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UNIT V: Motions of the Sun, Earth, and Moon

Investigation A1: Watching the Sky

Activity A1.1: How do we measure distances between objects in the sky?

(Discussion)

1. WHAT’S YOUR IDEA?   Suppose that you see two bright stars in the sky.  You don’t know how far away they are.  You want to describe how far apart they are in the sky.  What kind of measurement units will you use?

2. WHAT ARE THE GROUP’S IDEAS?  Compare your answers with those of others in your group.  Discuss any differences.  Present your ideas to the class.

3. WHAT’S YOUR IDEA?  Given the previous class discussion, try this one: how will you describe the size of an object in the sky?  Think of the full moon as an example.  How “big” is it?

4. WHAT ARE THE GROUP’S IDEAS? Compare your answers with those of others in your group.  Discuss any differences.  

5.  MAKING CONNECTIONS:  Recall the homework you have done in measuring the angle between the sun and moon in “fists.”  What kind of a unit is a “fist”?

6.  DEFINITIONS: Astronomers find it easiest to talk about the sky by imagining it as an infinitely large glass sphere.  Imagine the stars being “pasted” on this sphere; we are at the center.  It turns out that stars are, in fact, so incredibly distant that this is a reasonable approximation.

Because the sphere is infinite in size, we can only describe distances between celestial objects in angles.  For example, the angle from the zenith (the point exactly overhead) to the horizon is 90 degrees. Imagine pointing one arm straight up, and the other out to the horizon.  The angle between your arms would be 90 degrees.
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Activity A1.2: What is the relationship between an object’s size, distance, and angular diameter?

Equipment:  ruler, calculator, handout on small-angle formula.

Definition:  angular separation.  The angular separation between two objects on the sky is the angle your arms would make if you pointed one arm at each object.

Definition:  angular diameter.  The angular diameter of an object is the angle your arms would make if you pointed your arms at the right and left edges of the object.  

1. WHAT’S YOUR IDEA? Does the angular diameter of an object increase, decrease, or stay the same as the object retreats to greater distances from you?  You may want to draw a simple diagram to illustrate this.

2. WHAT ARE THE GROUP’S IDEAS? Compare your answers with those of others in your group.  Write down any ideas which are significantly different than yours.

3. WHAT’S YOUR IDEA? Now consider an everyday object, perhaps a basketball.  If one basketball is close by, and a second basketball is exactly twice as far away, by what factor will the basketball look smaller?  Again, you may want to draw a picture to illustrate what is going on.

4.  WHAT ARE THE GROUP’S IDEAS? Compare your answer with others in your group.  Try to come to a group consensus, and write the consensus idea here.
5. MAKING OBSERVATIONS:  Shown are two images of the headlights of a car at two different distances, distance A and distance B.  With your group, answer the following questions:



A






B



Which distance is further, A or B?

How much further?  Be quantitative.  Use a ruler to measure the sizes of the pictures. Give a number for an answer (an approximate number is OK).

6. MAKING SENSE: Pick up a handout on the small-angle formula. This formula describes how the angular diameter of an object is related to its true size and distance.  Use the formula to calculate the following: what is the approximate angular diameter of a dime (approximately 1 centimeter in size) as seen at a distance equal to the length of a football field (approximately 90 meters or 9000 centimeters.)

Check your answer with your instructor before you proceed.

7.  CHOOSING UNITS: Look back at the last question.  What units did you express your answer in?  

Choosing the right unit is a matter of practice and common sense.  You have been given angular units in three different “sizes” – degrees, arcminutes, and arcseconds.  This is exactly equivalent to having many different units to measure distance – millimeters, inches, meters, miles, kilometers etc.  You wouldn’t express the distance from New York to Los Angeles in inches, would you?  Or express the length of your kitchen table in miles?  When you calculate an answer, choose a sensible unit.

If it seems appropriate, go back to the last problem and convert your answer to a more reasonable unit.

Investigation A2: Seasonal Variations

Activity A2.1: Why do we see different constellations at different times of the year?

(Discussion/Demonstration)

Equipment for demo: Earth globe, light bulb.

1. WHAT’S YOUR IDEA? Think about this question, and write your answer here.  Explain your reasoning.

2. WHAT ARE THE GROUP’S IDEAS? Compare your answer with those of others in your group.  Discuss any differences, and then decide on a group idea.  Write the group idea here, and then present the idea to the class.  (If you really can't agree, it's OK to present two!)  Draw a diagram on the white board to illustrate your model.  Record the diagram here.

3. MAKING OBSERVATIONS:  Your instructor will set up a demonstration for you.  If you want to revise your original idea, write the revision here.  Draw a new diagram if necessary.  What changes in your thinking happened during and after the demonstration?
Activity A2.2:  Deciphering Stick-Shadows

Equipment: Stick-shadow data taken in earlier homework assignment.

1.  WHAT’S YOUR IDEA?  Consider the group’s stick-shadow plots. Lay them out in a sequence according to the date they were made. Consider the following questions:

At what clock time did the shortest shadow occur on the first plot?  What method will you use to estimate this time?

Did the time of shortest shadow occur at the same time every day? If not, how did it change?

Is the length of the shortest shadow the same every day?  If not, how did it change?

2.  WHAT ARE THE GROUP’S IDEAS?  Discuss these questions with your group, and write down any answers which are significantly different than yours.  Then go on to the next activity.

Activity A2.3: Why is it warmer in the summer than in the winter?

Equipment for demo: Earth-globe, flashlight.  Equipment per group: light bulb, small sphere with north axis marked to represent the Earth, straight pins.

1. WHAT’S YOUR IDEA? Write your ideas and reasoning here. 

2. WHAT ARE THE GROUP’S IDEAS?  Compare your answer with the other members of your group.  Discuss and resolve any differences.  Present your groups ideas and reasoning to the class.

3.  EXPLORING: In order to get a feel for the orbit of the Earth, you will simulate the motion of the Earth around the sun with a small sphere.  

When looking “down” on the plane of the Earth’s orbit, the Earth’s orbit is nearly a perfect circle. Most people have the mistaken impression that the Earth’s orbit is highly elliptical.  This is probably because most drawings of the Earth in its orbit are drawn as though looking from the side to show the Earth’s tilt. The rotational axis of the Earth is tilted 23.5( from its orbital axis. [Generally, astronomers use the word “rotate” to indicate a body spinning on its axis, and the word “revolve” to indicate a body traveling in an orbit around another body.] As the Earth orbits the sun, it always points towards the same direction in space (towards the North Celestial Pole, or Polaris!) 

Demonstrate the Earth’s orbit with your sphere and light bulb.  EACH PERSON NEEDS TO DO THIS. Note that there are four “special” places in the orbit.  At one point, the Earth’s north pole is tipped towards the sun.  This point in time is called the summer solstice (usually about June 21). Six months later, the Earth’s north pole will be tipped away from the sun.  This point in time is called the winter solstice (usually about December 21).

The two special places in between these two solstices are called the equinoxes. At these points in the Earth’s orbit, the Earth is tilted neither towards or away from the Sun.  The days and nights are of equal length everywhere on the Earth (thus the term equinox). The equinox after the summer solstice is called the fall equinox, usually about September 21. The equinox after the winter solstice is called the spring equinox, usually about September 21. 
Use your light bulb and sphere to simulate the Earth’s orbit.  Identify the places in the Earth’s orbit which represent the winter solstice, the spring equinox, the summer solstice, and the fall equinox.  Have your instructor check your orbit and your identifications before you continue.  

5.  MAKING SENSE:  The tilt of the Earth strongly affects the angle at which we see the sun at different times of day and from different places on the Earth.  As an example, the diagram below shows a noon observer in Flagstaff at the two solstices.  Use diagrams like these, as well as your sphere, to answer the following questions.  When using your sphere, you may want to use a straight pin to indicate the position of a person.
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On June 21, at what latitude will people see the sun pass exactly overhead at noon?

On September 21, at what latitude will people see the sun pass exactly overhead at noon?

On December 21, at what latitude will people see the sun pass exactly overhead at noon?

On March 21, at what latitude will people see the sun pass exactly overhead at noon?

6.  WHAT’S YOUR IDEA? Often it is said that in the summer we experience sunlight which is more direct and that in the winter we experience sunlight which is indirect.  What does this mean?  Try using a diagram to explain your answer. 

7. WHAT ARE YOUR GROUP’S IDEAS?  Compare your idea with other ideas in your group.  Write down any ideas which are significantly different.

8. MAKING OBSERVATIONS: Your instructor will conduct a demonstration of direct vs indirect light for you.  Did the demo change your thinking?  How?  Write and draw what your reasoning is now.  Why is there a difference between direct and indirect sunlight?

9. MAKING SENSE:  Now do you want to revise your answer to the first question: why is it warmer in the summer than in the winter?  If so, write your revised answer here.

Activity A2.4: What is the path of the sun through the sky during one day in Flagstaff?

Equipment:  plastic hemisphere, water soluble marker, solar motion demonstrator, sun-tracker data taken earlier in the semester.

1. WHAT’S YOUR IDEA? Look over the sun-tracker data you took earlier in the semester.  How did the path of the sun change over the semester?  Do you think you could predict what the path would be on each of the four special dates, i.e. the two solstices and two equinoxes?  Write your ideas here.

2. WHAT ARE THE GROUP’S IDEAS?  Compare your data and your ideas with those in your group.  Discuss your differences.  If possible, come to a consensus on what the paths should be like at those four times.

3. ANOTHER IDEA:  While in your group, also discuss the following:  Why does the sun appear to cross the sky during the day?  Also, does the sun really move much over the course of one day?  

4. MAKING INDOOR OBSERVATIONS: Since you were not able to observe the sun over an entire year, you will check your ideas with a clever solar motion demonstrator.  This device lets you explore the path of the sun not only at different times of the year, but as seen from different locations on the Earth. Your instructor will demonstrate how to use it.  With a partner, answer the following questions using the solar motion demonstrator:

Does the sun ever go directly overhead in Flagstaff?  If so, when?

In what direction does the sun rise in Flagstaff at the equinoxes? 

In what direction does the sun rise in Flagstaff at the summer solstice?  

In what direction does the sun rise in Flagstaff at the winter solstice?

5. MAKING SENSE: As a group, illustrate and label how the sun moves through the sky as seen Flagstaff on each of four special dates:  (a) winter solstice, (b) spring equinox, (c) summer solstice, and (d) fall equinox.   
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Check your paths with your instructor before you go on.

6.  GOING FURTHER:  As a group, tackle the following assignment:  Below are four circles, each with a dot in the middle representing a stick. For each circle, draw and label the shadow of the stick for each of the following times in Flagstaff.  Be careful of the relative length and direction of the shadows.

a) shortly after sunrise

b) mid-morning

c) local noon

d) mid-afternoon

e) shortly before sunset
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Check your answer with your instructor before proceeding.

Activity A2.5: What is the path of the sun  through the sky during one day at other places on the Earth?

Equipment: plastic hemispheres, water soluble markers, solar motion demonstrator
1. WHAT’S YOUR IDEA? Rather than trying to write your answer to this question, try to draw it.  Wash and dry your plastic hemisphere from the previous activity, and then try to draw the path of the sun during the four special days as seen from the equator. 

2. WHAT ARE THE GROUP’S IDEAS?  Compare your drawing with those in your group.   Write down any ideas that are significantly different than yours.

3. MAKING OBSERVATIONS: Use the solar motion demonstrator again to explore the path of the sun at different times of the year, as seen from the equator. With a partner, answer the following questions using the solar motion demonstrator:

Does the sun ever go directly overhead at the equator?  If so, when?

In what direction does the sun rise at the equator at the equinoxes? 

In what direction does the sun rise at the equator at the summer solstice?  

In what direction does the sun rise at the equator at the winter solstice?

4.  GOING FURTHER: If you lived at the North Pole, on what day would the sun rise?  On what day would it set?

5. MAKING SENSE: As a group, illustrated statement how the sun moves through the sky on the four “special days” from (1) the equator, and (2) the north pole.
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Next, wash your celestial spheres and draw the answers to the previous question.  (Half the group can do the equator, and half can do the north pole.)  Check your answers with your instructor before you proceed.

6.  PUZZLER:  The town of Tromso, Norway, is above the Arctic Circle at a latitude of approximately +72(.  The children there have trouble with standardized IQ tests which ask the question "in what direction does the sun rise?"  Why do you think this is so?

Please wash and dry your plastic hemispheres before going on to the next activity.

Investigation A3: The Moon

Activity A3.1: Why does the Moon show phases?

Equipment:  bright light bulb, rheostat, one small sphere per person

1. WHAT’S YOUR IDEA?  Write your answer here.

2. MAKING OBSERVATIONS: Your instructor will pass out small spheres for a guided demonstration of the phases.

3.  MAKING A MODEL:  Together with your group, translate the three-dimensional model you have just seen to a two-dimensional model.  On the drawing below, label each position of the Moon with the corresponding phase as seen from the Earth.  Remember that, as seen from the North, the Earth rotates in a counter-clockwise direction, and the Moon also revolves in a counter-clockwise direction.
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Next, label each little “person” on the Earth with the time-of-day that person is experiencing.

Which way is south on this diagram?

Which way is east on this diagram?  Is “east” the same direction for every person?

Check your answers with your instructor before you proceed.

4.  USING THE MODEL: When your model is finished, get together with your group and try to answer the following question: What time does a full moon rise?  

Write your group’s answer here, and have your instructor check your answer before you proceed.

Now, as a group, tackle these other questions:

What time does a full moon set?

What time does a new moon rise?

What time does a new moon set?

What time does a first quarter moon rise?

What time does a first quarter moon set?

3. MAKING SENSE:  Go back now and revise your answer to the first question:  Why does the Moon show phases?

4.  GOING FURTHER:  Not only the Moon shows phases.  Imagine that you were on a spaceship, traveling away from the Earth and looking back at the Earth-Moon system.  Consider the diagram below, which shows the Sun, Earth, and Moon, as well as various points at which an observer could be.  (As usual, the diagram is not to scale.  The Sun, planets, and satellite are all approximately in the plane of the paper.  North is up out of the page.)

For each observer, determine the phase of both the Earth and the Moon, and enter your answers in the table. ( Don’t worry about eclipses; the scale is very different from that shown.)
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	Observer
	Phase of Earth
	Phase of Moon

	A
	
	

	B
	
	

	C
	
	


Activity A3.2: Why do we only ever see one side of the Moon?

1. WHAT’S YOUR IDEA?  Most  people have seen the "Man in the Moon", a pattern of craters and other geological features which many people perceive as a face.  You may not have thought about the fact that, from the Earth, we always see that side of the Moon.  We never see the other side.  Why is this so?  Think for a while about this, and then write your idea here.

2. WHAT ARE THE GROUP’S IDEAS?   Share your idea with the group.  Discuss any differences in opinions.  Write down any ideas which are significantly different than yours.

3. MAKING OBSERVATIONS: Try to model this idea for yourself.  Let one person in the group represent the Earth, and another person represent the Moon.  Let the “Moon” orbit the “Earth.”  First, try to have the Moon orbit the Earth without rotating, i.e. always facing the same wall.  In this case, does the Earth always see the same side of the Moon?  If not, try having the person representing the Moon keep facing the Earth as she orbits around.  Use this model to answer the following questions.  Be ready to demonstrate your answers to the class.

Does the Moon rotate?  What is your evidence?

If the Moon does rotate, what is its period of rotation?

Is there a "dark side" to the Moon, i.e. a side which is perpetually in the dark?

4. MAKING SENSE:  Using your observations, go back and revise your answer to the original question: Why do we only ever see one side of the Moon?  Write a concise group statement that answers the question. Present that statement to the class on a white board.

Activity A3.3: Why isn’t there an eclipse every month?

1. WHAT’S YOUR IDEA? The way we’ve been modeling the phases of the Moon, it seems like there ought to be an eclipse every month, but we know that isn’t so.  Why not?

2. WHAT ARE THE GROUP’S IDEAS? 

DEFINITIONS

Below are some figures illustrating the definitions of solar eclipse and lunar eclipse.  You should recall umbra (complete shadow) and penumbra (partial shadow) from the unit on light and optics.

A solar eclipse means that the sun is eclipsed by the Moon; this happens when the Moon passes directly between the Sun and Earth, blocking our view of the Earth.  You will recall from Investigation A1 that although the Sun is 400 times further away than the Moon, it is also 400 times larger than the Moon.  Thus the angular diameters of the Sun and Moon, as seen from Earth, are virtually identical. Thus in order for the Moon to block the Sun, the “Earth-Moon-Sun” lineup has to be virtually perfect.
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Note that only people inside the umbra will see the Sun totally eclipsed; persons inside the penumbra will witness only a partial eclipse. The tip of the umbra as it sweeps across the face of the Earth is never more than 170 miles wide; no wonder very few people have every witnessed a total solar eclipse!  (Experiencing a total solar eclipse is quite awe-inspiring; the word “eclipse” comes from the Greed “ekleipsis”, which means “abandonment”!) The umbra sweeps across the face of the Earth because of the relative movement of Earth and Moon; the speed of the umbra with respect to the Earth’s surface can be up to 1000 miles per hour; thus totality at any one point never lasts more than 7.5 minutes. 

A lunar eclipse means that the Moon is eclipsed by the Earth’s shadow; this happens when the Moon passes through the Earth’s shadow.
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In a total lunar eclipse, the umbra can be several times the diameter of the Moon, and thus a total lunar eclipse often lasts more than an hour.  Not only does a lunar eclipse last longer than a solar eclipse, but it can be observed by everyone on the nighttime side of the Earth.  Thus, even though solar and lunar eclipses occur with about the same frequency, many more people have seen lunar eclipses than solar.

3.  MAKING SENSE: What must the phase of the Moon be in order to have a solar eclipse?  What must the phase of the Moon be in order to have a lunar eclipse?  Explain your reasoning.

4.  WHAT’S YOUR IDEA?  Now let’s go back to the original question.  Why isn’t there an eclipse every time we have full moon and new moon?  Any new ideas?

5.  WHAT ARE YOUR GROUP’S IDEAS? Compare your ideas with the rest of your group.

6.  GOING FURTHER: In Investigation A2 we discussed the plane of the Earth’s orbit.  As it turns out, the plane of the Earth’s orbit around the Sun is not exactly the same as the plane of the Moon’s orbit around the Earth.  The two planes are tipped by about 5(, and thus the Sun, Earth, and Moon are not always in the same plane, and thus are not necessarily lined up in a straight line at new or full moon.  The figure below illustrates the two planes occupied by the two orbits.
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The line where the two planes intersect is called the line of nodes.  A node is defined as any point where the Moon’s orbit crosses the Earth’s orbit.  An eclipse can only happen when the Moon happens to be close to a node, and happens to be new or full at the same time.

In the figure below, the Moon is new.  The Sun is following its path in the sky, and the Moon is following its path. You are viewing them from Earth. In the particular month illustrated, the Moon and Sun do not meet close enough to the node, and there will be no total eclipse.  However, in this illustration they are close enough to the node for a partial solar eclipse to occur.
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It should now be clear why there is not an eclipse every month.  However, the next obvious question is: how often do eclipses occur?

The figure below shows four different orbits of the Moon around the Earth over a period of a year.  You are viewing the scene from far outside the solar system. The dashed portions of the Moon’s orbit are below the Earth’s orbital plane, and the solid portions are above the Earth’s orbital plane.
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Use this figure and the criteria for eclipses to predict approximately how often a solar eclipse will occur (partial or total), and approximately how often a lunar eclipse will occur (partial or total).  Explain your reasoning.  

Check your answers with your instructor before proceeding.
Investigation A4: Scale Models

Activity A4.1:  Scaling the Earth-Moon System

Focusing question: How far apart are the Earth and Moon?

Equipment: sticky notes, modeling compound, calculator, ruler, paper

1.  WHAT’S YOUR IDEA? Your instructor will draw a circle representing the Earth on the chalkboard.  The circle will be about 4 cm across.  Since the diameter of the Earth is about four times that of the Moon, draw a circle on your sticky note about 1 cm across.  These circles then represent the sizes of the Earth and Moon to scale.

Put your name on your sticky note, and then put it on the board near the “Earth” at what you think the correct distance should be on this same scale.  This is only a “prediction” to gauge your current concepts.  Then wait for your instructor to announce whose sticky is the closest!

Focusing question: How do you calculate a scale model?

2.  WHAT’S YOUR IDEA?  Suppose that you wanted to draw a scale model of the Earth-Moon system on a piece of paper?  What calculations would you need to make?  Try to write out the calculations on your own.  Assume that you will know the true size of the Earth, the true size of the Moon, and the distance between them.

3.  WHAT ARE THE GROUP’S IDEAS? Compare your plan for drawing a scale model to the plans of others in your group.  Write down any plans that are significantly different from yours.

4.  MAKING A SCALE MODEL.  Below are the true values for the Earth's diameter, Moon's diameter, and the average Earth--Moon distance.

	Earth diameter
	12,800 km

	Moon diameter
	3,476 km

	Earth--Moon distance

(center-to-center)
	384,000 km


Below, show all your calculations for drawing a scale model of the Earth-Moon system which will fit on a single sheet of paper.  After your calculations are finished, use a ruler and draw the model on a separate sheet.  Be sure to put your name on the paper. Each person should turn in their own sheet.  Have your instructor check your scale model before you proceed any further.

5.  WHAT’S YOUR IDEA?  How do the volumes of the Earth and the Moon differ?  The Earth’s diameter is about 4 times that of the Moon’s, but their volumes will scale differently. Imagine that you made many small balls of modeling compound that represented the Moon.  How many little Moons would you have to squash together to make an Earth at the correct scale? Try to come up with a scheme to estimate the answer to this question numerically.  (You may wish to recall that the volume of a sphere is 4/3 ( r3.)

6.  WHAT ARE THE GROUP’S IDEAS?  Compare your scheme with others in your group.  Write down any ideas that are significantly different than your own.

7.  DOING THE CALCULATIONS:  As a group, calculate how many identical balls of modeling compound it will take to form a larger sphere which has 4 times the diameter of the smaller balls.

8. MAKING THE OBSERVATIONS:  Test out your scheme using modeling compound.  Make sure all the small balls are the same size.  Record the number of balls you squash together,  the diameter of the small balls, and the diameter of the resulting large ball.  Show your results to your instructor before you proceed.

Activity A4.2: Scale Models of the Solar System

Equipment:  ruler, calculator, meterstick, Earth globe

Background

One of the problems with studying the solar system is that it is very difficult for students to appreciate the true scale, since it is impossible to represent the true scale in a textbook or in the classroom.  Typically two different scales are used: one for the relative sizes of the planets themselves, and another for the relative spacing between them.  Since the two scales are so disparate, rarely are both put on the same scale.  In this exercise you will construct a model of the  solar system to a single scale.

1.  CALCULATING THE SCALE

You will be using a scale where the Sun is about the size of a basketball. This turns out to be a ratio of about 1 to 5 billion (5,000,000,000.) Table I below provides the true diameters in km. Calculate the scaled diameter for each planet in km, and enter your calculations into Table I.  Then convert your answers to cm for the diameters.  You will wish to recall that  1 km = 100,000 cm. (Normally you would leave your answers in km, but the numbers are too small to work with.) 

Table II below provides the true distances in km. Calculate the scaled distance for each planet in km, and enter your calculations into Table I.  Then convert your answers to m.  You will wish to recall that 1 km = 1000 m. (Again, normally you would leave your answers in km, but the numbers are too small to work with.) 

Check your answers with your instructor before you proceed.

TABLE  I

	Planet
	True diameter (km)
	Scaled diameter (km)
	Scaled diameter (cm)

	Mercury
	4,900
	
	

	Venus
	12,100
	
	

	Earth
	12,800
	
	

	Mars
	6,800
	
	

	Jupiter
	142,800
	
	

	Saturn
	120,000
	
	

	Uranus
	51,100
	
	

	Neptune
	49,600
	
	

	Pluto
	2,300
	
	


TABLE II

	Planet
	True distance from sun (km)
	Scaled distance (km)
	Scaled distance (m)

	Mercury
	57,900,000
	
	

	Venus
	108,200,000
	
	

	Earth
	149,600,000
	
	

	Mars
	228,000,000
	
	

	Jupiter
	778,300,000
	
	

	Saturn
	1,427,000,000
	
	

	Uranus
	2,871,000,000
	
	

	Neptune
	4,497,000,000
	
	

	Pluto
	5,913,000,000
	
	


2.  SKETCHING THE PLANETS

Transfer the scaled diameters of the planets in cm to Table III.  Next, use a ruler to sketch each planet at the correct scale (in cm) in the next column.  These sketches should now be the proper size when compared with a basketball.

3.  CALIBRATING YOUR PACES

You should already have discovered that the distances between your tiny “planets” are rather large, much larger than anything you can measure with a meter stick. The easiest way to mark off these large distances is to pace them off.  To do this you will have to determine the size of the paces of one person in your group. Choose the person in your group who has the most consistent pacing.

First, transfer the distances in meters from Table II to Table III. To calibrate your pace, start by pacing 10 paces in the hallway.  Now use the meter stick to measure the length of that 10 paces.  Try to measure to the nearest cm.

10 paces = _____________ m

Next, divide 10 by your measurement to get the number of paces per meter:

# paces/meter   =    10 paces   (   __________  m    =     ______________

Now convert each sun-planet distance to the appropriate number of paces as follows:

Number of paces   =   (scaled distance in m)   (    # paces/meter

Have your instructor look over your work before you proceed. 

4.  GOING OUTSIDE

Now you will go outside and find out where on campus each of your tiny planets belongs. Starting at the bench at the north end of the walkway, head south and pace off the correct distance for each planet.  Have at least two people in the group responsible for counting the paces.  Record the location of each planet with respect to the buildings along the walkway, e.g. “near the front door of the Liberal Arts building,” or  “near the south end of the Physical Sciences building.”  Enter your description of each planet's location into Table III.  You only need to pace out the planets through Uranus; you can estimate Neptune and Pluto later. Return to the classroom when you are finished.

TABLE  III

	Planet
	Scaled Diameter (cm) (from Table I)
	Scale Drawing of planet
	Scaled Distance (m) (from Table II)
	Number of Paces
	Location along walkway

	Mercury


	
	
	
	
	

	Venus


	
	
	
	
	

	Earth


	
	
	
	
	

	Mars


	
	
	
	
	

	Jupiter


	
	
	
	
	

	Saturn


	
	
	
	
	

	Uranus


	
	
	
	
	

	Neptune


	
	
	
	
	(estimate)

	Pluto
	
	
	
	
	(estimate)




5.  MAKING SENSE:  Using your scale of the solar system, what would be the distance to the next nearest basketball (star)?  The next nearest star to the sun is Alpha Centauri at a distance of 4.0 x1013 (40,000,000,000,000) km.  Consult the globe. About where on the Earth would this basketball be? Show your calculations. You may want to know that 

1 mile =1.6 km.

6.  APPLYING THE CONCEPT: Some scientific questions can be addressed simply by considering the relative sizes of the objects involved, usually called a “scaling argument.”  For example, the distance between the sun and Alpha Centauri is in fact typical of the spacing between stars in our galaxy.  Do you think it likely that stars will collide very often?  Why or why not?

Investigation A5: The Moons of Jupiter

Activity A5.1: Measuring Orbits

This activity is adapted, with permission, directly from the booklet Moons of Jupiter by Great Explorations in Math and Science (GEMS), the Lawrence Hall of Science, University of California at Berkeley, 1995 revision.

Equipment:  slides of Jupiter and moons (# 1- 11), large sphere, small spheres

1. HISTORICAL BACKGROUND

The famous astronomer/physicist/mathematician Galileo Galilei was the first person to turn a telescope on the heavens and record what he saw.  His observations, first published in 1610, revealed mountains on the Moon, a multitude of stars in what had been known as the Milky Way, and four small bodies orbiting Jupiter. These discoveries hastened the downfall of the ancient Ptolemaic picture of the universe, which pictured all the celestial bodies as perfect spheres orbiting the Earth.  These beliefs had been elevated to articles of faith by the Catholic Church. 

Galileo’s discovery of the four brightest moons of Jupiter, today called the Galilean satellites in his honor, proved that it was possible for bodies to orbit objects other than the Earth.  Io, Europa, Ganymede, Callisto  -- named the Medicean stars by Galileo himself after the powerful Medici family of Florence -- are now known to be merely the four largest of over a dozen small satellites orbiting Jupiter.

In 1977 the two Voyager satellites were launched.  In 1979 they both flew past Jupiter on their way to the outer planets. The spacecraft sent back stunningly beautiful images of Jupiter’s cloud bands, and of the long-lived atmospheric storm called the Great Red Spot. However, the huge scientific surprise was the incredible variety of Jupiter’s moons.  This theme was repeated as the satellites flew by Saturn in the early 1980’s, and again in 1986 and 1989 when Voyager 2 swung past Uranus and then Neptune.

The four Galilean satellites are incredibly diverse.   Io, the innermost moon, is the only other body in the solar system besides Earth which is observed to have active volcanoes.  Io’s mottled surface is thought by many to resemble a pizza!  Next out is Europa, whose density indicates that it is composed mostly of rock.  However, its lack of craters indicates that the icy surface is constantly melting and cracking and refiguring itself.  Ganymede, the largest moon in the solar system, is actually made of about 50% water ice.  About one third of the surface is geologically old and heavily cratered, with the remaining terrain appearing heavily “grooved” and somewhat younger.  Callisto, the outermost moon, is also half ice, and appears to be a geologically “dead” world with a very dark and heavily cratered surface.

The Galilean satellites are easily seen as tiny stars on a clear night with a pair of binoculars.  Your instructor will show you a slide of an image of Jupiter and the four bright moons as seen through a telescope.  Your task today will be to follow the movements of the satellites in their orbits much as Galileo himself did.

2.  MAKING OBSERVATIONS: You will be shown nine images of Jupiter and its four brightest moons taken with a telescope.  The images are all taken 24 hours apart. The moon images have been colored such that the red moon is Io, the yellow moon is Europa, the blue moon is Ganymede, and the white moon is Callisto. (Through a telescope, your eyes would perceive them all as white.  The added colors are simply for identification purposes.)

The data sheets have been scaled so that they represent the same angular width in the sky as the slides.  The numbers represent millions of miles in the Jupiter system. Thus the number 1 represents a distance of 1 million miles to the “right” (west) of Jupiter, and a -2 represents a distance of 2 million miles to the “left” (east) of Jupiter.  These distances are measured from the center of Jupiter, not from the edge.

Divide into teams of four, with one team member responsible for each color moon. Your instructor will show you the time sequence of nine slides.  For each slide, record the position of your moon on your data sheet.  Use the first line for the first slide, second line for the second slide, etc., so that each observation is on a separate line. Estimate the position as precisely as you can. (Your measurement will be more precise if the circle that you draw to represent the moon is small.) Don’t forget to put your name and the color of your moon on the data sheet.

Your  moon color: __________________
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3.  LOOKING AT THE DATA: Get together in a group with everyone else in the class who observed the same color moon. Compare your observations, and resolve any discrepancies.  Then, as a group, determine the orbital period (in days) of your moon. Be careful; you are looking for the time difference between similar points in the orbit. Also estimate the uncertainty in your determination, i.e. how much longer or shorter could it have been without you noticing the difference?

Orbital period: ___________________________________

Estimated uncertainty:  ____________________________

Now go back into your original group. If you have less than four people in your group, get the data for the missing satellite from another group.

4.  WHAT’S YOUR IDEA? How might you determine the plane of the orbits with respect to yourself, the observer?  Were you seeing the orbits edge-on?  Face-on?  How do you know?

5.  WHAT ARE THE GROUP’S IDEAS?  Compare all the ideas in the group.  Write down any ideas that are significantly different from yours.

6.  MAKING SENSE: Does your group find any relationship between the length of the orbital period of a moon and the moon’s distance from Jupiter?  If so, describe the relationship carefully.

7.  WHAT ARE THE GROUP’S IDEAS? Discuss possible reasons for the relationship determined above.  Can you think of any other analogous situations?  Write down your group’s ideas.

9.  WHAT’S YOUR IDEA? Individually, predict the positions of all four moons at a time 10 days past the last slide, i.e. at day 19.  Draw your prediction here.
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10.  WHAT ARE THE GROUP’S IDEAS? Now compare your predictions with others in your group.  Resolve any discrepancies.  If you wish to revise your prediction, draw it here.
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Activity A5.2: The Phases of the Galilean Moons

1.  WHAT’S YOUR IDEA? If you lived on Jupiter (which would be difficult, since there isn’t a solid surface!), would the Galilean moons show phases?  If so, what would they look like? Would they appear any different than the phases of our own Moon that we see from Earth? Write down your thoughts on this question.

2.  WHAT ARE YOUR GROUP’S IDEAS?  Write down any ideas that are significantly different from yours.

3. MAKING OBSERVATIONS: Draw a diagram to model the phases of a Galilean moon as seen from Jupiter.   Label each phase. 

4.  MAKING SENSE: Now, as a group, consider this question: what will the phases of a Galilean moon look like as seen from Earth?  Illustrate what happens with a drawing, and label each phase.

Electronic Journal Assignment

Write a one-page essay describing how your understanding of the motions of the sun, moon, and stars has changed during this unit.  Include specific before-and-after examples.  Do not simply list what you have learned. Also comment on if and how your thought processes have evolved.  Do you approach a question any differently now than when you started?

E-mail the essay to your instructor.
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