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Preface v

Instructor's Preface

Each year, over 260,000 students take Introductory astronomy—hereafter referred to as
Astro 101; the majority of these students are non-science majors. Most are taking Astro 101
to fulflll a university sclence requirement, and many approach gclence with some mix of
fear and disinterest. The traditional approach to help students learn has been to emphasize
creatlve and engaging lectures, taking full advantage of both demonstrations and awe-
Inspiring astronomical Images. However, a growing body of evidence in astronomy and
physics education research demonstrates that even the most popular and engaging lectures
do not engender the depth of learning for which faculty appropriately alm, Rigorous regearch
Into student learning tells us that one critical factor missing from the traditional lecture-based
classrooms Is the abllity to intellectually engage students In collaborative leaming environ-
ments where they construct their own understanding while working through active-learning
actlvities. This Is best expressed In the mantra: "It's not what the teacher does that matters;
rather It's what the students do that matters."

Lecture-Tutorials for Introductory Astronomy has been developed in response to the
demand from astronomy instructors for easily implemented active-learning activities for inte-
gratlon into existing course structures. Rather than asking faculty—and students—to convert
to an entirely new course structure, our approach In developing Lecture-Tutorials was to
create classroom-ready materials to augment traditional lectures. Any of the activities in this
manual can be inserted at the end of lecture presentations, and because of the education
research program that led to the activities' development, we are confident in asserting that
the activities will lead to deeper and more enduring student understanding of the concepts
addressed.

Each Lecture-Tutorial presents a structured series of questions deslgned to help student
confront and resolve conceptual and reasoning difficulties. Confronting difficulties often
means answering questions incorrectly; this is expected. When this happens, the activities
make use of additional questions or situated student debates designed to help a student
understand where her or his reasoning went wrong and to develop a more thorough under-
standing as a result. Therefore, while completing the activities, students are encouraged to
focus more on their reasoning and less on trying to guess an expected answer. The activi-
ties are meant to be completed by students working in pairs who "talk out" their answers
and reasoning with each other to make their thinking explicit.

At the conclusion of each Lecture-Tutorial, instructors are encouraged to engage their
class in a brief discussion about the particularly difficult concepts in the activity. The online
Instructor's Guide' also provides "post-tutorial" questions that can be used to gauge the
effectiveness of the Lecture- Tutorial before moving on to new material.

Unigue to this fourth edition of Lecture-Tutorials for Introductory Astronomy are seven
new activities focusing on topics not found in the third edition. These all-new activities were
specifically chosen to fill gaps from the third edition regarding the most common topics
taught in an Astro 101 course. As a result, there are now new activities that focus on more
various topics. It's now possible to complement your instruction with the "Observing the
Universe with Multiple Telescopes," "Observing the Invisible—Molecular Excitations and
Synchrotron Radiation," "Formation of Planets in the Solar System," "Sizing Up the Planets,"
"Comparing the Surfaces of Planets," "Detecting Exoplanets with the Transit Method" and
“Detecting Exoplanets with Gravitational Microlensing” Lecture-Tutorials. These new activities

Instructors can go to http://www.pearsonhighered.com for an online Instructor’s Guide that
gives detailed information on classroom implementation as well as evidence of the efficacy
of specific activities.
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i Preface

have been through the same rigorous development cycle that was used to create the highly
successful activities of the first, second and third editions.

In addition, several changes have been made to your favorite activities from the previous
editions of Lecture-Tutonials. Over the last several years, we have performed continuous
and systematic research to uncover places where students struggle with the wording of
questions or scenarios presented in the Lecture- Tutorial activities. As a result, many
activities from the previous editions have been notably changed for the fourth edition. In
particular, the diagrams, graphs, and artwork have been significantly Improved to help
students make hard-to-visualize and perceptually complex ideas more accessible and
easier to comprehend.
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Preface vii

Note to the Student

Welcome to the study of astronomy! You are about to embark on a grand study of the cos-
mos. To help you better understand the toplcs of your course, we have created this series of
activities called Lecture-Tutorials. In each activity, you are asked a short series of questions
that will require you to work In collaboration with your classmates to help you leam impor-
tant and difflcult concepts In astronomy. For every question In these activities, it Is Important
that you write out a detalled answer. This Is critical because you wlil certainly be using these
materials to study for exams. It s also Important because part of the leamning process Is
being able to express complex Ideas in writing.

We strongly encourage you to actively engage In completing these activities In collabora-
tion with another student. The process of declphering the questions and negotiating a com-
mon language to write your answers will help you understand the concepts more deeply.
Specifically, the Lecture-Tutorials are designed to glive you a starting point to think carefully
and talk with others about concepts In astronomy. Above all, have fun exploring astronomy!

—Ed Prather, Gina Brissenden, Colin Wallace, and Jeff Adams
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Position 1

In this celestlal sphere model, Earth is stationary and the stars are carried on a gphere that
rotates about an axis that points at the North Star. In Figure 1 below, two stars, A and B,

are each shown at four different positions (1, 2, 3, and 4) through which each star will pass
during the course of one revolution of the celestial sphere. In addition, your location on Earth
in the Northern Hemisphere is shown. Note that only the portion of the celestial sphere that
Is above the horlzon Is shown.

Celcstial Sphere
Rotation

Celestial 7’.

Sphere
Rotation

Figure 1

1) Is the horizon shown a real physical horizon or an imaginary plane that extends from
your observing location on Earth out to the celestial sphere?

2) Can the observer shown see a star when it is located below the horizon? Why or why
not?

3) Is either Star A or B ever in an unobservable position? If so, which position(s)?

4) When a star travels from a position below the observer's horizon to a position above the j
observer’s horizon, is that star rising or setting? !

5) When a star travels from a position above the observer's horizon to a position below the
observer’s horizon, is that star rising or setting?

© 2022 Pearson Education, Inc. LECTURE-TUTORIALS FOR INTRODUCTORY ASTRONOMY
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2 Position

6) Star Ais Just visible above your eastern horizon at Position 1. At which of the numbered
positions is it just visible above your western horizon?

7) At which position(s), if any, does Star B rise and set?

8) Two students are discussing their answers to Question 7.

Student 1: Locations B1 and B3 are on my horizon because they are rising and
setting just like A1 and A3.

Student 2: Figure 1 shows that Star B is as low as it will get when it is just above the
northem horizon at B4. So Star B never goes below the horizon.

Do you agree or disagree with either or both of the students? Explain your reasoning.

9) Label the directions north, south, east, and west on Figure 1. Check your answer with
another group.

10) For each indicated position, describe where in the sky you must look to see the star
at that time. Each description requires two pieces of information: the direction you
must face (north, northeast, east, etc.) and how far above the horizon you must look
(low, high, or directly overhead). If you cannot see the star, state that explicitly. The
descriptions for four positions are given as examples.

a) A1: east, low

b) A2:

c) A3

d) A4

e) North Star: north, high
f) B1:

g) B2: directly overhead
h) B3: northwest, high
i) B4:

Check your answers with a nearby group and resolve any inconsistencies.

11) Does Star B ever set?

© 2022 Pearson Education, Inc. LECTURE-TUTORIALS FOR INTRODUCTORY ASTRONOMY
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Motion 3

Pani |: Looking North

For this activity, imegine you are the observer shown on Earth in the Northern Hemsphere
and that the ime is 8 p.m. Looking north, the sky will sppear as shown in Figure 1. The
positons and motions of the star in Figure 1 can be understood by imagming yoursel! as the
observer at the center of the celestial sphere as shown in Figure 2. in the celestial sphere
model, Earth is stationary and the stars are carried on a sphere that rotates about an axis
that points at the North Star Note that only the portion of the celestial sphere that is above
your horizon is shown.

The x’s in both figures represent four of the positions through which Star B will pass during
the course of one revolution of the celestial sphere. ignore Star A until Question 6.

1) Note in Figure 1 that the position of Star B at 6 p.m. has been identified for you. Circle
the numbered position (1, 2, 3, or 4) in Figure 2 that corresponds to the identified
location of Star B at 6 p.m. provided in Figure 1.

2) The rotation of the celestial sphere carries Star B around so that it retums to the same
position at about 6 .M. the next evening. Label each of the x's in both figures with the

approximate time at which Star B will arrive (e.g., the location you circled in Question 1
will be labeled “6 P.M.").

3) Using Figure 2, describe the direction you have to look to see Star B at 6 AM.

4) The position directly overhead is called the zenith. Label the direction of the zenith on
Figure 2.

A LECTURE-TUTORIALS FOR INTROOUC TORY ASTROAOMY
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4 Motion

5) In Figure 1 the pAth {hat Star B follows is shown with 4 daehed line. Draw a small
arrowheaq On (he peth to represent the direclion Star B would be moving at the instant
it is at eacy Of the four locations marked with an x

6) Imagine you could see Star B at noon. Fifteen minutes later, in what direction will Star B
havg moved? Explain your regsoning.

7) Using Figure 2, describe in words where you would look to see Star A when It Is halfway
between rising and setling.

Part Il Looking. East

Figure 3 shows an extended view along the eastern horizon showing the positions of Stars
A and B at 6 P.m. The arrow shown Is provided to Indicate the direction that Star B will be

moving at 6 P.M.

Figure 3
8) Recall that In Question 7, you found that Star A ends up high in the southern sky when it is
halfway between rising and setting (and therefore never passes through your zenith). Draw

a straight arrow at the x in the east In Figure 3 (the position of Star A at 6 P.m.) to indicate
the direction Star A moves as It rises. Studying Figure 2 can also help clarify your answer.

9) Two students are discussing the direction of motion of a star rising directly in the east.

Student 1: Stars move east to west so any star rising directly in the east must be
moving straight up so that it can later set in the west. If the arrow were
angled, the star would not travel so that it would set in the west.

Student 2: / disagree. From Figure 2, the path of Star A starts in the east at the horizon,
and then It goes up and will later be high in the southern sky, and then it
will set In the west. To do this it has to move toward the south as it rises
so | drew my arrow angled up and to the right.

Do you agree or disagree with either or both of the students? Explain your reasoning.

©2022 Pearson Education, inc. LECTURE-TUTORIALS FOR INTRODUCTORY ASTRONOMY
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Motion 5

10) Consider the student comment below.

Student: The amount of time that all stars are above the horizon is 12 hours because
it takes 12 hours for a star to rise in the east and then set in the west.

Do you agree or disagree with the student? Explain your reasoning.

Consider the situation shown below in which the Sun and a group of constellations are
shown at sunrise, Figure 4, and then shown again 8 hours later, Figure 5,

i oy

Figure §

© 2022 Pearson Education, Inc. LECTURE-TUTORIALS FOR INTRODUCTORY ASTRONOMY
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6 Motion

11) Consider the following debate between two students regarding the motion of the Sun
and constellations shown in Figures 4 and 5.

Student 1: e know the Sun rises In the east and moves through the southern part of
the sky and then sets In the west. Eight hours after sunrise, It makes sense
that the Sun will have moved from being on the eastern horlzon near the
constellation Cancer to being located high In the southwestern sky near the
constellation Arles.

Student 2: You're forgetting that some stars and constellations also move from
the east through the southern sky and to the west Just llke the Sun. So,
the Sun will still be near Cancer eight hours later. So Figure 5 Is drawn
Incorrectly. It should show that the constellations have all moved llke the
Sun, so Cancer would also be located high In the southwestern sky, with

the Sun, elght hours later.

Do you agree or disagree with either or both of the students? Explain your reasoning.
Check your answers with another group.

12) In Question 11, we found that Figure 5 was drawn incorrectly. Redraw Figure 5 on the
figure below by sketching the approximate location of any constellations from Figure 5

that would still be visible.

© 2022 Pemrson Education, inc. { ECTURE-TUTDRIALS FOR INTRODLETORY ASTROMOMY
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Seasonal Stars ?

Bart |; Monthly_ Differences

Figure 1 shows a Sun-centered, or hellocentric, perspective view of the Earth-Sun system
indicating the direction of both the daily rotation of Earth about its own @xis and i% yearly

orbit about the Sun. You are the observer shown in Figure 1, located on Earth in the
Northern Hemisphere while facing south.

To North
Star

Figure 1

Figure 2 shows a horizon view of what you would see when facing south on this night at the
same time as shown in Figure 1.

© 2022 Pearson Education, Inc. LECTURE-TUTORIALS FOR INTRODUCTORY ASTRONOMY
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1)

3)

4)

5)

6)

7)

9)

Seasonal Stars

Which labeled constellation do you see highest in the southern sky?

For the time shown, which constellation is Just to the east (l.e., to your left when you are
facing south) and which constellation is just to the west (l.e., to your right when you are
facing south) of the highest constellation at this instant?

east: west:

Noting that you are exactly on the opposite side of Earth from the Sun, what time is it?

In six hours, will the observer be able to see the Sun? If not, why not? If so, in what
direction (north, south, east, or west) would you look to see the Sun?

Which constellation will be behind the Sun at the time described in Question 47

When it is noon for the observer, which constellation will be behind the Sun?

One month later, Earth will have moved one-twelfth of the way around the Sun. You are

again facing south while observing at midnight. Which constellation will now be highest
in the southern sky?

Do you have to look east or west of the highest constellation that you see now to see
the constellation that was highest one month ago at midnight?

Does the constellation that was highest in the sky at midnight a month ago now rise
earlier or later than it rose last month? Explain your reasoning.

© 2022 Pearson Education, Inc. LECTURE-TUTORIALS FOR INTRODUCTORY ASTRONOMY

FourTH EDITION

\



Seasonal Stars

Part IL: Dally Differsnces

Figure 3 ehowe the same Earth-Sun view as before and the bright star Betelgeuse, which is
between Taurus end Gemini.

To North
Star

Figure 3

10) Imagine last night you saw the star Betelgeuse just starting to rise on your eastern

horizon at 7:15 p.M. At 7:15 P.Mm. tonight, will Betelgeuse be above, below, or exactly on
your eastern horizon?

11) Two students are discussing their answers to Question 10.

Student 1: Earth makes one complete rotation about its axis each day so Betelgeuse
will rise at the same time every night. It will therefore be exactly on the
eastern horizon,

Student 2:

| disagree. Recall that since Earth goes around the Sun, the constellation
Taurus rises earlier each month and so it must rise a little bit earlier each

night, too. Betelgeuse must do the same thing. Tonight it would rise a little
before 7:15 and be above the eastern horizon by 7:15.

Do you agree or disagree with either or both of the students? Explain your reasoning.

INTROD! STRONOM
© 2022 Pearson Education, Inc. LRTURE-TuTpaLS PR v i

FOuRTH EDIMON



Seasonal Stars
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Solar vs. Sldereal Dal 11

Part l; Scolar Day

Figure 1 shows a top-down
view of the Earth—Sun
system. Arrows indicate the
directions of the rotational and
orbital motions of Earth. For
the observer shown, the Sun
is highest in the sky at noon.

1) Earth orbits the Sun in a 180°
counterclockwise direction
once every 365 days.
Approximately how many
degrees does Earth move
along its orbit in one day?

2)

H)”

North
Pole
{ o

K | dnys l |

270°

Figure 1

As Earth orbits the Sun, it also rotates in a counterclockwise direction about its axis as

shown in Figure 1. We define 24 hours as the time from when the Sun is highest in the
sKy one day to when it is highest in the sky the next day. How many degrees does Earth
rotate about its axis in exactly 24 hours: 360°, slightly less than 360°, or slightly more

than 360°7?

3) How long does it take Earth to rotate exactly 360°: slightly less than 24 hours, 24 hours,

or slightly more than 24 hours?

4) Two students are discussing their answers to Questions 2 and 3.

Student 1: Earth rotates about its axis once every 24 hours, and one rotation equals

360°.

Student 2: [ disagree. When Earth has gone around 360° it has also moved a small
amount counterclockwise around the Sun, which means the Sun will not

appear highest in the sky yet after a 360° rotation. Earth must spin a little
bit more for the Sun to reach its highest point.

Do you agree or disagree with either or both of the students? Explain your reasoning.
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AL Solar vs. Sldereal Day

Part |l: Sidereal Day

We define a solar day as the time It takes for the Sun to go from its highest point in the sky
on one day to lts highest point In the sky on the next day, and we divide that time Into 24
hours.

A sidereal day Is defined as the time It takes for Earth to rotate exactly 360° about Its axls
with respect to the distant stars.

5) When does Earth rotate a greater amount, during a solar day or during a sidereal day?

6) Complete the sentences below by using the words provided in the parentheses ().

Since Earth must rotate a little (more/less) during a solar day, it wlll take
(morelless) time to complete a solar day than a sidereal day.

Imagine that at some time In the future the direction that Earth orbits the Sun Is somehow
reversed so that Earth now orbits the Sun approximately 1° clockwise each day. However,
the rotatlon about its own axis remains counterclockwise at the same rate.

7) Inthe space below, create a sketch similar to Figure 1 to depict this imaginary situation.

8) Through how many degrees will Earth now rotate in a sidereal day?

9) Through how many degrees will Earth now rotate in a solar day?

10) Is a sidereal day now longer, shorter, or the same length as a sidereal day was before
we changed Earth’s orbital direction?

11) Is a solar day now longer, shorter, or the same length as a solar day was before we
changed Earth’s orbital direction?

12) Which will take longer, a solar or a sidereal day?

© 2022 Pearson Education, Inc. LECTURE-TUTORIALS FOR INTRODUCTORY ASTRONOMY
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Ecliptic 13

For all parts of this activity, it Is helpful to imagine that the stars are so bright (or our Sun so
dim) that the stars can be seen during the day so that your sky might appear as in Figure 1.

Part I: Dally Motion

On December 1, at noon, you are looking
toward the south and see the Sun among the

stars of the constellation Scorpius as shown in
Figure 1.

1) At 3 p.M. that afternoon, will the Sun
appear among the stars of the constellation

Capricornus, Sagittarius, Scorpius, Libra, or
Virgo?

Figure 1

2) Two students are discussing their answers
to Question 1.

Student 1: The Sun moves from the east through the southern part of the sky and
then to the west. By 3 p.M. it will have moved from being high in the
southern sky to the west into the constellation Libra.

Student 2:

You're forgetting that stars and constellations, like those in Figure 1, will
rise in the east, move through the southern sky, and then set in the west

just like the Sun. So the Sun and Scorpius will both have moved together
into the western part of the sky where Libra is now by 3 pP.M.

Do you agree or disagree with either or both of the students? Explain your reasoning.

Recall that in the celestial sphere model, the stars’ daily motions result from the rotation of
the celestial sphere.

3) Is it possible to model the Sun's daily motion by assuming that the Sun is fixed to the

celestial sphere and is carried along its path across the sky by the sphere’s rotation?
Explain why or why not.
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gy careful observation of the Sun's position in the sky throughout the year, we find that the
celestial sphere rotatés slightly more than 380° every 24 hours. Figure 2 shows the same
view of the sky (as Figure '1) bL_:t on December 2 at noon. For comparison, the view from the
previous day at the same time is also shown in gray.

4) Draw the locatlon of the Sun as accurately as possible in Figure 2.
5) Figure 3 shows the same view of the sky (as Figure 1) one month later on January 1 at
noon. Draw the location of the Sun as accurately as possible in this figure.

12 noon, Dec 2 12 noon, Jan |

Capricomus Y Sagittaz?%
d Scorpius
é Aguarius Libra [}

Figure 2 Figure 3

6) Two students are discussing their answers to Questions 4 and 5.

Student 1:  The Sun will always lie along the dotted line in the figures when it’s noon.

Student 2. But, we saw in Question 3 that the Sun’s motion can be modeled by
assuming it is stuck to the celestial sphere. The Sun must, therefore, stay
in Scorpius.

Student 1: /f that were true, then by March the Sun would be setting at noon. The Sun
must shift a little along the celestial sphere each day so that in 30 days it
has moved toward the east into the next constellation.

Do you agree or disagree with either or both of the students? Explain your reasoning.
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Part 1l The Eclintic

The zodlacal constellations were of spacial Interes! o ancient astronomere bacause these
are the conslellalions through which the Sun moves throughout the year. These enclent
astronomers Imagined that the Sun was fixed to the celestial sphere to account for dally
motions, but they elso Imagined that the Sun could move slightly along the sphere from

day to day. The Sun's position on the celestlal sphere (among the stars In the constellation
Scorplus) on December 1 s shown in Figure 4,

North Star Celestinl Sphere

-
- - -

Celestial
Equator

Figure 4
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12 Ecliptic

7) On Figure 4, draw where the Sun will be located on the celestial sphere on January 1.
Label this position “Jan 1."

8) On Figure 4, for the other constellations, draw in the Sun and label the constellation with
the approximate date that the Sun will be located there.

The line drawn through these constellations, tracing out the Sun’s annual path, is called the
ecliptic.

9) Label the ecliptic in Figure 4.

10) About how many times does the celestial sphere rotate in the time it takes the Sun to
move between two adjacent constellations (i.e., 1/12 of the way around) along the
ecliptic?

11) How long does it take the Sun to make one complete trip around the ecliptic (i.e., from
Scorpius to Scorpius)?

Part IV: Wrap-Up

It is important to realize that the ecliptic represents an annual drift of the Sun and does not
represent the daily path of the Sun. Instead, it is the rotation of the celestial sphere that
model's the Sun's daily motion through the sky. Also, since the ecliptic is tilted with respect to
the rotation axis of the celestial sphere, the ecliptic slowly “wobbles” as the celestial sphere
rotates. The Sun’s position on the ecliptic is only important in deciding whether the Sun’s
daily path will carry it high in the sky (summer) or low in the sky (winter). In Figure 5a, the
Sun's position along the ecliptic and its path for one day (dashed line) are shown for two
different dates: December 1 (in Scorpius) and June 1 (in Taurus). Figures 5b, 5¢, and 5d
show the path of the Sun and the wobble of the ecliptic at six-hour intervals as the celestial

sphere rotates. Study these figures, carefully noting that the ecliptic and Sun are both carried
by the celestial sphere.

12) On Figure 5d, label the ecliptic (Sun's annual path) and the Sun's daily path for
December 1 and June 1.

13) Which Figure (5a, 5b, 5c, or 5d) shows the Sun at noon, low in the southern sky, when it
would be among the stars of the constellation Scorpius?

14) Which Figure (5a, 5b, 5c, or 5d) shows the Sun at noon, high in the southern sky, when
it would be among the stars of the constellation Taurus?
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December 1 (Sun in Scorpius)
and
June | (Sun in Taurus)

6 hours later

Figure 5a Figure Sb

12 hours later 18 hours later

Figure Sc Figure 5d
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Star Charts 19

Consider the overhead-view star map for July at midnight shown in Figure 1. In particular,
notice that the directions of north and east have been identified and that the names of

different star groups (constellations) have been provided.

/‘\;70 éﬂgﬁ-

DELPHINYS

1) Which star group will appear highest in the night sky at this particular time?

LECTURE-TUTORIALS FOR INTRODUCTORY ASTRONOMY
FOURTH EDITION

© 2022 Pearson Education, Inc.



20 Star Charts

2) Figure 2 shows a south-facing horizon view star map for July at midnight. What is the
name of the star group that appears highest in the sky on this south-facing horizon view
star map? (Hint: refer to the names provided in Figure 1.)

Figure 2

3) How would you have to hold, rotate, fold, and/or change the overhead-view star map
shown in Figure 1 so that it could be used as a south-facing star map like the one

provided in Figure 2?

4) How would your answer to the previous question change if you wanted to use the star
map from Figure 1 as a north-facing map?

5) Do you still agree with your answer to Question 1? Why or why not?

6) When looking at the overhead-view star map from Figure 1,

a) on what part of the map (left, right, top, bottom, or center) is the star group that will
appear highest in the night sky? What is the name of this star group?

b) on what part of the map (left, right, top, bottom, or center) is the star group that will
appear near the southern horizon? What is the name of this star group?

c) on what part of the map (left, right, top, bottom, or center) is the star group that will
appear near the eastern horizon? What is the name of this star group?
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Ennli-ﬁnunlAmJn.EnmmmJnmn
Kepler's second |aw of planetar
8weeps out equal amouynts of area Iin equal intervals of time.

!maglne the situation shown at the right
in which a planet |g moving in a perfectly
circular orbit aroun

d its com anjon star,
Note that the time P :

. between each
position shown jg exactly one month.

y motion states that a line joining a planet and the Sun

1) Does this planet obey Kepler's
second law? How do you know?

2) If you were carefully watching this planet durin
planet be increasing, decreasing,

g the entire orbit, would the speed of the
or staying the same? How do you know?
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Kepler's Second Law

In the drawing below, @ planet that cbeys Kepler's second |aw |s shown at nine different
locations (A=I) during the planet's orbit around its Companlon star.

4)

5)

Draw two lines: one connecting the planet at Position A to the star and a second line
connecting the planet at Position B to the star, Shade in the area swept out by the
planet when traveling from Positions A to B.

Pick any two planet positions (C, D, E, F, G, H, I)—note, they do not have to be
consecutive—that you could use to construct a swept-out area that would have
approximately the same area as the one you shaded in for Question 3. Shade in the
second swept-out area using the planet positions that you chose. Note: Your shaded
area needs to be only roughly the same size; no calculations or quantitative estimates
are required.

How would the time it takes the planet to travel from Position A to Position B compare
(greater than, less than, or equal to) to the time it takes to travel between the two
positions you selected in Question 4?7 Explain your reasoning.

During which of the two time intervals for which you sketched the shaded areas in
Questions 3 and 4 is the distance traveled by the planet greater?

During which of the two time intervals for which you sketched the shaded areas in
Questions 3 and 4 would the planet be traveling faster? Explain your reasoning.
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Kepler's 8econd Law

BartIl; Keoler's Second Law and the Soesd of the Planets

The drawing below shows another planet’s orbit. In this case, the twelve positions shown

(A-L) are each exactly one month apart. As before, the pianet shown obeys Kepler's
second law,

I

8) Does the planet appear to be traveling the same distance each month?

9) At which position would the planet have been traveling the fastest? The slowest?
Explain your reasoning.

10) At Position D, is the speed of the planet increasing or decreasing as time goes on?
Explain your reasoning.

11) Provide a concise statement that describes the relationship that exists between a
planet's orbital speed and the planet's distance from its companion star.
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Part lii; Kepler's Second Law and Eccentricity

Consider the table below listing the orbit eccentricities for objects in the solar system. Recall
that an orbit with an eccentricity of zero is perfectly circular whereas the highty elliptical orbits
shown in Parts | and |l would have a high eccentricity of approximately 0.90.

Object Eccentricity of Orbit
Mercury 0.206

Venus 0.007

Earth 0.016

Mars 0.093

Jupiter 0.048

Satum 0.054

Uranus 0.047

Neptune 0.008

Pluto | 0.248 B

12) Which of the three orbits shown below (A, B, or C) would you say most closely matches
the shape of Earth’s orbit around the Sun? Explain your reasoning.

(ORGP R ——
13) Which of the objects listed in the table above would experience the largest change in

orbital speed and which would experience the smallest change in orbital speed?

14) Describe the extent to which you think Earth’s orbital speed changes throughout a
year? Explain your reasoning.
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Kepler's third law describes the relationship between how long it takes a planet to orbit a
star (orbital period) and how far away that planet is from the star (orbital distance). In this
activity, we investigate an imaginary planetary system that has an average star, like the
Sun, located at the center of the orbits of two planets. A huge Jupiter-like planet named
Esus orbits close to the star, while a small Earth-like, terrestrial planet named Sulis is in an
orbit far away around the star. Use this information when answering the next four questions.

If you're not sure of the correct answers to Questions 14, just take a guess. We'll retum to
these questions later in this activity.

1) Which of the two planets (Esus or Sulis) do you think will move around the central star in
the least amount of time? Explain your reasoning.

If Esus and Sulis were to switch positions, would your answer to Question 1 change? If
so, how? If not, why not?

3) Do you think the orbital period for Esus would increase, decrease, or stay the same if its
mass were increased? Explain your reasoning.

4) Imagine both Esus and Sulis were in orbit around the same central star at the same
distance and that their orbital positions would never intersect (so that they would never
collide). Which of the two planets (Esus or Sulis) do you think will move around the
central star in the least amount of time? Explain your reasoning.
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Kepler's Third Law

The graph below lllustrates how the orbital period (expressed In years) and orbital distance
(expressed In astronomical unite, AU) of a planet are related.

§) According to the graph,
would you say that the orbital
period of planets appears to
Inorease, decrease, or stay
the same as their orbital
distance Is increased?

6) How far from the central star
does a planet orblt If it has an
orbltal period of one year?

Orbital Period (Years)

2 3 4 5 6 7 8 9

10 11 12

1

4

L}
L]

.....................

2

v

] 2 3

4 5 6

Orbital Distance (AU)

7) How long does it take a planet to complete one orbit if it is twice the distance from the
central star as the planet described in Question 67

8) Based on your results from Questions 6 and 7, which of the following best describes
how a planet's orbital period will change (if at all) when its distance to the central star is

doubled? Circle your choice.

a) The planet's orbital period will decrease by half.

b) The planet's orbital period will not change.
c) The planet's orbital period will double.
d) The planet's orbital period will more than double.
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In the table below we have provided the orbital distances, orbital periods, and masses for
the eight planets in our solar system.

Planet Orbital Distance Orbital Perlod Planet Mass
(In astronomical (in years) (in units of Earth’s

units—AU) mass)

Mercury 0.38 0.24 0.06
Venus 0.72 0.61 0.82
Earth 1.0 1.0 1.0
~ Mars 1.52 1.88 0.11
Jupiter 5.20 11.86 318
Saturn 954 29.46 95.2
Uranus 19.2 84.01 14.54
Neptune 30.06 164.8 17.15

9) What is the name of the planet that you identified the orbital distance for in Question 6?

10) Using the information provided in the table above and on the graph on the previous

page, which of the answers below best describes how a planet's mass will affect its
orbital period. Circle your choice.

a) Planets that have small masses have longer orbital periods than planets with large
masses.

b) Planets with the same mass will also have the same orbital period.

c) Planets that have large masses have longer orbital periods than planets with small
masses.

d) A planet's mass does not affect the orbital period of a planet.

Explain your reasoning and cite a specific example from the table or graph to support
your choice.
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11) A student In your class makes the following comment about the relationship between the
location of planets in our solar system and their orbital period and mass.

Student: As we look at planets farther away from the Sun than Mercury, we see that

their distances get bigger and that the mass of the planets is also getﬁng
larger. So | think that the farther away a planet is from the Sun, the more
massive it will be and the longer it will take to go around the Sun.

Do you agree or disagree with this student? Which planet(s) listed in the table above
support your answer? Explain your reasoning.

12) Review your answers to Questions 1-4. Do you still agree with the answers you

provided? If not, describe (next to your original answers) how you would change the
answers you gave initially.
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Bart): The Force of Gravity

Newton's law of universal gravitation describes the attractive gravitational force that exists
between any two bodies with the following equation:

GMm_
r

o0

G is the gravitational constant (which for this activity you can assign a value of 1). Mand m

are the masses of the two objects attracting one another, and r is the distance from the
center of one object to the center of the other object.

1) Given that Earth is much larger and more massive than the Moon, how does the
strength of the gravitational force that the Moon exerts on Earth compare to the
gravitational force that Earth exerts on the Moon? Explain your reasoning.

2) Consider the following debate between two students about their answer to the previous
question.

Student 1: To calculate the strength of each gravitational force, you have to use both
masses and the distance between Earth and the Moon in the equation.
Because each calculation uses the same numbers, you will get the same
gravitational force on Earth and on the Moon, so they are equal.

Student 2: | disagree. | said that Earth exerts the stronger force because it is way
bigger than the Moon. Because its mass is bigger, the gravitational force

Earth exerts has to be bigger too. | think you are confusing Newton's third
law with the law of gravity.

Do you agree or disagree with either or both of the students? Explain your reasoning.
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30 Newton’s Laws and Gravity

3) How would the strength of the force between the Moon and Earth change if the mass of
the Moon were somehow made two times greater than its current mass?

Part \I: Force—-Distance Relationship

In the picture below, a spaceprobe traveling from Earth to Mars is shown at the halfway point
between the two (not to scale).

'Mars

@paeepmbe

4) On the diagram, clearly label the location where the spaceprobe would be when the
gravitational force by Earth on the spaceprobe is strongest? Explain your reasoning.

5) On the diagram, clearly label the location where the spaceprobe would be when the
gravitational force by Mars on the spaceprobe is strongest. Explain your reasoning.
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6) When the spacecraft 8 at the halfway point, how does the strength of th:a %ravit’aftlonal
force on the spaceprobe by Earth compare with the strength of the gravitational force on

the spaceprobe by Mars? Explain your reasoning.

7) Two students are discussing their answer to the previous question.

Student 1:  Since the spaceprobe is exactly halfway between Earth and Mars, the

strength of the gravitational forces would be the same since the distances
are the same.

Student 2:  You're right that the distances are the same, but you're forgetting about
mass. The Earth is much more massive than the Moon so, the strength of
the gravitational force on the spaceprobe by Earth has to be bigger than
the strength of the gravitational force on the spaceprobe by Mars.

Do you agree or disagree with either or both of the students? Explain your reasoning.

: LECTURE-TUTORIALS FOR INTRODUCTORY ASTRONOMY
© 2022 Pearson Education, inc. FEURYH ECiTion



32 Newton's Laws and Gravity

8) If the spaceprobe had lost all ability to control its motion and was sitting at rest at the

midpoint between Earth and Mars, would the spacecraft stay at the midpoint or would it
start to move?

If you think it stays at the midpoint, explain why it would not move.

If you think it would move, then: (a) Describe the direction it would move; (b) describe
if it would speed up or slow down; (c) describe how the net (or total) force on the
spaceprobe would change during this motion; and (d) identify when/where the
spaceprobe would experience the greatest acceleration.

9) Imagine that you need to completely stop the motion of the spaceprobe and have it
remain at rest while you perform a shutdown and restart procedure. You have decided
that the best place to carry out this procedure would be at the position where the net (or
total) gravitational force on the spaceprobe by Mars and Earth would be zero. On the
diagram, label the location where you would perform this procedure. (Make your best
guess; there is no need to perform any calculations here.) Explain the reasoning behind
your choice.
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1) Which value, apparent magnitude, or absolute magnitude:

a) tells us how bright an object will appear from Earth?

b) tells us about the object's actual brightness?

2) The full Moon has an apparent magnitude of -=12.6, and when Mars s at its brightest in
the night sky, its apparent magnitude is +2.0.

a) Which of the two objects has the bigger apparent magnitude number?

b) Which object will look brighter from Earth, the full Moon or Mars? How do you know?

c) Imagine a new object has been discovered that, from Earth, appears dimmer than
Mars. Make up a possible apparent magnitude number for this object.

3) Consider the following debate between two students.

Student 1: [ think a star with an apparent magnitude number of -2.0 would look
brighter than a star with an apparent magnitude number of +1.0.

Student 2: [ disagree. You don’t understand the number scale for apparent and
absolute magnitude. The bigger the number the brighter the star. So the
+1.0 star would look brighter than the —2.0 star.

Do you agree or disagree with either or both of the students? Explain your reasoning.
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4) Star Y appears much brighter than Star Z when viewed from Earth, but is found tond
actually give off much less light. Assign a set of possible values for the apparentanc
absolute magnitudes of these stars that would be consistent with the information givén in
the previous statement. Explain your reasoning.

5) The star Alissa has an apparent magnitude of 0.1 and is located about 250 parsecs
away from Earth. Which of the following Is most likely the absolute magnitude for Alissa:

a) -6.9
b) 0.1
c) 7.1

Explain your reasoning.

6) Refer to the following table for Questions 6a—6d:

Apparent Magnitude Absolute Magnitude
Star A: 1 1
Star B: 1 2
Star C: 5 4
Star D: 4 4

a) Which object appears brighter from Earth: Star C or Star D? Explain your reasoning.

b) Which object is actually brighter: Star A or Star D? Explain your reasoning.
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c) For Stars A-D, state whether the star is closer than, farther than, or exactly 10
Parsecs away from Earth. Explain your reasoning.

d) Would th.e apparent magnitude number of Star A increase, decrease, or stay the
same, If it were located at a distance of 40 parsecs? What about the absolute
magnitude number? Explain your reasoning.

7) Star F is known to have an apparent magnitude of -26.7 and an absolute magnitude

of 4.8. Where might this star be located? What is the name of this star? Explain your
reasoning.
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Part I: Stars In the Sky

Consider the diagram to the right.

1)

2)

3)

4)

Imagine that you are looking at the
stars from Earth in January. Use a
straightedge or a ruler to draw a straight
line from Earth in January, through the
Nearby Star (Star A), out to the Distant
Stars. Which of the distant stars would
appear closest to Star A in your night
sky in January? Circle this distant star
and label it “Jan.”

Repeat Question 1 for July and label the
distant star “July.”

In the box below, the same distant stars
are shown as you would see them in the
night sky. Draw a small X to indicate the
position of Star A as seen in January
and label it “Star A Jan.”

In the same box, draw another X to
indicate the position of Star A as seen in
July and label it “Star A July.”

In astronomy, parallax is the apparent
motion of a nearby object, relative to distance
objects, due to the motion of Earth around
the Sun,

o}
o o oo O = o
Distant Stars
o)
Nearby Star
(Star A)
Earth Earth

(January) (July)
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The Parsec

5) Imagine you were observing two stars
(C and D) that both exhibit parallax. As
Earth orbits the Sun during the year, you
observe that Star C appears to move
by a greater amount than Star D. Does
this mean that Star C is closer or farther
from you than Star D? If you're not sure,
just take a guess. We'll retum to this
question later in this activity.

Part ll: What’s a Parsec?

Consider the diagram to the right.

6) Starting from Earth in January, draw
a line through Star A to the top of the
page.

7) Thereis now a narrow triangle, created
by the line you drew, the dotted line from
the Sun, through Star A to the distant
stars, and the dotted line from the Sun to
Earth. The small angle, just below Star
A, formed by the two longest sides of
this triangle is called the parallax angle
for Star A. Label this angle “p,.”

Knowing a star's parallax angle allows us

to calculate the distance to the star. Since
even the nearest stars are still very far
away, parallax angles are extremely small.
These parallax angles are measured in “arc-
seconds” where an arcsecond is 1/3600 of 1
degree.

To describe the distances to stars,
astronomers use a unit of length called the
parsec. One parsec is defined as the dis-
tance to a star that has a parallax angle of
exactly 1 arcsecond.

Note: 1 parsec is 206,265 AU. Since the
distance from the Sun to even the closest
star is so much greater than 1 AU, we can
consider the distance from Earth to a star
and the distance from the Sun to that star
to be approximately equal.

o]
oO O?O OO (o]
Distant Stars ;
]
)
]
]
1
)
I
I
]
]
|
|
|
]
Nearby Star 1
(StarA) @
\
i
|
|
:
]
I
I
]
)
|
!
|
|
]
|
I
|
|
|
|
]
|
1
|
|
)
)
|
I
|
|
|
|
I
Earth _ Earth
(Janual‘)’) " (July)
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8) If the parallax angle for Star A (p,) Is 1 arcsecond, what is the distance from the Sun to
Star A? (Hint: Use parsec as your unit of distance.) Label this distance on the diagram.

9) Is a parsec a unit of length or a unit of angle? It can't be both.

Part lll: Distances

10) On your diagram from Part Il, draw a second star along the dotted line farther from the
Sun than Star A and label this faraway star “Star B." Repeat steps 6 and 7 from Part I,
except label the parallax angle for this Star B with pg.

11) Which star, the closer one (Star A) or the farther one (Star B), has the larger parallax
angle?

12) Consider the following debate between two students regarding the relationship between
parallax angle and the distance we measure to a star.

Student 1: [/f the distance to the star is more than 1 parsec, then the parallax angle
must be more than 1 arcsecond. So a star that is many parsecs away will
have a large parallax angle.

Student 2: /f we drew a diagram for a star that was much more than 1 parsec away
from us, the triangle in the diagram would be pointier than the one we just
drew in Part Il. That should make the parallax angle smaller for a star

farther away.

Do you agree or disagree with either or both of the students? Explain your reasoning.

13) Check your answers to Question 5 and resolve any discrepancies.
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We are often unable to directly measure distances to faraway objects in our night sky.
However, we can obtain the distances to relatively nearby stars by using their parallax
angles. Because even these stars are very far away (up to about 500 parsecs), the parallax
angles for these stars are very small. They are measured in units of arcseconds, where '

1 arcsecond is 1/3600 of 1 degree. To give you a sense of how small this angle is, the thin

edge of a credit card, when viewed from one football field away, covers an angle of about
1 arcsecond.

Consider the starfield drawing shown in

Figure 1. This represents a tiny patch of our O PR, (o] OL{ul_ygﬂT
night sky. In this drawing we will imagine that ’ o© 9
the angle separating Stars Aand B is just 1/2 O ey ) B Star B
of an arcsecond. o Ter 1@ o) é
o TR SR SRl o
Figure 1

In Figure 2 (see the final page of the activity), there are drawings of this starfield taken at
different times during the year. One star in the field moves back and forth across the star
field (exhibits parallax) with respect to the other, more distant stars.

1) Using Figure 2, determine which star exhibits parallax. Circle that star on each picture in
Figure 2.
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2)

3)

4)

In Figure 1, draw a line that shows the range of motlon for the star you saw exhibiting
parallax in the drawings from Figure 2. Label the end points of this line with the months
when the star appears at those end points,

How many times bigger is the separation between Stars A and B compared to the
distance between the end points of the line showing the range of the motion for the star
exhibiting parallax?

What Is the angular separation between the end points that you marked in Figure 1 for
the nearby star exhibiting paraliax? '

Note: We define a star's parallax angle as half the angular separation between the end
points of the star's angular motion.

5)

What is the parallax angle for the nearby star exhibiting parallax from Question 1?

Note: We define 1 parsec as the distance to an object that has a parallax angle of
1 arcsecond. For a star with a parallax angle of 2 arcseconds, the distance to the star from
Earth would be 1/2 of a parsec.

6)

For a star with a parallax angle of 1/2 of an arcsecond, what is its distance from us
(in parsecs)?

For a star with a parallax angle of 1/4 of an arcsecond, what is its distance from us
(in parsecs)?

What is the distance from us to the nearby star exhibiting parallax in the drawings from
Figure 2? (Hint: Consider your answer to Question 5.)

a
b

) 1 parsec
)
c) 4 parsecs
)

)

2 parsecs

d

e

8 parsecs
16 parsecs
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August 2001

Figure 2
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art..;. r L)

Below is a table of four stars along with their apparent and absolute magnitudes. Use this
table to answer the followIng questions.

Apparent Absolute Distance
Magnitude Magnitude

Star A: 0 0 B

Star B: 0 2

StarC: 5 | a4

Star D: 4 4

1) Which object appears brighter from Earth: Star C, Star D, or neither? Explain your
reasoning.

2) Which object is more luminous: Star C, Star D, or neither? Explain your reasoning.

3) Star B has an apparent magnitude of 0, which tells us how bright it appears from Earth.
Star B has an absolute magnitude of 2, which tells us how bright it would appear if it
were at a distance of 10 parsecs (about 33 light-years).

Where would Star B appear brighter, at its actual distance or if it were at a distance of
10 parsecs? Explain your reasoning.

4) |s Star B closer than 10 parsecs, farther than 10 parsecs, or exactly 10 parsecs away?
Record your answer in the table above, and explain your reasoning.

5) Fillin the distance column of the above table with closer than 10 parsecs, farther than
10 parsecs, or exactly 10 parsecs away. Explain your reasoning for the distances you
recorded for Stars A, C, and D.
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Il: Spectroscopic Paralla

Bright —10
-5 - / Main Sequence Stars
£3 o-
1
10 4
Dim |5

| T T T | T
0 B A F G K M

Spectral Type

Below is a table giving both the apparent magnitude and spectral type for five main
sequence stars. For each star, do the following:

6) Using the above H-R diagram, estimate the absolute magnitude for each star and write
your answer in the absolute magnitude column of the table below.

7) Complete the distance column in the table below by classifying each star as being
closer than, farther than, or exactly 10 parsecs away. This procedure, called
spectroscopic parallax, provides astronomers with another way to measure the distance
to stars.

" Star Apparent Spectral Absolute Distance
Magnitude Type Magnitude Estimate

Star 1 15.0 K

Star 2 0.1 G

Star 3 ~1.0 A B

Star4 5.0 B B

Star 5 -8.0 B
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1) The electromagnetic spectrum of light is often arranged in terms of frequency. Which
one of the following has the highest frequency (circle one)?

visible microwaves infrared gamma
light light rays
radio X-rays ultraviolet
waves light

2) The electromagnetic spectrum of light can also be arranged in terms of wavelengths.
Which one of the following has the longest wavelength (circle one)?

visible X-rays ultraviolet unfrared
light light light
gamma microwaves radio
rays waves

3) Which of the following types of light travels at the fastest speed (circle your answer(s))?
Explain your answer.

ultraviolet X-rays gamma vi§ible
light rays light
microwaves radio infrared
waves light
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4) Another property of light Is the energy. Which of the following has the greatest energy
(circle one)?

ultraviolet X-rays gamma visible
light rays light
microwaves radio infrared
waves light

5) Consider the following discussion between two students about the different properties of
light.

Student 1: | think I get how light works. If you look at the chart of the electromagnetic
spectrum, it shows that light with a higher frequency will also have a long
wavelength. But it all has the same speed.

Student 2: | disagree. If one type of light has a lot of energy and a high frequency,
it will have a faster speed than light that has a lower energy and a low
frequency.

Do you agree or disagree with either or both of the students? Explain your reasoning.

6) Complete the following sentence describing the relationship among the energy,
frequency, and wavelength of light, using the words highest, lowest, longest, and/or
shortest.

The portion of the electromagnetic spectrum of light with the greatest energy has
the frequency and the wavelengths.
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7) For each statement (a—d) provided below, circle the word choice that correctly describes
how the two forms of light compare.

a) Infrared light has greater / lesser energy than ultraviolet light.
b) X-ray photons have longer / shorter wavelengths than gamma ray photons.

c) Visible electromagnetic radiation has a higher / lower frequency than radio
electromagnetic radiation.

d) Infrared light has a faster / slower / same speed than microwave light.

8) Of all the types of light the Sun gives off, it emits the greatest amount of light at visible
light wavelengths. If the Sun were to cool off dramatically and as a result start giving off
mainly light at wavelengths longer than visible light, how would the frequency, energy,
and speed of this light given off by the Sun also be different? Explain your reasoning.
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The drawing below lllustrates the amount that different wavelengths of light are able to
penetrate down through Earth's atmosphere. The shaded regions are used in this drawing to
depict different layers in Earth's atmosphere. Notice that the atmosphere can be completely
transparent to light at some wavelengths (all three lines passing through the atmosphere

to the surface of Earth) and yet can also completely absorb other wavelengths of light (ali
three lines stopping in the atmosphere before reaching Earth’s surface).

Gamma Ultraviolet (UV) Infrared
Radiation  X-rays Radiation Visible Light Radiation Radio

s
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1)

2)

3)

4)

Which, If any, of the different wavelengths of light (electromagnetic radiation) shown in
the image on the previous page are able to completely penetrate Earth's atmosphere
and reach the surface?

Which, If any, of the different wavelengths of light (electromagnetic radiation) shown in
tt::e imrafge o?n the previous page only partially penetrate Earth's atmosphere and reach
e surface

Which, If any, of the different wavelengths of light (electromagnetic radiation) shown in
the image on the previous page are completely absorbed in Earth's atmosphere and
never reach the surface?

Federal funding agencies form committees to decide which telescope projects will

receive funds for construction. When deciding which projects will be funded, the

committees must consider:

* that certain wavelengths of light are blocked from reaching Earth's surface by the
atmosphere,

« how efficiently telescopes detect wavelengths, and

+ that telescopes in space are much more expensive to construct than Earth-based

telescopes.

Use these three criteria when you consider each pairing of telescope proposals listed
below (a—d). State which proposal out of each pair you would choose to fund. Explain
the reasoning behind your decision for each pair.

a) Which of the two proposals described below would you choose to fund?

Project Delta:
A gamma ray wavelength telescope, located in Antarctica, which will be used to look

for evidence to indicate the presence of a black hole.

Project Theta:
A visible wavelength telescope, located on a university campus, which will be used

in the search for planets outside the solar system.

Explain your reasoning.
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b) Which of the two proposals described below would you choose to fund?

Project Beta:

An X-ray wavelength telescope, located near the North Pole, which will be used to
examine the Sun.

Project Alpha:
An infrared wavelength telescope, placed on a satellite in orbit around Earth, which wil|
be used to view supernovae.

Explain your reasoning.

c) Which of the two proposals described below would you choose to fund?

Project Rho:
A UV wavelength telescope, placed on a satellite in orbit around Earth, which will be
used to look at distant galaxies.

Project Sigma:
A visible wavelength telescope, placed on a satellite in orbit around Earth, which will be
used to observe a pair of binary stars located in the constellation Ursa Major.

Explain your reasoning.

d) Which of the two proposals described below would you choose to fund?

Project Zeta:
A radio wavelength telescope, located in the high elevation mountains of Chile, which will be
used to detect potential communications from distant civilizations outside our solar system.

Project Epsilon:
An infrared wavelength telescope, placed on the floor of the Mojave Desert, which will
be used to view newly forming stars (protostars) in the Orion nebula.

Explain your reasoning.

© 2022 Pearson Education, Inc. LecTURE-TUTORIALS FOR INTRODUCTORY ASTRONOMY
FourtH EDiTION



54 Telescopes and Earth’s Atmosphere

© 2022 Pearson Education, Inc. LECTURE-TUTORIALS FOR INTRODUCTORY ASTRONOMY
FOURTH EDiTION




Observing the Universe with Multiple Telescopes 35

An Interferometer Is a group of telescopes that work together as a single telescope. Because
an interferometer consists of multiple telescopes, it can make observations that are not
possible with a single telescope.

The light-collecting power (LCP) of an interferometer Is a number that indicates how much
light it can collect. The greater the LCP, the better the interferometer it is able to detect
objects that appear dim. The equation for the LCP of an interferometer is LCP = N X A. In

this equation, N Is the number of individual telescopes In the interferometer, and A is the
average area of the telescopes.

The Light-Collecting Power (LCP) and Number of Telescopes (N) of three interferometers
(A, B, and C) are plotted in the graph at right.

1) Rank the Light-Collecting Power (LCP) of the 4
interferometers (A, B, and C) from greatest to least.

2) Which of the interferometers has the smallest
telescopes? Explain your reasoning.

Light-Collecting Power (LCP)

—

Number of Telescopes (N)

The resolution of an interferometer is a number that indicates how small are the details that
the interferometer can detect. A small resolution number indicates that the interferometer
can identify small details, or distinguish objects that are separated by a small distance.

The equation for the resolution of an interferometer is R=A/B. In this equation, R is the
resolution, A is the wavelength of light being observed, and B is the baseline (which is the
distance between the telescopes that are farthest apart in the interferometer).

The Observed Wavelength (A) and Baseline (B) of three interferometers (D, E, and F) are
plotted in the graph at right.

3) Rank the resolution (R) of the three interferometers (D, E, Q“
and F) from smallest to largest number. %, . :
=
4) If all three interferometers (D, E, and F) obgerve the same 2
object, which interferometer could produce images with the . -
smallest details? Explain your reasoning. Baseline (B)
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5) Two students are discussing their answers to Questions 3 and 4:

Student 1: |/ think you get a better image when the resolution is small, because

then you can see small details and objects that are separated by a small
amount. The resolution is the wavelength divided by the baseline, so when
the wavelength is small, and the baseline is large, you get a really small
resolution because that's a small number divided by a large number. That
means, Interferometer F would produce images with the smallest details.

Student 2: | disagree. / think a large resolution is good because that means you can

see a large number of details. What you said about dividing two numbers
makes sense, though. So to get a large resolution, you should observe
at long wavelengths with a short baseline. That means, Interferometer D

would produce images with the largest number of details.

Do you agree or disagree with either or both of the students? Explain your reasoning.

6) Consider two different interferometers whose properties are given in the table below.

Interferometer 1 Interferometer 2
Number of Telescopes 15 5
Wavelength Observed Long Short
Baseline Small Large
Size of Telescopes Large Small

Compare the two interferometers by completing the blanks in the sentences below by

circling the correct words or phrases.

Interferometer 1 contains a
are ______ (largerlsmaller) in size; therefore, it has a
LCP than Interferometer 2. Interferometer 2 has a

line and observes light at

(larger/smaller) number of telescopes that

(larger/smaller)

(largerismaller) base-

(longerishorter) wavelengths; therefore, it has
a (largerlsmaller) resolution than Interferometer 1. So, Interferometer

(1/2) would be better at detecting dim objects, and Interferometer
(1/2) would be better at producing images with small details.
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FiQur® 1, below, shows four different images of the same object. Each image was produced
by @ differ®nt interf@rometer. When an area of the image appears brighter, it means that
more |ight was collected from that part of the sky.

nge A Image B
Image C Image D
Figure 1

7) Match each of the interferometer descriptions below with the correct image from Figure 1.

a. Small resolution and large LCP
b. Small resolution and small LCP
c. Large resolution and large LCP

d. Large resolution and small LCP
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Figure 2, below, depicts four different interferometers. The label for each interferometer.
includes the wavelength at which It observes the sky. The area of each large telescope is
four times the area of each small telescope and the baseline of Interferometers H and Jis
two times the baseline of Interferometers G and |I.

Y
. L s B
¥ ¥ B ® ¥
A=21com A=2lcm
Interferometer Q Interferometer H

A

W p 22 ¥

oy LY L 1Y L X
| S S i, . 18
A=84cm A=84cm
Interferometer I Interferometer J
Figure 2

8) Rank the LCP of the interferometers shown in Figure 2 from least to greatest.

9) Rank the resolution of the interferometers shown in Figure 2 from the smallest to the
largest.

10) Match each of the four images of the sky in Figure 1 with the interferometer from
Figure 2 that best matches the LCP and resolution of that image. Explain your reasoning.
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You are in charge of a committee that assigns interferometer access to teams of
astronomers. Currently there are four teams requesting access, and you have four
interferometers available, so you need to choose which interferometer is most appropriate
for each team. Each team wants to observe a different object in the sky, so they need
different values for LCP and resolution. The table below contains information about the

object that each of the four teams wants to observe. All teams will make observations at the
same wavelength.

The figure below depicts the four interferometers that are currently available. Recall that the

maximum baseline for an interferometer is the distance between the telescopes that are
farthest apart.

O O 0O
oo O
OO
ol O
O o O

O

Interferometer L

O

Interferometer M Interferometer N
Team Object Object's Apparent Resolution T
Observed Brightness Required
1 Binary Star Dim Small
2 Star - Bright Large
3 Galaxy Bright Moderate
4 Nebula Dim Moderate J

11) State which of the four interferometers (K—N) you would assign to each of the four
teams. Explain your reasoning.
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Part I Luminosity, Temperature, and Size

Imagine you are comparing the ability of electric hot plates of different sizes and
temperatures to fully cook two Identical large pots of spaghetti. Note that all the pots are
as large as the largest hot plate. The shading of each hot plate is used to illustrate its
temperature. The darker the shade of gray the cooler the temperature of the hot plate.

1) Four pairs of hot plates are shown below, A-D. For each pair of hot plates shown below,

circle the one that will cook the large pot of spaghetti more quickly. If there is no way to
tell for sure, state that explicitly.

2) If you use two hot plates of the same size, can you assume that the hot plate that can
cook a large pot of spaghetti first is at the higher temperature? Which lettered example
above supports your answer?

3) If you use two hot plates at the same temperature, can you assume that the hot plate
that can cook a large pot of spaghetti first is larger? Which lettered example above
supports your answer?

4) If you use two hot plates of different sizes, can you assume that the hot plate that can
cook a large pot of spaghetti first is at a higher temperature? Which lettered example
above supports your answer?
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5) Two students are discussing their answers to Question 4:

Student 1: In 1D, the hot plate on the left cooks the spaghetti quicker than the one on
the right even though it is smaller. The hot plate's higher tempersture is

what makes It cook the spaghetti more quickly.
Student 2:  But the size of the hot plate also plays a part in making it cook fest. If the

hot plate on the left were the size of a penny, the spaghettl would take 6
really long time to cook. | bet that If the size difference were great enough,
the one at the lower temperature could cook the spaghett! first.

Do you agree or disagree with either or both of the students? Explain your reasoning.

The time it takes for the spaghetti to cook is determined by the rate at which the hot plate
transfers energy to the pot. This rate is related to both the temperature and the size of the

hot plate. For stars, the rate at which energy is given off is called luminoslty. Similar to the
above example, a star's luminosity can be increased by

« Increasing its temperature; and/or

« increasing its surface area (or size).

This relationship among luminosity, temperature, and size allows us to make comparisons
between stars.

6) If two stars have the same surface temperature and one is more luminous, what can you
conclude about the sizes of the stars?

7) If two stars have the same surface temperature and are the same size, which star, if
either, is more luminous? Explain your reasoning.
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8) Iftwo stars are the same size, but one has a higher surface temperature, which star, if
either, is more luminous? Explain your reasoning.

Part li: Application to the H-R Dlagram

The graph below plots the luminosity of a star on the vertical axis against the star's surface
tempei_' ature on the horizontal axis. This type of graph is called an H-R diagram. Use the
H-R diagram below and the relationship between a star’s luminosity, temperature, and size
(as described on the previous page) to answer the following questions concerning the stars
labeled U-Y. Note that the temperature on the H-R diagram increases from right to left.

10,000 —
1,000 — U

100 =
10 =

.01 -
.001 — oV

.0001 —

Luminosity (solar units)
1
o

20,000 10,000

Temperature (K)

9) Stars U and V have the same surface temperature. Given that Star U is actually much
more luminous than Star V, what can you conclude about the size of Star U compared
to Star V? Explain your reasoning.

10) Star U has a greater surface temperature than Star X. Given that Star X is actually just
as luminous as Star U, what can you conclude about the size of Star X compared to
Star U? Explain your reasoning.
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11) Based on the information presented in the H-R diagram. which star is larger, XorY?
Explan your regsoning

12) Based on the information presented in the H-R diagram, which star is larger, Y or V?
Expiain your reasoning.

13) On the H—R diagram, draw a *Z" at the position of a star smaller in size than Star W but
with the same luminosity. Explain your reasoning.

14) It is very difficult to accurately predict how the size of Star U will compare to that of Star
W (without performing some kind of calculation). Explain what makes a comparison of
the size of these stars so difficult.
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Pant l: Spectral Curves

A spectral curve (like the one shown below) is a graph that displays the amount of energy
given off by an object each second versus the different waveiengths (or colors) of light. For
a specific color of light on the horizontal axis, the height of the curve will indicate how much
energy is being given off (each second) at that particular wavelength. Figure 1 shows the
spectral curve for an object emitting more red and orange light than indigo and violet. Notice

that the red end of the curve is higher than the violet end, 8o the object will appear slightty
reddish in color.

1) At which color is the object in Figure 1
giving off the greatest amount of energy?

~
-

Energy Output (per second)

2) If the blue light and orange light coming
from the object were blocked, then Figure
1 would have to be modified to look like
which of the spectral curves shown below

(a, b, or c)? —t————
v I B G Y 0 R
Violet Indigo Blue Green Yellow Ovange Red

Figure 1

a) b) c)
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3) What colors of light are present in 2b above?

4) What colors are present in 2c above? Would this object appear reddish or bluish?
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Figures 2a, 2b, and 2c display the blackbody curves for Stars C, D, E, and F. Two Important
features of a star's blackbody curve are:
* its maximum height or peak—where the energy output is greatest; and
» the corresponding wavelength at which this peak occurs—which is inversely related
to the star's temperature. If the peak occurs at a long wavelength, the star Is cool.
If the peak occurs at a short wavelength the star will be hot.

If two slars have the same temperature and are the same size, they will have identical
blackbody curves. However, if two stars are the same size, but one star is hotter, then the
hotter star will give off more light at all wavelengths (a taller graph), and the peak of the

hotter star’s blackbody curve will be at a shorter wavelength (toward the blue end of the
spectrum).

Visibte Visibl Visibl
"Rlnl » P e e-h Stur E 4 e
o ) Range ) A 8000° Range Star D

StarE|
8000° :

Energy Oulput (per second)
—>

Energy Output (per second)
Energy Output (per scoond)

T rrrrrrTT
VIBGYOR Wavelength VIBGYOR

Wavelength VIBGYOR Wavelength

Figure 2a Figure 2b Figure 2c

Use Figure 2a to answer Questions 5-8. Assume Stars E and F are the same size.

5) Which star gives off more red light? Explain your reasoning.

6) Which star gives off more blue light? Explain your reasoning.

7) Which star iooks redder? Explain your reasoning.
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8) Two students are discussing their answers to Question 7.

Student 1:  star E looks redder because it is giving off more red light than Star F.
Student 2: 4 gjsagree, you're ignoring how much blue light Star E gives off. Star E
gives off more blue light than red light, so it looks bluish. Star F gives off

more red than blue, so it looks reddish. That's why Star F looks redder
than Star E.

Do you agree or disagree with either or both of the students? Explain your reasoning.

9) Using the blackbody curves shown in Figure 2b, for each characteristic listed in the table
below circle the comrect response in the column to the right.

Characteristic Responses
Peaks at a longer StarE StarC  They peak at the same wavelength
wavelength

Has a lower surface |StarE  Star C  They have the same surface temperature
temperature

‘Looks red StarE StarC  They both look red Neither looks red
Looks blue StarE StarC  They both look blue Neither looks blue

Has a greater energy |StarE  Star C  The have the same energy output
output

10) How must Star C be different from Star E to account for their difference in energy
output? Explain your reasoning.

11) Two students are discussing their answers to Question 10.

Student 1: The peaks are at the same place so they must be at the same
temperature. If Star C were as big as Star E, it would have the same
output. Since the output is lower, Star C must be smaller.

Student 2: [/ disagree, | think they could be the same size but the taller graph means
Star E is hotter.

Do you agree or disagree with either or both of the students? Explain your reasoning.
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68 Blackbody Radlation

Consider the blackbody curves for Stars E and D shown in Fiaure 2¢ when answering
Questions 12-14, L A
12) For each star, describe its color as either reddish or blulgh.

Star E: Star D;

13) Which star has the greater surface temperature? Explain your reasoning.

14) Which star is larger? Explain your reasoning. (Hint: Consider how the energy output and
temperatures for the two stars compare.)
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D o~~~ S

,"‘ CONTINUOUS
’ SPECTRUM
HOT, DENSE ENERGY SOURCE

. P IB“.~ ."h‘ ;‘--"- " ‘
e s )
; EMISSION
HOT. LOW-DENSITY CLOUD SPECTRUM
f'"j 6 i
0 )\ S ABSORPTION
SPECTRUM

HOT, DENSE ENERGY SOURCE = COOL, LOW-DENSITY CLOUD

1) What type of spectrum is produced when the light emitted directly from a hot, dense
object passes through a prism?

2) What type of spectrum is produced when the light emitted directly from a hot, low-density
cloud of gas passes through a prism?

3) Describe in detail the source of light and the path the light must take to produce an
absorption spectrum.

4) There are dark lines in the absorption spectrum that represent missing light. What
happened to this light that is missing in the absorption line spectrum?

LECTURE-TUTORIALS FOR INTRODUCTORY ASTRONOMY
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70 Types of Spectra

5) Stars like our Sun have low-density, gaseous atmospheres surrounding their hot, dense
cores. If you were looking at the spectra of light coming from the Sun (or any star),
which of the three types of spectrum would be observed? Explain your reasoning.

6) Two students are looking at the brightly it full Moon, which is illuminated by reflected
light from the Sun. Consider the following discussion between the two students about
what the spectrum of moonlight would look like.

Student 1: | think moonlight is just reflected sunlight, so we will see the Sun'’s
absorption line spectrum. ,
Student 2: | disagree. An absorption spectrum has to come from a hot, dense object.

Since the Moon is not a hot, dense object, it can’t give off an absorption
line spectrum.

Do you agree or disagree with either or both of the students? Explain your reasoning.

7) Imagine that you are looking at two different spectra of the Sun. Spectrum #1 is obtained

using a telescope that is in a high orbit far above Earth's atmosphere. Spectrum #2 is

obtained using a telescope located on the surface of Earth. Label each spectrum below
as either Spectrum #1 or Spectrum #2.

Spectrum #
Spectrum #
Explain the reasoning behind your choices.
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Light and Atoms A

In this activity, we will use a representation of the atom In which a central nucl®us cont@lining

the protons and neutrons is surrounded by circles that represent the energy levels electrons
can occupy.

1) Draw an atom Including a nucleus and five energy levels that electrons could occupy.
Use a dot to represent gn elactron at the lowest anergy evel.

One W&y an atom emits light (photons) occurs when an electron drops down from a higher
energy level (also refermed to as an excited state) to a lower energy level (the lowest energy
level is referred to as the ground state).

2) Will an atom emit light if all of the atom's electrons are in the ground state? Explain your
reasoning.

3) In which case does an atom emit more energy (circle one)?

Case A: An electron drops down from the first excited state to the ground state.
Case B: An electron drops down from the third excited state to the ground state.

Explain your reasoning.
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4) Two students are talking about how light Is emitted from atoms. Consider the following

discussion between the two students and the sketches each student drew to illustrate
their thinking.

Student 1: / drew my atom like this because our professor said that the gap between
the energy levels gets bigger and bigger as you go up in energy from the
ground state.

Student 2:

! think you've got it backward. The gap between energy levels will get
smaller as you go up in energy levels, like I've drawn.

O Q

Student 1 Drawing Student 2 Drawing

Do you agree or disagree with either or both of the students? Explain your reasoning,

and describe how you could change your drawing from Question 1 to make it more
accurate.

5) Stars like our Sun have low-density, gaseous atmospheres surrounding their hot, dense

cores. If you were looking at the spectra of light coming from the Sun (or any star),
which type of spectrum would be observed?

continuous spectrum absorption spectrum emission spectrum
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6) At the right is a sketch showing one of the atoms in the cool
cloud of gas described in the previous question. Using a dot to
represent an electron, a straight arrow to represent the motion
of the electron between energy levels, and a squiggly arrow
to represent the photon, sketch what you think would happen
within this atom to cause the type of spectrum described in the

previous question. Explain the reasoning behind why you drew
the electron and arrows the way you did.

7) Imagine that you are looking at a neon sign in a store window that says “OPEN.” This
sign can be thought of as a tube filled with a gas of neon atoms that have electrons
changing from one energy state to a different energy state and in the process are giving

off mostly red light. Which type of spectrum would you observe coming from the “OPEN"
sign (circle one)?

continuous spectrum absorption spectrum emission spectrum

Explain the reasoning behind your choice.

8) At the right is a sketch showing one of the atoms in the
neon sign described in the previous question. Using a dot to
represent an electron, a straight arrow to represent the motion
of the electron between energy levels, and a squiggly arrow
to represent the photon, sketch what you think would happen
within this atom to cause the type of spectrum described in the @
previous question. Explain the reasoning behind why you drew
the electron and arrows the way you did.

e
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11) Use the hypothetical atom drawings (A-E

jons. Note
below to answer the next five questions
there is only one correct chojce for each )

question and each choice is used only once.

a) Which shows the absorption of violet light? Explain your reasoning.

b) Which shows the emission of blue light? Explain your reasoning.

c) Which shows the absorption of green light? Explain your reasoning.

d) Which shows the emission of orange light? Explain your reasoning.

e) Which shows an electron being ejected from the atom?
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Observing the Invisible—Molecular Excitations
and Synchrotron Radiation 75

Part I. Light and Moleculea

A mol€cul® can change its vibrational energy state by emitting or absorbing an infrared
wavelength photon. In each of the four cases shown below (A-D), a molecule is shown

transitioning between two different energy states depending on whether the molecule
apsorbed or emitted a photon.

(o—@))— 0@

' @ —(0—@)
- 0@ - (0@
T @ - @

1) Which of the cases (A-D) shown above correspond with the absorption of light, and
which correspond with the emission of light? Draw in a squiggly arrow going into or out
of the molecule to represent the aborption or emission of a photon for each case (A-D).

2) In which case was a photon with the longest wavelength absorbed? Explain your
reasoning.

3) In which case was a photon with the greatest energy emitted? Explain your reasoning.
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76 Observing the Invisible—Molecular Excitations
and Synchrotron Radiation

A molecule can change lts rotatlonal energy state by emitting or absorbing a radio
wavelength photon. In each of the four cases shown below (A~D), a molecule is shown
transitioning between two different energy states depending on whether the molecule
absorbed or emitted a photon.

Before After Before After

Before After Before After

4) Which of the cases (A—D) shown above correspond with the absorption of light, and
which correspond with the emission of light? Draw in a squiggly arrow going into or out
of the molecule to represent the aborption or emission of a photon for each case (A-D).

5) In which case was a photon with the shortest wavelength emitted? Explain your
reasoning.

6) In which case was a photon with the least energy is absorbed? Explain your reasoning.

7) Circle the correct type of light (from those listed in parentheses) to complete the
sentences in the following paragraph.

Because only a small amount of energy is needed to change a molecule’s rotational
energy state, the emission and absorption lines for rotating molecules are typically
at (radio / infrared | visible) wavelengths. Making a molecule change
vibrational energy states requires a little more energy, so the emission and absorp-
tion lines for vibrating molecules are typically at (radio / infrared / visible)
wavelengths. Making an electron change orbital energy levels in an atom requires
even more energy, so the emission and absorption lines for electron transitions are
typically found at (radio / infrared | visible) wavelengths.
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Observing the Invisible—Molecular Excitation®
and Synchrotron Radiation 44

Part Ii; Synchrotron Radiation

The drawing below shows the light emitted when a charged particle (e.g., an electron or a
proton) is spiraling around a magnetic fleld. The charged particle experiences an acceleration

as it spirals and this acceleration causes light to be emitted. We call the light that is emitted
by this process as synchrotron radlation.

Emitted Light
Accelerated »
Charged Particle
Magnetic Field
Line
Emitted Light

The graph below shows the amount of energy emitted each second over all wavelengths of
light, for an object emitting synchrotron radiation.

—>

Energy Output per second

—//

»Wavelength

X-my UV Vis IR Radio

8) At which wavelength(s) does synchrotron radiation emit light?

9) At which wavelength does synchrotron radiation emit the most energy per second?

10) Is it possible to detect synchrotron radiation with an X-ray telescope? Explain your
reasoning.
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and Synchrotron Radiation

The figure below shows a pulsar, which Is the remnant of a dead massive star. A pulsar has
a strong magnetic field, around which jets of charged particles spiral, producing synchrotron

rac;iation. The hot surface of a pulsar produces thermal radiation With @ spectrum that peaks
in X-rays.

Jets mado of charged particles spiral

around magnetic fields and produce 2

Synchrotron Radiation,
spectrum:

Pulsar's Hot Surface

produces
Thermal Radiation 3
which has the following
spectrum:

— ST - 21 Xmy UV Vis IR Radio

Escrgy Output per second

LAl !

Lacrgy Oulput per second

Xmy UV Vis IR Radio

11) Imagine you could observe the pulsar at all wavelengths of light, from X-rays to radio.
On the graph below, sketch the spectrum of light you would detect that results from the

combination of the synchrotron radiation from the pulsar's jets and the thermal radiation
from the pulsar’s surface.

>

Energy Output per second

> Wavelength

X-ay UV Vis IR Radio

12) On the graph you made in Question 11, circle the wavelengths at which you receive
more light from the synchrotron radiation from the pulsar’s jets than thermal radiation
from the pulsar’s surface. Put a box around the wavelengths at which you receive more
light from the thermal radiation from the pulsar’s surface than synchrotron radiation from
the pulsar’s jets.

13) Which one type of light is best for observing the pulsar’'s synchrotron radiation? Explain
your reasoning.
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and Synchrotron Radiation &)

Bart lil; Real Telescopes and Observations

Here are four real telescopes:
* The Atacama Large Millimeter Array (ALMA) i8 a radio telescope located in Chile
* Ehe t?handfa X-ray Observatory is an X-ray telescope located in space, orbiting the
art
The Spitzer Space Telescope is an IR telescope located in space, orbiting the Sun

. ‘Lhe Galaxy Evolution Explorer (GALEX) Is a UV telescope located in space, orbiting
the Earth

Use the above information to help answer the following questions.

14) Astronomers, trying to understand the origins of life, observe rotating organic molecules
in nebulae. Which telescope listed above would be best to detect the light from these
organic molecules in nebulae? Explain your reasoning.

15) Consider the spectrum of light shown below.

X-ray uv Vis IR Radio

a) This spectrum is produced by ____ (circle one of the following five choices).
* the hot surface of a pulsar
» charged particles spiraling around a magnetic field
» electrons changing energy states
* molecules changing vibrational states
* molecules changing rotational states

b) Which telescope listed above would you use to detect this spectrum? Explain your
reasoning.

16) Black holes have extremely large magnetic fields that cause charged particles to
accelerate away from the black hole, creating jets of material. The charged particles
spiral around the magnetic field and emit light as they are ejected. Is it possible for an
astronomer to detect the light from a black hole jet if he or she uses the Chandra X-ray
Observatory? Explain your reasoning.
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and gxnchrotron Radlatlon

A molecule changes its vibrational energy state as shown in the figure below.

(@ M= @ )

Amocinted Spectrum
A

radio
photon

—3p Wavelength
X-ray UV Vis IR Radio

Encrgy Output per second

17) Which of the following are represented incorrectly: the direction of the photon, the
energy of the photon, and/or the associated spectrum of light? Explain your reasoning.

18) Correct the graphs and drawings in Question 17 to fix all of the errors you identified with

the direction of the photon, the energy of the photon, and/or the associated spectrum of
light.
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The absorption line spectra for six hypothetical stars, each with different temperatures, are
shown below. For each absorption line spectrum, the short wavelengths of light (or blue
end) of the electromagnetic spectrum are shown on the left side, and the long wavelengths
of light (or red end) of the spectrum are shown on the right side.

Lt
S
*:

Star A Star B
T = 30,000 K T =20,000 K

T=12,000K

T

Star F
T= 24,000 K

1) Do the cooler stars appear to have a different (greater or fewer) number of lines in their
absorption spectra than hotter stars? Cite evidence from the above spectra to support
your answer.

2) Do cooler stars appear to have more lines at either the blue or red ends of their
absorption spectra than hotter stars? Cite evidence from the above spectra to support
your answer.

3) Consider the following statement made by a student regarding a star's temperature and
its corresponding absorption line spectrum.

Student: /fl am looking at a star’s absorption line spectrum and see that it has a lot of
lines at the blue end of the spectrum, then the star must be hot because the
blue lines are higher energy lines.

Do you agree or disagree with this student? Explain your reasoning and support your
answer by citing evidence from the absorption line spectra given for Stars A-F.
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4) Conslder the absorption line spectrum given below for Star G. Can you determinetrt\he
approximate temperature for Star G by comparing lts absorption line spectrum to the

absorptlon line spectra and temperatures of Stars A-F given above? If 8o, write in your
estimate |n the space below; If not, explain why not.

While It Is difflcult to directly estimate the temperature of Peak Intensity
a star based on the total number of lines or the number «

of lines at short or long wavelengths in its absorption

%

5 Star G
spectrum, we can always use the wavelength at which §

the peak of the spectral curve occurs to estimate the b

star's temperature. The spectral curve on the graph at &

right illustrates the energy output versus wavelength for I}

Star G (the same Star G as above). Again, the short Q

(or blue) wavelengths of light are represented on the ?

left side of the horizontal axis, and the long (or red) @ . S 1
wavelengths of light are represented on the right end of e i

Wavelength
the horizontal axis.

There are two important features represented on this spectral curve that you need to
consider.

The exact locations of the small dips, or absorption features, on the curve occur at
the same wavelength as the dark lines that appear in the absorption line spectrum
shown on the previous page.

The wavelength at which the object's peak energy output occurs is directly related
to the object's temperature. Hotter objects have their peak energy output occur at
short wavelengths—toward the blue end of the spectrum. Cooler objects have their
peak energy output occur at long wavelengths—toward the red end of the spectrum.

Although the total energy output of a star is affected by its temperature (and, therefore,

so is the height of the spectral curve), for this activity, we will assume that the height (but
not location) of the peak energy output, and the general shape of the spectral curves for
Stars A-F, can be drawn nearly the same for each star. Only the wavelength of the spectral

curve's peak and the location of the small dips, or absorption features, will be different for
each star.

5) Examine the spectral curve shown at right for Star A (the

same Star A as on the previous page). Note that Star G %T A
has a temperature of approximately 25,000 K, whereas %
Star A has a temperature of 30,000 K. Based on this 2
information, is the wavelength of the peak of the spectral ‘g
curve for Star A drawn correctly when compared to 8
the wavelength of the peak for Star G? Explain your Z
reasoning. 2
Wavelength
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6) Are the absorption features (dips) in the spectral curve for Star A drawn at approximately
the correct wavelengths? Explain how you can tell.

7) Sketch spectral curves for Stars B-F on the corresponding graphs provided below.
Do not worry about whether the heights of the spectral curves you draw are accurate.

However, make sure the wavelength of the peak and the absorption dips are drawn at
(approximately) the correct wavelengths.

%\-? Star A €¢ Star B %\4\ Star C

2 ] 2

5 5 ]

g £ &

o @) (@)

)
=] = [=]
&) mL|—|—|-I-'_I'-I_I_I_|-I-|_I-I9m Iflllll'u—rlllur}
Wavelength Wavelength Wavelength

%J\ Star D ’-?A Star E %\A Star F

§ & §

Q 3 3

9 @ @

' 5 )

2 & &

= ] E

Z g g

o) o (@)

& & %

g 2 2

=i m m

2 —_—rrrrrrrrrrrre? © FEerrvererrrerrr > Ferrrrrrrrrrr >

Wavelength Wavelength Wavelength
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8)

9)

Did you draw the peak of each spactral curve at the same wavelength as the spectral
curve for Star A? Why or why not?

If you were given a star's absorption line spectrum and its corresponding spectral
curve shown on an energy output per second versus wavelength graph, how could you
approximate the temperature of the star?
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Doppler Shift 2

Part |; Motlon of Source
Movng T 1 1 £ | .

)

8

£

U

A

({

A B C D

1) For the situations (A-D) shown above, consider only the instant shown (not what the
star was doing just before or after the instant shown).

a) In which situation will the observer receive light that is shifted to shorter wave-
lengths?

b) WIill this light be blueshifted or redshifted for this case?

c) What direction is the star moving relative to the observer for this case?

2) Consider the situations shown (A-D).

a) In which situation will the observer receive light that is shifted to longer wavelengths?

b) WIill this light be blueshifted or redshifted for this case?

c) What direction is the star moving relative to the observer for this case?
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3) In which of the situations shown (A~D) will the observer receive light that Is not Doppler
shifed at all? Explain your reasoning.

4) Imagine our solar system is moving in the Milky Way toward a group of three stars. Star
A is a blue star that is slightly closer to us than the other two. Star B is a red star that s
farthest away from us. Star C is a yellow star that Is halfway between Stars A and B.

a) Which of these three stars, if any, wil give off light that appears to be blueshifted?
Explain your reasoning.

b) Which of these three stars, if any, will give off light that appears to be redshifted?
Explain your reasoning.

c) Which of these three stars, if any, will give off light that appears to have no shift?
Explain your reasoning.

5) You overhear two students discussing the topic of Doppler shift.

Student 1:  Since Betelgeuse is a red star, it must be going away from us, and since
Rigel is a blue star it must be coming toward us.

Student 2: | disagree, the color of the star does not tell you if it is moving. You have to
look at the shift in wavelength of the lines in the star’s absorption spectrum
to determine whether it’s moving toward or away from you.

Do you agree or disagree with either or both of the students? Explain your reasoning.

When we study an astronomical object like a star or galaxy, we examine the spectrum of light
it gives off. Since the lines of a spectrum occur at specific wavelengths, we can determine
that an object is moving when we see that the lines have been shifted to either longer or
shorter wavelengths. For the absorption line spectra shown on the next page, short-
wavelength light (the blue end of the spectrum) is shown on the left-hand side, and long-
wavelength light (the red end of the spectrum) is shown on the right-hand side.

© 2022 Pearson Education, Inc. LECTURE-TUTORIALS FOR INTRODUCTORY ASTRONOMY
FOURTH EDITION



Doppler Shift a7

For the three absorption line spectra shown below (A. B, and C), one of the spectra
corresponds to a star that is not moving relative to you, one of the spectra s from a star that
is moving toward you, and one of the spectra ig from a star that is moving away from you

Blue

Red

6) Which of the three spectra above corresponds with the star moving toward you? Explain

your reasoning.

7) Which of the three spectra corresponds with the star moving away from you? Explain

your reasoning.

: Si hift and Speed

If two sources of light are moving relative to an
observer, the light from the star that is moving
faster will appear to undergo a greater Doppler

shift.

Consider the four spectra at the right. The
spectrum labeled F is an absorption line
spectrum from a star that is at rest. Again, note
that short-wavelength (blue) light is shown on
the left-hand side of each spectrum, and long-
wavelength (red) light is shown on the right-
hand side of each spectrum.
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8) Which of the four spectra s from the star that Is moving the fastest? Is this star moving
toward or away from the observer?

9) Of the stars that are moving, which spectra is from the star that is moving the slowest?
Is this star moving toward or away from the observer?

10) An important line in the absorption spectrum of stars occurs at a wavelength of 656
nm for stars at rest. Imagine that you observe five stars (H-L) and discover that this
important absorption line is measured at the wavelength shown in the table below for
each of the five stars.

Star |Wavelength of Absorption Line
H 649 nm
I 660 nm
J 656 nm
K 658 nm
L 647 nm

a) Which of the stars are giving off light that appears blueshifted? Explain your reasoning.

b) Which of the stars are giving off light that appears redshifted? Explain your reasoning.

c) Which star is moving the fastest? Is it moving toward or away from the observer?
Explain your reasoning.
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d) Which of the stars (H-L) would appear blue? Which of the stars (H-L) would appear
red? Explain your reasoning. If you cannot determine which star (H-L) would appear
red or blue, explaln why not.

e) Which of the stars (H-L) is closest to Earth? Which of the stars (H-L) is farthest from
Earth? Explain your reasoning. If you cannot determine which star (H-L) is closest or
furthest from Earth, explain why not.

11) The figure at right shows a spaceprobe and five planets (A—E). The motion of the
spaceprobe is indicated by the arrow. The spaceprobe is continuously broadcasting a
radio signal in all directions. Answer Questions a—e for the spaceprobe at the location
shown.

a) Will all the planets receive radio signals from
the spaceprobe that are Doppler shifted?
Explain your reasoning.

@A

s 1 6
C i D
b) Which planets will receive a radio signal that is

shifted to shorter wavelengths? Explain your reasoning.

E
@ not to scale

c) Which planets will receive a radio signal that is
redshifted? Explain your reasoning.
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d) How will the sjzg of the Doppler shift in the radio signals detected at Planets A and B
compare? Explain your reasoning.

e) How will the size of the Doppler shift in the radio signals detected at Planets E and B
COmpare? Explain your reasoning.
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Figure 1 shows Earth, the Sun, and five different possible positions for the Moon during

one full orbit (dotted line). It is important to recall that one-half of the Moon's surface is
lluminated by sunlight at all times. For each of the five positions of the Moon shown below,
the Moon has been shaded on one side to indicate the half of the Moon’s surface that is not
being illuminated by sunlight. Note that this drawing Is not to scale.

1) Which Moon position (A-E) best corresponds with the Moon phase shown in the upper-
right corner of Figure 17 Make sure that the Moon position you choose correctly predicts

a Moon phase in which only a small crescent of light on the left-hand side of the Moon is
visible from Earth.

Enter the letter of your choice:

Orbit of the Moon

¢ A B¢
v & -
-..._“mt"_".-n‘

Figure 1

2) In the blank boxes below, sketch how the Moon would appear from Earth for the four
Moon positions that you did not choose in Question 1. Be sure to label each sketch with
the corresponding letter indicating the Moon's position from Figure 1.

=

- 3 J
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92 The Cause of Moon Phases

3) Shade in each of the four Moons shown in Flgure 2 to indicate which portion of the
Moon's surface wlil not be iliuminated by sunlight.

Use Figure 2 to answer Questions 4-7.

Orbit of the Moon
I} G .\‘\
/ \ Moon Phase
/ \
/ \
/ }
Q H ‘zﬂ FO
\ g ! -
\ i
\ /
\ S
Qs

Figure 2

4) Which Moon position (F-I) best corresponds with the Moon phase shown in the upper-
right corner of Figure 27

Enter the letter of your choice:

5) How much of the entire Moon'’s surface is illuminated by the Sun during this phase
(circle one)?
a) None of the surface is illuminated.
b) Less than half of the surface is illuminated.
c) Half of the surface is illuminated.
d) More than half of the surface is illuminated.
)

e) All of the surface is illuminated.

6) How much of the Moon's illuminated surface is visible from Earth for this phase of the
Moon (circle one)?
a) None of the Moon'’s illuminated surface is visible from Earth.
b) Less than half of the Moon'’s illuminated surface is visible from Earth.
c) Half of the Moon's illuminated surface is visible from Earth.
d) More than half of the Moon's illuminated surface is visible from Earth.

e) All of the Moon's illuminated surface is visible from Earth.
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7) Would your answers to Questions 5 or 8 change if the Moon were in the third-quarter
phase rather than the phase shown In Figure 27 Explain your reasoning

8) Consider the following discussion between two students about the cause of the phases

of the Moon.

Student 1:  The phase of the Moon depends on how the Moon, Sun, and Earth are
aligned with one another. During some alignments only a small portion of

the Moon's surface will receive light from the Sun, in which case we would
see a crescent Moon.

Student 2: / disagree. The Moon would always get the same amount of sunlight; it's
just that in some alignments Earth casts a larger shadow on the Moon.

That’s why the Moon isn't always a full Moon.

Do you agree or disagree with either or both of the students? Explain your reasoning.
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1) If the Moon is a full Moon tonight, wili the Moon be waxing or waning one week later?
Which side of the Moon (right or left) will appear illuminated at this time?

Circle one: Waxing or Waning
Circle one: Right or Left

2) Where (in the southem sky, on the eastern horizon, on the westem horizon, high in the
sky, etc.) would you look to see the full Moon when it starts to rise? What time would
this happen?

3) Where (in the southern sky, on the eastern horizon, on the westem horizon, high in the
sky, etc.) would you look to see the Sun when the full Moon starts to rise?

4) Where (in the southern sky, on the eastern horizon, on the westem horizon, high in the
sky, etc.) would you look to see the new Moon, if it were visible, when it starts to rise?
What time would this happen?

5) If the Moon is a new Moon when it rises, which of the phases shown below (A—-H) will it
be in when it sets?

Letter of Moon phase:
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Figure 1 shows the position of the Sun, Earth, and Moon for a particutar phase of the
Moon. The Moon has been shaded on one side to indicate the porton ofmeMoonmat
s not being illuminated by sunlight. A person has been placed on Earth to indicate an
observer's position at noon. Recall that with this representation Earth will complete one
counterclockwise rotation in each day. Note that this drawing is not to scale.

Sun

aea———_
e

ua, o
o LT o

Figure 1
6) What time is it for the person shown in Figure 1?

Circle one: 6 AM. (sunrise) 12 p.m. (noon) 6 P.M. (sunset) 12 A.m. (midnight)

7) Draw a stick figure of a person on Earth in Figure 1 for each of the three times that you
did not choose in Question 6. Label each of the stick figures that you drew with the time
that the person would be located there.

8) Answer the following questions for the position of the Moon shown in Figure 1.

a) Which Moon phase would an Earth observer see?
b) At what time will the Moon shown appear highest in the sky?
c) Atwhat time will the Moon shown appear to rise?

d) At what time will the Moon shown appear to set?
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9) At what time would you look to see a first-quarter Moon at its highest position in the sky?

10) If the Sun set below your western horizon about 2 hours ago, and the Moon is barely

visible on the eastem horizon, what phase would the Moon be in at this time and
location?

11) A friend comments to you that there was a beautiful, thin sliver of Moon visible in the
early morning just before sunrise. Which phase of the Moon would this be, and in what
direction would you look to see the Moon (in the southem sky, on the eastern horizon,
on the western horizon, high in the sky, etc.)?
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Path of the Sun 9

Figure1 illustrates the sky as seen from the continental United States. it shows that the
Sun'’s daily path across the sky (dashed/solid line) is longest on June 21 and shortest on
December 21. In addition, on June 21, which is called the summer soistice, the Sun reaches
its maximum height in the southern sky above the horizon at about noon. The figure shows
that the Sun never actually reaches the zenith for any observer in the continental United
States. In other words, the Sun is never directly overhead. Over the six months following the
summer solstice, the height of the Sun at noon moves progressively lower and lower until
December 21, the winter solstice. Thus, we see that the path of the Sun through the
southem sky changes considerably over the course of a year.

Zenith
(point directly overhead)

<— Path of the Sun
on June 21

<— Path of the Sun
on Dec. 21

Nonh.

West

Figure 1

1) According to Figure 1, in which direction would you look to see the Sun when it reaches
its highest position in the sky today?

Circle one: east southeast south southwest west

2) Ifitis wintertime right now (just after the winter solstice), how does the height of the Sun
at noon change over the next several months?

Circle one: increases stays the same decreases

3) Is there ever atime of year when the Sun is directly overhead at the zenith at noon for
an observer in the continental United States? if so, on what date does this occur?

4) During which month(s) of the year would the Sun rise:
a) north of east?
b) south of east?

c) directly in the east?
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5) Does the Sun always set In precisely the same location on the horizon throughout

the year? If not, describe how the direction that the Sun sets on the horizon changes
throughout the year.

Figure 2

Figure 2 shows a small, vertical stick, which casts a shadow while it rests on a large piece
of paper or poster board. You can think of this to be somewhat like a sundial.

For two different days of the year, the end of the stick's shadow has been marked with an
x every couple of hours throughout the day. Although this sketch is somewhat exaggerated,
these shadow plots indicate how the position of the Sun changes in the sky through the

course of these two days. The following questions are designed to show the relationship
between Figure 1 on the previous page and Figure 2 above.

8) What do the x's in the shadow plots represent?

7) Approximately how much time went by from the time one of the x’s was drawn until the
next x was drawn for each shadow plot?

8) Approximately how long did it take to create each of the shadow plots?

9) How does the direction of the stick's shadow compare to the direction of the Sun at the
time each x was drawn?

10) Using Figures 1 and 2, in what direction would the shadow of the stick be cast on the
poster board if the Sun rises in the southeast?

Circle one: west northwest north northeast east southeast

11) Clearly circle the x for the shadow that corresponds to noon for Shadow Plot A and for
Shadow Plot B.

© 2022 Pearson Education, Inc. LECTURE-TUTORIALS FOR INTRODUCTORY ASTRONOMY

FOURTH EDITION



Path of the Sun 101

12) Which Shadow Plot (A or B) corresponds to the path of the Sun in which the Sun is
highest in the sky at noon? Explain your reasoning.

13) Which Shadow Plot (A or B) most closely corresponds to the Sun's path through the sky
during the summer, and which corresponds with the winter? Label these paths on
Figure 2. Explain your reasoning.

14) On Figure 2, sketch a small Sun on the paper to indicate where on the horizon the Sun
would be soon after sunrise in the summer and label the x that indicates the position of
the stick’s shadow at this time. Explain your reasoning for why you sketched the Sun
where you did and labeled the x that you did.

15) Based on the shadow plots in Figure 2, during which time of the year (summer or winter)
does the Sun rise to the south of east? Explain your reasoning.

16) Imagine Shadow Plot A corresponds to the path of the Sun on the winter solstice. Will
there ever be a day when the stick’s shadow at noon is longer than the one shown on
Shadow Plot A at noon? Explain your reasoning.
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17) imagine Shadow Plot B corresponds to the path of the Sun on the summer solstice. Will
there ever be a day when the stick's shadow at noon is shorter than the one shown on
Shadow Plot B at noon? Explain your reasoning.

18) If you were to mark the top of the stick's shadow with an x, where would the x be place_d
along the north-to-south line to indicate the Sun’s position at noon today? Clearly explain
why you placed the x where you did.

19) Will the stick ever cast a shadow along the north-to-south line that extends to the south
of the stick at noon? Explain your reasoning.

20) Is there ever a clear (no clouds) day of the year in the continental United States when
the stick casts no shadow? If so, when does this occur, and where exactly in the sky
does the Sun have to be?
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Part |; Earth-Sun Distance Drawing not to scale

Listed below are the distances, in kilometers
(km), between the Sun and Earth for four

months of the year. The drawing at the right

shows four different locations of Earth during g
its orbit around the Sun. Note that for each \
location drawn, Earth is correctly shown with

its rotational axis tilted at an angle of 23.5°.

!

Month Earth—Sun Distance
December 147.2 million km :
June 152.0 million km .
September 150.2 million km k
March 149.0 million km

1) Is the direction that Earth's axis is tited changing as Earth orbits the Sun?

2) Using the information listed above, does Earth stay the same distance from the Sun
throughout the year? If not, what month(s) and during which season (for the Northemn
Hemisphere) is Earth closest to the Sun? Farthest from the Sun?

3) Would you say the temperature stays approximately the same every month of the year
at your location?

4) Are the seasons (summer or winter) the same in the Northern and Southern
Hemispheres at the same time? When it is summer in the Northern Hemisphere, what
season is it in the Southern Hemisphere?

5) Consider the following discussion between two students about the cause of the seasons.

Student 1: | know that it's hotter in the summer and colder in the winter, so we must
be closer to the Sun in the summer than in the winter.

Student 2: / disagree. Although the distance between Earth and the Sun does change
throughout the year, | don’t believe that the seasons and changes in
Earth’s surface temperature are caused by the distance between the Sun
and Earth. If the seasons were due to the Sun—Earth distance, then both
hemispheres of Earth would have the same seasons at the same time.

Do you agree or disagree with either or both of the students? Explain your reasoning.
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At different times of the year, locations in the Northern Hemisphere can be a few thpusaqd
kilometers closer to (or farther from) the Sun than locations that are at the same latitude in
the Southem Hemisphere (as shown In the drawing below). However, the distance between
Earth and the Sun (about 150 million kilometers) is much greater than this difference in
distance between the Earth's hemispheres and the Sun.

Northern Hemisphere Location

Sun

Drawing not to scale

Southern Hemisphere Location

6) Do you think the differences in distance between Earth’s Northern and Southem
Hemispheres are the cause of the seasons? Explain your reasoning.

7) Consider the following discussion between two students about the cause of the seasons.

Student 1: | get it. So since Earth is tilted, there are times when the northern part of
Earth is closer to the Sun than the southern part. So the north has summer
and the south has winter. And then later, the south is tilted toward the Sun
and gets closer and has summer.

Student 2: | disagree. Although the tilt does bring one hemisphere a little bit closer to
the Sun, the difference in distance between the northern half and southern

half of Earth is really small compared to the distance between Earth and
the Sun.

Do you agree or disagree with either or both of the students? Explain your reasoning.
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Spotlight A

Consider the picture above in which two Spotlights (A and B) are shown casting light onto a
screen. Note: Each spotlight gives off the same total amount of light.

8) Which of the two lighted areas (the one created by Spotlight A or B) is brighter?

9) Which of the two lighted areas is smaller?

10) Which of the two lighted areas receives more direct light (a greater amount of energy on
each unit of area) from the spotlight?

11) If a thermometer were placed in each of the lighted areas, which one would read the
higher temperature?

12) Which of the two positions would be similar to the way the sunlight would shine on the
Northern Hemisphere of Earth during summer in the Northern Hemisphere? Explain your
reasoning.
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Consider the picture below illustrating three different regions of Earth (the Northern
Hemisphere, the Southern Hemisphere, and the equatorial region) at two different times of
the year, six months apart.

\

A
A
, Sunlight Sunlight B
< Sy
< T
Sun

Note: this drawing is not to scale. In fact you could fit more than 100 Suns between the Sun and Earth,

13) Which location(s) (A—F) are in the Northem Hemisphere during summer? Explain
your reasoning.

14) Which locatian(s) (A—F) are in the Southem Hemisphere during winter? Explain
YOUr MeSaonyg.

LECTURE- TUTORIALS FOR |TEIERLTOSY ASTRONRSY
© 2022 Pasrson Educstion, Inc Founmw Eormos



Seasons 107

Pact lll: Amount of Daylight

15) During which season (summer or winter) is the number of daylight hours the grestest?
How many houra?

16) During which season (summer or winter) is the Sun highest in the sky at noon? Hint:
Consider the drawing showing the lighted areas and the spotlights for Questions 7—-11.

17) How are your answers to the previous two questions related to the time of year that your
location experiences the highest average temperature? Explain your reasoning.
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v; Putting It All Together

18) Provide two pieces of evidence to support the fact that the varying distance between the
Sun and Earth cannot account for the seasons.

19) Complete the sentences below by using the words provided in the parentheses ().

When it is summer, the tilt of the Earth causes the Sun to be above the horizon for
- (mapg_, few) hours of the day, and the Sun at noon will be (high, low) in
y.providing______ (direct, indirect) sunlight to that hemisphere of the Earth.
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109

One of the most difficult parts of constructing an accurate model! for planetary motions

is that planets seem to wander among the stars. During their normal (or prograde) motion,
planets appear to move from west to east over many consecutive nights as seen against the
background stars. However, they occasionally (and predictably) appear to reverse direction

and move east to west over consecutive nights as seen against the background stars. This
backward motion is called retrograde motion.

1) Given the data in Table 1, plot the motion of the mystery planet on the graph provided
in Figure 1 (record dates next to each position you plot). Then, draw a smooth line (or

curve), using your data points, to illustrate the path of the planet through the sky.

Table 1 Mystery Planet Positions

Date of Observation Azimuth Altitude
(horizontal direction) (vertical direction)
May 1 240 45
May 15 210 50
June 1 170 50
June 15 150 45 B
July 1 170 40
July 15 180 45
August 1 140 50
August 15 120 55
& O
+ 60
o \ o 2 o
O =55
% T+ S0
T 45
O
© + 40
o +35 2
4 +30 &
O o 4+ 25
O + 20
Q o
+ 15
@) <
o 10
@) + 5
90 110 130 150 170 190 210 230 250 270
Azimuth
East West
Figure 1
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110 Observing Retrograde Motion

2) On what date was the mystery planet located farthest to the west? What was the
azimuth value of the planet on this date?

3) On what date was the mystery planet located farthest to the east? What was the
azimuth value of the planet on this date?

4) During which dates does the mystery planet appear to move with normal, prograde,
motion, as compared to the background stars? In what direction (east-to-west or
west-to-east) does the planet appear to be moving relative to the background stars
during this time?

5) During which dates does this mystery planet appear to move with backward, retrograde,
motion, as compared to the background stars? In what direction (east-to-west or west-
to-east) does the planet appear to be moving relative to the background stars during this
time?

6) [f a planet were moving with retrograde motion, how would the planet appear to move
across the sky in a single night? Where would it rise? Where would it set?

7) Suppose your instructor says that Mars is moving with retrograde motion tonight and will
rise at midnight. Consider the following discussion between twa students about motion
of Mars.

Student 1: Since Mars is moving with retrograde motion, that means that during the
night it will be moving west-to-east rather than east-to-west. So at midnight
it will rise in the west and move across the sky and then later set in
the east.

Student 2: | disagree. Mars would still rise in the east and set in the west tonight.
You will only notice the west-to-east retrograde motion if you watch Mars
against the background stars over many nights.

Do you agree or disagree with either or both of the students? Explain your reasoning.
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The extremely high temperature of Earth's core causes material in the surrounding mantie to
become hot, expand, and rise toward the surface. The mantle matenal then cools and sinkg
resulting in a circular motion of material moving beneath Earth's surface. This circulation of '
mantle material causes the continental and oceanic plates to move across Earth's surface
At various locations on Earth's surface, we are able to observe plates colliding, piates
separating, and plates moving horizontally with respect to each other.

The drawing below shows a cross-section of Earth's surface and its underlying mantle. At
this particular location of the surface, the dense oceanic plate is being forced beneath the
less dense continental crust. The dense oceanic plate experiences higher temperatures
(and pressures) as it is forced deeper into the mantle. This interaction between the oceanic
plate and continental plate causes molten material to move upward through the continentg
plate until it breaks the surface in the form of volcanoes.

&%, Continental

CBlate 4
- O DC

Oceanic to Continental Plate Convergence Zone

In the drawing above, Positions A-D show the position of four pieces of mantle material.
Use this drawing to answer the next three questions.

1) Which direction (right or left) are the oceanic and continental plates moving?

2) Which is hotter, the piece of mantle material at Position A or the piece of mantle material
at Position D? Explain your reasoning.

3) What direction are the pieces of mantle material moving (up, down, left, or right) at
Positions A, B, C, and D?
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4) Consider the following discussion between two students debating why the oceanic and
continental plates move.

Student 1:  The plates are moving because the mantle materlal is constantly moving
beneath Earth's plates, and this causss the plates o move.

Student 2: | disagree. The plates are Just floating on the mantle materlal. The plates
started moving a long time ago when Earth initially formed, and the plates
momentum keeps them moving toward each other.

Do you agree or disagree with sither or both of the students? Explain your reasoning.

5) Just beneath Point | on the drawing is a tropical island. What will eventually happen to
the island as the oceanic plate moves? Why?

6) Just beneath Point C on the drawing is an ancient impact crater on the ocean floor

where a giant comet collided with Earth. What will happen to the ancient impact crater
as the oceanic plate moves? Why?

7) Imagine that an impact occurred on the continental plate millions and millions of years

ago, leaving behind an impact crater near the right side of the base of the volcano. Why
would there be little evidence of this impact crater found today?
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8) Consider the image below of the rocky and crater-covered Moon. Its very old surface
has remained virtually unchanged over the last few billion years. Do you think the Moon
has an active, hot, and moiten Interior or an inactive,
cold, and solid interior? Why?

9) If a new planet were discovered, what evidence would you look for to determine whether
or not it has an active, hot, and molten interior? Why?
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Objects give off different amounts of energy depending upon their temperature. Figure 1,
below, shows the energy output of our Sun along with the percent of energy given off by the
Sun in the ultraviolet (UV), visible (VIS), and infrared (IR) portions of the electromagnetic
spectrum.

T Ultra-

. Visible
violet

|
l
: Infrared
?
|
|
|
]

Energy Output

|
!
!
[
|
[
l
:44%
!
[
|I
|
[
[
|
|
i
l

Wavelength
Figure 1

1) Which TWO forms of light account for the majority of energy coming from the Sun:
ultraviolet, visible, or infrared? Which of the three forms of light is the Sun giving off the
least? Provide numbers to support your answer.

2) Consider the following debate between two students regarding the energy given off by
the Sun.

Student 1: / think that the Sun gives off most of its energy at ultraviolet wavelengths
because ultraviolet light is more energetic than visible light and you always
hear about ultraviolet light causing sunburns.

Student 2: Even though ultraviolet light is more energetic than visible light the Sun
simply gives off less ultraviolet light and gives off way more visible and
infrared light. So I think these longer wavelength types of light account for
most of the energy coming from the Sun.

Do you agree or disagree with either or both of these students? Explain your reasoning.
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Earth's surtace is heated by light that is absorbed at the surface. However, a photon’s ability
to travel through our atmosphere depends upon Its wavelength. Figure 2 below shows what
percentage of each type of light (UV, Vislble and IR) is absorbed by Earth's atmosphere.
The figure also lists the primary gas molecules responsible for absorbing the different
wavelengths of light.

| |
Ultraviolet :Vislblc: Infrared
I()Of 0,0y E E H,0H0 CO;  CO; H,0 0,04 H,0 (rotation) &
32wy o 1
I —
51 o
40 T+ 1
< | |
< S
X S-. 20 + |l l
0 i :
0 | 10 100

Wavelength in microns

GOODY & WALKER, ATMOSPHERES, 1st Ed.. ® 1973. Reprinted and electronically
reproduced by permission of Pearson Education, Inc., Upper Saddle River, New Jersey.

Figure 2

3) Based on the amount of visiblé and the infrared light being absorbed, which would you
say has an easier time getting through our atmosphere? Explain your reasoning.

4) Comparing the ultraviolet and the infrared types of light, which would you say has an
easier time getting through our atmosphere? Explain your reasoning.

5) Based upon Figures 1 and 2, why is ultraviolet light NOT an important energy source for
heating the surface of Earth?

6) What gas molecules are primarily responsible for the absorption of each of the following
types of light in our atmosphere?

Type of Light Molecule(s) Responsible for Absorption
Ultraviolet
Visible
infrared
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Molecules that are transparent to visible light but absorb and re-emit Infrared light are
known as "greenhouse gases."

7) What are the two greenhouse gases most responsible for absorbing infrared light in
Earth's atmosphere?

Once visible light from the Sun reaches thg §urface of Earth, some of the visible light is
reflected back toward space and the remaining visible light is absorbed by the ground. This
reflected visible light does not change the temperature of the surface, whereas absorbed
visible light causes the temperature of the surface to increase. Earth's heated surface then
gives off infrared light into Earth.s atmospherq. As an example, on a hot day, black asphalt
absorbs more Visible light and gives off more infrared light than does a white crosswalk.

8) The Sun is approximately 6000 K at the surface and has an energy distribution that
peaks at Visible wavelengths; Earth’s s',urfa.ce is much cooler at about 288 K. What type
of light do you think Earth's surface primarily gives off: ultraviolet, visibie, or infrared
light? Explain your reasoning.

9) Does Earth’s surface give off any form of light at night? If so, what type? If not, why not?

10) Consider the following debate between two students regarding the energy given off by
Earth’s surface.

Student 1: The Sun mainly gives off visible light and so does Earth’s surface because
| can see it during the daytime.

Student 2: What you are seeing is just reflected sunlight. Earth’s surface is much
cooler than the Sun and mostly gives off light similar to the type that our
bodies give off, infrared. I'm not sure, but | think the surface probably gives
off infrared light during both the daytime and the nighttime based
upon its temperature.

Do you agree or disagree with either or both of the students? Explain your reasoning.

11) Will the light given off by Earth’s surface easily travel back through the atmosphere to
space or will it be absorbed by molecules in the atmosphere? Explain your reasoning.
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Amount of Incoming Energy
from the Sun (Sunlight) = 342
Amount of Sunlight Amount of Sunlight Amount of Energy Amount of Energy
Reflected by Casth’s | Reflected by Eanth's Emittod by Farth's Emitted by Barth's
Surface the Goes Atmosphere that Surfuce that Goes Atmosphere that
Directly Out into Goca Directly Back Directly Out into Goes Directly Out
Space = 30 Out into Spece = 77 Spuce = 40 into Spacc = 195
A A\
Amount of Energy
Emitted by Earth's
Surface that is
Absorbed by Earth’s
Amosphere =452

Am0unt of Enefgy Emltted A
by Earth’s Atmosphere |
fhﬂ’- is Afsorbed by.Ea:lh
WA Smfﬂde : ~324A

Figure 3

Figure 3 shows how light/energy flows through the Earth system for the "greenhouse effect."
The numbers listed describe the amount of energy flowing through the system (units of
watts per square meter). A larger number indicates that more energy is flowing through that

labeled pathway.

12) How does the total amount of energy coming from the Sun compare to the total amount
of energy leaving Earth to space? Provide numbers to support your answer.

13) What type of light contributes the greatest amount of energy to heating Earth’s surface
and where was this light emitted from? What type of light contributes the greatest
amount of energy to heating Earth’s atmosphere and where was this light emitted from?
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14) Is more energy absorbed by Earth's surface in the form of light coming from the Sun or
from light emitted by Earth’s atmosphere? Explain your reasoning, and provide numbers
to Justify your answer.

15) Due to the light absorbed by Earth’s surface that was emitted by Earth’s atmosphere,
is Earth's temperature near the surface going to be warmer or cooler than it would be
without this absorbed light?

16) Fill in the empty boxes in Figure 4 below with the correct type(s) of light. Use the

abbreviations UV, IR, and VIS.

Amount of Sunlight
Reflected by Earth’s
Surface that Goes
Directly Out into
Space =30

A

Amount of Incoming Energy
from the Sun (Sunlight) =342

Amount of Sunlight
Reflected by Earth's
Atmosphere that
Goes Directly Back
Out into Space =77

7

Amount of Energy Amount of Energy
Emitted by Earth’s Emitted by Earth’s
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Figure 4

© 2022 Pearson Education, Inc.

LECTURE-TUTORIALS FOR INTRODUCTORY ASTRONOMY
FOURTH EDITION



120 Greenhouse Effect

The flow of energy shown In Figures 3 and 4 Is the source of the natural “atmospheric
greenhouse effect."

17)Fill in the blanks to complete the following sentences about the greenhouse effect.

light from the Sun passes through Earth's andis ____ byEarth’s

. The heated surface then gives off light that is bythe
The atmosphere gives off light. Some of this light escapes out to space, but the
majority is sent back to and by Earth's , making the temperature warmer
than it would be if there was not a . Earth's surface temperature is warmer
because it is heated both by light from the and light sent back
from the
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Figure 1: A visual depliction of the planet formation process.

Figure 1 represents the different stages (a—e) in the formation of our Solar System: (a) A
giant cloud of gas and dust collapses. (b) As the cloud collapses, it begins to spin, fiatten,
and get hotter. We refer to this spinning disk of dust and gas as a protoplanetary disk.
(c/d) The majority of the mass in the disk comes together at the center and forms the Sun.
The remaining rocky, icy, and gaseous material In the disk continues to interact and attract
one another, forming planetesimals. (e) These planetesimals continue to collide and grow
into planets over the course of tens of millions of years, eventually settling into their final
locations.

1) At what location will we find the majority of material after the cloud collapses? What do
we call the object that will be at this location?

2) Which force caused the cloud to collapse and the material to come together to form
planets?

Table 1: This table provides the condensation (becomes solid) temperature
and relative abundance of three main types of materials present in the protoplanetary
disk at the time of planet formation.

Materlal Condensatlon Temp Relative Abundance
(mass %)

Hydrogen & Helium Gas Does not condense 98

Rocks & Metals <1600 K 0.6

ices [hydrogen compounds <150 K 1.4

(e.g., water, methane, and

ammonia)]
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Figure 2: The graph above shows the temperature at different locations In the
protoplanetary dlak at the time of planet formation. The reglon where rock and metals
condense (become aolld) is shaded In light gray, and the reglon where hydrogen
compounds (e.g., water, methane, and ammonla) condense to form ice la Identifled by
the grid pattern. The locationa of the planets are shown (the sizes of the planets on
the graph are not to scale).

3) Over what range of distances did rocks and metals condense during the formation of the
Solar System?

4) Over what range of distances did hydrogen compounds condense to form ice during the
formation of the Solar System?

5) Complete Table 2 below to Include the planet name and the type(s) of materlals (rock
and/or Ice) that had condensed and were present In the disk at the time of planet
formation. One row of the table has been filled In for you.
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Table 2: Planet distances and avallabllity of rock, metals, and ice.

Planet Name Distance from the Sun What solld materlals were present
(AV) at the locatlon of the planet?

0.39
0.72
1.00 .
1.52
5.20
9.58
19.2 T
Neptune 30.1 rock, metals, ice =

Each of the three drawings below (A—C) represents a different model for the formation of the
Solar System. The medium gray regions identify where the models predict only solid rocks
and metals existed. The light gray regions identify where the models predict solid rock and

ice both existed. The white regions identify where the models predict only ice existed. The
thick black line represents the frost line. In the early Solar System, locations closer to the Sun
than the frost line were too hot for hydrogen compounds to condense into ices. Ices could
only form beyond the frost line. For each model, labels are provided next to each planet to
indicate which solids existed at that location during the formation of the Solar System.

6) Based on the information provided in Figure 2 and your answers in Table 2, which of
these Solar System models (A-C) most accurately shows where the solid materials were
available to each planet in our Solar System while they were forming.
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7)

8)

Three students are discussing their answer to Question 6. Recall that Mercur};. VeSn:tst
Earth, and Mars are commonly referred to as the Terrestrial planets, and Jupiter, '
Uranus, and Neptune are commonly referred to as the Jovian planets.

Student 1: | think drawing “C" is correct because we know the Terrestrial planets are
made of rock and Neptune and Uranus are ice giants so they will be the
only planets made of Just ice.

Student 2: | agree with you, but | think you need to include Jupiter and Satum as
having some ice too, and based on the graph the frost line should be
drawn closer to the Sun than Jupiter, so | think it's drawing ‘B.”

Student 3: |/ think you're right that the frost line should be drawn closer to the Sun,
but I think drawing “A” is correct because there were rocks and metals
everywhere in the early Solar System but ice only formed past the frost line
so the gas giant planets should be rock and ice.

Which students do you agree or disagree with? Explain your reasoning.

During the formation process, planetesimals gather up the material that was present
along their orbit around the Sun. Complete the sentences below by using the words
provided in the parentheses ().

The amount of solid material collected by each of the planets in the outer Solar System

would have been (much less / the same as / much more than) the amount of
solid material collected by each of the planets in the inner Solar System. This means
that the mass of the (Terrestrial planets / Jovian planets) is (are) much greater
than that of the (Terrestrial planets / Jovian planets).

Which type of planets (Terrestrial or Jovian) would have exerted stronger gravitational
forces when attracting the gas particles that existed along their orbits during the
formation process? Explain your reasoning.

10) In describing types of planets, it is customary to describe those that have large

atmospheres as “Gas Giants.” Which of the planets in our Solar System would be
considered Gas Giants?
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Table 3: Properties for three planets (A, B, and C) which formed together in a Solar
System around a Sun-like star.

Planet Name Mass Distance from star Atmosphere
(Earth = 1) (AU) (Large/Small)

A 0.643 1.774 Small

B 11.34 6.482 Large

C 12.01 0.031 Large

11) Which of these planets (A-C) are at distances from their central star that are consistent
with the planet formation process of our Solar System, and which are not?

12) Three students are discussing a plausible explanation for why a planet might be found
at a location that is not consistent with where we find planets of that type in our Solar

System.

Student 1:

Student 2:

Student 3:

I think that the physics that explains where rock, metals, ice, and gas exist
during the planet formation process doesn’t apply when we're dealing with
planets in other solar systems

| disagree. | think the locations where we’'d expect to find rock, metals,
ice, and gas would be pretty much the same in every Solar System. What
| think happens is that the star gets way more massive after the Solar
System forms, and this pulls planets closer in toward the star.

We learned that almost all the mass of a Solar System is already in the
star from essentially the beginning, and if it did get more massive it would
pull all the planets closer, not just one Gas Giant. | think planets might be
interacting with other objects in the Solar System, which could cause a
planet to move inward from the initial position where it formed.

Which students do you agree or disagree with? Explain your reasoning.
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Figure 1: A picture of the Sun and eight planets in our Solar System (not to scale).

Table 1 below provides values for the radius (size), mass, and density for the planets in our
Solar System: Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus, and Neptune.

Table 1: Planet Properties

Planet Radlus (Earth=1) | Mass (Earth =1) | Density (Water = 1)
Mercury 0.383 0.055 543
Venus 0.949 0.815 5.25 o
Earth 1 1 5.52 R
Mars 0.532 0.107 3.93
Jupiter 11.21 317.8 1.33
Satum 9.45 95.18 0.70
Uranus 4.01 14.54 1.28
Neptune 3.88 17.15 1.64

1) Given the data on the planet properties provided in Table 1, if you were going to sort the
planets into two groups such that the planets in each group had similar properties, which
planets would go into each of your two groups?

Group #1:

Group #2:
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2) How would you describe the three properties that define each group (large / small size
or radius, low / high mess, low / high density)?

Group #1 Properties:

Group #2 Properties:

We often categorize the planets in our Solar System as being either “Terrestrial” or
“Jovian.” Terrestrial planets are small, low mass, have rocky surfaces, and have higher

densities (much greater than water). Jovian planets are large, massive, have gaseous
outer layers, and have lower densities.

3) Which of the planets in our Solar System would you say are Terrestrial and which are
Jovian?

4) Two students are discussing the composition and densities of the Jovian and Terrestrial
planets.

Student 1: / get it, since the Jovian planets are mostly made of gas, they have
densities that are much lower than the Terrestrial planets that are mostly
made of rock.

Student 2: |/ don't think that’s right. The Jovian planets are much larger and more
massive than the smaller Terrestrial planets, and therefore the Jovian
planets should have much higher densities.

Do you agree or disagree with either or both of the students? Explain your reasoning.
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Part Il

Table 2 below provides values for distance from the Sun, orbital period, rotational period,
and number of moons for the planets in our Solar System.

Table 2: Additional Planet Properties

Planet Distance from | Orbital Perlod Rotational Number of
the Sun (AU) (Years) Perlod (Days) Moons
Mercury 0.387 0.241 58.6 0
Venus 0.723 0.615 243 0
Earth 1 1 1 1
Mars 1.524 1.881 1.03 2
Jupiter 5.204 11.86 0.41 79
Saturn 9.682 29.46 0.45 62
Uranus 19.19 84.01 0.72 27
Neptune 30.05 164.8 0.87 14

5) Based only on the new data in Table 2, would you still sort the planets into the same two
categories that you did in Part I? Why or why not?

6) Use the information from Tables 1 and 2 to help you complete the sentences below by
using the words provided in the parentheses ().

The Terrestrial Planets in our Solar System: have (large / small) radii,

large / small) mass, (high / low) density, are (closer to / further from) the
Sun, have (long / short) orbital periods, (long / short) rotational periods,
and have (many / few) moons.

The Jovian Planets in our Solar System: have (large / small) radii, (large
/ small) mass, (high / low) density, are (closer to / further from) the Sun,
have (long / short) orbital periods, (long / short) rotational periods, and
have (many / few) moons.

7) Which planet has a year that is slightly more than half of an Earth year, and a day that
is hundreds of times longer than an Earth day? Note that this planet's day is actually
longer than its year!

8) Which planet(s) take(s) more than 10 Earth years to complete one orbit around the Sun,
but has (have) a day that is less than half of an Earth day?
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Part Ill

Flgure 2 and Table 3 below provide Information about hypothetical “Solar System X.” Solar

stem X has three planets, whose size and |ocatlons (relative to the Sun, Mercury, Venus,
and Earth) are shown In Figure 2.

Our Solar System 2oomed In (For Reference)

Earth

|

‘.

Solar System X =
]

|

|

|

|

|

|

(" e . | C ||
B 4

2 & - |

X 7 | ||
S | |

| | :
| i

d =0.387 AU d=0.723 AU d=1AU

Figure 2: A visual deplction of Solar System X with respect to the Sun, Mercury,
Venus, and Earth.

Table 3: Solar System X Planet Properties

Planet Radius Mass Density Distance Orbital
(Earth=1) | (Earth=1) | (Water=1) | from the Period
Star (AU) (Years)

A 13.05 346.6 0.81 0.224 0.106

B 0.357 0.051 6.18 0.319 0.180

C 3.971 14.87 1.35 0.762 0.665

9) Based only on their radii, masses, and densities, which planets in our Solar System are
most similar to the planets in Solar System X? Explain your reasoning.

10) Which of the planet(s) in Solar System X is (are) at a location(s) you would not expect
based on the characteristics of the planets found in our Solar System? Explain your

reasoning.
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11) Two students are discussing their answer to Questions 9 and 10.

Student 1:  So Planet A is clearly Jupiter-like, but Is way closer than | would have
expected based on our Solar System, and Planet B seems pretty much
llke Mercury. | think Planet C is a Terrestrial planet because it's small and
dense, roughly at the location where Venus would be in our Solar System.

Student 2: / agree with you about Planets A and B, but | disagree with you about
Planet C. When | compare Planet C’s properties to the properties of the
planets in our Solar System, it seems most similar to Uranus, so | think jt's
more likely to be a Jovian planet even though it's close to its star.

Do you agree or disagree with either or both of the students? Explain your reasoning.

© 2022 Pearson Education, Inc. LECTURE-TUTORIALS FOR INTRODUCTORY ASTRONOMY
FourTH EoiTION



132 Sizing Up the Planets
© 2022 Pearson Education, Inc. LECTURE-TUTORIALS FOR INTRODUCTORY ASTRONOMY

FOuRTH EDITION



Comparing the Surfaces of Planets 133

Early in the formation of the Solar System, the four terrestrial planets were much more
simllar to each other than they are today. Their present-day ditferences are a result

of geologic processes that have occurred over the last 4.5 billlon years. The geologic
processes that operate depend on three fundamental properties of the planets: mass,
distance from the Sun, and rotation rate.

Part |: Fundamental Properties
Mass

1) Rank the four terrastrial planets (Earth, Mars, Mercury, Venus) from most massive to
least massive.

2) The temperature of a terrestrial planet's Interior depends on its mass. Higher mass
terrestrial planets have hotter internal temperatures. Rank the four terrestrial planets
from hottest Internal temperature to coldest internal temperature.

As a planet's Internal temperature drops over time, the outer regions cool and solidify. This
cold, rigid, outermost layer of a planet is known as the lithosphere.

3) If a planet is hot on the inside, would you expect it to have a thinner or thicker
lithosphere than if it were cool on the Inside? Explain your reasoning.

4) Do you think Earth or Mars has a thicker lithosphere? Explain your reasoning.

5) Complete the sentences below by using the words provided in the parentheses ().

Planets with hotter interiors will have (thinner / thicker) lithospheres that are ______
(more / less) likely to crack or deform. These planets will have (more / less)
active volcanism and tectonics.

6) In addition to lava, volcanoes spew out large amounts of gases that, if the planet is
massive enough, may be captured by the planet's gravitational pull and become part of
the planet's atmosphere. Would you generally expect a more massive planet to have a
thicker or a thinner atmosphere than a less massive planet? Explain your reasoning.
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Distance from the Sun

7) Do you think the amount of energy received by a planet close to the Sun is greater than,
lese than, or the same as the amount of energy received by a planet far from the Sun?
Explain your reasoning.

Below Is a graph of current average surface temperatures of the terrestrial planets versus its
distance from the Sun.

8) According to the graph, would you say that, in general, the surface temperature of
planets appears to increase, decrease, or stay the same as their distance from the Sun
increases?

9) Which do you think is more affected by distance from the Sun: surface temperature or
internal temperature? Explain your reasoning.

10) Based on the graph, for which planet(s) can water currently exist as a liquid?

11) If a planet has liquid water on its surface, would you expect the planet to experience
more, less, or the same amount of erosion as a planet with no liquid water? Explain your
reasoning.
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12) In our Solar System, which planet(s) should have the most erosion due to liquid water?

Rotation Rate

The rotation rates (the time for a planet to make one complete spin around its axis) and
atmospheric pressure (relative to Earth) of the terrestrial planets are given in the table

below.
Planet Rotation Rate (Days) Atmospheric Pressure
Mercury 58.6 1014 times Earth
Venus 116.8 90 times Earth
Earth 1 1
Mars 1.03 0.007 times Earth

Planets that have a fast rotation rate are observed to have more weather and stronger

winds than planets that have a slow rotation rate. Like having liquid on the surface, weather
and wind also contribute to a planet's surface erosion. However, to have weather and winds
a planet also must have a substantial atmosphere. '

13) Rank the planets based on their atmospheric pressure, from greatest to least.

Three students are discussing how the amount of wind erosion for the four terrestrial

planets will compare.

Student 1: Earth and Mars should experience the most erosion of their surfaces due

to wind because they both rotate rapidly.

Student 2: |/ agree that Earth should have erosion, but | think that Venus should also
have a lot of erosion since it has such a thick atmosphere.

Student 3: /don't think Venus or Mars should have much wind erosion compared to
Earth. Mars rotates rapidly, but its atmosphere is so thin that it wouldn't
have much wind or weather. And even though Venus has a thick atmos-
phere, it rotates so slowly that it wouldn’t have much erosion.

14) Which students do you agree or disagree with? Explain your reasoning.
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Par |l: Evaluating Planetary Features

15) Another geologic feature of terrestrial planets are impact craters. Do you think the
number of viaible Impact craters on the surface of a planet is greater or less if volcanism,
tectonics, and erosion are occurring? Explain your reasoning.

18) In the following chart, indicate which of the three fundamental planet properties influence
(directly or Indlrectly) the three geologic processes and the number of craters that will
be visible on a planet's surface. For example, mass influences the amount of volcanism
present, 80 an “X" has been placed in that square of the table.

Volcanism Tectonics Erosion Number of
Visible Impact
Craters
Mass X
Distance from
Sun
Rotation Rate

Because a planet's mass, distance from the Sun, and rotation rate are fundamental
properties that affect planetary geology, we can predict the basic geology of newly
discovered terrestrial planets once we know their fundamental properties. Suppose we
discover a planet around a star similar to the Sun. We detect that the planet is less massive
than the Earth, orbits about 0.7 AU from its host star, and rotates once every 12 hours.

17) Circle how you would expect this new planet to compare to Earth in the following

categories:

Internal temperature:
Surface temperature:
Volcanism:
Tectonics:

Erosion:

Visible cratering:

hotter
hotter
more
more
more
more

colder same
colder same
less same
less same
less same
less same
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Part |; Earth and Moon

Astronomers often deal with large numbers for distances, masses, and other quantities. They
often use ratios to get a better sense of how big or small these quantities are. This can be
useful in our daily lives as well. For example, we may not have a good sense for the length

of a 40-meter-long commerclal Jet, but saying that the Jet is approximately eight times longer
than a car may be more meaningful to us. In this activity we will use ratios to try to better
understand the size of objects in the Solar System, in particular the size of the Sun.

Distances such as the following can be hard to conceptualize:
Moon's diameter: 3,476 km
Earth’s diameter: 12,756 km

But we can think about these sizes in terms of one another so that we can create a scale
model of Earth and the Moon in our minds. If we wish to express how many times bigger

Earth is than the Moon, we can divide Earth’s diameter by the Moon's diameter. The result
is roughly 4 (12,756/3476 = 4). This means Earth is approximately four times wider than
the Moon, or equivalently, you could fit about four Moons across the diameter of Earth (as
shown below).

1) Which of the following pairs of objects would make a good
scale model of Earth and the Moon?
a) A basketball and a soccer ball
b) A basketball and a baseball (or softball)
c) A basketball and a ping-pong ball
d) A basketball and a pea
e) A basketball and a grain of sand

Earth

The distance between Earth and the Moon is much larger than either the Moon or Earth—
but how much larger? If we divide the distance between Earth and the Moon (384,000 km)
by Earth's diameter, we get 384,400/12,756 ~ 30. This means you could fit approximately 30
Earths in the space between Earth and the Moon.

2) Using small circles to represent Earth and the Moon, sketch a scale model of the
Earth—Moon orbital system below. Be sure your scale model correctly shows the two
scale ratios described above.
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3) To make a scale model of the Earth—Moon orblital system, you not only need to pick
appropriately sized objects to represent Earth and the Moon, you also need to place
them the correctly scaled distance apart. Let's say you use a 1-foot (12-inch) basketball
and a 3-Inch orange as your Earth and Moon, respectively. About how far apart must
they be placed to represent an accurate scale model of the Earth-Moon orbital system?
(Circle your answer below.) Explain your reasoning.

a) 1 foot
b) 4 feet
c) 10 feet
d) 30 feet
e)

300 feet

Part Il: The Sun

Compared to the size of Earth, the Sun (with a diameter 1,392,000 km) is about 110 times
bigger than Earth (1,392,000/12,756 ~ 110)

4) Can any combinations of the following items be used to make an accurate scale model
of Earth and the Sun? If so, which two would you choose and why? If not, why not?

a) Basketball
) Soccer ball
) Baseball (or softball)

Q O U

) Ping-pong ball
e) Pea

f) Grain of sand

Now let's compare the Sun's diameter to the size i
of the Moon's orbit around Earth. The diameter of t
the Moon'’s orbit around Earth is about 769,000 km
across. So, the ratio of the Sun's diameter
to the Moon'’s orbital diameter is roughly 2 Nicon { Earth \
(1,392,000/769,000 =~ 2).

5) Does this mean that two Suns placed side-by- \ /
side would fit inside the Moon'’s orbit around
Earth, or that two Moon orbits placed side-by-
side would fit across the Sun? Draw a sketch g 5
below to illustrate your answer.
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The distance from Earth to the Sun averages about 150,000,000 km. This makes the
distance between the Sun and Earth about 110 times larger than the diameter of the Sun

(150,000,000/1,392,000 = 110).

6) If you were to use a 1-foot {12-Inch) basketball to represent the Sun, how far would it
have to be from Earth to be an accurate scale model?

a) 1 foot

b) 10 feet
c) 30 feet
d) 110 feet
e) 300 feet

If we used a basketball to represent the Sun and a ping-pong ball to represent Earth,
and separated them by the distance you answered in Question 6, would we have an

accurate scale model of the Sun—Earth system? Explain your answer.

7)

g) How many Moons would fit across the diameter of the Sun?

9) Approximately how many times could the Moon's orbital diameter fit between Earth and
the Sun?
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Use the H-R diagram below to answer questions throughout this activity.

Spectral Type
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1) What are the spectral type, temperature, absolute magnitude number, and luminosity of
Star A?

a) Spectral type:
b) Temperature:
c) Absolute magnitude:

d) Luminosity:

2) Which two pairs of labeled Stars (A-G) in the diagram have the same temperature?

3) Do stars of the same temperature have the same spectral type? Use a pair of stars from
your answer to Question 2 to support your answer.
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4) Which two pairs of labeted stars have the same luminosity?

5) Do stars with the same luminosity have the same absolute Magnitude number? Use a
pair of stars from your answer to Question 4 to support your answer.

8) If two stars have the same absolute magnitude number, do they necessarily have the
~ same temperature? Use a pair of stars from the H-R diagram on the previous page to
SUPPOTt your answer.

7) Stars of the same Spectral type have the same (circle one):

absolute magnitude number temparature luminosity
8) Stars of the same absolute magnitude number have the same (circle one):
spectrel type temperature luminosity

g) For each of the following star descriptions, state whether the star would be a red giant,

white dwarf, or main sequencs star, and provide the letter(s) of a star from the H-R
diagram that fits each description.

a) very bnght (high luminosity) and very hot (high temperature)
b) very dim and cool
c) very dim and very hot

d) very bright and cool
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Stars begin life as a cloud of gas and dust. The birth of a star begins when a disturbance,

such as the shock wave from a supernova, triggers the cloud of gas and dust to collapse
inward.

1) Imagine that you are observing the region of space where a cloud of gas and dust is
beglnning to collapse Inward to form a star (the object that initially forms in this process
is called a protostar). Will the atoms In the collapsing cloud move away from one
another, move closer to one another, or stay at the same locations?

2) What force causes the atoms to behave as you described they would in Question 1?

3) Would you expect the temperature at the center of the protostar to increase or decrease
with time? Explain your reasoning.

The inward collapse of material causes the center of the protostar to become very hot and
dense. Once the central temperature and density reach critical levels, nuclear fusion begins.
During the fusion reaction, hydrogen atoms are combined together to form helium atoms.
When this happens, photons of light are emitted. Once the outward pressure created by the
energy given off during nuclear fusion balances the inward gravitational collapse of material,
a state of hydrostatic equilibrium is reached, and the star no longer collapses. When this
happens, the protostar becomes a main sequence star.

Consider the information shown in the table below when answering Questions 4 through 7.

Mass of the Star Approximate Main Sequence Lifetime of
(in multiples of Sun masses, M, ) the Star
0.5M,, S0 billion years
1.0 M, 10 billion years
20M,,, 2 billion years
B 6.0M,, 110 million years
60 M, 360 thousand years

4) Which live longer, high-mass or low-mass stars?
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5) Based on your answer to Question 4, do you think that the rate of nuclear fusion in a

high-mass star is greater than, less than, or equal to the rate of nuclear fusion in a
low-mass star?

6) Which of the following statements best describes how the lifetimes compare between
Star A (a star with a mass equal to the Sun) and Star B (a star with six times the mass
of the Sun)? Circle the best possible response given below. (Note: It may be helpful to
examine the information given in the table on the previous page.)

a) Star Awill live less than 1/6th as long as Star B.
b) Star A will live 1/6th as long as Star B.

c) Star A will have the same lifetime as Star B.

d) Star A will live six times longer than Star B.

e) Star A will live more than six times longer than Star B.

Explain your reasoning for the choice you made.

7) The Sun has a lifetime of approximately 10 billion years. If you could determine the rate
of nuclear fusion for a star with twice the mass of the Sun, which of the following would
best describe how its fusion rate would compare to the Sun? Circle the best possible
response to complete the sentence given below. (Note: It may be helpful to examine the
information given in the table on the previous page.)

A star with twice the mass of the Sun would have a rate of nuclear fusion that is
the rate of fusion in the Sun.

a) less than
b) a little more than
c) twice

d) more than twice

Explain your reasoning for the choice you made.

© 2022 Pearson Education, Inc. LecTure- TUTORIALS FOR INTRODUCTORY ASTRONOMY
FourtH EoiTion



Blnag Stars 145

1) Imagine we measured the light emitted by a Sun-like (G-spectral type) main sequence
star for several weeks. Which of the graphs below most Iikely shows how its graph of
brightness vs. time would look (circie A or B)?

4
- .
E, E-L
; t =< t ¢ +»
Week | Weok 2 Week 3 Week | Week 2 Week 3
A B

2) Imagine Instead that we measure the light emitted by an A-spectral type main sequence
star at the same distance as the Sun-ilke (G-spectral type) star from Question 1 for
several weeks. Compared to the graph of the Sun-like star you chose above, which of
the graphs below most likely shows how the graph of brightness vs. time would look for
an A-spectral type star (circle C or D)?

Brightness
Brightness
[}

| | [ | I I
1 | -1 7 T 1 —

Week |  Week2 Week3 Week | Week2 Week3
C D

3) Imagine that these two stars are actually quite close together such that the total amount
of light received from the pair can be shown in a single graph. Compared to the graphs
you selected in Questions 1 and 2, which of the graphs below most likely shows how the

combined graph of brightness vs. time for the two stars would look (circle E or F)?

Brightness
1
I
Brightness

L 1 L
- { —» . T T TP

Week1 Week2 Week3 Week |  Week2 Week 3
E F
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Binary Stars

4.

6)

Imagine that the objects shown at the right represent

the Sun-like and A-spectral type stars from the previous
questions. Label which object would best represent the
Sun-like (G-spectral type) star and which object would best
represent the A-spectral type star.

Stars that are very close together will often orbit around one another, and, occasionally,
their orbits are aligned in such a way that one star will pass directly in front of the other
as seen from Earth. When this happens, the light from the star in the back is blocked,
and we receive only the light from the star in front. These stars are often referred to as
eclipsing binary stars. Which of the two times (1 or 2) labeled below most likely indicates
the time when the Sun-like (G-spectral type) star was passing in front of the A-spectral
type star from the previous questions (circle 1 or 2)?

Week 1 Week 2 Week 3 Week 4

Explain your reasoning.

What is the physical reason the bottom of the dip is a horizontal line rather than a point?
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7) Imagine that you are watching an eclipsing binary star system containing an M-spectral-
type main sequence star and a B-spectral-type main sequence star as they each
complete one full orbit. At Time 1, you can see thet the stars are entirely separate from
one another. At Time 2, you see the B star in front of the M star. At Time 3, you see the
M star in front of the B star.

Use two circles of different sizes to draw the two stars at Time 1. Label which circle is
the M star and which Is the B star. Make two more drawings for Times 2 and 3.

8) At which of the three time; would you measure the greatest amount of light coming to
you? Explain your reasoning.

9) At which of the three times would you measure the least amount of light coming to you?
Explain your reasoning.

10) Two students are talking about what the brightness vs. time graph would look like for
eclipsing binary star system described in Question 7.

Student 1: / think the dip in the graph is deepest when the blue star passes in front of
the red star. Since the blue star is so much bigger, it will block off all of the
light from the red star.

Student 2: | disagree, when the dim red star is in front it is blocking the more

energetic light from the brighter blue star. So I think the deepest dip will
happen when the M star is in front of the B star.

Do you agree or disagree with either or both of the students? Explain your reasoning.
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11)Complete the graph below to Illustrate the amount of light an Earth observer would
detect from an eclipsing binary star system that contalns a Sun-like (G-spectral type)

star and a red glant (with an orbital perlod of four weeks). On each dip you draw, clearly
label which star Is In front and which Is In back.

1 |
T ! L

Week | Week 2 Week 3 Week 4

Explain your reasoning.
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Part.|_Ext Planet Systems' Pro ies o

Center of Mass
Center of Mass

.
y/ ,_..-k
2 ’ =
\
, /
AY
\

Extrasolar [
Planet “' \ ; ;
/, St ¢
NP . Figure 2. Extrasolar planet and star as
seen edge-on or from the side. Note that
the extrasolar planet is moving toward you.

______ = (not to scale)

seen from above. (not to scale)

Figures 1 and 2 show the orbits of the same extrasolar planet and star from two different
points of view.

1) As an extrasolar planet orbits around a star, the gravitational attraction between the two
objects causes the star to make a small orbit around the system's center of mass. Which
object travels in the largest orbit (circle one)?

the extrasolar the star they both have the  you can’t determine
planet same size orbit which has the larger
orbit

2) Which object takes a greater amount of time to complete one orbit (circle one)?

the extrasolar the star they both take the ~ you can't determine
planet same amount which takes longer
of time

Explain your reasoning.

3) At the instant shown in Figure 1, which direction is the extrasolar planet moving (circle

one)?
toward the bottom toward the top toward the
of the page of the page star
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4) At the instant shown in Figure 1, which direction Is the star moving (circle one)?

towanrd the bottom toward the top toward the
of the page of the page extrasolar planet

5) Ingeneral, how does the direction the extrasolar planet is moving compare with the
direction the star is moving?

6) If you observe the extrasolar planet system from above (as shown in Figure 1), at the
instant shown, would the light from the star be blueshifted, redshifted, or not shifted?
Explain your reasoning.

7) Figure 2 shows the extrasolar planet and star from the side or as seen edge-on. At the
instant shown, which direction is the star moving (circle one)?

coming out of the page moving into the page directly toward the central star
directly toward you away from you

8) If you observe the extrasolar planet system from the side, as shown in Figure 2, at the
instant shown, would the light from the star be blueshifted, redshifted, or not shifted?
Explain your reasoning.

9) Two students are discussing their answers to the Questions 7 and 8.

Student 1: Since Figure 2 states that the extrasolar planet is moving out of the page,
directly toward us, then the light from the star we observe will be blueshifted.

Student 2: [ disagree, the light from the star will be redshifted because the star is
moving in the opposite direction the planet is moving.

Do you agree or disagree with either or both of the students? Why?
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Bantlli Evaluating Extrasciar Planet Sywtemm

The amount that the light from a star in an extresolar plenet system will be Doppler shifted
depends on the mass of the star M

e+ the mass of the pisnet m__ .. and the distance d
batween the star and the planet. This reiationship can be written es

Amount of Doppler shift in stars's light = 5%.:!_?

Figure 3 below shows four different extrasolar planet systems (A-D). Use this figure to
answer Questions 10 and 11.
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10) Complete the sentences below by using the words provided in the parentheses ().

The extrasolar planet that would be easiest to detect is in system ___ (A, B, C, or D)

because its star gives off light that is Doppler shifted by the (largest, least) amount.
This occurs when a _____ (large, small) mass planet is orbiting (close to, far from) a
(large, small) mass star, causing the star to have a (fast, slow) orbital speed.

11) Two students are discussing their answers to Question 10.

Student 1: [ think the light from the star in System C would have the largest Doppler
shift. This is because the star in System C has the largest orbit. And since

the star’s light has the largest Doppler shift that makes it and the planet
easiest to detect.

Student 2: |/ agree that the easiest exoplanet to detect will correspond with the star
with the largest Doppler shift. But | think the largest Doppler shift will go

with System B since it has a low mass star that is close to a large mass
planet.

Do you agree or disagree with either or both of the students? Explain your reasoning.
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Figure 4 below shows the graph of four radial velocity curves (E-H) for the four stars in
Figure 3. Use these graphs to answer Questions 12 and 13. Note that positive values for
recessional velocity correspond with the star moving away from the observer and negative
values correspond with the star moving toward the observer.

Graph E Graph F
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Graph G Graph H
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L
T
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S
D
4
Radial Velocity

|
N
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L

|
)
=}

i

Time Time

Figure 4

12) Match each graph (E-H) with the extrasolar planet systems (A-D) from Figure 3. Explain
your reasoning.

Extrasolar Planet System A:

Extrasolar Planet System B:

Extrasolar Planet System C:

Extrasolar Planet System D:
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154 Detecting Extrasolar Planets with the Doppler Method

13)On the graph (E, F, G, or H) that depicts the largest Doppler shift:

a) draw a circle on the curve at each time that corresponds with the star moving with
Its fastest speed toward Earth. Explain your reasoning.

b) draw a trlangle on the curve at each time that corresponds with the extrasolar
planet moving with Its fastest speed toward Earth. Explain your reasoning.

Use Figure 5 to answer the following question.

14) Glven the location marked with the dot on the star's radial velocity curve, at which
location (I-L) would you expect the planet to be located at this time? Explain your

reasoning.
|
Phe - —’ RN
A i \\\
20T /// R
2 / Orbit of star
g 10T <4—Earth - / )
3 . ! 4 ™
> 0 — —t L& i‘ ) »
o /
E -10 + \/ Time X N /;'
\
20+ \\ ,/
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Figure §
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——

The Figures X, Y, and Z below show the orbits of three exopianets around their stars.

Figure X Figure ¥ Figure Z
) ® °
Earth Earth Eanth

1) For each of the above Figures (X, Y, Z), could astronomers on Earth detect the
presence of the exoplanet using the transit method? Explain your reasoning.

2) Imagine that you observe a star being orbited by an exoplanet. When you begin
observing (Time 1), the exoplanet is in front of the star. A little later (Time 2), the
exoplanet has moved so that only a fraction of its surface is in front of the star. At an
even later time (Time 3), the exoplanet has moved so that no part of its surface is in
front of any part of its star. In the spaces below, draw three sketches showing what the
star and exoplanet would look like from your view on Earth for each of these three times
described above.

Time | Time 2 Time 3

3) At which of the three times would you measure the greatest amount of light coming to
you from the star? Explain your reasoning.
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4) At which of the three times would you measure the least amount of light coming to you
from the star? Explain your reasoning.

The graph below shows how the amount of light we detect from a star can change over time
if it is orbited by an exoplanet.

Brightness

{ } } 4 : } }—» Time

5) Using the letter “A,” label the locations on the graph that correspond to the times when
the exoplanet is completely in front of the star.

6) Using the letter “B,” label the locations on the graph that correspond to the times when
the exoplanet is not in front of the star at all.

7) Using the letter “C,” label the locations on the graph that correspond to the times when
the exoplanet is moving from not being in front of the star at all to being completely in
front of the star. Explain your reasoning.

8) Describe what the exoplanet is doing when the light we detect from the star begins to
increase from the least amount of light to the greatest amount of light.

9) Explain why the bottom of a dip in the graph is a horizontal line rather than a single
point.
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10) In the below figure, four different exoplanet systems are shown on the left, and four
different graphs of brightness vs. time are shown on the right, Match each exoplanet
system with the graph that best represents the brightness we would observe for the
exoplanet system. All the stars are identical and each exoplanet crosses directly
between Its parent star and Earth.

Recall that the size of an exoplanet affects how much ight it blocks, and that the distance
between an exoplanet and Its parent star affects how long the planet takes to complete an
orbit around its parent star.

4 Graph A

Brightness

Graph B

Brightness

System 2 i

"'.
Brightness

System.3 + i —t ; i >
Time
4 Graph D
3
¥
g 1
=
50
|
= o N
System 4 - - } ; } - >
Time
Explain your reasoning for the matches you chose.
© 2022 Pearson Education, Inc. LecTURE-TUTORIALS FOR INTRODUCTORY ASTRONOMY

FourtH EDiTION

_ -




158 Detecting Exoplanets with the Transit Method

11) Imagine you are an astronomer outside our Solar System. How long would you have
to observe the Sun in order to detect four dips in the Sun's brightness due to Earth?

Explain your reasoning.

12)If you can only observe a star for a limited amount of time (e.g., 6 months), are you
more likely to find planets that orbit close to their star or far away from their star?

Explain your reasoning.

When judging a brightness vs. time graph to determine if it could be caused by an
exoplanet, we must consider that the planet causes the same size and shape of dip each
time it transits the star, and the dips occur regularly with the same amount of time between
dips. Below are three brightness vs. time graphs.

4 System A

Brightness
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Brightness
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Time
4 System C

]

o

: _\_f \ ‘ —

N =

(=11

2 +

m

i i >
Time
© 2022 Pearson Education, Inc. LECTURE-TUTORIALS FOR INTRODUCTORY ASTRONOMY

FourTH EDITION



Detecﬂng Exoplanets with the Transit Method L

13) How many of these graphs match what you should see i each star is orbited by only
one exoplanet? Explain your reasoning.

The graph below shows the observed brightness of a star over time.

Brightness

Time

14)How many exoplanets likely orbit this star? Explain your reasoning.

15) Based on the information in the graph above, complete the blanks in the sentence below
by circling the correct words or phrases.

The (larger / smaller) exoplanet is __(closer to / further from) its parent
star and the (larger / smaller) exoplanet is (closer to / further from)

its parent star.

16) Imagine an alien astronomer is observing our Sun. Their telescope is sensitive enough
to detect the transits of the two largest planets in our Solar System, Jupiter and Satum.
Sketch the brightness vs. time graph the alien astronomer would produce if they
observe our Solar System continuously for 27 years, starting at the instant Satum is just
beginning to move in front of the Sun. Note: Jupiter takes 12 years to orbit the Sun and
Saturn takes 29 years. Jupiter is approximately 10% larger than Saturn.
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The graph below shows how much visible light we receive from a star over d period of time.
Use this graph to answer the following three questions

Brightness

v

Time (months)

17) How many exoplanets orbit this star? Explain your reasoning.

18) How do the sizes and orbital periods of the exoplanets compare to each other? Explain
your reasoning.

19) Draw a sketch of the star and exoplanets.
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Main sequence stars that can no longer support nuclear fusion of hydrogen in their cores
will become red giant stars. Although most main sequence stars become red giants, their
specific evolutionary paths after this red giant phase vary greatly, depending on mass.

Low mass main sequence stars, those with a mass less than eight times the mass of the
Sun (<8m,), eventually eect their outer layers to produce a planetary nebula. The stellar
core remaining in the middle of this planetary nebula is called a white dwarf.

In contrast, high mass main sequence stars, those with a mass more than eight times the
mass of the Sun (>8m,), eventually explode as a Type Il supernova. Depending on the
original mass of the star, the Type Il supernova will leave behind either a neutron star or, if
the original star was extremely massive, a black hole.

1) Use the information above and the word list below to fill in the ovals in the diagram on
the next page. Be sure to look at the arrows and words between the ovals to make sure

these links between ovals make sense. Check your work with another group.

Word list:
neutron star
black hole
planetary nebula
white dwarf

Type Il supernova

The diagram does not give us all the information known about the death of stars. Since it is
incomplete, we can always add to this diagram as we learn more information.

2) In Parts a and b below, you are given some additional information about the end states
of stars. Your task is to change or add to the diagram to incorporate this additional

information.

If a white dwarf has a nearby binary companion star, it can gravitationally attract mate-
rial from its companion in a process known as accretion. When the white dwarf accretes
enough material from the companion, the white dwarf will either (1) blow off the outer lay-
ers of accreted material in a controlled fusion reaction known as a nova, leaving behind
the white dwarf unchanged and able to restart the process, or (2) experience a violent,
uncontrolled fusion reaction that causes the white dwarf and accreted material to violently
explode as a Type la supernova, destroying the white dwarf and leaving nothing behind.

b) Completely by itself in space, a black hole can be nearly impossible to detect. However,
if a black hole has a nearby binary companion star, the strong gravitational pull of the
black hole can attract material from its companion in a process known as accretion. This
material then spirals around the black hole and increases in temperature. This process
causes the rapidly moving material to emit large amounts of X-ray radiation, which we
can detect with X-ray telescopes. Thus, one way to look for black holes is to look for

strong X-ray sources.
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with small mass (<8m) ,
produces with large mass (>8m)
produces

leaving/behind leaving \behind
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This tutorlal will give you & better understanding of the size of the Milky Way Galaxy by
Investigating the distances and sizes of objects within the Milky Way Galaxy and outside

the Milky Way Galaxy eisewhere in the universe. Below Is a picture of a spiral galaxy similar
to the Milky Way. Because we are located within the Milky Way, we are unable to take

a picture of our entire galaxy from the outside. Let's assume that this picture represents

our Milky Way Galaxy and has the dimensions |abeled below. Note that In this picture,

1 centimeter (cm) represents 10,000 light-years (ly); equivalently, you can use 1
millimeter (Mm) to represent 1,000 light-years (ly).

L
: 7 4

* 1
0] 9 10 I1

50.000 1y
center to edge

100,000 ly
cdge.to edge”

1) The Sun’s position in the Milky Way is shown in the picture above. What is the
approximate distance from the Sun to the center of the Milky Way? Recall that 1 cm
represents 10,000 ly.

~ LECTURE-TUTORIALS FOR INTRODUCTORY ASTRONOMY
© 2022 Pearson Education, Inc. FOURTH EDITION




164 Milky Way Scales

2) Estimate the distances from the center of the Milky Way to the locations A-E, and record
your answers (In light-years) In the table below.

Galaxy Locatlon Estimated Locatlon (ly)

3) The table below lists flve bright stars In the night sky. Write the letter of the dot (A-E)

from the picture on the previous page that best represents the location of each star. You
can use letters more than once. Recall that 1 mm represents 1,000 ly.

Star Distance from Sun Letter
(in light-years)
Sirius 9
Vega 26
Spica 260
Rigel 810
Deneb 1,400

4) Two students are discussing their answers to Question 3.

Student 1: Since Sirius is closest, it is at A. Vega is the next closest, so it is at B.

Spica is at C, Rigel at D, and Deneb, the most distant, is at E, the farthest
point from the Sun.

Student 2: But Deneb, the farthest star, is 1,400 light-years away. 1 mm is 1,000 light-
years, so Deneb should only be a little more than a millimeter from the Sun

on the picture. | think all five stars are close enough to the Sun that they all
correspond to letter A.

Do you agree or disagree with either of both of the students? Explain your reasoning.

5) We nomally consider Deneb to be a bright but distant star at 1,400 ly away from the Sun.
Compared to the size of our Milky Way Galaxy, is Deneb truly distant? Explain your reasoning.
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6) Are the stars from Question 3 inside or outside the Milky Way Galaxy? Explein your reasoning.

7) The table below lists three Messler objects and thelr distances from the Sun. Write the letter
of the dot (A-E) from the picture on the previous page that best represents the location of
each object. You can use letters more than once and there is more than one right answer.

Messler Object Distance from Sun Letter
(In light-years)
M45 Open Cluster (Plelades) 380
M1 (Crab Nebula) 6,300
M71 Globular Cluster 12,700

8) Are these Messier objects part of the Milky Way Galaxy? Explain your reasoning.

9) The Crab Nebula has a width of about 11 light-years. If you wanted to accurately draw
the Crab Nebula on your diagram, would you use a small blob or a tiny dot at the
location you indicated in Question 7? Explain your reasoning. Note: The dots marking
the locations on the picture are about 1 mm across.

10) The Sun is much smaller than a nebula. We used a dot to represent the Sun's location
in the picture. Is this dot too small, too large, or just the right size to represent the size of
the Sun in the picture? Explain your reasoning.
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11) The Milky Way Galaxy is one of the largest galaxies in a group of nearby galaxies called
the Local Group. The following table lists the distances to the centers of three Local
Group galaxies. Draw a dot on your picture (if possible) to represent the center of each
galaxy. Don’t worry about the direction (left/right/up/down) for each galaxy; just place a
dot an appropriate distance from the Sun.

Galaxy Distance from Sun
(in light-years)
Sagittarius Dwarf Elliptical Galaxy 80,000
SagDEG)—closest galaxy to Milky Way
Large Magellanic Cloud (LMC) 160,000
Andromeda Galaxy (M31) 2,500,000

Do any of these galaxies fit on the page? Which one(s)?

12) Are the objects listed in Question 11 inside or outside the Milky Way? Explain your
reasoning.

13) SagDEG is approximately 11,000 ly across. Is this galaxy better represented on your
diagram by a small blob or a tiny dot? Explain your reasoning, and make an appropriate

sketch to represent the galaxy.

14) Within the Local Group, the two largest galaxies are the Milky Way and Andromeda
Galaxies. From Question 11, we saw that the Andromeda Galaxy was about
2,500,000 ly from us. On the picture, this spot would be 250 cm (about two-and-a-half
meters or 8 feet) away from the dot representing the Sun.

The nearest group of galaxies to us (not counting our own Local Group) is the Virgo
Cluster, about 60,000,000 ly away. How many centimeters away would this cluster be on
our picture? How many meters away would this be?
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When stars are viewed through a telescope, they
typlcally appear as bright points of light without
any apparent size or structure. However, there are
some objects In the sky that, when viewed through
a telescope, look “fuzzy" and cloudlike. Some

of these objects, llke those shown In the Hubble
Space Telescope Image to the right, are actually
galaxlies (contalning bllllons of stars) that are much
farther from us than the Individual stars we see In

the night sky.

. lying Hubble'

1) Using the images of galaxies provided on the
inside back cover of your Lecture-Tutorial book,

lasslfication Scheme

sort these galaxies (using Hubble's categories)
as being elther an elliptical or a spiral galaxy. Use the table below to record your results.

Try to find patterns in terms of shape, size, color, or any other distinct features that help
In sorting the galaxies.

Hubble’s Galaxy Defining Characteristics
Categories | Numbers (Describe the characteristics that you used to distinguish
one class of galaxy from the other)
Elliptical
Spiral
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part lIl: Understanding the Types of Galaxles
In Part | you classified the galaxies into different categories according to their appearance,
or morphology. We will now Investigate what a galaxy’s morphology can tell us about its
physical characteristics. These physical characteristics include: (a) the ages of the stars
in the galaxy; (b) the presence or absence of dust in the galaxy; and (c) the presence or

absence of gas and star formation. The objective of this activity is for you to learn how these
characteristics are related to galaxy classlfication and morphology.

The Ages of Stars:

2) Which of the galaxies appear to be mostly red? (Note: The word “red” is used to also
include the colors orange and yellow.) Record the number and classification (elliptical or
spiral) of each galaxy. Why do you think these galaxies appear red?

3) Which of the galaxies appear to be mostly blue? Record the number and classification
(elliptical or spiral) of each galaxy. Why do you think these galaxies appear blue?

4) Which types of galaxies appear to have many young stars: elliptical, spiral, or both?
Explain your reasoning.

5) Do the galaxies that you identified in Question 4 also contain old stars? Explain your
reasoning.

Dust in Galaxies:

Besides stars, galaxies sometimes also contain dust. This dust produces dark bands across,
or patches in, the galaxy.

6) Which of the galaxies show evidence of dust? Record the number and classification
(elliptical or spiral) of each galaxy.
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Gas and Star Formation In Galaxles:
In addition to stars and dust, galaxies may also contain gas.

7) Would you say that a galaxy that Is experiencing active star formation contains little or
abundant gas? Explaln your reasoning.

8) Which type of galaxy (elliptical or spiral) would have abundant gas available? Explain
your reasoning.

9) Which type of galaxy (elliptical, spiral, both, or neither) is likely to contain both O-spectral
type stars as well as M-spectral type stars? Explain your reasoning.

10) Which type of galaxy (elliptical, spiral, both, or neither) is likely to contain many
M-spectral type stars but very few (if any) O-spectral type stars? Explain your reasoning.

11) Which type of galaxy (elliptical, spiral, both, or neither) is likely to contain only O-spectral
type stars? Explain your reasoning.

A LECTUR—ETUTORIALS FOR INTRODUCTORY ASTRONOMY
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12)Conslder the discussion among three students about a galaxy that appears red.

Student 1:  Because there is mainly red light in this galaxy and no blue light, I think
that only small, red stars formed in this galaxy and not any big, blue ones.

Student 2: [ disagree. It's just that blue stars don't last very long. | think the blue stars
that may have been there In the past have already evolved into red giants,
so the galaxy looks red due to the light from all the red giants.

Student 3:  Wait a minute. | think you are both wrong. | thought that both blue stars
and red giants live short lives, so they should both be gone. I think that all
the blue stars that formed early on have evolved Into the red stars that are

there now. So the galaxy appears red because it's full of a lot of old, red
stars that used to be the blue stars.

Do you agree or disagree with any or all of the students? Explain your reasoning.

13) Hubble imagined the tuning
fork diagram (shown at right)
as representing an evolutionary
sequence for galaxies, with
galaxies starting off as elliptical
and developing more structure
over time. Do you think Hubble's
proposed evolutionary sequence
is correct? Why or why not?

Normal Spirals
Sa Sh Se

& — . —
Ellipticals / Vo
SN .

s/

Irregulars
-0 1:4 117 SO or

SBO
Lenticular = 0 "
Galaxy | -— {\\; —_
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Barred Spirals
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Part I: Motlops of Planets

An object's orbit depends on the “mass inside" its orbit (also known as the interior mass). For
a planet in our solar system, you can find the interior mass by adding the Sun's mass to the
mass of each object between the Sun and the planet's orbit. For example, the interior mass
to Earth's orbit would be the Sun's mass plus the mass of Mercury plus the mass of Venus.

Here is a table that lists each planet, the mass inside each planet’s orbit, and the speed at
which the planets orbit the Sun.

Planet Interior Mass (solar masses) Orbital Speed (km/s)
Mercury 1.00 47.9
Venus 1.00000017 35.0 R
Earth 1.0000026 29.8
Mars 1.0000056 24 .1
Jupiter 1.0000059 13.1
Saturn 1.00096 9.66
Uranus 1.0012 6.81
Neptune 1.0013 5.43

1) Where is the vast majority of mass in the solar system located? What object or objects
account for most of this mass?

2) Two students are discussing their answers to Question 1:

Student 1: | think the majority of the mass in the Solar System must include both the
Sun and the planets. As you get farther away from the Sun, the interior
mass gets bigger and bigger because you include more planets.

Student 2: The majority of the mass in the Solar System is from just the Sun by itself.
Sure the mass gets a little bigger as you include more
planets, but the additional mass from planets is really small, so as you
move farther out the interior mass is essentially just staying the same.

Do you agree or disagree with either or both of the students? Explain your reasoning.

3) How do the orbital speeds of planets farther from the Sun compare to the orbital speeds
of planets closer to the Sun?
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A planet's orbital speed depends on the gravitational force it feels. The strength of the |
gravitational force depends on the amount of mass that is inside of the planet's orbit as wel
as how far away the planet is from this interior mass.

4) How does the gravitational force on a planet far from the Sun compare to the
gravitational force on a planet close to the Sun? Explain your reasoning.

5) Complete the blanks in the sentences of the following paragraph by either writing in the
necessary information or circling the correct response in the parentheses (). It may be
helpful to base your responses on the information provided in the table above and your
answers to the previous questions.

There are _____ planets inside Neptune’s orbit and ____ planets inside Mercury’s orbit.
However, the interior mass for Neptune is ____ (much greater than/approximately the
same as/much less than) the interior mass of Mercury. Neptune is ____ (much closer to/
much farther from/about the same distance from) the Sun as/than Mercury. Therefore
the gravitational force exerted on Neptune is _____ (stronger/weaker/about the same
strength) as/than the force exerted on Mercury. As a result, Neptune has an orbital
speed thatis ____ (much slower/much faster/about the same speed) as/than the orbital
speed of Mercury.

Imagine you were able to add a very, very large amount of mass distributed evenly, like a
large ring of matter, between the orbits of Jupiter and Saturn.

6) Which planet(s) will experience an increase in gravitational force and an increase in
orbital speed from this added mass? Explain your reasoning.

Part Il: Motions of Stars

One way to estimate the amount of mass in a spiral galaxy is by looking at how much light
the galaxy emits. Where there is more light, there must be more stars and hence more mass.
When astronomers measure the amount of light emitted by different regions of a galaxy,

they often find that more light is emitted from the central region of the galaxy and less light is
emitted from the outer regions.

7) Based on the information provided above, where do you expect most of the mass of a
galaxy to be located?
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At right is picture of a spiral galaxy similar to
the Milky Way. The orbits of three stars are
labeled. Star A is a star on the edge of the
Milkky Way’s buige. The Sun's orbit is shown at
approximately the correct position. Star B is 3
star localed farther out in the disk than the Sun

8) Based on your answer to Question 7 and
the location of each star from the center of
the galaxy, rank how you think the orbital
speeds of Star A, Star B, and the Sun would
compare from fastest to slowest. Explain
your reasoning.

A graph of the orbital speed of stars vs. their distance from the galaxy’s center is called a
rotation curve. Here are two possible rotation curves.

T &

Speed
Speed

Distance

, Distance
Rotation Curve 1

Rotation Curve 2

9) Which of the above rotation curves best represents the relationship you described in
Question 8? Explain your reasoning.
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Astronomers were surprised when they saw the real rotation curve for th.e Milky Way Galaxy
(MWG). The rotation curve at the right is more like the MWG's real rotation curve.

10) Based on their orbital distance from the center of |
the galaxy, make three dots on the above rotation Edee of Milky Way's
curve to represent Star A, Star B, and the Sun. h‘ufgc ’
Be sure to label which mark belongs to each star.

Note that Information about the distances of Stars 2
A, B and the Sun are provided in the text before &
Question 8.

Distance

11) Describe how the stars’ orbital speeds shown in the real rotation curve for the MWG are
different from the orbital speeds shown in the rotation curve you chose in Question 9.

12) Using the real rotation curve for the MWG, provide a new ranking for the orbital speeds
of Star A, Star B, and the Sun, from fastest to slowest. Describe any differences
between this ranking and the one you provided in Question 8.

13) Based on your answers to Question 12, would you say that most of the mass of the

Milky Way Galaxy is located at its center (as is the case with our solar system)? Explain
your reasoning.

14) Based on the MWG's real rotation curve and your answers to Questions 11-13, is the
gravitational force felt by Star A, Star B and the Sun greater than, less than, or about the
same as what you expected from Questions 8 and 9? Explain your reasoning.
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15) Two students are debating their answers to the previous questions:

Student 1:  Stars far from the center of the Milky Way are all moving at about the
same speed. If most of the Milky Way's mass Is located In its center, then
stars far away from the center would orbit slower than stars closer to the
center. Since this is not what we see, this must mean there is more mass
throughout the outer regions of the galaxy than we can see. This also
means that the Milky Way's stars feel a greater gravitational force than we
originally expected,

Student 2: / disagree. There are fewer stars In the outskirts of the Milky Way than in
the center, so there’s less mass out there than at the center. Most of the
Milky Way’s mass must be at its center. So, since the stars are all going
about the same speed, where the mass Is located must not affect their
speed. The gravitational force these stars feel probably gets weaker just

like we would expect.

Do you agree or disagree with either or both of the students? Explain your reasoning.

16) Is there more or less mass in the Milky Way's disk and halo than we can see? Explain
your reasoning.
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Imagine that you have received six pictures of six different children who live near six of the
closest stars to the Sun. Each picture shows a chlld on his or her 12th birthday. The pictures
were each broadcast directly to you (using a satellite) on the day of the child's birthday.
Note the abbreviation “ly" Is used below to represent a light-year.

1)

2)

3)

4)

5)

6)

* Benjamin lives on a planet orbiting Ross 154, which is 9.5 |y from the Sun.

+ Natalie lives on a planet orbiting Barnard's Star, which is 6.0 ly from the Sun.

« Dale lives on a planet orbiting Sirius, which is 8.6 ly from the Sun.

« Sydney llves on a planet orbiting Alpha Centaurl, which is 4.3 ly from the Sun.
« Joyce lives on a planet orbiting Epsilon Eridani, which is 10.8 ly from the Sun.
« Crystal lives on a planet orbiting Procyon, which is 11.4 ly from the Sun.

Describe in detail what a light-year is. Is it an interval of time, a measure of length, or an
indication of speed? It can only be one of these quantities.

Which child lives closest to the Sun? How far away does he or she live?

What was the greatest amount of time that it took for any one of the pictures to travel
from the child to you?

If each child was 12 years old when he or she sent his or her picture to you, how old
was each of the children when you received their picture?

Benjamin Natalie Dale
Sydney Joyce Crystal

Complete the blanks in the sentences of the following paragraph by circling the correct
response in the parentheses ().

The light from the child that is farthest from Earth will take the (greatest/least)
amount of time to get to us. The child will be getting older this entire time, and therefore

will be the (oldest/youngest) of all the children at the time when we receive their
picture.

Imagine that the six pictures of the children all arrived at exactly the same time. For this
to happen, could the children have all sent their pictures at the same time? If not, which
child sent his or her picture first and which child sent his or her picture last?
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T) The telescope image at the right wag taken of
the Andromeda Galaxy. which la located aboul
2.5 million ly away from us. |s this an Image
showing how theé Andromede Gelaxy looks right
now, how it looked In the past, or how It will look
in the future? Explain your reasoning.

Photo Credit: Stocktrek Imagés, Inc./
Alamy Stock Photo

8) Imagine that you are observing the light from a distant star that was located In a galaxy
100 mlllion ly away from you. By analysis of the starlight received, you are able to
tell that the Image we see Is of a 10-mlilion-year-old star. You are also able to predict
that the star will have a total lifetime of S0 mlllion years, at which point it will end In a

catastrophic supernova.

a) How old does the star appear to be to us here on Earth?
b) How long will it be before we receive the light from the supernova event?

c) Has the supernova already occurred? If so, when did It occur?

g) Imagine that you take images of two main sequence stars that have the same mass.
From your observations, both stars appear to be the same age. Consider the following
possible interpretations that could be made from your observations.

a) Both stars are the same age and the same distance from you.

b) Both stars are the same age but at different distances from you.

c) The stars are actually different ages but at the same distance from you.
d) The star that is closer to you is actually the older of the two stars.

e) The star that is farther from you is actually the older of the two stars.

How many of the five choices (a—e) are possible? Which ones? Explain your reasoning.
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The two drawings below represent the same group of galaxies at two different points in time
during the history of the universe.

Early Universe Universe Some Time Later

9
9
9 _
E@ @ C@ @ E@ @ C @
B&) © & B&) & ©o
9
4

9

9

A

1) Examine the distance between the galaxies labeled A~E in the Early Universe. Are ali
the galaxies the same distance from each other?

2) Describe how the universe changed in going from the Early Universe to the Universe
Some Time Later.

3) Do the galaxies appear to get bigger?

4) Based on your answer to Question 3, do you think the stars within a galaxy move away
from one another due to the expansion of the universe? Explain your reasoning.

5) Compare the amount that the distance between the D and C galaxies changed in
comparison to the amount that the distance between the D and E galaxies changed.

Which galaxy, C or E, appears to have moved farther from D?

6) If you were in the D galaxy, how would the A, B, C, and E galaxies appear to move
relative to your location?
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7) If you were in the D galaxy, would the A. B, C, and E galaxies all appear 103'2:1"8;.';'
same distance in the time interval from the Early Universe to the Universe e e

Later?

8) Imagine that you are stillin Galaxy D. Rank the A, B, C. and E galaxies in terms of their
relative speeds away from you, from fastest to slowest.

9) Now imagine that you are in the E galaxy. Rank the A, B, C, and D galaxies in termg of
their relative speeds away from you, from fastest to slowest.

10) s there a relationship between an object’s distance away from you in the universe and
the speed it would appear to be moving away from you? If so, describe this relationship.

11) Would your answer to Question 10 be true in general for all locations in the universe?

12) Consider the following discussion between two students regarding the possible location
of the center of the universe.

Student 1:  Since all the galaxies we observe are moving away from us, we must be at
the center of the universe.

Student 2: If you look at the drawing on the first page, it's pretty clear that all the gal-
axies move away from each other, so | think each galaxy must be at the
center of the univarse.

Do you agree or disagree with either or both of the students? Explain your reasoning.
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The Hubble-Lemaitre law states that the 4
farther away a galaxy Is, the faster the galaxy
will be moving away from the observer. We
can depict Hubble-Lemaitre law with the A
graph shown at right. This graph plots the -
speed at which a galaxy appears to move
away from us versus its distance from us. This
type of graph is called a Hubble plot, Each dot
on the plot represents a different galaxy.

Velocity

1) Complete the sentences below by using
the words provided in the parentheses ().

Galaxies that are very far away from us Distance

appear to move (away/toward) us Figure 1
at (slower/faster) speeds than galax-
ies that are closer to ys.”

2) Imagine the Hubble plot shown in Figure 1 represents observations of the universe that
suggest its doubling in size over a certain amount of time. Which of the Hubble plots
shown in Figures 2 and 3 would represent observations of our universe suggesting it is
tripling in size over the same amount of time? Explain your reasoning.

? 'y
z 2
2 2
o ©
> >
Distance —> Distance i
Figure 2 Figure 3

The expansion rate of the universe determines how fast the universe increases in
size with time. For example, if our universe were tripling in size, it would have a faster
expansion rate than if it were doubling in size over the same amount of time. In a
Hubble plot, the expansion rate is indicated by the slope of the graph. A steep slope
indicates a fast expansion rate, while a flat slope indicates a slow expansion rate.
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3) Would you say the expansion rate for the universe represented in Figure 1 is increasing,
decreasing, or constant with time? Explain your reasoning.

4) Rank (from fastest to slowest) the expansion rates represented in Figures 1, 2, and 3.
Explain your reasoning.

5) If the expansion rate of our universe had been faster, would the universe have reached
its current size earlier in its history or later? Explain your reasoning.

6) Complete the sentence below using the words provided in parentheses ()-

If you create a Hubble plots from two different sets of data, the plot with the
(steeper/ﬂatter) slope will represent a (faster/slower) expansion rate, and will
predict an age for the universe that is older.

7) On the blank graph in Figure 4 below, draw a Hubble plot for which the expansion rate
of the universe is zero.

8) On the blank graph in Figure 5 below, draw a Hubble plot for which the expansion of the
universe increases throughout the lifetime of the universe.

A A
2 Z
g 2
> >
—P - >
Distance Distance
Figure 4 Figure §
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Bart]i; Our Unlverse

Recent observations indicate the Hubble plot for our universe actually looks more like the
plot in Figure 6.

Velocity

Distance
Figure 6

g) Parts a-h all refer to Figure 6. Draw or write the additional information on Figure 6 as
instructed:

a) Draw a circle around the galaxies from which we receive light that was emitted clos-
est to our present time.

b) Draw a square around the galaxies from which we receive light that was emitted fur-
thest from our present time.

c) Write the letter C, and draw an arrow to the galaxies that are moving away from us
with the fastest velocities.

d) Write the letter D, and draw an arrow to the galaxies that are moving away from us
with the slowest velocities.

e) Write the letter E, and draw an arrow to the graph, where it has the steepest slope.
f) Write the letter F, and draw an arrow to the graph, where it has the flattest slope.

g) Write the letter G, and draw an arrow to the portion of the graph that corresponds to
the fastest expansion rate.

h) Write the letter H, and draw an arrow to the portion of the graph that corresponds to
the slowest expansion rate.

. J
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10)Based on the Hubble plot shown in Figure 6, would you say that the expansion rate of
the universe is constant or changing with time? Explain your reasoning.

11) Based on the Hubble plot in, Figure 6, is the expansion rate represented by the r_notion
of galaxies far away from us faster than, slower than, or the same as the expansion rate
represented by the motions of nearby galaxies? Explain your reasoning.

12)Based on the Hubble plot in Figure 6, is the expansion rate of the universe increasing or
decreasing as time goes on? Explain your reasoning.

13) Consider the following debate between two students regarding their answer to the
previous question:

Student 1: The expansion rate of our universe must be slowing down as time goes
on. If you look at the Hubble plot, you can see that the graph gets flatter.
That means the farther away you look, the slower the expansion rate is.
The rate at which the most distant galaxies are moving away from us has
started to slow down and eventually the expansion rate of nearby galaxies
will also slow down.

Student 2: [ think you are reading the graph wrong. The slope of the graph
tells you how fast the expansion rate of the universe is, not how fast
a galaxy is moving. The farther we look into space, the further we are
looking back in time. Since the slope of the Hubble plot is flatter in
the past and steeper now, that means the expansion rate has sped up

over time.

Do you agree or disagree with either or both of the students? Explain your reasoning.

14) Based upon your previous answers, is the graph you drew in Question 8 correct or does
it need to be redrawn? Explain your reasoning.
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Part I: The Observable Universe

Each tiny dot in the picture below represents a galaxy. The Milky Way Galaxy is represented
by a tiny dot at the center of the picture All of the galaxies inside the circle can be seen
from Earth. The circumference of this circle defines what is called our observable universe
Any galaxy that exists outside the circle is so far away that its light has not had time to reach
Earth and is therefore not part of our observable universe.

Galaxy X

Milky Way
(Earth’s Galaxy)

1) Do you think the galaxies we can see from Earth are the only galaxies in the entire
universe? Explain your reasoning.

2) Draw a circle around Galaxy X that represents its observable universe.

3) Is the observable universe that you drew for Galaxy X different in size than the
observable universe for Earth? Explain your reasoning.
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4) Two sludents are lalking about the observable universe for Galaxy X

Student 1. People living in Galaxy X have a strange view of the unlverse. When they
look In one direction, they see a bunch of galaxles, but when they look Iin
the other direction, all they see Is emply space. Galaxy X must be at the
edge of the universe since there's nothing but black, emply space heyond
it. We're lucky we live at the center since we can see galaxies all the way
out to the edge of the universe, no matter where we look.

Student 2: | think you're wrong. People living In Galaxy X would probably see a bunch
af galaxies in every direction they look, but they can see some galaxies
that we can't, Just like we can see galaxles they can't. The observable uni-
verse lor any galaxy should look similar to ours. | don’t think we are at the
conter of the universe and | don’t think Galaxy X Is at the edge either.

Do you @gree or disagree with either or both of the students? Explain your reasoning.

l; r Expan

One way to try to understand and envislon the expansion of the universe is by creating
analogles that model the different aspects of our real expanding universe. One way to model
the expanding unlverse Is to use a “balloon” analogy. In this analogy, the space and time
of the unlverse are modeled by the “surface” or "skin” of an expanding balloon. The entire

t rf: f the balloon. Light can travel only in the space and time

along the surface of the balloon.
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5) Do objects, light, or events in the entire universe also exist inside or outside of the
balloon’s surface in this analogy?

8) If you were to travel from galaxy to galaxy along the surface of the balloon, would you
ever encounter an edge?

7) If you were to travel over the entire surface of the balloon universe, would you ever find
a location that is the center of the entire universe?

8) Consider the following debate between two students about their answers to the previous
questions:

Student 1: Someone living on the surface of this balloon universe will definitely
encounter an edge and a center. All they have to do is look from their loca-
tion across the inside of the balloon to a location on the other side. The
center of the inside of the balloon is the center of the universe, and the
far side would be the edge of what they could see. So there’s definitely a
center and an edge to the universe in the balloon analogy.

Student 2: ! think you misunderstand the analogy. The surface of the balloon is sup-
posed to be the entire universe. The inside of the balloon isn’t part of the
universe and doesn’t actually exist. You can’t look through the inside of
the balloon to the other side so there is no center in the middle or edge on
the other side. In this analogy, people living in the balloon universe would
never encounter a center or an edge.

Do you agree or disagree with either or both of the students? Explain your reasoning.

9) The balloons on the previous page represent the universe at different times during its
history. Draw an arrow underneath the balloons that points from the earliest time to the
latest. Label the ends of the arrow with the words “earliest” and “latest.”
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10)Imagine you lived in a galaxy on the surface of the balloon. As the balloon expands,
would all the other galaxies appear to move toward you or away from you?

11) Would your answers to the previous question be the same regardless of the galaxy in
which you live, or would it change depending on the galaxy you inhabit?

12) In this analogy, do galaxies move relative to one another because they are traveling

across the surface of the balloon, or do they move relative to one another because the
balloon is expanding?

13) The balloon analogy is a helpful way to think about expansion, but no analogy is perfect
Some aspects of the real universe are captured by this analogy while others are not.
The evidence we now have about the real universe implies the following statements

(a-f) are all true. For each of these statements, state whether it is accurately captured
by the balloon analogy or not, and explain your reasoning.

a) The real universe has no center.
b) The real universe has no edge.
c) The real universe is expanding.

d) The real universe is not round.

e) The real universe's expansion does not cause galaxies to change size.

f) The real universe is 4-dimensional (3 dimensions of space and 1 of time).
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When the universe was 4 billion years old, Galaxy A was 3 blilion light-years away from
Galaxy B, as shown below. Imagine that the universe was not expanding, so the distance
between Galaxy A and Galaxy B would not change over time.

& 9

A 3 Billion Light-years B

1) A star explodes in Galaxy B producing a large amount of light. How long will the light
from this explosion take to reach Galaxy A?

2) How far did the light travel on its journey to Galaxy A?

3) How much older will the universe be by the time the light from the explosion reaches
Galaxy A?

Because light takes time to travel from place to place in the universe, when we look at the
night sky we are seeing stars and galaxies as they appeared in the past. For example, if we
see a galaxy 1 million light-years away, we are seeing what the galaxy looked like 1 million
years ago. We say this galaxy has a lookback time of 1 million years. Lookback time is the
amount of time light takes to travel to us from a distant object.

4) Wheninhabitants of Galaxy A see the light from the explosion, what is the lookback time
they associate with Galaxy B?

Our universe is expanding. This means the distance between galaxies is increasing.
Imagine that Galaxy A and Galaxy B are in an expanding universe.

5) While the light from the explosion is traveling from Galaxy B to Galaxy A, does the
distance between the two galaxies stay the same, become larger, or become smaller?

6) By the time the light from the explosion in Galaxy B reaches Galaxy A, is the distance
between the galaxies more than, less than, or exactly 3 billion light-years?

7) By the time the light from the explosion in Galaxy B reaches Galaxy A, has more than,
less than, or exactly 3 billion years elapsed since the star exploded?
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ill the total
8) By the time the light from the explosion in Galaxy B reaches Galaxy A. W years?

distance traveled by the light be more than, less than, or exactly 3 billlon light-

g) When the inhabitants of Galaxy A see the light from the explosion in Galaxy B, are they
looking at an event with a lookback time of more than, less than, or exactly 3 billion
years?

10) In the space below, provide a sketch that explains the reasoning behind your answers to
Questions 5-9.

11) Consider the discussion between two students regarding their ideas about two distant
galaxies in an expanding universe.

Student 1: Let’s say light takes 5 billion years to travel from one galaxy to another.
This means the two galaxies were separated by 5 billion light-years when
the light began its journey.

Student 2: [f the light traveled for 5 billion years, then the distance between the two
galaxies must have been less than 5 billion light-years when the light
began its journey because the distances between galaxies are always
increasing in the expanding universe.

Do you agree or disagree with either or both of the students? Explain your reasoning.

© 2022 Pearson Education, Inc. LECTURE-TUTORIALS FOR INTRODUCTORY ASTRONOMY
FourtH EoiTion




Detecting Exoplanets with Gravitational Microlensing 191

The figures below show three different Cases (1-3) in which kgt travels from Star S to
Earth. The arrows represent light from Star S. The black box is covering up a fegion of

spacetime through which light from Star S passes.

Case 1 Case 2
Star S Star S

Earth Earth Earth

1) gank tf;e gmount of light received by Earth from Star S, from greatest to least. for
ases 1-3. ’

In Cases 4—6 below, the black box has been removed and the region of spacetime that
was covered is now shown.

Case 4 Case 5 Case 6
Star S Star S Star S

-
O
-
O
=3

Earth Earth Earth

2) Match each of the Cases 4-6 with its corresponding situation in Cases 1-3. Explain your
reasoning.
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3) For Cases 4-6, rank the regions of spacetime based on the amount of mass present,
from greatest to least. Explain your reasoning.

4) A high mass star and a low mass star are each warping regions of spacetime around
themselves. The two stars move at the same speed as seen from Earth.

a. Which star warps a larger region of spacetime?

b. Which takes longer to move through your field of view: the region of spacetime
warped by the low mass star, or the region of spacetime warped by the high mass

star? Explain your reasoning.

5) Graphs A and B below show the brightness of a distant star as observed from Earth
for a duration of time. The change in brightness of the distant star shown in Graph A is
caused by Star X moving between Earth and the distant star. The change in brightness
of the distant star shown in Graph B is caused by Star Y moving between Earth and the
distant star. Stars X and Y move at the same speed. Assume Stars X and Y each follow

the same path in front of the distant star as viewed from Earth.

4 A
T Graph A T Graph B
= =
2 5
[+ & +
0 15 30 45 60 0 Is 30 45 60
Time (days) Time (days)

| 0
© 2022 Pearson Education, Inc. LecTuRE-TUTORIALS FOR INTRODUCTORY ASTRONOMY
FourTH EpiTiON



DetoctlnlExoplnmu with Gravitational Microlensing 193

Use Graphs A and B 1o complete the sentence below using the words provided in parentheses ()

Star X werpg spacelime ________ (more / less / equefly) compared fo Star Y becguse
the mass of Star X is _______ (greater than / less than / the same es) the mass of Star
Y. So Star X bends the light from the distant star (more hen/less than/the
same as) Ster Y. This means the brightness peak caused by Star X mus! be

(taller then / shorter than / the same as) the peak caused by Star Y Aiso, because the
mass of Star X is (greater than / less than / the same as) the mess of Star Y,
the region of spacetime it warps Is (larger / smaller / equal) in size. This megns
it takes @ (longer / shorter / equal) amount of time for the region of spacetime
warped by Star X to move between Earth and Star S. So, the brightness peek caused
by Star X will appear (wider / narrower / the same width) on the graph com-
pared lo the peak caused by StarY.

For the rest of this activity, we will assume that a star and the exoplanets that orbit that star
will all follow the same path in front of the distant star. This means that a high-mass planet
will create a peak in the distant star’s light curve that is both taller and wider than the peak
created by a low-mass planet.

In Figure 1 below, Planet P is orbiting Star Z. The figure shows Star Z and Planet P at five

consecutive times as they move from left to right through the region of spacetime between a
distant star and Earth.

. Distant star

Star Z Star Z Star Z Star Z Star Z
Planet P Planet P Planet P Planet P Planet P
@ Earth
Figure 1

6) Which causes a greater warping of the region of spacetime around itself: Star Z or
Planet P? Explain your reasoning.
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7) Which moves between Earth and the distant star first: Star Z or Planet P?

4 Graph C 4 Graph D
(‘2 L @ L o
g g
5 5
a4 5 .
0 1S 30 45 60 0 15 30 45 60
Time (days) Time (days)

8) Which of the two Graphs (C or D) best corresponds to the observed brightness of the
distant star depicted in Figure 1? Explain your reasoning.

9) Two students are discussing their answers to the previous question:

I think the correct graph is Graph C. We would see Planet P to the right of

Student 1:
Star Z. So, the brightness bump from the planet needs to be on the right side
of the brightness peak caused by Star Z. That is what Graph C shows.
Student 2: |/ disagree. | think the correct graph is Graph D. | agree that Planet P is to

the right of Star Z, but | think you’re confusing the positions of the star and
planet with the corresponding times when each object causes a bump on
the graph. Since the planet enters the region between Earth and the
distant star first, we should see the bump due to Planet P on the part of
the graph that’s earlier in time. That matches Graph D.

Do you agree or disagree with either or both of the students? Explain your reasoning.
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10) Graphs E-H, below, show how the brightness of a distant star changes over time in

different situations. In each situation, there i8 a star moving from left to right through the
region of spacetime between Earth and the distant star. Each star that moves between

the distant star and Earth is orbited by an exoplanet.

4 Graph E 4 Graph F
v
g . g
s g
5 s
s l o 4
0 15 30 45 6 0 15 30 45 60
Time (days) Time (days)
3 Graph G : Graph H
= o
[a3] m ]
0 15 30 45 60 O 15 30 45 60
Time (days) Time (days)

Which Graph (E-H) corresponds to the situation in which a star with a lower mass
exoplanet located to the right of the star (as seen from Earth) moves through the

region of spacetime between Earth and the distant star? Explain your reasoning.

Which Graph (E-H) corresponds to the situation in which a star with a higher mass
exoplanet located to the left of the star (as seen from Earth) moves through the

region of spacetime between Earth and the distant star? Explain your reasoning.
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nges over time

by an exoplanet

t star. In which
arth? Explain

11)Graphs | and J, below, show how the brightness of a distant star cha
in different situations. In each situation, there Is a nearby star orbited
moving through the region of spacetime between Earth and the distan
situation are the nearby star and its exoplanet farther apart as seen from E

your reasoning.

1l Graph | 4 Ciraph
g - g L
) "sh
2 - 5 -
g § ﬂ 2 i i ‘r'"l
0 IS 30 45 60 0 IS 30 45 50
Time (days) Time (days)

ness of a distant star as observed from Earth. A

12) The graph below depicts the bright
) as seen from Earth, passing between Earth and thé

nearby star moves from left to right
distant star.

Brightness

0 20 40 60
Time (days)

Sketch a picture of the extrasolar planet system moving between Earth and the distant
star. Make sure to account for the sizes of the planets and their distances away from
their parent star, as well as whether they are located to the left or right of their parent

star.
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Dlagrams A and B below each represent a different way of thinking about how very large
regions of the universe change over time. The dots In each diagram represent where matter
exists in the universe.

o o ¢
o L °
o PY o o
° ° o @ g ¢
% o o o
: ) L ® [ ] |
0. o o
° ‘ o
B
o 6 °
) ° PY
® PY ) o
%0.0 - = o * Py *
7;0‘.::.,.‘, LRI e
“o . e &
° : - @ o

1) Which diagram, A or B, is a better representation of the universe we observe? Explain
your reasoning.

2) In Diagram A, is the universe becoming bigger, smaller, or staying the same size over
time?

3) In Diagram B, is the universe becoming bigger, smaller, or staying the same size over
time?
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4) Two students are debating thelr answers to Questions 2 and 3:
8tudent 1:  Both diagrams show the universe bacoming bigger. In Didgram A, the grid
has expanded and become larger. In Diagram B, maltér has spréad oul
and lake up a greater amount of space.
8tudent 2: / disagree. Only Diagram A shows tho universe becoming blgger, In
Dlagram B the size of the grid doesn'l change. Mallter i8 just moving into
an alroady existing emply space In a unlverse whoSe slzo doesn’l change.

Do you agree or disagree with elther or both of the students? Explain your reasoning.

5) Both diagrams show the distance between matter increasing over time.

a) Which of the diagrams shows this happening as the result of space expanding and
which is a result of an outward explosion?

b) Which of the diagrams is a more correct representation of our universe? Is your answer
to this question consistent with your answer to Question 1? Explain your reasoning.

Consider the three diagrams (C, D, and E) shown below. These diagram each represent a
single region of the universe, but at different times during the history of the universe.

E

D ° °

° ° ¢
° . o ° ° ®
°
° °
°
. .
(] ° °
g °
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6) Draw an arrow below Diagrams C, D, and E. The arrow should point from the diagram
that represents the earliest time In the universe'’s history to the diagram that represents
the latest time In the universe's history. Label the ends of the arrow with the words
“earliest” and “latest.”

7) In which drawing does the reglon of space have:
a) the highest matter denslty

b) the greatest concentration of energy?
c) the highest temperature?

Explain your reasoning.

8) Imagine you could watch the history of the universe like a movie playing backward. The
movie starts today and ends at the beginning of the universe. Describe what you would
see for every region of the universe as the movie played and you looked further back
in time. Your answer should discuss how regions of the universe change in terms of

temperature, density, and size.
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Your answers to the previous questions are all part of the Big Bang theory. The Big Bang

theory describes the universe as starting 13.7 billion years ago and how it has changed over
time.

9) Three students are discussing their understandings of the Big Bang theory:

Student 1: | think | understand the Big Bang now. At the beginning, all the matter in
the universe was compacted Into a small, hot, dense ball. This ball of mat-
ter then exploded into empty space. When we look at the univer_se, we see
galaxies moving away from us. The Big Bang model explains this, since all
matter should be flying away from the center point of the explosion.

Student 2: | disagree. | think what the Big Bang theory is saying is that all the matter
in the universe was once compacted into a really dense and hot object that
expanded over time. But there wasn’t an explosion of matter into empty
space. Instead, the universe carried pieces of matter away from each other
as it expanded in size. )

student 3: You're both wrong. | agree that the universe was once smaller in size
and that pieces of matter have been carried away from each other by the
expansion of the universe. But remember how we learned from Einstein’s
equation E = mc? that matter can be converted into energy and energy
can be converted into matter? | think this means that if we go back to the
beginning of the universe, it would be so incredibly small, dense and hot
that matter itself couldn’t exist. | bet at the very beginning, the universe
would have been composed of pure energy with no matter there at all.

Which students do you agree or disagree with? Explain your reasoning.

10) Based on your previous answers, complete the following sentences:

The Big Bang theory says that the universe started out with a/an temperature
and a/an density. Originally, there was no only pure
From this initial state, each region of the universe in size. This caused its

temperature and density to . When the temperature was cool enough, energy
could transform into :

11) Look at Diagram A again. Next to Diagram A, make a drawing of what you think that
region of the universe would have looked like at the very first instant it existed.
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