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Chapter 1: Charting the Heavens 
The Foundations of Astronomy 

Outline 

1.1 Our Place in Space 

1.2 Scientific Theory and the Scientific Method 

1.3 The “Obvious” View 

1.4 Earth’s Orbital Motion 

1.5 The Motion of the Moon 

1.6 The Measurement of Distance 

Summary 

Chapter 1 begins with a “Big Picture” overview of our place in the Universe. This is followed by a brief introduction to the science of Astronomy and the definition of “Universe.” Common units of measurement that are important to astronomers are introduced, along with the convention of scientific notation. Section 1.2 discusses the scientific method, giving the students an understanding of some of the differences between science and pseudoscience or non-science such as religion. Section 1.3 introduces constellations and the celestial sphere, which serve as a springboard to descriptions in Section 1.4 of the apparent daily and annual motion of celestial bodies such as the Sun, Moon, and stars. Most of this motion is actually illusory, caused by various motions of the Earth. Section 1.4 also explains the nature and cause of the Earth’s seasons. Section 1.5 deals with the relationship between the Earth and the Moon that causes the phases of the Moon as well as solar and lunar eclipses. Chapter 1 concludes with the concept of parallax and its use in performing measurements of distance and size. 

Major Concepts 

· The Big Picture—Our Place in the Universe 

· Scientific Theories 

· Testable 

· Simple 

· Elegant 

· Astronomy and the Scientific Method 

· Observation 

· Hypotheses/Explanation 

· Observation/Experimentation 

· Constellations 

· The Celestial Sphere 

· Earth’s Motion 

· Rotation on its Axis (Daily Motion) 

· The Tilt of the Axis and the Seasons

· Revolution around the Sun (Yearly Motion) and the Zodiac

· Precession 

· The Moon’s Orbit 

· Lunar Phases 

· Lunar Eclipses 

· Solar Eclipses 

· Distance 

· Triangulation and Parallax 

· Sizing Up the Earth

Teaching Suggestions and Demonstrations 

One of the challenges of studying astronomy is developing the ability to view the universe from different perspectives. The biggest challenge is in shifting from the perspective we have from Earth, where we see the Sun and stars rise in the east and set in the west, to the perspective from “outside,” where we “see” Earth spinning on its axis and orbiting the Sun. Models and diagrams are essential to teaching this introductory material, to help your students practice shifting viewpoints. Many students have poorly developed visualization skills, so the more visual aids the better. This chapter contains lots of new vocabulary, so take the time to define new terms. 

This will likely be students’ first exposure to a formal class in astronomy. They will come to the class with some concrete knowledge, but also with a great deal of misinformation and misconceptions derived from years of exposure to multimedia sources. It is not unusual for people to believe some aspects of what they know as science fiction. Most students are still comfortable with Aristotelian thinking. This chapter provides your first opportunity to slowly move your students toward a new way of thinking—a new perspective. As listed below, the number of problem areas and misconceptions are numerous, especially in the early chapters of this text. This is to be expected. Students have few misconceptions about active galaxies because most have never heard of them. 

Section 1.1 

Students almost universally think of the light-year as a unit of time rather than distance. This confusion comes about simply because of the word “year.” Spend some time discussing a light-year by first introducing the speed of light. Tell them that light travels at a finite speed and therefore takes time to get to where it’s going. Students may be familiar with “lag time” in a long-distance cell-phone call or in a “live via satellite” interview on the television news; part of this is because the radio signals take time to travel up to the satellites and “bounce around” to their destination. 

Emphasize “distance” here. Since the speed of light is about 3 ( 105 km/s, one light-second is a distance of 3 ( 105 km. Next, describe a few examples, such as the fact that light travels fast enough to go around the Earth more than seven times in one second; therefore, one light-second is equivalent to a bit more than seven times the circumference of the Earth. Another example is that the Sun is about 8 light-minutes away. Students are usually intrigued by the idea that if the Sun were to burnout or explode right now, then we would have no way of learning that fact for another 8 minutes. Finally, use the distance to far away galaxies as another example. The galaxies are so distant that it takes millions of years for their light to reach us. Therefore, they are millions of light-years away. This is good conceptual foreshadowing for things to come later in the semester. When we look at distant objects, we see them as they were when their light left them. We see things not as they are “right now,” but as they were when the information—light—left them. The Sun appears to us as it was 8 minutes ago. Distant galaxies appear to us as they were millions of years ago. When we look at distant objects, we effectively are effectively looking back in time. 

Section 1.2 

Since many of your students are likely to have had minimal exposure to science, this section is worth focusing on for class discussions. In introducing the scientific method, refer to Figure 1.6 now as well as throughout the semester. Remind the students that science is a process rather than some fixed set of ideas or laws. Furthermore, it is an iterative process that really has no end, as theories are constantly being re-tested and improved. Therefore, scientific theories are always subject to challenge and change. In fact, it is a good thing when a theory is challenged, because it may be an opportunity to enhance our understanding. This is a strength, not a weakness, of science. Ask the students to provide examples of ideas in their own minds that had changed once additional pieces of data or knowledge were made available to them. The foundation of science rests on the fact that it does not rely on the authority of political or religious systems or on the interpretation of text, ancient or otherwise. It relies on a constant process of improvement.

It is important in this section to distinguish between facts, the things we observe and measure, and theory, our explanations for those observations. Emphasize that no matter how good, useful, or thorough a theory is, it can never be a fact. The fact is that apples fall from trees; the theory that explains how and why they fall is the theory of gravity. Theories should never be given too much credit, and they should not be sold short. Theories are not just guesses or statements of belief. Theories are our best possible explanations for the things we see happening around us, backed up by data and the hard work of men and women who are striving to understand the universe more completely. To use the phrase “just a theory” is to demean that hard work. Theories are powerful things, even if they are not facts. Students appreciate it when instructors are candid about the strengths -- and limitations -- of scientific theories, so don’t be afraid to be honest about the nature of science.

Section 1.3 

Your students will all have heard of constellations and will probably be able to name at least a few, usually signs of the Zodiac or “big names” like Orion. Emphasize that the stars in a given constellation are probably not physically close to each other in space; they just appear close to each other as seen from Earth. Compare Figure 1.8 to Figure 1.9. Use an analogy with how close buildings may appear to each other when observing a large city from a distance. 
The stars in the northern part of the sky were grouped together by observers in ancient times, and we continue to use nearly the same groupings (mostly from Eastern Mediterranean cultures) today. You can pass out or project a sky chart without constellations drawn in and challenge students to make up their own. You could even create a writing project in which students research an ancient culture—I usually disallow the Greeks and the Romans to make it challenging—and come up with constellations for that culture.

Students may be surprised to find that there are 88 constellations, and that constellations are used to divide the sky into sections, the way that county, state, and national boundaries are used on Earth. It is also interesting to compare names of northern and southern constellations. The northern constellations are mostly traditional, typically named for animals and mythological characters, such as Cygnus (the Swan), Cassiopeia (the Queen), and Orion (the Hunter). The Southern Hemisphere sky includes more modern constellation names such as Telescopium (the Telescope), Microscopium (the Microscope), and Antlia (the Air Pump). Ask your students if they can explain why there is a difference. The constellation names we have inherited today derive from northern-sky observers, mostly in ancient Greece. The northern constellation names, therefore, date from ancient times, but the names from the southern sky date from the travels made by northern explorers to the Southern Hemisphere in more recent times.

I find that mythological stories not only give students time to “rest their hands,” but can also help refocus their attention and see the connections to the past. The story of Cassiopeia, Cepheus, Andromeda, Cetus, and Perseus is a nice way to show the connections among a “family” of constellations. I also use the myth of Orion and Scorpius to explain the different appearances of the summer and winter skies, as shown in Figure 1.14. The two mortal enemies, placed on opposite ends of the sky, continuously chase each other around. Their “guardians”—Taurus for Orion and Sagittarius for Scorpius—insure that they don’t “cheat” and take a shortcut over the Earth. These are all constellations your students can find in the night sky, depending on the time of year in which you are teaching the course. Provide star charts and encourage your students to find major constellations in the night sky throughout the course. 

The concept of the celestial sphere is an important one. We are missing depth perception when we look out at the night sky, and so we perceive the 3-dimensional Universe as a 2-dimensional sphere. 

DEMO—If available, bring in a transparent model of the celestial sphere with Earth inside and point out the north and south celestial poles and the celestial equator. Emphasize that this is not an accurate model of the universe, but a good illustration of the geocentric model. This is a good time to discuss Polaris and clear up any misconceptions; often, introductory astronomy students believe the North Star must be the brightest star in the sky. The ancient Chinese saw Polaris as the Celestial Emperor, and while the Emperor may not be the brightest person in the kingdom, everyone still has to do what he says! Introduce students to right ascension and declination by comparing these to latitude and longitude. Compare the grid lines on the transparent sphere to the grid on the central Earth. Emphasize that the celestial coordinates are attached to the sky. Over the course of a night, stars move from east to west and the coordinate system moves with them. Look up the coordinates of a few well-known stars (including Polaris) and help students determine their positions on the transparent sphere. Ask students to compare the two different methods of describing star locations, by coordinates and by constellation, and discuss the advantages of each. 
Section 1.4 

Students usually know the terms “rotation” and “revolution” but often confuse them. For this reason, I try to avoid their use in class, and encourage students to do the same. It is much simpler and clearer to use “spin” and “orbit,” so try to get yourself in the habit of using these terms. Remember: students will be more impressed by someone who is clear than by someone who “sounds scientific!” Likewise, they will probably know that Earth takes a day to turn on its axis and a year to orbit the Sun, but will not know the difference between a solar day and a sidereal day, or a tropical year and a sidereal year. Use many diagrams, such as Figure 1.13, to help explain. Models also help.

DEMO—Demonstrate rotation and revolution with globes, or bring students to the front of the class to model Earth’s motions. For instance, one student can spin around (slowly) while orbiting another. Ask the class to concentrate on one point on the Earth, say, the spinning student’s nose, and imagine when it is lit and when it is dark. Use this model to explain day and night, sidereal vs. solar days, and why different constellations are visible in the night sky during different months. 

Figures 1.15 and 1.16 are very important and particularly insightful when used in conjunction with one another. Make sure students understand that Figure 1.16 shows the apparent path of the sun on the celestial sphere, and that this path passes through the constellations of the zodiac, as can be seen by taking the “Earth perspective” in Figure 1.15. If you ask students how many constellations are along the Sun’s path in the zodiac, the common answer will be 12. Although this is true of the “astrological zodiac,” students are usually surprised to learn that there are actually 13 zodiacal constellations, including Ophiuchus. Ask students to use Figure 1.15 to determine what constellation the Sun appears to be in at a certain time of year. Then ask students if they notice any “errors” in those dates. There may be several students who mention that their birthdays are not within the dates shown for their astrological “sign.” This usually serves as a perfect lead-in to the history of the modern calendar, including the concept of precession. 

DEMO—A gyroscope or top in motion on a table or desk makes a good demonstration of precession. By changing the direction that Earth’s axis is pointing, precession is responsible for the fact that the zodiac constellations no longer correspond to their astrological dates. Another example, the heliacal rising of Sirius—Sirius rising right next to the Sun—was an important date in the ancient Egyptian agricultural calendar, since it signaled the flooding of the Nile. Thanks to precession, this no longer occurs on the same date today. 

My experience has shown that few students have a good understanding of the cause of the seasons. After presenting a mythological explanation for the seasons—the Greek myth of Pluto and Persephone—I ask students to write a brief paragraph explaining why it is cold in winter and hot in summer. This would also make a good “clicker” question. Many students, especially those who have not yet read the text, will say the cause is the varying distance between the Earth and the Sun. I then present four pieces of information demonstrating why this can’t be so.

1. The Earth is closest to the Sun in January.

2. The Earth’s orbit is only a few degrees off from a perfect circle.

3. The tropics are warm all year round.

4. The seasons “flip” when you cross the equator.

It is important to attack this misconception with evidence, rather than simply present the correct alternative. These four pieces of evidence may induce some “cognitive dissonance” and help students let go of their deeply rooted misconception and be more open to a better explanation. After all, in science, explanations are refuted with facts, not alternative explanations. 

DEMO—Using an overhead projector or flashlight and a tilted globe, show how the angle of sunlight changes as the Earth goes around the Sun. Remember always to have the axis pointing the same direction! Note that not a lot changes in the tropical zone, while the polar regions have the light blocked by the curve of the Earth for half a year. Shine a flashlight directly down on a tabletop or on the floor, and then shine it at an angle to show how the angle of the Sun’s rays affects the distribution of solar heating. 

Section 1.5 
DEMO—When explaining the motions of the Earth, Moon, and Sun, you can bring a common Earth globe to class. An overhead projector or a flashlight will do for the Sun. For the Moon, any sphere that is a quarter diameter of the Earth globe—softballs or baseballs—will work well. The students can be the “fixed” stars. One demonstration can attack the common misconception that the Moon always shows the same face to Earth because the Moon does not spin. Ask a student to sit in a chair and hold a globe of the Earth. Have yourself or another student “orbit” the chair without spinning – say, by always keeping his or her nose pointing at the students playing the stars. Have the student representing the Earth describe what he or she sees. Then have the student representing the Moon orbit again, this time always facing the Earth. Ask the “stars” what they see the Moon doing.
Don’t assume your students actually understand the phases of the Moon. Using a whiteboard, chalkboard, or transparency on an overhead projector, draw the orbit of the Moon around the Earth, as in Figure 1.20. Place the Moon at key points in the orbit, represented as a circle. Using one color, shade in the half of the Moon that always faces the Earth. In another color, shade in the half of the Moon that is lit up by the Sun. You may even want to pass out worksheets and have the students do this themselves. Stress to the students that the phase of the Moon depends on how much those two regions coincide. The lecture-tutorial “The Cause of Moon Phases” is also very good for reinforcing these ideas. After defining the basic phases of the Moon, ask questions such as “When does the full moon rise?” or “At what time of day or night is the first quarter moon highest in the sky?” The answer to both questions is sunset. Demonstrate this with your model. Since it is not practical to have each student sit in the “Earth chair,” you may want to take a short movie from that perspective, with just one light source illuminating the Moon proxy.  As the person holding the Moon model spins in the chair, it will appear to go through phases.
DEMO—Use a shaped piece of clay or a miniature doll as an observer and place it on the Earth globe surface while you spin the Earth. It is difficult for many students to change their frame of reference to that of your model. If there is a laboratory component to your course, using such simple models can be very instructive and surprisingly satisfying to students. 

DEMO—To demonstrate eclipses, use the same Earth globe and sphere for the Moon. Now set up a true-scale model of this system by placing the Moon at 30 Earth diameters from the Earth. Establish the plane of the ecliptic and raise and lower the Moon by ±10 of its diameters to demonstrate the range of its inclination to the ecliptic (which is ±5° and the Moon is about 0.5° in diameter). It is not possible for any textbook picture or diagram to represent realistically the Earth–Moon system to scale. 

With this model, students will see how easy it is for the lunar shadow to miss Earth during the new Moon phase or how the Moon misses the Earth’s shadow during full Moon phase (the Earth’s shadow being about 2.5 lunar diameters). When describing eclipses, ask students what they would see if they stood on the Moon’s surface while looking in the direction of the Earth or the Sun. Would the lunar surface be in darkness or light? What about the Earth or Sun? Remember that the Sun will appear to be the same size in the sky but Earth will appear four times larger in diameter than the Moon does from Earth. Let the shadow of the Earth globe fall on the Moon model, and note, as Aristotle did, that the curve of the shadow means the Earth is spherical. 

Section 1.6 
Make sure that students understand that the techniques of parallax and triangulation are not just for astronomers. Ask if students have seen surveyors sighting through small telescopes. Relate what surveyors do to what astronomers do to find distance.

DEMO—The traditional way of demonstrating parallax is to instruct the students to hold up a finger (or pencil), close one eye, and line their finger up with some object on the far wall of the classroom. When they do the same with the other eye open instead, it lines up at a different position. Ask students to try the exercise several times with their finger at different distances from their eyes to determine the relationship between the distance and the amount of shift. 

DEMO—A second method of demonstrating parallax is to make marks on the board that represent the fixed stars. Distinguish these stars by color or number. Hold a small ball about 1 meter or so in front of the board. With your other hand, prepare to make a mark on the board at the location given to you by two students at the opposite sides of the back of the room. Select a student in the back left part of the room and have them tell you where they see the ball relative to the background stars. Make a mark on the board corresponding to that location. Repeat the procedure by selecting a student at the back of the room on the right side. The two apparent locations will be distinctively different, allowing for a clear demonstration of the concepts related to the geometrical foundations of parallax, namely baseline and parallax angle. Figure 1.30 shows this method applied to astronomy using Earth’s diameter as a baseline. Challenge students to come up with a method in which observers restricted to the surface of Earth can create an even longer baseline to measure parallaxes of more distant stars. (Observations can be made at different points in Earth’s orbit around the Sun; see Figure 17.1) Even with the diameter of Earth’s orbit as a baseline, the parallax method only works for the stars in the solar neighborhood. 

Angular measure is very important in astronomy. Discuss More Precisely 1-1 carefully. Emphasize the astronomical connection by discussing why there are 360 degrees in a circle. One reason is that the ancient Babylonians found the number 360 very easy to work with, since it is divisible by so many things. Remind students that the ancients did not have calculators, the decimal point, or even the idea of zero!  Also, the Sun takes about 360 days to complete a “circle” in the sky over the course of a year. Thus, the Sun moves about one degree per day.
DEMO—Demonstrate angular measure by holding up a penny. At a distance of about 1 meter, a penny subtends an angle of about 1 degree. Students can hold up a penny and see what objects at different distances in the classroom have an angular size of about 1 degree. Have students try this at night and estimate the angular size of the Moon, which, to many students’ surprise, is only half a degree. 
More Precisely 1-2 discusses finding the distances to (and diameters of) astronomical objects. Go over angular measurements and then try several examples. Many problems throughout the text use the equations in this section, so it is worth spending some time to ensure student understanding. Use the fact that the Sun and Moon have the same angular size to emphasize the dependence of angular size on actual size and distance. The text gives a formula that is useful for angular sizes expressed in degrees:
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 Since angular sizes of celestial objects are usually measured in seconds of arc (when they are measurable at all), you may wish to give students an alternate equation. One radian contains 206,265 arc seconds, so the equation becomes:
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A fist held out at arm’s length is about 10º across, but that is highly variable. To give students some practice measuring and calculating angular sizes, you can actually have them test out this notion. Have students measure the distance across their fists, and the distance from their eye to their fists. The first piece of data is the actual diameter, and the second is the distance. Students can then calculate the actual angular diameters of their fists. Compile and average the results to see if a fist at arm’s length really is 10º across.
You may wish to have the students construct an instrument that can measure angles in the sky more accurately. A simple version of such an instrument, called a “cross staff”, can be made from just a meter stick (serving as the staff) and a shorter slender object, such as a ruler or length of pipe (the cross). The idea is to place the cross on the staff and perpendicular to it so that it subtends an angle of 20º when viewed from the end of the meter stick. If the cross has an actual size of 20 centimeters, then a simple calculation reveals that it should be attached to the 57.3-centimeter point on the meter stick. Have the students come to this conclusion working in small groups rather than just telling them. Once the cross staff is built, it can be used for a variety of purposes:
· Measuring the angle between the Sun and the Moon, to see how that angle changes with Moon phase. Students could even use those angles to reconstruct the Moon’s orbit.

· Measuring the height of stars above the horizon. Students are often amazed at how much that altitude can change in just an hour or two.  They can also note the “fixed” altitude of Polaris.

· Measuring the angular distances between the stars in a constellation, such as Ursa Major or Cassiopeia. Students can note how constant those distances remain, and could even use the distances to construct a star chart.

· Measure the distance between a planet and some bright stars, to see how the planet moves.

I have students buy their own meter sticks, and use whatever they have available for the cross. I feel this gives them more ownership of the device, and they are much more careful with it.

Relevant Lecture-Tutorials
Position, p. 1
Motion, p. 3



Seasonal Stars, p. 7
Solar vs. Sidereal Day, p. 11
Ecliptic, p. 13
Star Charts, p. 19
The Cause of Moon Phases, p. 81
Predicting Moon Phases, p. 85


Path of the Sun, p. 89
Seasons
, p. 93
Sun Size, p. 113
Student Writing Questions 

1. What is the smallest object you have ever seen? The largest? The longest distance you have ever traveled? What is the largest number of objects you have ever knowingly encountered? (You may encounter many bacteria, but not knowingly.) What was the longest you ever spent doing one activity? How do the largest and the smallest of these compare? How do the distances compare to the size of the Earth? To the distance to the Moon? How does your time spent on your longest activity compare to your lifetime? 

2. Test your horoscope. Each day, write two or three sentences of the most significant events that occurred to you that day. Cut out or copy your horoscope for that day and save it. Continue this every day for about 3 weeks and make sure you write down your daily events before you read the horoscope. After 3 weeks, check what you wrote against your horoscope for each day and see if there is a match. Count the number of “hits” and “misses.” Discuss the results and whether there is any significance to the number of hits. If you know someone born close to the same day as you, compare your experiences to his or hers. Are horoscopes truly predictive? 

3. Describe an ordinary situation in which people regularly apply the scientific method, even though they are not aware they are doing so. Relate the situation to the three basic steps in the scientific method: gather data, form theory, and test theory. 

4. Find a location to view the night sky with little interference from city lights. Do this on as clear a night as possible. What do you see? Look all over and make note of the brightest stars. Are there any planets? How can you tell? Is the Moon out? What does it look like? What sort of details can you see on its surface? 

Chapter Review Answers 

REVIEW AND DISCUSSION

1. Looking at the data in the text, we can see that the diameter of the Sun is about 100 times that of Earth, about 1,500,000 km for the Sun compared to about 12,000 km for Earth. A galaxy such as the Milky Way is about 100,000 light-years in diameter. Since a light-year is about 1013 km, this means the Galaxy has a diameter of approximately 1018 km, or about 1014 times (100 million million times) the radius of Earth. The most distant objects visible define the limits of the visible universe (which is likely only a small part of the entire universe). These objects are about 10 billion light-years away, or 1023 km. This is 1019 times (10 billion billion times) the radius of Earth.

2. The universe is defined as the sum total of all space, time, energy, and matter.

3. The scientific method is a process for discovering the best possible explanation as to why something occurs. The process begins when observations lead to the formulation of a hypothesis, a preliminary explanation that makes testable predictions. Investigators gather information – called data – to test the predictions through observation and experimentation. The information is analyzed to find patterns in the data. If the patterns agree with the predictions, the hypothesis is considered a viable theory. If they do not agree, the hypothesis must be discarded or modified. Science therefore relies on measurable quantities and testable predictions to search for answers. By contrast, religion relies on decree by authority or personal revelation through faith, neither of which are testable. If a claim is not testable, it cannot be considered scientific.

4. In the common usage of the term, a constellation is a pattern of stars in the sky. Officially, however, a constellation is a section of sky that contains stars, galaxies, nebulae, and many more celestial objects. Just as every section of Earth’s land surface is considered part of a country, every part of the sky is within the borders of a constellation. Constellations are thus useful in naming and locating celestial objects.

5. The motion of the Sun in the sky is an illusion caused by the Earth’s spin. The Sun appears to rise in the east and move westward throughout the day because the Earth beneath us is spinning eastward, or counterclockwise, as viewed from the north. Therefore, all non-artificial celestial objects have this apparent motion, including the Moon and stars.

6. The Sun is a special object because Earth is in orbit around it. By comparison, the stars are “fixed,” and we measure Earth’s “true” rotation—the sidereal day—compared to the stars. Over the course of the sidereal day, Earth has moved along a small portion of its orbit. This causes the Sun to appear to move slightly among the stars from our perspective, and so Earth must spin a few minutes more to “catch up” and bring the Sun back to its position from the previous day. Therefore, the solar day is slightly longer than the sidereal day.

7. At any given time during the year, we can only see the part of the Galaxy that the “night side” of Earth is facing as it orbits the Sun. In July, this part of the Galaxy includes, for example, the stars of Scorpio. Six months later, Earth has moved over to the other side of the Sun, and the night side of Earth is facing an entirely different section of the Galaxy. We cannot see the stars of Scorpio in January because the Sun is between them and us.

8. There are seasons on Earth because the rotation axis of Earth is tilted with respect to the axis of the Sun. This tilt means that a given location on Earth receives different angles and intensities of sunlight over the course of Earth’s orbit. When it is summer at your location, the Sun is almost directly overhead at noon. Therefore, the sunlight strikes the ground at almost a 90-degree angle and is very concentrated. In winter, however, the Sun never gets very high, even at noon, and the sunlight comes in at an extreme angle. This indirect sunlight is very diffuse and not efficient at heating.

9. Discovered by the Greek astronomer Hipparchus, precession is a slow shift in the orientation of the Earth’s axis of spin. Although Earth’s axis maintains an axis tilt of 23.5 degrees compared to the axis of the Sun, the axis moves in a circle over the course of 26,000 years. This causes the location of the celestial poles to shift, along with the entire sky. It is caused by the gravitational influence of the Moon and Sun on the spinning Earth.

10. Half of the Moon is lit by the Sun at all times. However, due to the Moon’s motion around Earth, it is not always the same half. The phase of the Moon depends on which portion of the side of the Moon that faces Earth is lit by the Sun. If 100% of that side is illuminated, we see a full Moon. If none of the side facing Earth is illuminated, we have a new Moon.

11. A lunar eclipse occurs when the Sun, Earth, and Moon align so that the Moon enters the shadow of the Earth. A solar eclipse occurs when the three objects align so that the shadow of the Moon falls on Earth’s surface. From the perspective of someone in the shadow, the Moon passes in front of the Sun. Eclipses can only occur when the Sun, Moon, and Earth line up in all three dimensions. This occurs rarely because the orbit of the Moon around Earth is not aligned with the orbit of Earth around the Sun. The two orbits form an angle of 5.2 degrees, so most of the time the shadow of the Moon misses the surface of Earth, and the Moon does not fully enter Earth’s shadow. Only on those rare occasions when the three bodies come into alignment and the Moon crosses the plane of Earth’s orbit (the ecliptic) can we have an eclipse.

12. So long as the planet’s moon (or moons) can enter the shadow of the planet, observers on other planets can see their versions of lunar eclipses. Solar eclipses are a different matter: the moon must be close enough or big enough (or both) to have the same apparent size as the Sun or greater. Only then can it completely cover the Sun from the observer’s perspective. This is very possible; for example, we have seen the shadows of the Galiean moons passing over the clouds of Jupiter.
13. Parallax is the apparent shift in a foreground object’s position compared to the background. It is an illusion caused by a change in the observer’s point of view. For example, when we look at our finger with one eye open and then switch eyes, the finger will appear to move against the background.  Surveyors use parallax to find the distances to objects.
14. Since parallax is an illusion caused by a change in perspective, a very large change in perspective (called the baseline) is required to see a parallax shift in a distant object. If the baseline is too small compared to the object’s distance, the difference in perspective will not be enough to cause a visible shift.

15. To determine the true diameter of an object from a distance, we need to know how large the object appears to be (the angular diameter) and how far away the object is (distance).

CONCEPTUAL SELF-TEST

1. B

2. B

3. D

4. A

5. C

6. A

7. C

8. C

9. A

10. D

PROBLEMS

1. In 1 second, light travels about 300,000 km. This is closest to the distance to the Moon, so c) is correct.
2. (a) 1000 = 1 × 103; 0.000001 = 1 × 10–6; 1001 = 1.001 × 103; 1,000,000,000,000,000 = 1 × 1015; 123,000 = 1.23 × 105; 0.000456 = 4.56 × 10–4
(b) 3.16 × 107 = 31,600,000; 2.998 × 105 = 299,800; 6.67 × 10–11 = 0.0000000000667; 

2 × 100 = 2

(c) 2 × 103 + 10–2 = 2000 + 0.01 = 2000.01; (1.99 × 1030)/(5.98 × 1024) = 333,000; 

(3.16 × 107) × (2.998 × 105) = 9.47 × 1012
3. There are 12 constellations in the Zodiac. Since there are 360ºin a circle, each constellation in the Zodiac occupies about 30º. The year 10,000 AD is roughly 8000 years from now. Since 8000/26,000 = 0.31, this 8000-year span represents 31% of the total 26,000-year precession cycle. Therefore, the Sun will move 31% of the way around the circle, or 111 degrees. This is a little less than four constellations worth of motion, so the Sun will be well into Scorpio by 10,000 AD.

4. The Moon appears to orbit Earth in 29.5 days (the synodic month). Thus, every day it appears to move 360º/29.5= 12.2ºamong the stars. Therefore:

(a) One hour is 1/24 = 0.042 day, and in that time the Moon will move 12.2º × 0.042 = 0.51º, or about 31 minutes of arc.
(b) One minute is 1/60 of an hour, so the motion will be 1/60 of the motion above, or about 31 seconds of arc.
(c) Once second is 1/3600 of an hour, so the motion will be 1/3600 of the motion in part a, or about 0.52 seconds of arc.

The angular diameter of the Moon is about half a degree, or about 30 minutes of arc. By our calculations above, this means the Moon moves its own diameter in one hour compared to the stars.
5. In this case, we can find the distance using the formula:
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(a) P = 1 degree, so D = 57,300 km.

(b) P = 1/60 degree, so D = 3,440,000 km.

(c) P = 1/3600 degree, so D = 206,000,000 km.

6. First, we must change the angular size of Venus into degrees.

55 seconds × 
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 = 0.0153º.

Inserting this into the formula for angular size gives
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This gives an actual size of 12,000 km.

7. Since their angular sizes are the same, the Moon’s advantage in distance must be offset by a disadvantage in actual size. The Sun is 391-times farther away (150,000,000/384,000) than the Moon, so the Sun must be 391-times larger than the Moon to compensate.

8. Assuming a thumb diameter of 2 cm and an arm length of 75 cm, we can use the angular size formula.
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Suggested Readings

Websites

There are a huge number of astronomy-based sites on the World Wide Web. Here are a couple devoted to the constellations and their mythology:

The Constellations and their Stars – http://www.astro.wisc.edu/~dolan/constellations/. The “references” section of the site has an extensive list of star myths from many cultures.

The Constellations Web Page – http://www.dibonsmith.com/.

A number of books are available about the constellations and their mythology. Here is a sampling:

Allen, Richard Hinckley. Star Names: Their Lore and Meaning. New York: Dover Publications, 1990. A reprinting (with corrections) of a work first published in 1899. It has fascinating information and more detail than you will ever need to know. 

Rey, H. A. The Stars: A New Way to See Them. New York: Houghton Mifflin, 1976. Our modern view of the constellation patterns is due in large part to Rey, the creator of the Curious George series of children’s books. 

Ridpath, Ian. Star Tales. Cambridge: Lutterworth Press, 1989. Includes a story for every constellation, although some are quite brief.

Stott, Carole. Celestial Charts, Antique Maps of the Heavens. New York: Crescent Books, 1991. Traces the development of the constellations through beautiful photos of ancient star maps. A striking “coffee table” book.

Magazine Articles:

Berman, B. “The Outsider.” Astronomy (October 2003). p. 48. Illuminating article about a modern astronomer. Helpful when discussing the scientific method with students and a good reminder that science is a human endeavor/activity. Relevant to Chapters 1 and 2. 

Berman, Bob. “Five-five-uh-oh.” Astronomy (May 2000). p. 93. Discusses the effects of the “planetary alignment” of May 2000, and provides arguments against astrology. 

Bordeleau, A. “Polestars of the future.” Sky and Telescope (March 2008). p. 66. Overview of how precession affects the position of the celestial poles.

Brown, Jeanette. “It’s just a phase.” Astronomy (April 1999). p. 76. Describes an activity designed to demonstrate the phases of the moon. 

Camino, N. and A. Gangui “Diurnal astronomy: using sticks and threads to find our latitude on Earth” Physics Teacher 50:1 (2012), p. 40.  A unique way of determining latitude in the daytime.

Cunningham, C. J. “Updating Eratosthenes.” Mercury. (March/April 2003). p. 10. Discusses a method by which students can measure the size of the Earth using the Internet. 

Gurshtein, Alexander A. “In search of the first constellations.” Sky & Telescope (June 1997). p. 46. A detailed discussion of the origin and history of constellations. 

Hirshfeld, A. “The Universe of Archimedes” Sky and Telescope (November 2010) p. 32.  A discussion of how Archimedes conceptualized astronomical quantities.
Krupp, E. C. “Slithering toward solstice.” Sky & Telescope (June 2000). p. 86. Discusses the symbolism of snakes, serpents, and solstices. 

Leschak, Peter. “The sky’s ancient light.” Night Sky (January/February 2006). p. 52. Article with a variety of examples of how we look back in time as we look out into space.

Livio, M. “Is God a mathematician?” Mercury (January/February 2003). p. 26. Brief discussion of the role played by mathematics in scientific theories. 

Mallmann, J. A.  “Tree Leaf Shadows to the Sun’s Density: A Surprising Route”  Physics Teacher 51:1 p.10 (2013).  Using the images of the Sun created by leaves to calculate some of the Sun’s properties.
Paczynski, B. “Astronomy: A problem of distance.” Nature (22 Jan. 2004). p. 299. An example of determining distances to astronomical objects (along with associated practical considerations). 

Panek, Richard. “The astrology connection.” Natural History (3 April 2000). p. 20. Discusses conjunctions and the historical connection between astrology and astronomy. 

Panek, Richard. “That sneaky solstice.” Natural History (5 June 2000). p. 20. Describes the meaning of the solstice, and discusses why the earliest sunrise does not happen on the solstice. 

Plait, Phil. “The reason for the seasons.” Astronomy (July 1999). p. 75. Brief and accurate description of the cause of the seasons, with good diagrams.

Ryan, Jay. “SkyWise: Equinox.” Sky & Telescope (Mar 2000). p. 114. Comic strip drawing illustrating the equinoxes. 

Ryan, Jay. “SkyWise: Gregorian calendar.” Sky & Telescope (February 2000) p. 109. A cartoon strip showing systems of calendars. 

Ryan, Jay. “SkyWise: Lunar skies.” Sky & Telescope (April 2000). p. 114. A cartoon strip illustrating the view of the Earth as seen from the Moon. 

Sadler, P. M. and C. Night “Daytime celestial navigation for the novice” Physics Teacher 48:3 (2010) p. 197.  Tracing the analemma with simple tools.
Sweitzer, J. “Do you believe in the Big Bang?” Astronomy (December 2002). p. 34. Discusses “theory” and evidence in general and as applied to the Big Bang Model. 

Takemae, S., P. Kirwin, and G. McIntosh “Reproducing Eratosthenes’ determination of Earth’s circumference on a smaller scale.” Physics Teacher 51:4 (2013) p. 222.  Illustrating Eratosthenes’ technique on a balloon.
Talcott, R. and R. Kelly. “Illustrated: how we see the sky.” Astronomy (June 2009). A description of the useful construct of the Celestial Sphere.

Trefil, James. “Architects of time.” Astronomy (September 1999). p. 48. Discusses history of astronomical time keeping, from Stonehenge to pulsars. 

Vanderbei, Robert and Ruslan Belikov. “Measuring the astronomical unit from your backyard.” Sky & Telescope (January 2007). p. 91. Technique for using the parallax of asteroids and planets to determine the value of the astronomical unit. 
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