
different from planets in our solar system. This is expected because big planets close to stars
are easier to detect. We are just beginning to detect Earth-sized planets at distances that might
allow liquid water on their surfaces.

N
E

NASA/NRC-HIA, Christian Marois, Keck Observatory and ESO/VLT/NACO
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Star 2M1207

distance = 55 au
Planet 2M1207b

QUESTIONS
Problem-solving tips and tools
The volume of a disk of radius r and thickness t is πr2t. Box 1-1
explains the relationship between the angular size of an object
and its actual size. An object moving at speed v for a time t
travels a distance d 5 vt; Appendix 6 includes conversion factors between different units of length and time. To calculate the
mass of 70 Virginis or the orbital period of the planet around
2M1207, review Box 4-4. Section 5-4 describes the properties
of blackbody radiation.

6. (a) If Earth had retained hydrogen and helium in the same
proportion to the heavier elements that exist elsewhere in
the universe, what would its mass be? Give your answer
as a multiple of Earth’s actual mass. Explain your reasoning. (b) How does your answer to (a) compare with the
mass of Jupiter, which is 318 Earth masses? (c) Based on
your answer to (b), would you expect Jupiter’s rocky core
to be larger, smaller, or the same size as Earth? Explain your
reasoning.

Section 8-3
Section 8-1
1. Describe three properties of the solar system that are thought
to be a result of how the solar system formed.

Section 8-2
2. The graphite in your pencil is a form of carbon. Where were
these carbon atoms formed?
3. What is the interstellar medium? How does it become enriched over time with heavy elements?
4. What is the evidence that other stars existed before our Sun
was formed?
5. Figure 8-4 shows that carbon, nitrogen, and oxygen are among
the most abundant elements (after hydrogen and helium). In
our solar system, the atoms of these elements are found primarily in the molecules CH4 (methane), NH3 (ammonia), and
H2O (water). Explain why you suppose this is.
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7. How do radioactive elements make it possible to determine
the age of the solar system?
8. What are the oldest objects that have been found in the solar
system?
9. Consider a 4.54 3 109 year old meteorite. Are the atoms
in that meteorite—which were created in stars—4.54 3 109
years old? Explain your reasoning.
10. Box 8-1 The half-life for uranium-238, discussed in Box
8-1, is 4.5 billion years. There is plenty of uranium-238 in
Earth, and much of Earth’s heat comes from the radioactive
decay of this isotope. Compared to today, about how much
more uranium-238 was there when Earth formed? (Hint:
See Box 8-1.)
11. Box 8-1 If you start with 0.80 kg of radioactive potassium
(40K), how much will remain after 1.3 billion years? After 2.6
billion years? After 3.9 billion years? How long would you
have to wait until there was no 40K remaining?
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12. Box 8-1 Three-quarters of the radioactive potassium (40K)
originally contained in a certain volcanic rock has decayed
into argon (40Ar). How long ago did this rock form?

Section 8-4
13. What is the tidal hypothesis? What aspect of the solar system was it designed to explain? Why was this hypothesis
rejected?
14. What is the nebular hypothesis? Why is this hypothesis
accepted?
15. What was the protosun? What caused it to shine? Into what
did it evolve?
16. Why is it thought that the solar nebula developed into a
rotating disk?
17. What are protoplanetary disks? What do they tell us about
the plausibility of our model of the solar system’s origin?
18. Suppose you were to use the Hubble Space Telescope to monitor one of the protoplanetary disks shown in Figure 8-8b.
Over the course of 10 years, would you expect to see planets
forming within the disk? Why or why not?
19. The protoplanetary disk at the upper right of Figure 8-8b
is seen edge on. The diameter of the disk is about 700 au.
(a) Make measurements on this image to determine the
thickness of the disk in au. (b) Explain how this disk must
have changed over time to get to this state.
20. The image accompanying Question 52 shows a dark, opaque
disk of material surrounding the young star IRAS 04302+2247.
The disk is edge on to our line of sight, so it appears as a dark
band running vertically across this image. The material to the
left and right of this band is still falling onto the disk. (a) Make
measurements on this image to determine the diameter of the
disk in au. Use the scale bar at the lower left of this image. (b)
If the thickness of the disk is 50 au, find its volume in cubic
meters. (c) The total mass of the disk is perhaps 2 3 1028 kg
(0.01 of the mass of the Sun). How many atoms are in the
disk? Assume that the disk is all hydrogen. A single hydrogen
atom has a mass of 1.673 3 10–27 kg. (d) Find the number of
atoms per cubic meter in the disk. Is the disk material thick
or thin compared to the air that you breathe, which contains
about 5.4 3 1025 atoms per cubic meter?

Section 8-5
21. What is meant by a substance’s condensation temperature?
What role did condensation temperatures play in the formation of the planets?
22. At distances within the snow line, what is the state of water
(solid, liquid, or gas)? How does this affect the formation of
terrestrial planets?
23. What is a planetesimal? How did planetesimals give rise to
the terrestrial planets?
24. (a) What is meant by accretion? (b) Why are the terrestrial
planets denser at their centers than at their surfaces?
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Section 8-6
25. If hydrogen and helium account for 98% of the mass of all
the atoms in the universe, why aren’t Earth and the Moon
composed primarily of these two gases?
26. Why did the terrestrial planets form close to the Sun while
the jovian planets formed far from the Sun?
27. How did the jovian planets form?
28. In the Grand Tack model, why is Mars much smaller than
Earth or Venus?
29. How does the Grand Tack model help us understand the
composition of the asteroid belt?
30. Why do we think that Neptune must have formed closer to the
Sun, and later migrated outward to its present position?
31. In the Nice model of the jovian planets, which planet migrates
more, Jupiter or Neptune?
32. In the Nice model, how does the Oort cloud and the Kuiper
belt form?
33. What is the Late Heavy Bombardment? How does the Nice
model explain this event?
34. Explain why most of the satellites of Jupiter orbit that planet
in the same direction that Jupiter rotates.
35. Propose an explanation for why the jovian planets are orbited by terrestrial-like satellites.

Section 8-7
36. What is the radial velocity method used to detect planets orbiting other stars? Why is it difficult to use this method to
detect planets like Earth?
37. What type of planets and orbits are easiest to detect with
the radial velocity method? What are “hot Jupiters”? Explain
your answer.
38. Summarize the differences between the planets of our solar
system and those found orbiting other stars.
39. Is there evidence that planets have fallen into their parent
stars? Explain your answer.
40. What does it mean for a planet to transit a star? What can we
learn from such events?
41. What combination of methods are required to determine the
average density of an exoplanet? Explain your reasoning. (Hint:
The average density is the planet’s mass divided by its volume.)
42. What is so special about the habitable zone? Is every planet
in this zone like Earth?
43. A 1999 news story about the discovery of three planets orbiting the star Upsilon Andromedae (“Ups And” is near the top
of stars listed in Figure 8-19) stated that “the newly discovered galaxy, with three large planets orbiting a star known
as Upsilon Andromedae, is 44 light-years away from Earth.”
What is wrong with this statement?
44. The planet discovered orbiting the star 70 Virginis (70Vir is
near the middle of the stars listed in Figure 8-19), 59 light-years
from Earth, moves in an orbit with semimajor axis 0.48 au and
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eccentricity 0.40. The period of the orbit is 116.7 days. Find the
mass of 70 Virginis. Compare your answer with the mass of the
Sun. (Hint: The planet has far less mass than the star.)
Because of the presence of Jupiter, the Sun moves in a small
orbit of radius 742,000 km with a period of 11.86 years.
(a) Calculate the Sun’s orbital speed in meters per second.
(b) An astronomer on a hypothetical planet orbiting the star
Vega, 25 light-years from the Sun, wants to use the astrometric
method to search for planets orbiting the Sun. What would be
the angular diameter of the Sun’s orbit as seen by this alien
astronomer? Would the Sun’s motion be discernible if the alien
astronomer could measure positions to an accuracy of 0.001
arcsec? (c) Repeat part (b), but now let the astronomer be
located on a hypothetical planet in the Pleiades star cluster,
360 light-years from the Sun. Would the Sun’s motion be discernible to this astronomer?
(a) Figure 8-20c shows how astronomers determine that the
planet of HD 209458 has a surface temperature of 1130 K.
Treating the planet as a blackbody, calculate the wavelength
at which it emits most strongly. (b) The star HD 209458 itself has a surface temperature of 6030 K. Calculate its wavelength of maximum emission, assuming it to be a blackbody.
(c) If a high-resolution telescope were to be used in an attempt to record an image of the planet orbiting HD 209458,
would it be better for the telescope to use visible or infrared
light? Explain your reasoning.
(a) The star 2M1207 shown in Figure 8-16b is 170 lightyears from Earth. Find the angular distance between this star
and its planet as seen from Earth. Express your answer in
arcseconds. (b) The mass of 2M1207 is 0.025 that of the
Sun; the mass of the planet is very much smaller. Calculate
the orbital period of the planet, assuming that the distance
between the star and planet shown in Figure 8-16b is the
semimajor axis of the orbit. Is it possible that an astronomer
could observe a complete orbit in one lifetime?
Suppose that a planetary system is now forming around
some protostar in the sky. In what ways might this planetary
system turn out to be similar to or different from our own
solar system? Explain your reasoning.
Suppose astronomers discovered a planetary system in which
the planets orbit a star along randomly inclined orbits. How
might a theory for the formation of that planetary system
differ from that for our own?

General Problems
50. Why are terrestrial planets smaller than jovian planets?
51. Explain how our current understanding of the formation of
the solar system can account for the following characteristics of the solar system: (a) All planetary orbits lie in nearly
the same plane. (b) All planetary orbits are nearly circular.
(c) The planets orbit the Sun in the same direction in which
the Sun itself rotates.
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52. The accompanying infrared image shows IRAS 04302+2247,
a young star that is still surrounded by a disk of gas and
dust. The scale bar at the lower left of the image shows that
at the distance of IRAS 04302+2247, an angular size of 2
arcseconds corresponds to a linear size of 280 au. Use this
information to find the distance to IRAS 04302+2247.
N
E
(Courtesy of D. Padgett and W. Brandner, IPAC/
Caltech; K. Stapelfeldt, JPL; and NASA)
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WEB/EBOOK QUESTIONS
53. Search the internet for information about recent observations of protoplanetary disks. What insights have astronomers gained from these observations? Is there any evidence
that planets have formed within these disks?
54. In 2000, extrasolar planets with masses comparable to that
of Saturn were first detected around the stars HD 16141
(also called 79 Ceti) and HD 46375. Search the internet
for information about these “lightweight” planets. Do these
planets move around their stars in the same kind of orbit as
Saturn follows around the Sun? Why do you suppose this
is? How does the discovery of these planets reinforce the
model of planet formation described in this chapter?
55. In 2006, a planet called XO-1b was discovered using the
transit method. Search the internet for information about
this planet and how it was discovered. What unusual kind
of telescope was used to make this discovery? Have other
extrasolar planets been discovered using the same kind of
telescope?

ACTIVITIES
Starry Night™ Explorations
56. Use Starry Night™ to make observations of the different components of the solar system. Select Favorites > Explorations >
Solar System. The view shows the orbits of the major planets
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of the solar system against the backdrop of the stars of the
Milky Way Galaxy, from a location 64 au from the Sun.
(a) Use the location scroller to look at the solar system
from different angles and observe the general distribution and motion of the major planets. Make a list of
your observations.
(b) To examine the inner solar system in more detail, zoom
in to fill the screen with Jupiter’s orbit and reduce the
time step to 1 day. The many smaller objects moving in
the region between the orbits of Mars and Jupiter are the
asteroids in the asteroid belt. Open the Planets panel and
expand Our Solar System > Main Belt Asteroids. Click
the radio button beside the names of a sample of asteroids
in the list to show their orbits in the view. Use the location
scroller to examine the shape and inclination of these
orbits. How do these characteristics differ from those of
the planets?
(c) Select Favorites > Explorations > Solar System-dwarf planets to show the locations and orbits of several of the outer
dwarf planets such as Pluto. Use the location scroller to
examine these orbits. Describe why you think these objects
are not assigned to the planets category but rather to this
separate dwarf planets grouping within our solar system.
(d) How does the nebular hypothesis of solar system formation account for your observations?
57. Use Starry Night™ to examine stars that have planets. Very
recent observations from space and ground-based telescopes
suggest that most stars in our galaxy probably have at least
one planet. Select Favorites > Explorations > Exoplanets. The
view shows the Kepler space telescope, a spacecraft dedicated to the search for these extrasolar planets by detecting
the very small reduction in light that occurs when the planet
passes between its star and the telescope, an event known as a
transit. All the stars in the view marked with a light blue halo
are known to have at least one orbiting planet. One such star,
Tau Ceti, is labeled. Use the location scroller to look around
and judge the extent of the growth in our knowledge over
the past few years. You will note an intense concentration
of stars with exoplanets in one area, not because there are
more exoplanets in this region but because this is the selected
observing area for the Kepler space telescope.
(a) Apparent magnitude uses an “inverse” scale: The greater
the apparent magnitude, the dimmer the star. Most of
the brighter stars you can see from Earth with the naked eye have apparent magnitudes between 0 and 11,
whereas the faintest star you can see from a dark location
has an apparent magnitude of about 16. Use the HUD
to sample the apparent magnitudes of a number of the
marked stars in the view. Are most of the circled stars in
your sample visible from Earth with the naked eye? List
at least two stars that are visible to the unaided eye from
Earth and that are known to have extrasolar planets.
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(b) Select File > Revert to reset the view. Tau Ceti, a close
neighbor to our Sun, is a star with known exoplanets.
Use the HUD to find this star’s apparent magnitude. Is it
visible from Earth with the unaided eye?
(c) Careful measurements have allowed astronomers to
determine the orbits of the known planets in the Tau
Ceti system. Select Favorites > Explorations > Tau Ceti
to see the orbits of the exoplanets in the Tau Ceti system. Move the cursor to the position indicated by the
label for the central star, Tau Ceti, and use the HUD
to obtain the distance of this star from the Sun, as
well as its temperature for comparison with that of
the Sun (surface temperature 5800 K). To compare
the planets in this system to the planets orbiting the
Sun, click the info icon in each exoplanet’s label to
open an info window from which you can compile a
table of the following important planetary properties
for each exoplanet orbiting Tau Ceti: radius, mass,
semi-major axis and period of its orbit, and whether
the planet is considered to be a mesoplanet—that is,
potentially habitable. (For reference, Earth’s radius is
6400 km, masses are in units of Earth mass, Earth’s
semi-major axis is 1 au, its period is 365.26 days, and
Earth is habitable!) From your data, answer the following questions:
(i) How many of these planets are more massive than
Earth?
(ii) How many Tau Ceti planets are larger than
Earth?
(iii) How many of these planets have larger orbits than
does Earth?
(iv) How many planets have a period longer than that
of Earth?
(v) Although Tau Ceti has a similar temperature to
that of the Sun, it has a lower luminosity, or total
energy output. On this basis, would you expect
the habitable zone around this star to be larger or
smaller than that of the Sun?
(vi) On the basis of your answer in (v), do you consider
the habitability designations for the Tau Ceti
planets to be correct?

ANSWERS
ConceptChecks
ConceptCheck 8-1: No. Earth is not an exception to any of the
three properties in Table 8-1, and in fact, all the planets
are consistent with these properties.
ConceptCheck 8-2: The carbon atoms that make up much of
our human bodies and the very oxygen atoms we breathe
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were made inside of stars. Stars have made most of the
atoms other than hydrogen.

that a large, Jupiterlike planet could form would be much
farther away in a much hotter solar nebula.

ConceptCheck 8-3: Yes. Hydrogen (H) is the first most abundant element, and oxygen (O) is the third most abundant
element. Water (H 2O) is, in fact, quite common even
though it is usually frozen.

ConceptCheck 8-8: Called chemical differentiation, denser, ironrich materials migrate to the center of a planet while the
less dense, silicon-rich minerals float to the outside surface
before the initially molten planet solidifies in the early solar
system.

ConceptCheck 8-4: No. The age of a rock refers to how much
time has passed since the rock cooled and solidified. It is
not the age of the rock’s atoms, which were made in stars,
and possibly different stars at different times.
ConceptCheck 8-5: To be correct, the nebular hypothesis must
explain why all the planets orbit the Sun in the same
direction and in nearly the same plane. This arrangement
is unlikely to have arisen purely by chance.
ConceptCheck 8-6: No. Through Kelvin–Helmholtz contraction, gravitational energy is converted into heat—a lot
of heat. The protosun, which formed before nuclear
reactions began, had a surface temperature of 6000 K,
slightly higher than our present-day Sun. Thus, the solar
nebula was warmed by the protosun.
ConceptCheck 8-7: Frozen water helped to make Jupiter large
enough to hold onto hydrogen and helium. The closest
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ConceptCheck 8-9: At Neptune’s present distance, the time to
build a planet the size of Neptune is much longer than the
time that the protoplanetary disk is around.
ConceptCheck 8-10: In the Nice model, once planetary orbits
became unstable, Neptune was deflected to about twice
its original orbital distance.
ConceptCheck 8-11: Accretion refers to the gravitational accumulation of matter. Chemical bonds might, or might not,
be formed once matter has accumulated.
ConceptCheck 8-12: An extrasolar planet with an orbit that
causes a star to wobble side to side will not exhibit any
Doppler shifted spectra as seen from Earth because the
star will not be moving alternately toward and away from
Earth, and therefore the radial velocity method will fail
to detect such an orbiting extrasolar planet.
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Exoplanets

F

or thousands of years, since the time of the Greek philosophers, humans have wondered, “Do other Earths
exist?” “Are other Earths common?” “Do any have signs
of life?” There are records of Italian philosophers in the 1600s,
America’s founding fathers in the 1700s, American school children in the 1800s who believed in other worlds and life forms
on them. Today, Hollywood movies show the continuing human
desire to wonder, “What is out there?” “Who is out there?”
To our huge surprise, evidence suggests that every star in
the sky has planets. Moreover, planetary systems are incredibly
diverse. Some stars have planets the size of Earth orbiting more
than twenty times closer to their star than Mercury is to our
Sun. Blasted by radiation, such hot Earths may have liquid lava
lakes. A “circumbinary planet” orbits two suns—a planet on
which there are two shadows and two sunsets. Some planetary
systems consist of several planets tightly packed together—all
orbiting interior to where Venus should be. The most common
type of planet appears to be two to three times the size of
Earth, not only with no solar system counterpart but one whose
formation astronomers are struggling to explain. The range of
exoplanet sizes, masses, and orbits highlights that the planet
formation process is both more random and more robust than
previously thought.
Despite the discovery of thousands of exoplanets, we
know relatively little about most of them, beyond their sizes
or masses and orbits. To learn more, we want to know what
the planet is made of, including both the planet interior and
atmosphere.

Driving the field of exoplanets is the key question “Do
any exoplanets have the right conditions to support life?” The
answer is, “We do not know—yet.” The first step is the search
for planets in the host star’s habitable zone, the region around
a star where a planet with a thin atmosphere heated by the star
could have surface temperatures not too hot, not too cold, but
just right for life. Because all life on Earth requires liquid water,
a suitable surface temperature for life is synonymous with a
suitable surface temperature for supporting liquid water.
While dozens of planets in their host star’s habitable zone
are known, there is no guarantee that any of them actually have
a suitable surface temperature for liquid water. This is because
of the unknown properties of the atmosphere—we do not know
what sets the mass and composition of a planet atmosphere.
Like a suffocating blanket, a massive atmosphere would trap
heat, making the surface far warmer than a comparable planet
with a thin atmosphere. For example, with current exoplanet
discovery techniques, both Venus and Earth would appear to
be the same size and mass, and both estimated to be in the habitable zone of the Sun. Yet, Venus is completely hostile to life,
owing to a massive atmosphere with a high carbon dioxide content, leading to a strong greenhouse effect causing high surface
temperatures (.700 K). In contrast, Earth has the right surface
temperature for liquid water oceans and is teeming with life.
We would like to detect water vapor in a rocky exoplanet’s atmosphere—directly indicating the presence of
liquid water oceans. Without an ocean reservoir and a water
cycle, water vapor molecules would diffuse to the upper
(continued on the next page)
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Exoplanets (continued)
atmosphere. There, ultraviolet radiation from the star would
split the water vapor into hydrogen and oxygen. Hydrogen, a
very light gas, would escape to space with oxygen disappearing by reacting with the planet surface or other atmospheric
molecules.
If we find a predominately rocky world with atmospheric
water vapor, we will move on to our most lofty goal, a “biosignature gas”—a gas produced by life that accumulates to
detectable levels in a planet atmosphere. On Earth, the best
example of a biosignature gas is oxygen. Earth’s atmosphere
is filled to 20% by volume with oxygen, and we humans
breathe in oxygen to survive. Yet, without plants and photosynthetic bacteria, Earth’s atmosphere would have virtually
no oxygen. In fact, oxygen is so reactive it should not exist
in our atmosphere at all. There are so many more gases to
Sara Seager is an astrophysicist and planetary scientist at MIT. Her
research focuses on theoretical models of atmospheres and interiors
of exoplanets, as well as novel space science missions. She has
introduced many new ideas to the field of exoplanet characterization,
including work that led to the first detection of an exoplanet
atmosphere. She was part of a team that co-discovered the first
detection of light emitted from an exoplanet and the first spectrum of
an exoplanet. The exceedingly surprising diversity of exoplanets has
led to Seager’s maxim, “For exoplanets, anything is possible under the
laws of physics and chemistry.”

consider than oxygen; life on Earth produces thousands
of different gases. But most of these gases are problematic
because they are either also produced geologically (i.e., volcanoes) or are produced in too small of a quantity to register in
an atmosphere as viewed from a great distance. Nonetheless,
the research field of biosignature gases on exoplanets is a
burgeoning field.
In the near term, to make the job of finding and identifying
a habitable world easier, astronomers are focusing on small red
dwarf stars where both the planet discovery and atmosphere
follow-up have larger signals than planets orbiting Sunlike stars.
The next generation telescopes, both the James Webb Space
Telescope and the large 20 to 40 m mirror ground-based telescopes of the future, will be able to observe the atmospheres of
rocky, habitable-zone exoplanets orbiting red dwarf stars.
Simultaneous to the fixation on small stars, we are investing
in the longer-term search for a true Earth twin: an Earth-sized
planet in the habitable zone of a Sunlike star. We are designing
very sophisticated telescopes to operate in space, above the
blurring effect of Earth’s atmosphere. We will develop a coronagraph and/or a starshade (a giant specially shaped screen) to
block out the starlight so we can directly image a planet billions
of times fainter than its host star.
It is breathtaking to consider that, after thousands of years
of wondering, we are finally poised to begin answering the
ancient questions on the existence and properties of Earthlike
exoplanets.

242

09_GEL_03944_ch08_211-242_PP3.indd 242

5/18/18 5:00 PM

