
�

�

“FM” — 2017/6/23 — 14:43 — page v — #5
�

�

�

�

�

�

CONTENTS

Preface xvii

Math Tips xxi

PART I. STARS, PLANETS, AND LIFE 1

1 | THE SIZE AND SCALE OF THE UNIVERSE 3

1 Scientific notation review 3
Writing numbers in scientific notation.

2 How long is a year? 3
Calculating the number of seconds in a year.

3 How fast does light travel? 3
Calculating the number of kilometers in a light-year.

4 Arcseconds in a radian 3
Calculating the number of arcseconds in a radian, a number used

whenever applying the small-angle formula.

5 How far is a parsec? 3
Converting from parsecs to light-years and astronomical units.

6 Looking out in space and back in time 4
Exploring the relationship between distance and time

when traveling at the speed of light.

v

© Copyright Princeton University Press. No part of this book may be 
distributed, posted, or reproduced in any form by digital or mechanical 
means without prior written permission of the publisher. 

For general queries contact webmaster@press.princeton.edu.



�

�

“FM” — 2017/6/23 — 14:43 — page vi — #6
�

�

�

�

�

�

7 Looking at Neptune 4
The time for light to travel from Earth to the planet Neptune depends

on where it and we are in our respective orbits.

8 Far, far away; long, long ago 5
There is an intrinsic time delay in communicating with spacecraft elsewhere

in the solar system or elsewhere in the Milky Way galaxy.

9 Interstellar travel 6
Calculating how long it takes to travel various distances at various speeds.

10 Traveling to the stars 6
Calculating how long it would take to travel to the nearest stars.

11 Earth’s atmosphere 7
Calculating the mass of the air in Earth’s atmosphere, and comparing it

with the mass of the oceans.

2 | FROM THE DAY AND NIGHT SKY

TO PLANETARY ORBITS 8

12 Movements of the Sun, Moon, and stars 8
Exploring when and where one can see various celestial bodies.

13 Looking at the Moon 8
There is a lot you can infer by just looking at the Moon!

14 Rising and setting 9
Questions about when various celestial bodies rise and set.

15 Objects in the sky 9
More questions about what you can learn by looking at objects in the sky.

16 Aristarchus and the Moon 10
Determining the relative distance to the Moon and the Sun using

high-school geometry.

17 The distance to Mars 11
Using parallax to determine how far away Mars is.

18 The distance to the Moon 11
Using parallax to determine how far away the Moon is.

19 Masses and densities in the solar system 11
Calculating the density of the Sun and of the solar system.

vi CONTEN TS

© Copyright Princeton University Press. No part of this book may be 
distributed, posted, or reproduced in any form by digital or mechanical 
means without prior written permission of the publisher. 

For general queries contact webmaster@press.princeton.edu.



�

�

“FM” — 2017/6/23 — 14:43 — page vii — #7
�

�

�

�

�

�

3 | NEWTON’S LAWS 13

20 Forces on a book 13
Using Newton’s laws to understand the forces on a book resting on a table.

21 Going ballistic 13
Calculating the speed of a satellite in low Earth orbit.

22 Escaping Earth’s gravity? 14
Calculating the distance at which the gravitational force from Earth

and the Moon are equal.

23 Geosynchronous orbits 14
Calculating the radius of the orbit around Earth that is synchronized

with Earth’s rotation.

24 Centripetal acceleration and kinetic energy in Earth orbit 14
Calculating the damage done by a collision with space debris.

25 Centripetal acceleration of the Moon and the
law of universal gravitation 15
Comparing the acceleration of the Moon in its orbit to that of a dropped

apple at Earth’s surface.

26 Kepler at Jupiter 16
Applying Kepler’s laws to the orbits of Jupiter’s moons.

27 Neptune and Pluto 17
Calculating the relationship of the orbits of Neptune and Pluto.

28 Is there an asteroid with our name on it? 17
How to deflect an asteroid that is on a collision course with Earth.

29 Halley’s comet and the limits of Kepler’s third law 18
Applying Kepler’s third law to the orbit of Halley’s comet.

30 You cannot touch without being touched 19
The motion of the Sun due to the gravitational pull of Jupiter.

31 Aristotle and Copernicus 19
An essay about ancient and modern views of the heavens.

4–6 | HOW STARS RADIATE ENERGY 20

32 Distant supernovae 20
Using the inverse square law relating brightness and luminosity.

CONTEN TS vii

© Copyright Princeton University Press. No part of this book may be 
distributed, posted, or reproduced in any form by digital or mechanical 
means without prior written permission of the publisher. 

For general queries contact webmaster@press.princeton.edu.



�

�

“FM” — 2017/6/23 — 14:43 — page viii — #8
�

�

�

�

�

�

33 Spacecraft solar power 20
Calculating how much power solar panels on a spacecraft can generate.

34 You glow! 21
Calculating how much blackbody radiation our bodies give off.

35 Tiny angles 21
Understanding the relationship between motions in space and in the

plane of the sky.

36 Thinking about parallax 22
How nearby stars appear to move in the sky relative to more distant stars,

due to the Earth’s motion around the Sun.

37 Really small angles and distant stars 22
The Gaia spacecraft’s ability to measure parallax of distant stars.

38 Brightness, distance, and luminosity 23
Exploring the relationship between brightness and luminosity of

various stars.

39 Comparing stars 23
Relating the luminosity, radius, surface temperature, and distance of stars.

40 Hot and radiant 24
Exploring the relation between the properties of stars radiating

as blackbodies.

41 A white dwarf star 24
Calculating the distance and size of a white dwarf star.

42 Orbiting a white dwarf 24
Using Kepler’s third law to determine the orbit around a white dwarf star.

43 Hydrogen absorbs 25
Using the spectrum of an F star to understand the energy levels of a

hydrogen atom. A challenge problem.

7–8 | THE LIVES AND DEATHS OF STARS 27

44 The shining Sun 27
Calculating the rate at which hydrogen fuses to helium in the core

of the Sun.

viii CONTEN TS

© Copyright Princeton University Press. No part of this book may be 
distributed, posted, or reproduced in any form by digital or mechanical 
means without prior written permission of the publisher. 

For general queries contact webmaster@press.princeton.edu.



�

�

“FM” — 2017/6/23 — 14:43 — page ix — #9
�

�

�

�

�

�

45 Thermonuclear fusion and the Heisenberg

uncertainty principle 27
Using quantum mechanics to determine the conditions under which

thermonuclear fusion can take place in the core of a star. A challenge problem.

46 Properties of white dwarfs 29
Using direct observations of a white dwarf to determine its radius and

density. A challenge problem.

47 Squeezing into a white dwarf 30
Determining how far apart the nuclei in a white dwarf star are.

48 Flashing in the night 30
Determining whether the gravity of a pulsar is adequate to hold it together

as it spins.

49 Life on a neutron star 31
Calculating the effects of the extreme gravity of a neutron star.

50 Distance to a supernova 31
Watching a supernova remnant expand, and using this to determine how

far away it is.

51 Supernovae are energetic! 32
Putting the luminosity of a supernova in context.

52 Supernovae are dangerous! 33
What would happen if a supernova were to explode within a few hundred

light-years of Earth?

53 Neutrinos coursing through us 33
Calculating the flux and detectability of neutrinos emitted during a

supernova explosion.

54 A really big explosion 34
Calculating the energy associated with a gamma-ray burst.

55 Kaboom! 36
Calculating the properties of one of the most powerful gamma-ray bursts

ever seen.

56 Compact star 36
Calculating the distance between nuclei in a neutron star.

57 Orbiting a neutron star 37
Applying Kepler’s third law for an orbit around a neutron star.

CONTEN TS ix

© Copyright Princeton University Press. No part of this book may be 
distributed, posted, or reproduced in any form by digital or mechanical 
means without prior written permission of the publisher. 

For general queries contact webmaster@press.princeton.edu.



�

�

“FM” — 2017/6/23 — 14:43 — page x — #10
�

�

�

�

�

�

58 The Hertzsprung-Russell diagram 37
An essay about the relationship between surface temperature and

luminosity of stars.

9 | WHY PLUTO IS NOT A PLANET 38

59 A rival to Pluto? 38
Calculating the properties of a large Kuiper Belt Object in the outer solar

system, working directly from observations. A challenge problem.

60 Another Pluto rival 41
Exploring the properties of another large body in the outer solar system.

61 Effects of a planet on its parent star 43
Using observations of the motion of a star under the gravitational influence

of an orbiting planet to infer the properties of that planet.

62 Catastrophic asteroid impacts 44
How the impact of an asteroid on the early Earth may have evaporated

the oceans.

63 Tearing up planets 45
Calculating the tidal force of a planet on an orbiting moon.

A challenge problem.

10 | THE SEARCH FOR LIFE IN THE GALAXY 47

64 Planetary orbits and temperatures 47
Calculating the orbits and equilibrium temperatures of planets

orbiting other stars.

65 Water on other planets? 47
Determining whether liquid water can exist on the surface of planets

orbiting other stars.

66 Oceans in the solar system 48
Exploring the properties of oceans on Earth, Mars and Europa.

67 Could photosynthetic life survive in Europa’s ocean? 49
Determining how much life the sunlight that impinges on Europa could support.

68 An essay on liquid water 50
An essay describing the conditions under which liquid water,

necessary for life as we know it, exists.

x CONTEN TS

© Copyright Princeton University Press. No part of this book may be 
distributed, posted, or reproduced in any form by digital or mechanical 
means without prior written permission of the publisher. 

For general queries contact webmaster@press.princeton.edu.



�

�

“FM” — 2017/6/23 — 14:43 — page xi — #11
�

�

�

�

�

�

PART II. GALAXIES 51

11–13 | THE MILKY WAY AND THE

UNIVERSE OF GALAXIES 53

69 How many stars are there? 53
Calculating the number of stars in the observable universe.

70 The distance between stars 54
Putting the distance between stars into perspective.

71 The emptiness of space 54
Calculating the density of the Milky Way and of the universe as a whole.

72 Squeezing the Milky Way 54
What would happen if you brought all the stars in the Milky Way into

one big ball?

73 A star is born 55
How much interstellar gas do you need to bring together to make a star?

74 A massive black hole in the center of the Milky Way 55
Calculating the mass of the black hole at the center of our Galaxy,

working directly from observations.

75 Supernovae and the Galaxy 55
How many supernovae are needed to create the heavy elements in the

Milky Way?

76 Dark matter halos 56
Calculating the mass of the Milky Way from its observed rotation.

77 Orbiting Galaxy 57
The orbit of the Large Magellanic Cloud around the Milky Way, and what

it says about the mass of our Galaxy.

78 Detecting dark matter 57
Calculating how many dark matter particles there are all around us, and

how we plan to detect them. A challenge problem.

79 Rotating galaxies 60
Determining whether we can see the rotation of a galaxy on the sky.

80 Measuring the distance to a rotating galaxy 60
Using the apparent motion of stars in a galaxy in the plane of the sky

and along the line of sight to determine its distance.

CONTEN TS xi

© Copyright Princeton University Press. No part of this book may be 
distributed, posted, or reproduced in any form by digital or mechanical 
means without prior written permission of the publisher. 

For general queries contact webmaster@press.princeton.edu.



�

�

“FM” — 2017/6/23 — 14:43 — page xii — #12
�

�

�

�

�

�

14 | THE EXPANSION OF THE UNIVERSE 61

81 The Hubble Constant 61
Measuring the expansion rate of the universe from the measured properties

of galaxies.

82 Which expands faster: The universe or

the Atlantic Ocean? 63
The answer may surprise you.

83 The third dimension in astronomy 63
An essay about how we measure distances in the universe.

84 Will the universe expand forever? 63
The relationship between the density of the universe and its future fate.

A challenge problem.

85 The motion of the Local Group through space 64
Calculating the gravitational pull from the Virgo galaxy supercluster on our

Local Group of galaxies. A challenge problem.

15–16 | THE EARLY UNIVERSE AND QUASARS 67

86 Neutrinos in the early universe 67
Calculating just how numerous the neutrinos produced soon after the

Big Bang are.

87 No center to the universe 68
A brief essay explaining why the expanding universe has no center.

88 Luminous quasars 68
Calculating the properties of quasars, and the supermassive black holes

that power them.

89 The origin of the elements 68
An essay describing how different elements are formed in the universe.

PART III. EINSTEIN AND THE UNIVERSE 69

17–18 | EINSTEIN’S ROAD TO SPECIAL RELATIVITY 71

90 Lorentz factor 71
Exploring the special relativistic relation between lengths as seen in

different reference frames.

xii CONTEN TS

© Copyright Princeton University Press. No part of this book may be 
distributed, posted, or reproduced in any form by digital or mechanical 
means without prior written permission of the publisher. 

For general queries contact webmaster@press.princeton.edu.



�

�

“FM” — 2017/6/23 — 14:43 — page xiii — #13
�

�

�

�

�

�

91 Speedy muons 72
How special relativity is important in understanding the formation and

detection of muons created in the upper atmosphere.

92 Energetic cosmic rays 73
Determining relativistic effects for one of the highest-energy

particles ever seen.

93 The Titanic is moving 73
Playing relativistic games with the great ship Titanic.

94 Aging astronaut 74
Understanding how the relativistic effects of moving an astronaut at close

to the speed of light.

95 Reunions 74
How two friends can differ on the passage of time.

96 Traveling to another star 74
Calculating how time ticks slower for an astronaut traveling at close to the

speed of light.

97 Clocks on Earth are slow 74
Calculating the difference between a clock in orbit around the Sun and one

standing still.

98 Antimatter! 74
Should you run if trucks made of matter and antimatter collide

with one another?

99 Energy in a glass of water 75
Calculating how much energy could be extracted from the fusion of the

hydrogen in a glass of water.

100 Motion through spacetime 75
Drawing the path of the Earth’s orbit around the Sun in spacetime.

101 Can you go faster than the speed of light? 75
Why the postulates of special relativity do not allow travel faster than the

speed of light.

102 Short questions in special relativity 76
Quick questions which can be answered in a few sentences.

CONTEN TS xiii

© Copyright Princeton University Press. No part of this book may be 
distributed, posted, or reproduced in any form by digital or mechanical 
means without prior written permission of the publisher. 

For general queries contact webmaster@press.princeton.edu.



�

�

“FM” — 2017/6/23 — 14:43 — page xiv — #14
�

�

�

�

�

�

19 | EINSTEIN’S GENERAL THEORY OF RELATIVITY 77

103 Tin Can Land 77
Exploring the nature of geodesics on a familiar two-dimensional surface.

104 Negative mass 78
Would a dropped ball of negative mass fall down?

105 Aging in orbit 79
Exploring special and general relativistic effects on your clock while in orbit.

A challenge problem.

106 Short questions in general relativity 80
Quick questions that can be answered in a few sentences.

20 | BLACK HOLES 82

107 A black hole at the center of the Milky Way 82
Calculating the properties of the supermassive black hole at the center of

our Galaxy.

108 Quick questions about black holes 82
Short questions that can be answered in a few sentences.

109 Big black holes 83
Exploring the properties of the biggest black holes in the universe.

110 A Hitchhiker’s challenge 83
The Hitchhiker’s Guide to the Galaxy inspires a problem on black holes.

A challenge problem.

111 Colliding black holes! 84
Measurements of gravitational waves from a pair of merging black holes

allows us to determine their properties.

112 Extracting energy from a pair of black holes 85
Using ideas from Stephen Hawking to determine how much energy can be

released when black holes collide.

21 | COSMIC STRINGS, WORMHOLES,

AND TIME TRAVEL 87

113 Quick questions about time travel 87
Short questions that can be answered in a few sentences.

xiv CONTEN TS

© Copyright Princeton University Press. No part of this book may be 
distributed, posted, or reproduced in any form by digital or mechanical 
means without prior written permission of the publisher. 

For general queries contact webmaster@press.princeton.edu.



�

�

“FM” — 2017/6/23 — 14:43 — page xv — #15
�

�

�

�

�

�

114 Time travel tennis 87
Playing a tennis game with yourself with the help of time travel.

A challenge problem.

115 Science fiction 89
Writing a science fiction story that uses concepts from astrophysics:

the challenge is to make it as scientifically realistic as possible.

22 | THE SHAPE OF THE UNIVERSE

AND THE BIG BANG 91

116 Mapping the universe 91
Ranking the distance of various astronomical objects from the Earth.

117 Gnomonic projections 91
Exploring the geometry of an unusual mapping of the night sky onto a flat

piece of paper.

118 Doctor Who in Flatland 95
Using concepts from general relativity to understand the nature of

Dr. Who’s Tardis.

119 Quick questions about the shape of the universe 96
Short questions that can be answered in a few sentences.

23 | INFLATION AND RECENT

DEVELOPMENTS IN COSMOLOGY 97

120 The earliest possible time 97
Calculating it using both general relativity and quantum mechanics.

121 The worst approximation in all of physics 98
Can the Planck density give us a reasonable estimate for the density of

dark energy? Hint: no.

122 Not a blunder after all? 99
Describing the relationship between Einstein’s desire for a static universe

and the accelerated expansion we now observe.

123 The Big Bang 99
An essay describing the empirical evidence that the universe started in

a Big Bang.

CONTEN TS xv

© Copyright Princeton University Press. No part of this book may be 
distributed, posted, or reproduced in any form by digital or mechanical 
means without prior written permission of the publisher. 

For general queries contact webmaster@press.princeton.edu.



�

�

“FM” — 2017/6/23 — 14:43 — page xvi — #16
�

�

�

�

�

�

24 | OUR FUTURE IN THE UNIVERSE 100

124 Getting to Mars 100
Calculating the most efficient orbit to get from Earth to Mars.

125 Interstellar travel: Solar sails 101
Using the pressure of light from the Sun to propel a spacecraft for

interstellar travel.

126 Copernican arguments 102
Applied to time.

127 Copernicus in action 102
An essay about Copernican arguments in our understanding of the

structure of the universe and our place in it.

128 Quick questions for our future in the universe 103
Short questions that can be answered in a few sentences.

129 Directed panspermia 103
Exploring how humankind could colonize the Milky Way with

robotic probes.

Useful Numbers and Equations 107

Solutions 113

xvi CONTEN TS

© Copyright Princeton University Press. No part of this book may be 
distributed, posted, or reproduced in any form by digital or mechanical 
means without prior written permission of the publisher. 

For general queries contact webmaster@press.princeton.edu.



�

�

“Workbook” — 2017/6/23 — 14:52 — page 3 — #3
�

�

�

�

�

�

1

THE SIZE AND SCALE

OF THE UNIVERSE

1. Scientific notation review

Write the following in proper scientific notation, giving the proper number

of significant figures.

1.a Thirty-one million, seven hundred thousand

1.b π (the number pi) times 0.2

1.c One fourth

1.d One nanometer (expressed in meters)

2. How long is a year?

Calculate the number of seconds in a year to two significant figures.

3. How fast does light travel?

The speed of light is 3.0×108 meters per second. What is the speed of light

in units of kilometers per year?

4. Arcseconds in a radian

Calculate the number of arcseconds in a radian, to one significant figure.

This is a number we will use throughout this problem book. Hint: Remember

how many degrees, and how many radians, there are in a full circle.

5. How far is a parsec?

A parsec is the distance at which a star would lie if it has a parallax of

1 arcsecond as Earth goes around the Sun. Calculate how far 1 parsec is,

3
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in AU and in light-years. Hint: Remember that the parallax is traditionally

defined as half the angle that the position of a star changes as Earth goes

from one side of its orbit around the Sun to the other.

6. Looking out in space and back in time

The speed of light is 3.0×105 km/sec. The distance between Earth and the

Sun (1 Astronomical Unit, or AU) is 150 million kilometers. Give all answers

to the correct number of significant figures.

6.a You look at your friend, 30 feet (10 meters) away. How far back in time

are you seeing her? Express your answer in nanoseconds. The light

entering your eyes from your friend is ambient light in the surroundings

that reflects off her.

6.b Electrical engineers are always looking for ways to increase the speed

of computer chips. One way to allow computers to perform more

operations per second is simply to reduce the distance between

components, so that the electrical circuits are shorter. The electrons

that “flow” from one transistor to the next in your computer travel

at close to the speed of light. In modern chips, these distances are

impressively small, in 2017 approaching 10 nanometers (one hundredth

of a micron). How long, in seconds, does it take the electrons to “flow”

from one transistor to the other? Please use scientific notation.

6.c How far back in time are we looking when we observe the Orion Nebula,

which is 1,500 light-years away? Express your answer in years.

7. Looking at Neptune

All electromagnetic radiation (including radio waves) travels at the speed

of light. In 1989, the Voyager II spacecraft flew by the planet Neptune.

Neptune is on a roughly circular orbit around the Sun of radius 30 AU,

while Earth is on a circular orbit of radius 1.00 AU (of course!). (For this

problem, at the level of precision asked for, the approximation that these

planetary orbits are circles lying in the same plane is a good one.)

7.a How far back in time are we seeing Neptune, when Neptune is farthest

from Earth in the two planet’s orbits? Give your answer in hours and

minutes.

7.b How far back in time are we seeing Neptune, when it is nearest to Earth

in the two planet’s orbits? Give your answer in hours and minutes.

4 PROBLEMS 5–7b
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8. Far, far away; long, long ago

Problem suggested by Chris Chyba.

Because the speed of light is finite, looking at anything means seeing the

thing as it was some time in the past. This usually doesn’t matter in

daily life on Earth, but it is often important in astronomy and spacecraft

engineering, or for communication among galactic civilizations. We’ll explore

this question here.

8.a Earth started transmitting powerful radio signals in the 1930s, and

these signals travel out to space at the speed of light. Consider a

radio broadcast sent in 1936. If there were extraterrestrial civilizations

listening for radio signals drifting out into the Galaxy, and they were

to pick up this broadcast, out to what distance from our solar system

could these civilizations have already detected our presence? Give your

answer in light-years; round to whole numbers.

8.b The Arecibo radio telescope in Puerto Rico (one of the largest radio

telescopes on Earth) can transmit radio signals (as a radar transmitter)

as well as receive them. Arecibo is so sensitive that, if there were a

duplicate Arecibo on another planet (call it Zyborg) half-way to the

center of the Galaxy, and Zyborg’s Arecibo were pointed at Earth, it

could pick up a transmission from Arecibo, Puerto Rico. The Sun is

about 25,000 light-years from the center of the Milky Way. How long

would it take a signal sent from Arecibo, Puerto Rico to reach Arecibo,

Zyborg? Again, express your answer in years, to the appropriate number

of significant figures.

8.c Suppose you were trying to have a conversation with an astronaut on

the Moon. The Moon is 384,400 kilometers from Earth. If you sent a

radio signal to an astronaut on the Moon, and she replied immediately,

how long would be the gap between when you sent the signal and you

received your answer? Give an answer to two significant figures.

8.d Now imagine that you are an engineer for the Mars Exploration Rover

scooting around on the surface of Mars. Suppose you need to send it an

emergency transmission to prevent it from driving into a ditch. Mars is

on a roughly circular orbit of radius 1.5 AU around the Sun. Earth is

also on a circular orbit in the same plane, of radius 1.0 AU, of course.

(For these two planets the approximation of their orbits as circles is

a good one at the level of precision asked for in this problem.) About

how long would it take your message to reach the rover when Mars is in

PROBLEMS 8a–8d 5
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opposition (i.e., when Earth lies on the line between Mars and the Sun,

and is between them)? How long would it take when Mars is farthest

from Earth in the two planets’ orbits? Give your answers in minutes.

9. Interstellar travel

In Star Trek they routinely hop from star to star during the TV commercials.

9.a Apollo 11 astronauts left Earth’s atmosphere at a speed of about 40,000

kilometers per hour (7 miles per second) on the Saturn V booster, the

most powerful rocket ever launched—before or since. At that speed,

how long would it take to travel to the Moon?

9.b If you could travel 30 times that speed, how long would it take you to

reach Proxima Centauri (distance ∼ 4 light-years), which is the nearest

star to the Sun?

9.c If you could travel another factor of 30 faster, how long would it take

to get to the Andromeda Galaxy, the nearest large galaxy to the Milky

Way (distance ∼ 2 million light-years)?

You are now traveling 1,000 times faster than the Apollo astronauts,

just as they traveled 1,000 times faster than the Wright Flyer, the first

airplane flown by the Wright Brothers in 1903. And if your calculations

are correct, you will notice that you would be dead long before you

reached either the stars or Andromeda.

10. Traveling to the stars

In this problem, we examine just how far the stars are from us. The nearest

star, Proxima Centauri, is about 4 light-years from Earth. That is a seriously

large distance. The spacecraft that we have built to date travel through

the solar system at roughly the same speed that Earth travels around

the Sun.

10.a Calculate the speed at which Earth travels around the Sun, given that

it travels in a circle of radius 1 Astronomical Unit (AU) = 150 million

kilometers, in 1 year. Express your answer in kilometers per second.

10.b Knowing that light travels at 300,000 kilometers per second, calculate

how many kilometers there are in 4 light-years.

10.c Consider a spacecraft that travels at the speed you calculated in part

a. Calculate how long it would take for the spacecraft to reach the

nearest stars. Express your answer in years.

6 PROBLEMS 8d–10c
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11. Earth’s atmosphere

A cubic meter of air at sea level contains approximately 3×1025 molecules.

To a fair approximation, all the molecules are N2 (i.e., a pair of nitrogen

atoms bound together into a diatomic molecule). Note that the component

of the air that you need to breathe—the oxygen (O2) molecules—comprises

only about 21% of the air by volume; we ignore this O2 fraction here and

pretend that the whole atmosphere is N2. Each N atom has a mass 14 times

that of hydrogen (H).

11.a Calculate the mass density (kilograms per cubic meter) of air on Earth.

Do this calculation without a calculator, show your work, and use

scientific notation.

11.b Consider the atmosphere to be a spherical shell of thickness 8

kilometers and radius equal to that of Earth itself. Calculate the total

volume of Earth’s atmosphere.

11.c Combine your work in parts a and b to calculate the total mass of

Earth’s atmosphere in kilograms. The mass of all of Earth’s oceans is

1.4× 1021 kg. Compare the mass of the ocean with the mass of the

atmosphere by taking the ratio of the two.

11.d Carbon dioxide (CO2) now comprises about 600 ppm (parts per

million, or 10−6) of the atmosphere by mass. What is the total mass

of CO2 in Earth’s atmosphere?

PROBLEMS 11a–11d 7
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