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The purpose of this Outline is to serve as a supplement to a basic astronomy text.
Much of the material here is abbreviated, and students should use this book as a
guide to the key concepts in modern astronomy, but not as an all-inclusive
resource.
Topics covered range from planetary astronomy to cosmology, in the modern

context. The first chapter covers most of the phsyics required to obtain a basic
understanding of astronomical phenomena. The student will most likely come
back to this chapter again and again as they progress through the book. The
order of the topics has been set by the most common order of these topics in
textbooks (near objects to far objects), but many of the chapters are quite inde-
pendent, with few references to previous chapters, and may be studied out of
order.
The text includes many worked mathematical problems to support the efforts of

students who struggle particularly in this area. These detailed problems will help
even mathematically adept students to see how to solve astronomical problems
involving several steps.
I wish to thank the many people who were instrumental to this work, including

the unknown reviewer who gave me so many useful comments, and especially the
editors, Glenn Mott of McGraw-Hill and Alan Hunt of Keyword Publishing
Services Ltd., who guided a novice author with tremendous patience. I also
wish to thank John Armstrong for proofreading the very first (and therefore
very rough!) draft and all my colleagues at the University of Washington who
served as sources of knowledge and inspiration.

STACY PALEN
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1

Physics Facts

See Appendix 1 for a list of physical and astronomical constants, Appendix 2 for
a list of units and unit conversions, Appendix 3 for a brief algebra review, and
the tables in Chapters 3 and 4 for planetary data, such as masses, radii, and sizes
of orbits.

About Masses

MASS
Mass is an intrinsic property of an object which indicates how many protons,
neutrons, and electrons it has. The weight of an object is a force and depends on
what gravitational influences are acting (whether the object is on the Earth or on
the Moon, for example), but the mass stays the same. Mass is usually denoted by
either m or M, and is measured in kilograms (kg).

VOLUME
The volume of a body is the amount of space it fills, and it is measured in meters
cubed (m3). The surface of a sphere is S ¼ 4�r2 and its volume V ¼ 4=3�r3,
where r is the radius and � is 3.1416.
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DENSITY
The density of an object, the ratio of the mass divided by the volume, is often
depicted by � (Greek letter ‘rho’): it is usually measured in kg/m3:

� ¼ m

V

GRAVITY
Gravity is the primary force acting upon astronomical objects. Gravity is always
an attractive force, acting to pull bodies together. The force of gravity between
two homogeneous spherical objects depends upon their masses and the distance
between them. The further apart two objects are, the smaller the force of gravity
between them. The gravity equation is called Newton’s law of gravitation:

F ¼ G �M �m
d2

where M and m are the masses of the two objects, d is the distance between their
centers, and G is the gravitational constant: 6:67� 10�11 m3=kg=s2. The unit of
force is the newton (N), which is equal to 1 kg �m=s2. If the sizes of the two
objects are much smaller than their distance d, then the above equation is valid
for arbitrary shapes and arbitrary mass distributions.

THE ELLIPSE
The planets orbit the Sun in nearly circular elliptical orbits. An ellipse is
described by its major axis (length ¼ 2a) and its minor axis (length ¼ 2b), as
shown in Fig. 1-1. For each point A on the ellipse, the sum of the distances to
the foci AF and AF 0 is constant. More specifically:

AFþAF 0 ¼ 2a
The eccentricity of the ellipse is given by e ¼ FF 0=2a. In terms of the semi-major
axis, a, and the semi-minor axis, b, we have

e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b

a

� �2s

The Sun occupies one of the foci in the ellipse described by a planet. Assume
that the Sun occupies the focus F. When the planet is on the major axis and at
the point nearest F, then the planet is at perihelion. On the far point on the
major axis, the planet is at aphelion. By definition,

dp þ da ¼ 2a
where dp is the planet–Sun distance at perihelion and da is the distance at
aphelion.
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KEPLER’S LAWS
Kepler’s First Law. Planets orbit in ellipses, with the Sun at one focus.

Kepler’s Second Law. The product of the distance from the focus and the trans-
verse velocity is a constant. The transverse velocity is the velocity perpendicular
to a line drawn from the object to the focus (see Fig. 1-1). As a hint for working
problems, consider that when a planet is at aphelion or perihelion (farthest and
closest to the Sun), all of the velocity is transverse. An alternative statement is
that the line from the planet to the Sun sweeps out equal areas in equal periods
of time.

Kepler’s Third Law. The ratio of the square of the period, P (the amount of
time to compete one full orbit), and the cube of the semi-major axis, a, of the
orbit is the same for all planets in our solar system. When P is measured in
years, and a in astronomical units, AU (1 AU is the average distance from the
Earth to the Sun), then Kepler’s Third Law is expressed as

P2 ¼ a3

Using Newtonian mechanics, Kepler’s Third Law can be expressed as

P2 ¼ 4�2a3

GðmþMÞ

where m and M are the masses of the two bodies. This Newtonian version is
very useful for determining the masses of objects outside of our solar system.
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CIRCULAR VELOCITY
If an object moves in a circular orbit around a much more massive object, it has
a constant speed, given by

vc ¼
ffiffiffiffiffiffiffiffiffi
GM

d

r

where M is the mass of the body in the center and d is the distance between the
objects. When the orbit is elliptical, rather than circular, this equation is still
useful—it gives the average velocity of the orbiting body. Provided that d is
given in meters, the units of circular velocity are m/s (with G ¼ 6:67�
10�11 m3=kg=s2).

ESCAPE VELOCITY
An object of mass m will remain in orbit if its speed at distance d does not
exceed the value

ve ¼
ffiffiffiffiffiffiffiffiffiffiffi
2GM

d

r

the so-called escape velocity. Again, M is the mass of the larger object. The
escape velocity is independent of the mass of the smaller object, m.

ANGULAR MOMENTUM
All orbiting objects have a property called angular momentum. Angular momen-
tum is a conserved quantity. Changing the angular momentum of a system
requires external action (a net torque). The angular momentum depends on
the mass, m, the distance from the object it is orbiting, r, and the transverse
velocity, v, of the orbiting object,

L ¼ m � v � r
The mass of planets is constant, so conservation of angular momentum requires
that the product v � r remains constant. This is Kepler’s Second Law.

KINETIC ENERGY
Moving objects have more energy than stationary ones (at the same potential
energy, for example, at the same height off the ground). The energy of the
motion is called the kinetic energy, and depends on both the mass of the object,
m, and its velocity, v. The kinetic energy is given by

KE ¼ 1
2mv2
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Kinetic energy (and energy in general) is measured in joules (J): 1
joule ¼ 1 kg �m2=s2. Power is energy per unit time, commonly measured in
watts (W), or J/s.

GRAVITATIONAL POTENTIAL ENERGY
Gravitational potential energy is the energy due to the gravitational interaction.
For two masses, m and M, held at a distance d apart,

Eg ¼ �GmM

d

Solved Problems

1.1. Assume that your mass is 65 kg. What is the force of gravity exerted on you by
the Earth?

Use Newton’s law of gravitation,

F ¼ GmM

d2

The mass of the Earth is given in Appendix 2, 5:97� 1024 kg, and the radius of the Earth is
6,378 km (i.e., 6,378,000 m or 6:378� 106 m). Plugging all of this into the equation gives

F ¼ 6:67� 10
�11m3=kg=s2 � 65kg � 5:97� 1024 kg

6:378� 106 mð Þ2

F ¼ 636 kg �m=s2
F ¼ 636N

The gravitational force on you due to the Earth is 636 newtons. This is also the gravita-
tional force that you exert on the Earth. (Try the calculation the other way if you don’t
believe this is true.)

1.2. What is the maximum value of the force of gravity exerted on you by Jupiter?

The maximum value of this force will occur when the planets are closest together. This will
happen when they are on the same side of the Sun, in a line, so that the distance between
them becomes

d ¼ ðdSun to JupiterÞ � ðdSun toEarthÞ
d ¼ 5:2AU� 1AU
d ¼ 4:2AU
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Convert AU to meters by multiplying by 1:5� 1011 m/AU, so that the distance from the
Earth to Jupiter is 6:3� 1011 m. Suppose that your mass is 65 kg, as in Problem 1.1.

Therefore, the force of gravity between you and Jupiter is

F ¼ GmM

d2

F ¼ 6:67� 10
�11 m3=kg=s2 � 65 kg � 2� 1027 kg

ð6:3� 1011 mÞ2
F ¼ 2:2� 10�5 kg �m2=s2
F ¼ 2:2� 10�5 N

The gravitational force between you and Jupiter is 2:2� 10�5 newtons.

1.3. What is the gravitational force between you and a person sitting 1/3m away?
Assume each of you has a mass of 65 kg. (For simplicity, assume all objects are
spherical.)

F ¼ GmM

d2

F ¼ 6:67� 10
�11 m3=kg=s2 � 65 kg � 65 kg

ð0:3mÞ2
F ¼ 3:1� 10�6 N

This is only a factor of about 7 less than the gravitational force due to Jupiter calculated in

the previous problem. Despite Jupiter’s large size, it would take only 7 people in your

vicinity to have a larger gravitational effect on you.

1.4. If someone weighs (has a gravitational force acting on them) 150 pounds on
Earth, how much do they weigh on Mars?

The most obvious way to work out this problem is to calculate the person’s mass from

their weight on Earth, then calculate their weight on Mars. However, many of the terms in

the gravity equation are the same in both cases (G and the mass of the person, for

example). If you set up the ratio immediately, by dividing the two equations, the calcula-

tion is simplified. It is important in this method to put subscripts on all the variables, so

that you can keep track of which mass is the mass of Mars, and which radius is the radius

of the Earth.

Dividing the equations for the weight on Mars and the weight on Earth gives

FMars
FEarth

¼
GmMMars

r2
Mars

GmMEarth

r2Earth

The factors of G and m cancel out, so that the equation simplifies to
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FMars
FEarth

¼
MMars

r2
Mars

MEarth

r2Earth

FMars
FEarth

¼ MMars � r2Earth
MEarth � r2Mars

FMars
FEarth

¼ 6:39� 10
23 kg � ð6,378 kmÞ2

5:07� 1024 kg � 3,394 kmð Þ2
FMars
FEarth

¼ 2:6� 10
31

5:8� 1031 ¼ 0:45

The weight of a person on Mars is about 0.45 times their weight on the Earth. For a

person weighing 150 pounds on Earth, their weight on Mars would decrease to

0:45� FEarth ¼ 0:45� 150 ¼ 67 pounds. Working the problem in this way enables you to

skip steps. You do not need to find the mass of the person on the Earth first, and you do

not need to plug in all the constants, since they cancel out.

1.5. What is the circular velocity of the space shuttle in lower Earth orbit (300 km
above the surface)?

In the circular velocity equation, M is the mass of the object being orbited—in this case,

the Earth—and d is the distance between the centers of the objects. Since G is in meters,

and our distance is in kilometers, convert the distance between the space shuttle and the

center of the Earth to meters:

d ¼ REarth þ hOrbit

d ¼ 6,378þ 300 km
d ¼ 6,678 km � 1;000m

km

d ¼ 6,678;000m
d ¼ 6:678� 106 m

Now use the circular velocity equation:

vc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GMEarth

d

r

vc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6:67� 10�11 m3=kg=s2 � 5:97� 1024 kg

ð6:678� 106 mÞ

s

vc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5:96� 107 m

3 � kg
m � kg � s2

s

vc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5:96� 107 m

2

s2

s

vc ¼ 7:72� 103 m=s
vc ¼ 7:72 km=s

So the circular velocity of the space shuttle is 7.72 km/s. Multiply by 60 seconds per

minute and by 60 minutes per hour to find that this is nearly 28,000 km/h.
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1.6. What was the minimum speed required for Apollo 11 to leave the Earth?

The minimum speed to leave the surface is given by the escape velocity. For Apollo 11 to
leave the Earth, it must have been traveling at least

ve ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2GMEarth

d

r

ve ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � 6:67� 10�11 m3=kg=s2 � 5:97� 1024 kg

6:378� 106 m

s

ve ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:25� 108 m

3 � kg
m � kg � s2

s

ve ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:25� 108 m

2

s2

s

ve ¼ 1:12� 104 m=s
ve ¼ 11:2 km=s

This may not seem very fast, if you are not used to thinking in km/s. Convert it to miles
per hour by multiplying by 0.6214 miles/km, and multiplying by 3,600 seconds/hour. Now

you see that the astronauts were traveling at 24,000 miles/hour.

1.7. What is the density of the Earth? How does this compare to the density of rocks
(between 2,000 and 3,500 kg/m3)? What does this mean?

The density is the mass divided by the volume. If we assume the Earth is spherical, the
calculation is simplified.

� ¼ M

V

� ¼ MEarth
4
3� � r3Earth

� ¼ 5:97� 1024 kg
4
3� � ð6:378� 106 mÞ3

� ¼ 5,500 kg=m3

The average density of the Earth is higher than the density of rock. Since the surface of the

Earth is mostly rock, or water, which is even less dense, this means that the core must be
made of material that is denser than the surface.

1.8. There are about 7,000 asteroids in our solar system. Assume each one has a mass
of 1017 kg. What is the total mass of all the asteroids? If these asteroids are all
rocky, and so have a density of about 3,000 kg/m3, how large a planet could be
formed from them?

The total mass of all the asteroids is just the product of the number of asteroids and their
individual mass:

M ¼ n �m
M ¼ 7;000 � 1017 kg
M ¼ 7� 1020 kg

The volume of the planet that could be formed is

CHAPTER 1 Physics Facts8



V ¼ M=�

V ¼ 7� 1020 kg
3,000 kg=m3

V ¼ 2:33� 1017 m3

If we assume the planet is spherical, then we can find the radius

R ¼
ffiffiffiffiffiffiffi
3V

4�

3

r

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 � 2:33� 1017 m3

4�

3

r
R ¼ 380 km

This is a factor of about 20 less than the radius of the Earth, and about a factor of 10 less

than the radius of Mars.

1.9. An asteroid’s closest approach to the Sun (perihelion) is 2 AU, and farthest
distance from the Sun (aphelion) is 4 AU. What is the semi-major axis of its
orbit? What is the period of the asteroid? What is the eccentricity?

Figure 1-1 shows that the major axis of an orbit is the aphelion distance plus the perihelion

distance. So the major axis is 6AU, and the semi-major axis is 3 AU. The period, then, can

be found from

P2 ¼ a3

P ¼
ffiffiffiffiffi
33

p
P ¼

ffiffiffiffiffi
27

p

P ¼ 5:2 years

The period of the asteroid is a little over 5 years.

FF 0 ¼ aphelion� perihelion ¼ 2 AU

e ¼ FF
0

2a
¼ 2
6

 0:33

The eccentricity of the elliptical orbit is 0.33.

1.10. Halley’s comet has an orbital period of 76 years, and its furthest distance from
the Sun is 35.3 AU. How close does Halley’s comet come to the Sun? How does
this compare to the Earth’s distance from the Sun? What is the orbit’s eccentri-
city?

Since Halley’s comet orbits the Sun, we can use the simplified relation
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P2 ¼ a3

P2 ¼ perihelionþ aphelion
2

� �3
perihelionþ aphelion ¼ 2 �

ffiffiffiffiffiffi
P2

3
p

perihelion ¼ 2 �
ffiffiffiffiffiffi
P2

3
p

� aphelion
perihelion ¼ 2 �

ffiffiffiffiffiffiffi
762

3
p

� 35:3
perihelion ¼ 2 �

ffiffiffiffiffiffiffiffiffiffiffi
5,7763

p
� 35:3

perihelion ¼ 35:8� 35:3
perihelion ¼ 0:5AU

The distance of closest approach of Halley’s comet to the Sun is 0.5 AU. This is closer

than the average distance between the Earth and the Sun.

e ¼ FF
0

2a
¼ aphelion� perihelion

2a

e ¼ 34:8
35:8

¼ 0:97

The eccentricity of this comet’s orbit is very high: 0.97.

1.11. How would the gravitational force between two bodies change if the product of
their masses increased by a factor of four?

The easiest way to do this problem is to begin by setting up a ratio. Since the radii stay

constant, lots of terms will cancel out (see Problem 1.4):

F2
F1

¼
GðmMÞ2

r2

GðmMÞ1
r2

F2
F1

¼ ðmMÞ2
ðmMÞ1

F2
F1

¼ 4ðmMÞ1
ðmMÞ1

F2
F1

¼ 4

The force between the two objects increases by a factor of four when the product of the

masses increases by a factor of four.

1.12. How would the gravitational force between two bodies change if the distance
between them increased by a factor of two?

Again, set up a ratio so that all the unchanged quantities cancel out (as in Problem 1.4):
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F2
F1

¼
GmM

r22
GmM

r21

F2
F1

¼ r21
r22

F2
F1

¼ r21

ð2r1Þ2
F2
F1

¼ r21
4r21

F2
F1

¼ 1
4

The force between the two objects would decrease by a factor of four when the distance
between them decreases by a factor of two.

1.13. How would the gravitational force between two bodies change if their masses
increase by a factor of four, and the distance between them increased by a factor
of two?

Since increasing the masses by a factor of four increases the force by a factor of four

(Problem 1.11), and increasing the distance between them by a factor of two decreases the
force by a factor of four (Problem 1.12), the two effects cancel out, and there is no change
in the force.

1.14. What is the mass of the Sun?

Since we know the orbital period of the Earth (1 year ¼ 3:16� 107 seconds), and we know
the orbital radius of the Earth (1AU ¼ 1:5� 1011m), we have enough information to
calculate the mass of the Sun:

P2 ¼ 4�2a3

GðmþMÞ

ðmþMÞ ¼ 4�
2a3

GP2

Assume the mass of the Earth is small compared with the mass of the Sun (mþM 
 M):

M ¼ 4�2ð1:5� 1011 mÞ3
ð6:67� 10�11 m3=kg=s2Þð3:16� 107 sÞ2

M ¼ 2:0� 1030 kg

This is strikingly close to the accepted value for the mass of the Sun, 1:9891� 1030 kg. It is
so close that any differences might be caused by a round-off error in our calculators plus
the assumption that the mass of the Earth is negligible.

1.15. How fast would a spacecraft in solar orbit have to be moving at the distance of
Neptune to leave the solar system?

The escape velocity is given by

CHAPTER 1 Physics Facts 11



CHAPTER 1 Physics Facts12

ve ¼
ffiffiffiffiffiffiffiffiffiffiffi
2GM

d

r

ve ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � 6:67� 10�11 m3=kg=s2 � 2� 1030 kg

4:5� 1012 m

s

ve ¼ 7,700m=s ¼ 7:7 km=s
In order for a spacecraft to escape the solar system from the orbit of Neptune, it must be

traveling at least 7.7 km/s. This is not very much less than the escape velocity of a space-
craft from the Earth (11 km/s). Even though the orbit of Neptune is so far away, the mass
of the Sun is so large that objects are bound quite tightly to the solar system, and must be

moving very quickly to escape.

1.16. The Moon orbits the Earth once every 27.3 days (on average). How far away is
the Moon from the Earth?

We cannot use the simple relation between P and a for this problem, since the Sun is not

at the focus of the orbit. However, we can assume that the Moon is much less massive
than the Earth. First, convert 27.3 days to 2:36� 106 seconds.

a3 ¼ P2 � G � ðmþMÞ
4�2

a3 ¼ 2:36� 106 s� �2
6:67� 10�11 m3=kg=s2ð6� 1024 kgÞ

4 � �2
a3 ¼ 5:64� 1025 m3
a ¼ 384,000,000m
a ¼ 3:84� 108 m

Again, this is strikingly close to the generally accepted value for the distance of the Moon
(3:844� 108 m).

1.17. What happens to the orbital period of a binary star system (a pair of stars
orbiting each other) when the distance between the two stars doubles?

This orbit question requires the same ratio method as was used in Problem 1.11, but this
time we need to use the equation relating P2 and a3:

P22
P21

¼
4�a32

GðmþMÞ
4�a31

GðmþMÞ
P22
P21

¼ a32
a31

P22
P21

¼ ð2a1Þ3
a31

P22
P21

¼ 8a
3
1

a31
P2
P1

¼
ffiffiffi
8

p

P2
P1

¼ 2:8

P2 ¼ 2:8 � P1
The period increases by a factor of 2.8 when the distance between the two stars doubles.



About Gases
Gases made up of atoms or molecules, like the atmosphere of the Earth, are
called neutral gases. When the atoms and molecules are ionized, so that there are
electrons and ions (positively charged particles) roaming freely, the gas is called
plasma. Plasmas have special properties, because they interact with the magnetic
field. Neutral gases will not, in general, interact with the magnetic field.

THE IDEAL GAS LAW
Gases that obey the ideal gas law are called ideal gases. The ideal gas law states:

PV ¼ NkT

where P is the pressure, V is the volume, N is the number of particles, T is the
absolute temperature, and k is Boltzmann’s constant (1:38� 10�23 J/K).
Sometimes both sides of this equation are divided by V, to give

P ¼ nkT

where n is the number density (number of particles per m3). The absolute tem-
perature T is obtained by adding 273 to the temperature in the Celsius scale, and
is measured in degrees kelvin, K. For example, 258C is equal to 298K. The ideal
gas law provides a simple qualitative description of real gases. For example, it
shows that when the volume is held constant, increasing the temperature
increases the pressure. The ideal gas law is a good description of the behavior
of normal stars, but fails completely for objects such as neutron stars where the
gas is degenerate, and the pressure and the temperature are no longer related to
each other in this way.

AVERAGE SPEED OF PARTICLES IN A GAS
The particles in a gas are moving in random directions, with speeds that depend
on the temperature. Hotter gases have faster particles, and cooler gases have
slower particles, on average. The average speed depends on the mass, m, of the
particles:

v ¼
ffiffiffiffiffiffiffiffiffi
8kT

�m

r

This equation gives the average speed of the particles in a gas. There will be
some particles moving faster than this speed, and some moving slower. If this
average speed is greater than 1/6 the escape velocity of a planet, the gas will
eventually escape, and the planet will no longer have an atmosphere.

This equation only holds for an ideal gas under equilibrium conditions,
where it is neither expanding nor contracting, for example.
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Solved Problems

1.18. The average speed of atoms in a gas is 5 km/s. How fast will they move if the
temperature increases by a factor of four?

This is another problem where we need to use a ratio (such as Problem 1.11), since the

mass of the atoms in the gas is not known.

v2
v1

¼

ffiffiffiffiffiffiffiffiffiffiffi
8kT2
� �m

r
ffiffiffiffiffiffiffiffiffiffiffi
8kT1
� �m

r
v2
v1

¼
ffiffiffiffiffiffi
T2

pffiffiffiffiffiffi
T1

p

v2
v1

¼
ffiffiffiffiffiffi
T2
T1

s

v2
5 km=s

¼
ffiffiffiffiffiffiffiffi
4T1
T1

s

v2 ¼ 5 � 2 km=s
v2 ¼ 10 km=s

So the speed of the atoms is doubled when the temperature increases by a factor of four.

1.19. What is the average speed of nitrogen molecules (m ¼ 4:7� 10�26 kg) at 758F?
First, convert 758F to degrees kelvin.

TCelsius ¼ ðTFahrenheit � 32Þ �
5

9

TCelsius ¼ 24
TKelvin ¼ TCelsius þ 273 ¼ 297K

Now find the velocity:

v ¼
ffiffiffiffiffiffiffiffiffiffi
8kT

� �m

r

v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8ð1:38� 10�23 J=KÞ297K

� � 4:7� 10�26 kg

s

v ¼ 470m=s
So the molecules are moving at an average speed of 470 m/s (over 1,000 miles/hour) at
room temperature!

1.20. If the temperature of a gas increases by a factor of two, what happens to the
pressure (assume the volume stays the same)?
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The ideal gas law states that PV ¼ NkT . If the temperature (on the right-hand side of the
equation) is multiplied by two, then the pressure (on the left-hand side) must also be

multiplied by two. So the pressure doubles.

1.21. What is a plasma? Why does this only happen at high temperatures?

Plasmas are ionized gases, where the electrons have enough energy to be separated from
the nuclei of the atoms or molecules. This happens only at high temperatures, because at
lower temperatures the electrons do not have enough energy to separate themselves from

the nuclei.

1.22. What is the average speed of hydrogen atoms (m ¼ 1:67� 10�27 kg) in the Sun’s
photosphere (T � 5,800K)?

v ¼
ffiffiffiffiffiffiffiffiffiffi
8kT

� �m

r

v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8 � 1:38� 10�23 J=K � 5,800K

� � 1:67� 10�27 kg

s

v ¼ 11,000m=s
The hydrogen atoms in the Sun’s photosphere are moving at about 11,000 m/s. To convert
to something (slightly) more familiar, multiply by 0.0006 to convert meters to miles, and
by 3,600 to convert the seconds to hours. The hydrogen atoms are traveling nearly 24,000
miles per hour. It would take about 1 hour for one of these atoms to travel all the way

around the Earth.

About Light
Light exhibits both particle behavior, giving momentum to objects it strikes, and
wave behavior, bending as it crosses a boundary into a lens or a prism. Light
can be described in terms of electromagnetic waves, or as particles, called
‘‘photons.’’

WAVELENGTH, FREQUENCY, AND SPEED
The wavelength of a wave of any kind is the distance between two successive
peaks (see Fig. 1-2). The frequency is the number of waves per second that pass a
given point. If you are standing on the shore, you can count up the number of
waves that come in over 10 seconds, and divide that number by 10 to obtain the
frequency.
Mathematically, the frequency, f, the speed, v, and the wavelength, �, are all

related to one another by the following equation:

v ¼ � � f
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In a vacuum, such as interstellar space, the speed of light is 3� 108 m/s for all
wavelengths. This is the speed of light, and is always designated by c.
Rearranging the above equation (and substituting c for the speed), we see that

in a vacuum,

� ¼ c

f

Since the speed of light, c, is a constant, we can see that � and f are inversely
proportional to each other, so that if one gets larger, the other gets smaller.
Therefore, long-wavelength waves have low frequencies, and short-wavelength
waves have high frequencies.

VISIBLE LIGHT AND COLOR
The visible part of the whole range of wavelengths is only a small part of the
entire range of light (see Fig. 1-3). The color of visible light is related to its
wavelength. Long-wavelength light is redder, and short-wavelength light is bluer.
Longer than red is infrared, microwave and radio, and shorter than blue is
ultraviolet, X-rays, and gamma rays.
The energy of a photon is given by

E ¼ hf

or in terms of wavelength,

E ¼ hc=�
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Fig. 1-2. A wave. The wavelength is the distance between crests, and

the amplitude is the height of a crest.



where h is Planck’s constant (h ¼ 6:624� 10�32 J � s). Photons can collide with
and give their energy to other particles, such as electrons. In contrast to elec-
trons and other particles, the photon has zero rest mass and in vacuum always
travels at the same speed, c.
There are only two wavelength bands where light can come through the

atmosphere unobstructed: the visible and the radio. In most other wavelengths,
the sky is opaque. For example, the atmosphere keeps out most of the gamma
rays (high-energy light).
Each of the wavelength bands (radio, visible, gamma ray, UV, etc.) has a

special kind of telescope for observing. The most familiar kinds are optical
(visible) and radio telescopes. These are usually ground-based. The atmosphere
is mostly opaque in the other bands such as X-ray, and telescopes observing at
these wavelengths must be placed outside of the atmosphere.

SPECTRA
The emission spectrum is a graph of energy emitted by an object at each wave-
length (Fig. 1-4). If you do this for multiple objects, then you have many
spectra. Similarly, the amount of light absorbed would be an absorption spec-
trum.

BLACKBODY EMISSION
The spectrum of blackbody emission has a very special shape, as shown in Fig.
1-5. This kind of emission is also called ‘‘continuous emission,’’ because emission
occurs at all wavelengths, contrary to line emission (see below).
Both the height of the curve and the wavelength of the peak change with the

temperature of the object. The three curves in the figure show what happens to
the blackbody emission of an object as it is heated. When the object is cool, the
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strongest emission is in the red, and as it gets hotter, the strongest part of the
spectrum moves towards the blue. We can find the temperature, T (in kelvin), of
an object by looking at its blackbody emission, and finding the wavelength of
the peak, �max (in meters). Wien’s Law relates these two quantities:

�max ¼
0:0029m � kelvin

T

The height of the curve also changes with temperature, which tells you that
the energy emitted must change (because you have more light coming from the
object, and light is a form of energy). The Stefan-Boltzmann Law relates the
energy emitted per second per unit area of the surface of an object, to the
temperature of the object:

= ¼ � � T4

where � is the Stefan-Boltzmann constant, equal to 5:6705� 10�8 W=m2 K4.
The light coming from stars has the general shape of a blackbody. So does the

infrared light coming from your body. Everything emits light with a spectrum of
this shape, with intensity and color depending on its temperature. Most objects,
including stars, also have other things going on as well, so that the spectrum is
almost never a pure blackbody. For example, the object may not be evenly
heated, or there may be line emission contributing (see below). We know of
only one perfect blackbody, and that is the Universe itself, which has the black-
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body spectrum of a body at a temperature of 2.74K. This is called the cosmic
microwave background radiation (CMBR).

LINE EMISSION
Line emission is produced by gases. The spectrum consists of bright lines at
particular frequencies characteristic of the emitting atoms or molecules. Atoms
consist of a nucleus (positively charged), surrounded by a cloud of electrons
(negatively charged). When light strikes the electrons, it gives them extra energy.
Because they have more energy, they move farther from the nucleus (out
through the ‘‘valence levels’’ or ‘‘energy levels’’ or ‘‘shells’’). But it is a rule in
the Universe that objects prefer to be in their lowest energy states (this is why
balls roll downhill, for example). So the electrons give up energy in the form of
light in order to move to the lowest energy level, also known as the ‘‘ground
state.’’ It is important to note that these levels are discrete, not continuous. It’s
like the difference between climbing steps and climbing a ramp. There are only
certain heights in a flight of steps, and similarly there are only certain amounts
of energy that an electron can take or give up at any given time (Fig. 1-6). When
light has been taken out of a spectrum, it is called an absorption line (see
Fig. 1-7).
The energy emitted when an electron makes a transition from an energy level

Eh to a lower energy level El is Eh � El and is emitted in the form of a photon of
frequency
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light. When they move down, they emit light.



f ¼ ðEh � ElÞ=h

where h is Planck’s constant. The reverse process, moving from a lower energy
level to a higher energy level, requires the same amount of energy, and is
accomplished by absorbing a photon of the same frequency, f. Thus, the absorp-
tion lines for a given gas occur at the same frequencies as the emission lines.
Furthermore, as the values of the energy levels, Eh, El, etc., are different for each
atom, the absorption/emission lines will occur at frequencies that are character-
istic of each kind of atom. The absorption/emission spectrum can be used to
identify various atoms.

THE DOPPLER EFFECT
When an object is approaching or moving away, the wavelength of the light it
emits (or reflects) is changed. The shift of the wavelength, ��, is directly related
to the velocity, v, of the object:

�� ¼ �0v

c

Here �0 is the wavelength emitted if the object is at rest and v is the component
of the velocity along the ‘‘line of sight’’ or the ‘‘radial velocity.’’ Motion per-
pendicular to the line of sight does not contribute to the shift in wavelength.
This equation holds when the velocity of the object is much less than the speed
of light. For approaching objects, �� is negative, and the emitted wavelength
appears shorter (‘‘blue-shifted’’). For receding objects, �� is positive, and the
emitted wavelength appears longer (‘‘red-shifted’’). This is roughly analogous to
the waves produced by a boat in the water.
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Fig. 1-7. Emission lines occur at frequencies where energy is added to a spectrum,
and absorption lines occur at frequencies where energy is subtracted from a
spectrum.



ALBEDO
The albedo of an object is the fraction of light that it reflects. The albedo of an
object can be any value between 0 and 1, where 0 implies all the light is
absorbed, and 1 implies all the light is reflected. Mirrors have high albedos,
and coal has a very low albedo.

Solved Problems

1.23. A sound wave in water has a frequency of 256 Hz and a wavelength of 5.77 m.
What is the speed of sound in water?

Use the relationship between wavelength, speed, and frequency,

s ¼ � � f
s ¼ 5:77 � 256m

s

s ¼ 1,480m=s

The speed of sound in water is 1,480 m/s.

1.24. Why don’t atoms emit a continuous spectrum?

Emission from atoms is produced when the electrons drop from an initial energy level Ei to
a final energy level Ef . The difference in energy, Ef � Ei, is given up as a photon of
wavelength

� ¼ hc

Ef � Ei

Because these levels are quantized (step-like), the electrons can give up only certain
amounts of energy each time they move from one energy level to another. Since energy
is related to frequency, this means that the photons can only have certain frequencies, and

therefore certain wavelengths. This is exactly what we mean when we say the emission is
‘‘line emission’’—it only exists at certain wavelengths.

1.25. In what wavelength region would you look for a star being born (T � 1;000K)?
The continuous spectrum of the star will have maximum emission intensity at a wavelength
�max given by Wien’s Law:
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�max ¼
0:0029

T

�max ¼
0:0029

1;000

�max ¼ 2:9� 10�6 m
From Fig. 1-3, we can see that this wavelength is in the infrared region of the spectrum. So
in order to search for newly forming stars, we should observe in the infrared.

1.26. Two satellites have different albedos: one is quite high, 0.75, and the other is
quite low 0.15. Which is hotter? Why are satellites usually made of (or covered
with) reflective material?

The satellite with the higher albedo reflects more light, and therefore is cooler than the
satellite with the lower albedo. Satellites have reflective material on the outside to keep the

electronics cool on the inside.

1.27. Your body is about 300K. What is your peak wavelength?

�max ¼
0:0029m �K

T

�max ¼
0:0029m �K
300K

�max ¼ 9:7� 10�6 m
Your peak wavelength is 9:7� 10�6 m. From Fig. 1-3, you can see that this is in the

infrared, which means that in a dark room (so that you are not reflecting any light) you
should appear brightest through a pair of infrared goggles, which is the basis of night
vision devices.

1.28. What is the energy of a typical X-ray photon?

From Fig. 1-3, we can see that the middle of the X-ray part of the spectrum is about 1019

Hz. To find the energy, use

E ¼ h � f
E ¼ 6:624� 10�34 J � s � 1019 Hz
E ¼ 6:624� 10�15 J

1.29. How long does it take light to reach the Earth from the Sun?

From the distance between the Earth (1.5�1011 km) and the Sun, and the speed of light
(3� 105 km/s), we can calculate the time it takes for light to make the trip:

t ¼ d

v

t ¼ 1:5� 10
11 m

3� 108 m=s
t ¼ 500 s

Dividing this by 60 to convert to minutes gives about 8.3 minutes for light to travel from
the Earth to the Sun.
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1.30. What is the frequency of light with a wavelength of 18 cm? What part of the
spectrum is this?

First, find the frequency.

� ¼ c

f

can be rearranged to give

f ¼ c

�

f ¼ 3� 10
8 m=s

0:18m

f ¼ 1:7� 109 Hz
From Fig. 1-3, we can see that this is in the radio part of the spectrum. If we want to

observe at this wavelength, we must use a radio telescope.

1.31. One photon has half the energy of another. How do their frequencies compare?

Because the energies are directly proportional to the frequencies,

E ¼ h � f
if the energy (on the left-hand side) is reduced by half, the right-hand side must also be
reduced by half: h is a constant, so one photon must have half the frequency of the other.

1.32. How many different ways can an electron get from state 4 to the ground state
(state 1) in a hydrogen atom? Sketch each one. What does this tell you about the
expected spectrum of hydrogen gas?

There are four different ways that the electron can go from state 4 to state 1. From the
diagram of all the different paths (Fig. 1-8), you can see that there are six distinct steps

that can be taken. This means that there can be at least six different emission lines
produced by a group of atoms going from state 4 to state 1. For the hydrogen atom,
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Fig. 1-8. There are four different ways for the
electron to move from state 4 to state 1.



electron transitions ending at the ground state (state 1) produce a series of spectral lines
known as the Lyman series.

1.33. Suppose molecules at rest emit with a wavelength of 18 cm. You observe them at
a wavelength of 18.001 cm. How fast is the object moving and in which direction,
towards or away from you?

This problem calls for the Doppler equation. �0 is 18 cm, �� is ð18:001� 18Þ ¼ 0:001 cm.

v

c
¼ ��

�0

v ¼ 0:001
18

3� 108 m=s
v ffi 17,000m=s

The molecules are traveling with a radial speed of 17 km/s. Since the wavelength is longer,
the light has been red-shifted, or stretched out, and so the object is moving away from you.
The object may also be moving across your field of view, but this motion will not con-

tribute to the Doppler shift.

1.34. How much energy is radiated into space by each square meter of the Sun every
second (T � 5;800K)? What is the total power output of the Sun?
Use the Stefan-Boltzmann law:

= ¼ � � T4
= ¼ 5:67� 10�8 W=m2=K4 � ð5;800Þ4

= ¼ 6:4� 107 W=m2

To find the total power output of the Sun, we must multiply by the surface area of the
Sun. First, find the surface area,

A ¼ 4�r2
A ¼ 4� � ð7� 108 mÞ2
A ¼ 6:16� 1018 m2

Now calculate the power by multiplying = by A to get 3:9� 1026 watts. This is quite close
to the accepted value of 3:82� 1026 watts. The discrepancy probably comes from round-off
error in the surface temperature, in the constants, and in the calculation.

1.35. What information can you find out from an object’s spectrum?

The temperature of an object can be determined from the peak wavelength of the spec-
trum. The composition of the object can be determined from the presence or absence of

emission lines of particular elements, the speed at which the object is approaching or
receding can be determined from the Doppler shift, and if there are absorption lines
present, you know that there is cool gas between you and the object you are observing.

All together, a spectrum of a star or other astronomical object contains a great deal of
information.

CHAPTER 1 Physics Facts24



About Distance

THE SMALL ANGLE FORMULA
The small angle formula (Fig. 1-9) indicates how the size of an object appears to
change with distance. We measure the apparent size of an object by measuring
the angle from one side to the other. For example, the Moon is about 0.58
across. So is the Sun, even though it is actually much larger than the Moon.
The relationship between the angular diameter, �, the actual diameter, D, and
the distance, d, is

�ð 00Þ ¼ 206,265 �D
d

where � is measured in arcseconds ( 00). An arcsecond is 1/60 of an arcminute ( 0),
which is 1/60 of a degree (8). The angular diameter of a tennis ball, 8 miles away,
is 1 arcsecond.

THE INVERSE SQUARE LAW
Assume that an object, for example a star, is uniformly radiating energy in all
directions at a rate of E watts per second. Consider a large spherical surface of
radius d, centered on the star. The amount of energy received per unit area of
the sphere per second is

F ¼ E

4�d2

Thus, the amount of starlight reaching a telescope is inversely proportional to
the square of the distance to the star (Fig. 1-10). For example, if two stars A and
B are identical, and star B is twice as far from Earth as star A, then star B will
appear four times dimmer.
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Fig. 1-9. The small angle relation. The farther away an object is, the smaller it

appears to be.



Solved Problems

1.36. Supernova remnants expand at about 1,000 km/s. Given a remnant that is 10,000
pc away, what is the change in angular diameter over 1 year (pc ¼ parsec, a unit
of distance, see Appendix 1)?

First, find the linear expansion over 1 year, by multiplying the speed by the amount of
time:

D ¼ v � t
D ¼ ð1,000 km=sÞ � ð3:16� 107 sÞ
D ¼ 3:2� 1010 km

Now, use the small angle formula to find the corresponding angular size:

�ð 00Þ ¼ 206,265 �D
d

�ð 00Þ ¼ 206,265 � 3:2� 10
10 km

10,000 pc

ð1 pc ¼ 3:1� 1013 kmÞ

�ð 00Þ ¼ 206,265 � 3:2� 1010 km
10,000 � 3:1� 1013 km

�ð 00Þ ¼ 0:02 00

So even such a large expansion, when so far away, is barely observable. This angular
expansion is just 1/50 the angular size of a tennis ball 8 miles away.
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light.



1.37. The Moon and the Sun are about the same size in the sky (0.58). Given that the
diameter of the Moon is about 3,500 km, and the diameter of the Sun is about
1,400,000 km, how much farther away is the Sun than the Moon?

Use the ratio method.

�Sun
�Moon

¼
206,265

DSun
dSun

206,265
DMoon
dMoon

dSun
dMoon

¼ DSun
DMoon

dSun
dMoon

¼ 1,400,000 km
3,500 km

dSun
dMoon

¼ 400

So the distance from the Earth to the Sun is about 400 times larger than the distance from

the Earth to the Moon!

1.38. Europa (a moon of Jupiter) is five times further than the Earth from the Sun.
What is the ratio of flux at Europa to the flux at the Earth?

This is another problem that is easiest when solved as a ratio. In fact, since a ratio is what

you are looking for, it’s especially well suited to this method.

FEuropa
FEarth

¼

Etotal
4� � d2Europa�Sun

Etotal

4� � d2Earth�Sun
FEuropa
FEarth

¼ d2Earth�Sun
d2Europa�Sun

But, dEuropa�Sun ¼ 5dEarth�Sun, so

FEuropa
FEarth

¼ d2Earth�Sun
ð5d2Europa�SunÞ2

FEuropa
FEarth

¼ 1

25

So Europa receives 25 times less sunlight than the Earth does.
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Supplementary Problems

1.39. What is the force of gravity between the Earth and the Sun?

Ans. 3:52� 1022 N

1.40. If someone weighs 120 pounds on Earth, how much do they weigh on the Moon?

Ans. 20 pounds

1.41. What is the circular velocity of the Moon?

Ans. 1,000m/s

1.42. What is the density of the Moon? How does this compare to the density of rocks?

Ans. 3,300 kg/m3, about the same as rock

1.43. An asteroid’s semimajor axis is 3.5 AU. What is its period?

Ans. 6.5 years

1.44. How would the gravitational force between two bodies change if the distance between
them decreased by a factor of four?

Ans. Force decreases by a factor of 16

1.45. What is the minimum speed of the solar wind as it leaves the photosphere? (What is the
escape velocity for particles leaving the surface of the Sun?)

Ans. 619,000 m/s

1.46. Mars orbits the Sun once every 1.88 years. How far is Mars from the Sun?

Ans. 1.52 AU

1.47. Phobos orbits Mars once every 0.32 days, at a distance of 94,000 km. What is the mass of
Mars?

Ans. 6:43� 1023 kg

1.48. The speed of atoms in a gas is 10 km/s. How fast will they move if the temperature
decreases by a factor of two?

Ans. 7.07 km/s

1.49. What is the speed of electrons (m ¼ 9:1094� 10�34 kg) in the Sun’s photosphere (5,800K)?

Ans. 1:5� 104 km/s
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1.50. If the pressure of a gas increases by a factor of four, and the temperature stays the same,
what happens to the volume?

Ans. Volume decreases by a factor of four

1.51. An object has an albedo of 0.7 and receives a flux of 100 W/m2. What is the reflected flux
of the object?

Ans. 70 W/m2

1.52. What is the maximum wavelength of radiation emitted from your desk (room

temperature ¼ 297K)?

Ans. 9:7� 10�6 m

1.53. What is the energy of a typical photon of visible light ð� ¼ 5� 10�7 m)?

Ans. 4� 10�19 J

1.54. How long does it take a signal to reach Neptune from the Earth (calculate at the closest
distance between them)?

Ans. 4 hours

1.55. A photon with rest wavelength 21 cm is emitted from an object traveling towards you at a

velocity of 100 km/s. How does its energy compare to the rest energy?

Ans. The ratio of energies is 1.00079

1.56. How much energy is radiated from each square meter of the surface of the Earth every

second (assume T ¼ 300K)?

Ans. 459 W/m2

1.57. What is the angular size of Jupiter from the Earth (at the closest distance between them)?

Ans. 47 00

1.58. How close would the Earth have to be to the Sun for the gravitational force between the
Sun and the Earth to be equal to the gravitational force between the Moon and the Earth?

Ans. 2� 1012 m
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31

The Sky and Telescopes

Coordinate Systems and Timescales

COORDINATE SYSTEMS
Altitude and Azimuth. The altitude is defined relative to the horizon, and is the
angle from the horizon to the object. The altitude of an object on the horizon is 08,
and the altitude of an object directly overhead is 908. The point directly overhead
(altitude ¼ 908) is the zenith, and a line running from north to south through the
zenith is called the local meridian. Azimuth is the angle around the horizon from
north and towards the east. An object in the north has azimuth 08, while an object
in the west has azimuth 2708. The altitude and azimuth of an object are particular
to the observing location and the time of observation.

Right ascension and declination. Declination (dec) is like latitude on the Earth,
and measures the angle north and south of the celestial equator (an imaginary line
in the sky directly over the Earth’s equator). The celestial equator lies at 08, while
the north celestial pole (i.e., the extension of the Earth’s rotation axis) is at 908.
Declination is negative for objects in the southern celestial hemisphere, and is
equal to �908 at the south celestial pole.

Right ascension (RA) is analogous to longitude. The ecliptic is the plane of the
solar system, or the path that the Sun follows in the sky. Because the axis of the
Earth is tilted, the ecliptic and the celestial equator are not in the same place, but
cross at two locations, called the equinoxes. One of these locations, the vernal

equinox, is used as the zero point of right ascension. Right ascension is measured
in hours, minutes, and seconds to the east of the vernal equinox. There are 24
hours of right ascension in the sky, and during the 24 hours of the Earth’s day, all
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of them can be seen. Each hour on Earth changes the right ascension of the
meridian by just under 1 hour.
Figure 2-1 shows a diagram of the important points in the sky. Imagine that

you ‘‘unrolled’’ the sky and made a map, much like a map of the Earth. All of the
following are labeled on the map, and many are explained in more detail later in
the chapter:

(a) ecliptic

(b) celestial equator, 0 degrees dec

(c) autumnal equinox, 12 hours RA

(d) vernal equinox, 0 hours RA

(e) summer solstice, 6 hours RA

(f) winter solstice, 18 hours RA

(g) direction of the motion of the Sun throughout the year.

THE DAY
The Earth rotates on its axis once per day, giving us day and night. Astronomers
define three different kinds of ‘‘day,’’ depending upon the frame of reference:

1. Sidereal day. The length of time that it takes for the Earth to come around
to the same position relative to the distant stars. The sidereal day is 23
hours and 56 minutes long. Specifically, it is measured as the time between
successive meridian crossings of the vernal equinox.

2. Solar day. The length of time that it takes for the Earth to come around to
the same position relative to the Sun. It is measured as the time between
successive meridian crossings of the Sun. The solar day is 24 hours long.
The ‘‘extra’’ four minutes come from the fact that the Earth travels about
1 degree around the Sun per day, so that the Earth has to turn a little bit
further to present the same face to the Sun.
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3. Lunar day. The length of time that it takes for the Earth to come around to
the same position relative to the Moon. Since the Moon revolves around
the Earth, this day is even longer than the solar day—about 24 hours and
48 minutes. This is why the tides do not occur at the same time every day,
because the Moon is the primary contributor to the tides, and it is not in the
same location in the sky each day.

TIDES
The Earth experiences one full set of tides each day (two highs and two lows),
everywhere on the planet. Tides are caused by gravity. The Sun and the Moon
both contribute to tides on Earth.
When the Sun, the Moon, and the Earth are all in a straight line, the tides are

largest. This is called a spring tide (spring for jumping, not spring for the season).
When the Sun, the Moon, and the Earth are at right angles, the tides are smallest.
This is called a neap tide.
Tides are slowing the Earth’s rotation. The rotation is slowed by about 0.0015

seconds every century. Eventually, the Moon and the Earth will become ‘‘tidally
locked,’’ so that the same face of the Earth always faces the same face of the
Moon. An Earth day will slow to be about 47 of our current days long.
As the Earth is slowing down, its angular momentum decreases. Conservation

of angular momentum requires that the Moon’s angular momentum should
increase. Indeed, the Moon increases its angular momentum by receding from
the Earth (about 3 cm per year). As it gets further away, its angular size decreases,
and it looks smaller relative to the Sun. It will take several centuries for this to add
up to a noticeable effect.

THE MOON ORBITS THE EARTH
The Moon goes through one cycle of phases in about 29 days. This is not the same
as the length of a calendar month. This is why the moon is not always new on the
first day of the calendar month.
The Moon is in ‘‘synchronous rotation.’’ The length of time that it takes to

rotate on its axis is equal to the length of time it takes to revolve around the Earth.
As a result, the same side of the Moon always faces the Earth.
As the moon orbits, it exhibits phases. Figure 2-2 shows the Moon at various

points in its orbit around the Earth. The lighter shading indicates the illuminated
portion of the Moon. This diagram is drawn from the point of view of looking
down from north.

THE EARTH ORBITS THE SUN
A year is defined as the amount of time that it takes for the Earth to complete a
full orbit around the Sun. A year is about 365.25 days long. This has many visible
consequences.
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1. Visible constellations cycle. Because the Earth is traveling around the Sun,
the constellations (made up of stars that are much further away than the
Sun) that are visible at night vary during the course of the year. That is, the
direction that you are looking into the night sky changes. The stars rise 4
minutes earlier each night (a total of about 2 hours per month). For exam-
ple, if a star rises at 6 p.m. on January 1, it will rise at 4 p.m. on February 1.

2. Seasons. The Earth’s equator is tilted by 23.5 degrees to the plane of the
Earth’s orbit (the ecliptic). Because of this, the Earth has four seasons each
year. When the North Pole is tipped in the direction of the Sun, it is
summertime in the Northern Hemisphere, but wintertime in the Southern
Hemisphere. Conversely, when the South Pole is tilted towards the Sun, it is
summer in the Southern Hemisphere, and winter in the North.
The ecliptic and the celestial equator intersect at two points, called the

equinoxes. When the Sun has reached those points on the ecliptic, it is
directly over the Earth’s equator, and the whole planet gets 12 hours of
sunlight and 12 hours of darkness. This happens once in the spring (vernal
equinox, March 21), and once in the fall (autumnal equinox, September
21). Solstices occur when the Earth’s North Pole is tilted farthest towards
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or away from the Sun. Summer solstice (June 21) is the longest day of the
year in the Northern Hemisphere, and winter solstice (December 21) is the
shortest day of the year in the Northern Hemisphere.

3. Relative motion of planets. The Earth and the other planets change their
relative positions, so that the planets appear to move generally eastward
with respect to the stars and constellations over the course of the year. The
Earth completes an orbit considerably faster than most of the outer planets,
so that they tend to be visible at nearly the same time of year for many years
in a row.

ECLIPSES
In a solar eclipse, the Moon comes between the Earth and the Sun, and casts its
shadow on the Earth. In a lunar eclipse, the Earth comes between the Sun and the
Moon, and the Earth’s shadow is cast on the Moon. Lunar eclipses are quite
common, but solar eclipses are relatively rare at any given location. A given eclipse
is visible from particular geographic locations, and may not produce any effect
elsewhere. Eclipses do not occur every month because the Moon’s orbit around
the Earth is not aligned with the Earth’s orbit around the Sun (the ecliptic). The
two orbits are inclined about 5 degrees with respect to each other.

PRECESSION
Precession is the change in the direction of the Earth’s spin axis. Precession is
easily observed in tops. A spinning top not only rotates around on its own axis,
but also the axis wobbles, and points in different directions due to gravity. The
axis of the Earth behaves in a similar manner due to the Sun’s gravitational force,
so that the North Pole points at different stars at different times. Therefore, Polaris
has not always been the North Star. About 3,000 years ago, Thuban (a star in the
constellation Draco) was the North Star; about 12,000 years from now, Vega (a
star in the constellation Lyra) will be the North Star. It takes 26,000 years for the
pole to completely precess.
As the axis points in different directions, the plane of the celestial equator

moves, so that the equinoxes also move. This is often called ‘‘precession of the
equinoxes.’’ Every 50 years or so, astronomers have to recalculate the positions of
all of the stars in the sky, since the origin of the declination–right ascension
coordinate system (the vernal equinox) moves.
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Solved Problems

2.1. What is the ratio of the gravitational force of the Sun on the Earth to the gravita-
tional force of the Moon on the Earth?

As in Chapter 1, we should set up a ratio,

FMoon
FSun

¼
GmEarthMMoon

d2Earth�Moon
GmEarthMSun

d2Earth�Sun

FMoon
FSun

¼ MMoon � d2Earth�Sun
MSun � d2Earth�Moon

From Appendix 2,

FMoon
FSun

¼ 7:35� 10
22 kg � ð1:5� 1011 mÞ2

2� 1030 kg � ð3:84� 108 mÞ2
FMoon
FSun

¼ 0:0056

The gravitational force between the Sun and the Earth is much larger than the gravitational

force between the Moon and the Earth, even though the Sun is much farther away. In this

case, the Sun is so much larger than the Moon that even comparing the squares of the

distances does not equalize the problem.

2.2. If the Earth rotated in the opposite sense (clockwise rather than counterclockwise),
how long would the solar day be?

To complete a solar day, the Earth has to move an extra degree, or 4 minutes, than to

complete the sidereal day. If it rotated in the opposite direction, this effect would be reversed.

The solar day would be 1 degree, or 4 minutes, shorter than the sidereal day. So it would be 8

minutes shorter than the current day, or 23 hours and 52 minutes long.

2.3. If you look overhead at 6 p.m. and notice that the moon is directly overhead, what
phase is it in?

At 6 p.m., the Sun is just setting, so if you observed the solar system from north, you’d see

the view shown in Fig. 2-3. If the Moon were just overhead, you’d see the view shown in Fig.

2-4. The Moon is halfway in its orbit between new and full phases, so it is a quarter moon.

Comparing to Fig. 2-2, you can see that the Moon is in its first quarter.
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2.4. Which declinations can be observed from the North Pole? the South Pole? the
equator? Which right ascensions can be seen from the above locations each day?

From the North Pole, declinations 0–908 north can be seen. From the South Pole, declina-
tions 0–908 south can be seen. From the equator, all declinations can be seen.
Since the Earth rotates completely around its axis in one day, all right ascensions can be

seen from every location on the Earth every day. This does not mean that all stars are seen

from all locations every day—some of them are on the sunward side of the sky, and some are
always below the horizon for a given location.

2.5. What is the latitude of the North Pole? Why is it impossible to give the longitude?
What are the coordinates (in RA and dec) of the north celestial pole?

The North Pole lies at 908 north latitude. All longitude lines meet at the poles, and so it is
impossible to determine the longitude of the North Pole.

Similarly, the north celestial pole is located at 908 north declination, and the RA cannot be
determined (although it is usually denoted as 00800m00s, by convention).

2.6. Suppose that the Earth’s pole was perpendicular to its orbit. How would the
azimuth of sunrise vary throughout the year? How would the length of day and
night vary throughout the year at the equator? at the North and South Poles?
where you live?
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Fig. 2-4. Diagram of setting Sun, and the Moon
overhead for observer on the Earth.



If the ecliptic and the celestial equator were not tilted with respect to each other, every day

would be an equinox, because the Sun would always be on the celestial equator. The Sun

would rise at 908 azimuth (due east) every day, and each day would be divided into 12 hours
of daylight and 12 hours of darkness at all of these locations.

2.7. You are an astronaut on the moon. You look up, and see the Earth in its full phase
and on the meridian. What lunar phase do people on Earth observe? What if you
saw a first quarter Earth? new Earth? third quarter Earth? Draw a picture showing
the geometry.

When you observe the Earth in its full phase, the Moon, the Earth, and the Sun are in a line,

with the Moon between the Earth and the Sun. This means that the Moon is new. First

quarter Earth corresponds to third quarter Moon, new Earth to full Moon, and third quarter

Earth to first quarter Moon (Fig. 2-5). The phases are opposite.
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2.8. Explain why some stars in your sky never rise, while others never set—assume that
you live in a northern latitude (between 08 and 908 north).

We are not located at the equator, and so from where we are, the horizon is not parallel to

the polar axis. From the geometry of Fig. 2-6, stars that have declinations greater than those

equal to the observer’s latitude will never set. These are called circumpolar stars. Stars with

declinations less than the negative of the observer’s latitude will never rise. Stars in between

these two declinations rise and set.

2.9. (a) How does the declination of the Sun vary over the year? (b) Does its right
ascension increase or decrease from day to day?

The declination of the Sun increases between winter and summer solstice, and decreases from
summer to winter solstice. The right ascension increases from day to day, as the Sun moves
eastward across the constellations. The Sun has to move from vernal equinox to summer

solstice to autumnal equinox, etc., all east of each other.

2.10. If a planet always keeps the same side towards the Sun, how many sidereal days are
in a year on that planet?

One. A sidereal day is the day measured relative to the stars. If you were standing on the

midnight side of the planet, it would take 1 full year for you to see the same stars cross your
meridian.
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2.11. If the lunar day were 12 hours long, what would be the approximate time interval
between high and low tide?

Since we know that there are two high and two low tides per day, we can divide the length of
the day by 4 to get the time between each high and low tide.

Time ¼ 12 hours
4

Time ¼ 3 hours

2.12. If on a given day, the night is 24 hours long at the North Pole, how long is the night
at the South Pole?

0 hours. When the North Pole is completely in darkness, it is winter there. This means that it

is summer at the South Pole; so, the South Pole is receiving 24 hours of sunlight. There is no
night at the South Pole when the North Pole is completely in darkness.

2.13. On what day of the year are the nights longest at the equator?

This is a trick question. The nights at the equator are always 12 hours long.

2.14. How many degrees (8), arc minutes ( 0), and arcseconds ( 00) does the Moon move
across the sky in 1 hour? How long does it take the Moon to move across the sky a
distance equal to its own diameter?

The lunar day is 24 hours and 48 minutes long. Therefore the Moon moves 360 degrees (a

full circle) in 24.8 hours. Each hour, the Moon moves through an angle, a:

a ¼ 3608
24:8 hours

a ¼ 14:58=hour
The Moon moves 148, 30 0, and 0 00 every hour.
The Moon’s diameter is about 0.58, or 30 0. So to find out how long it takes to travel 0.58,

divide the angular distance traveled by the angular velocity,

t ¼ d=v

t ¼ 0:58
14:58=hour

t ¼ 0:034 hour
ð1 hour ¼ 60minutesÞ
t ¼ 2:1minutes

So the Moon moves across the sky a distance equal to its own diameter every 2.1 minutes,

due to the combined motion of the Earth and the Moon.

2.15. From the fact that the Moon takes 29.5 days to complete a full cycle of phases,
show that it rises an average of 48 minutes later each night.

This problem is similar to Problem 2.14, but the motion being considered is somewhat

different. On an hour-by-hour scale, the motion of the Earth around its own axis dominates
your observations of the motion of the Moon. However, over several days, the motion of the
Moon around the Earth adds up to a significant effect.

The Moon moves 3608 in 29.5 days, so in 1 day, how far does it move?
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a ¼ 3608
29:5 days

a ¼ 12:28=day
Since the Earth turns 3608 in 24 hours, what length of time does 12.28 correspond to in the
Earth’s sky?

b ¼ 24 hours
3608

b ¼ 0:067 hours=8
ð1 hour ¼ 60minutesÞ
b ¼ 4minutes=8

So, by traveling 12.28 through the sky in 1 day, the Moon has delayed its rising by 4� 12:2
minutes, or 48.8 minutes.

2.16. What is the altitude of Polaris (Fig. 2-7) as seen from 90, 60, 30, and 0 degrees
latitude?
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908 latitude is the North Pole. By definition, the North Star is at the zenith, or at 908 altitude.

08 latitude is the equator. At the equator, the North Star is at 08 altitude.

At 608 latitude, the altitude ¼ 608.
At 308 latitude, the altitude ¼ 308.

Instrumentation

TELESCOPES
The primary function of a telescope is to gather more light than the unaided
human eye can gather. The amount of light that can be collected by a telescope
is determined by the collecting area (the area of the telescope’s lens or mirror that
is open to the sky),

F ¼ constant � A
Alternatively, the amount of time it takes to collect a certain amount of light scales
like the inverse of the area—the bigger the telescope, the less time it takes to collect
a certain amount of light,

t ¼ constant
A

In theory, this means that more astronomers can use a larger telescope, since it
takes less time to accomplish a task. Of course, this is not true in practice.
Astronomers observe fainter, more distant objects with larger telescopes, and so
take about the same amount of time as on a smaller telescope, where they would
restrict themselves to brighter objects.
There are two kinds of optical telescopes: refractors and reflectors. Refracting

telescopes use lenses to bend the light to a focus. Reflectors use curved mirrors that
reflect the light to the focus (Fig. 2-8).
Reflecting telescopes are preferred over refracting telescopes for several reasons:

1. A large mirror can be as thin as a small mirror, but a large lens must be
thicker (thus heavier). For large diameters, lenses get much heavier than
mirrors.

2. A lens has two surfaces that must be polished and cleaned; a mirror has
only one.

3. Glass absorbs light. The thicker the glass, the more light gets absorbed.

4. Lenses can be supported only around the outside, but mirrors need sup-
porting all across the back.

5. For large lenses, the glass deforms under its own weight and the image
slides out of focus.

6. In a lens, different colors are refracted by different amounts. The blue light
gets bent further than the red light. This phenomenon is called chromatic

aberration, and in some cases is a positive quality: prisms can spread out
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light into a rainbow. However, in the case of a telescope, the light coming
through a lens will be focused at different locations, depending on the color.
Only one color will be focused, and the others will be out of focus. This can
be fixed by combining lenses made out of a number of different materials,
which compensate each other. These combination lenses are heavier and
prohibitively expensive, especially in larger sizes.

Of course, reflectors are not perfect either. The worst problem is that the outer
edges of the image are blurred. This effect is called coma. Some of the incoming
light rays enter the telescope at an angle, rather than parallel to the axis, and so are
imperfectly focused by the mirror. This problem can be fixed with a special lens,
but then a special camera with curved photographic plates is necessary to ‘‘see’’
the picture. You can’t just look through the telescope with your eye.
The angular resolution of a telescope indicates how close together two points

can be before they can’t be distinguished. This number should be as small as
possible. The angular resolution is measured in arcseconds (an arcsecond is
1/3,6008). The angular resolution is given by

AR ¼ 250,000 � �
d

where � is the wavelength at which you are observing and d is the diameter of your
telescope (these must be in the same units). If the diameter of the telescope is large,
the angular resolution is small. If the wavelength is large, the angular resolution is
large. Fortunately, it is easy to build large telescopes for observing at large wave-
lengths. Unfortunately, at small wavelengths, such as ultraviolet, X-ray, or gamma
ray, it is very difficult to build telescopes with even modest diameters. The atmo-
sphere is opaque at these wavelengths, so telescopes must be placed in orbit to be
useful. This places strong constraints on the possible size of these telescopes.
Even at relatively long wavelengths, such as in the visible or radio region of the

spectrum, orbiting telescopes are preferable to ground-based telescopes. This is
because the temperature of the atmosphere is not the same throughout, which
causes changes in the density and flow of air. As light travels through air currents
or pockets of high- and low-density air, it is refracted, or bent. As these patterns in
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the atmosphere change, the light coming into your telescope will be observed in a
slightly different place on your detector over time, spreading out the image. The
phenomenon of the moving light paths is called atmospheric scintillation, and
limits the angular resolution of even large telescopes.
Relatively recent developments in telescope technology, such as interferometry

or adaptive optics, are able to produce images with angular resolutions compar-
able to those that could be achieved with space-based telescopes. Interferometry
has been used primarily in the radio and millimeter wavelengths, and links many
smaller telescopes together to simulate a much larger telescope. Optical interfe-
rometers have been built but, because of the higher frequencies, are much more
difficult to construct on the same scale as radio and millimeter interferometers.
New projects are under way to build optical interferometers in space, which may
be able to detect Earth-sized planets around other stars. These projects are still
very much in the early planning stages, and rely on unproven technologies, but
over the next decade or so the feasibility of such telescopes should be determined.
Adaptive optics is used in the optical and infrared to correct for the motion of the
atmosphere while the observation is taking place. The correction makes use of a
bright star close to the target as a reference. The Gemini North telescope in
Mauna Kea, Hawaii (a large telescope with an adaptive optics imaging system)
has produced images with less than one-tenth of 1 arcsecond angular resolution.
(Recall that 1 arcsecond is the angular diameter of a tennis ball 8 miles away.)

MAGNIFICATION
Telescopes gather more light, and this is the primary reason that they are useful.
They can also be used to magnify an image. This is done in practice by changing
the eyepiece. However, because the same amount of light is used to make a
magnified image as was used to make the original image, the magnified image is
fainter. Also, the field of view (the area of sky that can be seen through the
telescope) is reduced as the image is magnified. In practice, astronomers rarely
magnify an image using their telescope. Instead, they take a picture, using either
photographic film or a digital camera, and then use an image-processing program
to make the image larger. As a practical rule, the useful magnification of an
amateur telescope does not exceed 10 times the diameter of the objective in cen-
timeters. For example, a 4-inch reflector (diameter 
10 cm) will magnify 10�
10 ¼ 100 at most. At larger magnifications, the image deteriorates.

DETECTORS
The human eye is unparalleled in its range of color sensitivity, sensitivity to dim
light, and adaptability. We can’t manufacture anything that comes close to the
human eye in overall usefulness. When used in connection with the brain, the eye
is far and away the most sophisticated imaging system around. Observation of
faint objects, which requires collection of light over extended periods of time, as
well as image storage, can be achieved by various devices:
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1. Analog camera. A 35-mm camera on the end of a telescope can take great
pictures of the night sky. The shutter can be left open for a long time to
image faint objects. The disadvantage of an analog camera is that it is
awkward to get the pictures into a computer for analysis. Analog cameras
have the advantage of being able to take ‘‘true-color’’ pictures.

2. Digital cameras. In astronomy, these are usually called CCDs (short for
charge-coupled devices). These cameras provide the best link between a
computer and the light coming from the sky. The information is digitized
while it is taken, so that developing film or scanning photographs is not
necessary. In general, digital cameras do not record in color, so that special
filters are required to record only one color at a time. These filtered images
can be recombined to form color images.

3. Photometer. A photometer adds up the light in an area of an image. All of
the spatial information is lost. This is useful when observing objects which
change in brightness over time, or when looking at sources whose light
cannot be turned into an image (gamma-ray sources, for example).

4. Spectrometer. A spectrometer works like a prism, and records a spectrum
of an object, in a particular set of wavelengths, with a particular frequency
resolution. You will see why this detector is so important if you recall from
Chapter 1 all the things we can find out from a spectrum.

Solved Problems

2.17. What size eye would be required to see in the radio bands with the same angular
resolution as you have with your present eyes ðAR ¼ 1=608 ¼ 1 0 ¼ 60 00Þ?
A typical radio wavelength (from Fig. 1-3) is 10�1 m. We can use the angular resolution
equation:

AR ¼ 250,000 � �
d

d ¼ 250,000 � �

AR

d ¼ 250,000 � 0:1m
60 00

d ¼ 416m
This is just the pupil: you would need two of these to have adequate depth perception, and
your head would have to grow proportionately to support these eyes. This should explain

one reason that we don’t see in the radio, even though the atmosphere is transparent to radio
waves.
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2.18. What is the difference between a photometer and a camera?

A photometer collects all the light as though it came from the same place. There is no spatial
information included. A camera, however, includes information about the distribution of the
light emitted by the object being observed.

2.19. What is the difference between a spectrometer and a camera?

A spectrometer spreads out the light according to wavelength or frequency, producing a
spectrum. A camera spreads out the light according to its position on the sky, producing an
image.

2.20. An 0.76-meter telescope can collect a certain amount of light in 1 hour. How long
would a 4.5-meter telescope need to collect the same amount of light?

The time required for a telescope to collect a given amount of light is inversely proportional
to the area, so we can set up a ratio (as in Problem 1.11) to solve this problem.

T4:5
T0:76

¼
constant

A4:5
constant

A0:76

T4:5 ¼
A0:76
A4:5

� T0:76

T4:5 ¼
�R20:76
�R24:5

� T0:76

T4:5 ¼
R20:76
R24:5

� T0:76

T4:5 ¼
ð0:76=2Þ2
ð4:5=2Þ2 � T0:76

T4:5 ¼
0:144

5:06
� 1 hour

T4:5 ¼ 0:028 hour
ð1 hour ¼ 60minutesÞ
T4:5 ¼ 1:7minutes

The saving in time is substantial. A 4.5-meter telescope can collect as much light in 1.7
minutes as a 0.76-meter telescope can collect in 1 hour.

Supplementary Problems

2.21. How much more light can an 8-meter telescope collect than a 4-meter telescope (in the same
amount of time)?

Ans. Four times as much
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2.22. When the Moon and the Earth become locked in completely synchronous rotation (‘‘tidally
locked’’), how many orbits will the Moon make in one Earth day?

Ans. One

2.23. When the Moon and the Earth become locked in synchronous rotation, will lunar observers
see the Earth pass through phases? will Earth observers see the Moon pass through phases?

Ans. Yes, yes

2.24. If the moon is on the eastern horizon at midnight, what phase is it in?

Ans. Third quarter

2.25. If the rotation axis of the Earth were located in the plane of the orbit, how long would the
day be in the summer?

Ans. 24 hours

2.26. Suppose you observe a star directly overhead at 10 p.m. How far to the east or west is it at 11
p.m.?

Ans. 15.048 to the west

2.27. How much longer will the solar day be in the year 3000?

Ans. 0.015 seconds

2.28. Suppose that a solar eclipse occurred last month. Will you observe one this month?

Ans. No

2.29. In what year (approximately) will Vega again become the ‘‘North Star’’?

Ans. 16,000 C.E.

2.30. What is the advantage of an analog camera over a digital camera?

Ans. Color

2.31. What is the ratio of the flux hitting the Moon during the first quarter phase to the flux hitting

the Moon near the full phase?

Ans. 1.005
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