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Winter 2007
Professor Wilkin
For this course, you are required to complete 12 hours of lab work, which will be divided into four three-hour sessions.  Since you get Gen-Ed lab credit for AST-050, the completion of the four labs is a requirement for the course.  For each lab you must show up, participate in following through with the lab exercises, and turn in a written report.  Attendance will be taken.  If you have any conflicts, contact your lab instructor as soon as you know of the conflict (preferably, at least a week before the lab).  If you miss a lab because of illness, contact your instructor as soon as you can and bring your instructor a note from the student health service (or whatever doctor or hospital you visited). Please note that you cannot assume that you can just switch lab sections in a given week because the labs may not occur in parallel and because equipment is limited. 

     The main goal of these labs is to teach you about the motions of the sky and several of the techniques by which the dimensions and motions of the Solar System have historically been determined.  We’ll find the orbital period of Mars (in the same manner as Kepler), the size of and distance to the Moon (using the method of Hipparchus), and the mass of Jupiter (using Newton’s law of gravitation).  There will also be evening opportunities to observe using Union's 20-inch telescope on top of the Olin Center. 

E-mail:  Because labs may be canceled, due, for example, your lab instructor will send information regarding modifications to the schedule by e-mail.  If you are not yet familiar with using the campus e-mail, now is the time to learn.  If you do not have an email account, or want email sent to an account other than to your Union College account, please inform the instructor as soon as possible.  Not receiving email is not an excuse for missing lab, and will result in a failing lab grade.

Lab Reports:  Each lab will require some written work to be handed in the week after the laboratory was performed.  For two labs, only the completion of the appropriate pull-out pages of the lab manual is necessary.  The other two labs will be written up in a full laboratory report.

The written lab reports should follow a general format that includes a heading or title page, an introduction, a description of the procedure, the necessary calculations and a discussion of the results.  Each of these sections should have the following content:

Heading or Title Page: 
include the title of the lab, date, your name, your partner(s)

name(s).

Introduction:  

briefly summarize the purpose of the experiment, and

describe its historical significance.

Procedure:


describe what you did during the lab, what you learned 




(put a little thought into what you got out of the lab), and 




what obstacles occurred (mistakes you made that you don’t 




want to make again...?).  

Calculations:  


describe the geometry of the measurements (in your own

words!), include your numerical data (make sure your data is clearly labeled and described), and write out the full calculations.

Results: 


summarize the main points of the lab and answer all the

questions asked in the manual.  Don’t forget to include your final numerical results!

Make sure your report is understandable to a student of your level, but who has no idea what your lab is about and has not read the lab manual.  Further, remember, when you write the report, keep one thing in mind: each student must write up his/her report in his/her own words.  Your report must be a reflection of the knowledge and understanding that is your own head.  Any report that has identical wording to another will be considered plagiarized.  In addition, if you take any material off of an internet source, cite the source.  Failure to do so will also be considered plagiarism.

Astronomy 50, Winter 2007
Lab 1: Sky Motions and Planet Visibilities

In this lab, we will examine motions on the sky and the orbits of planets as seen from the Earth. We will use Union's StarLab planetarium, two-dimensional sky charts, and the Voyager SkyGazer planetarium software that came with your textbook. Questions are listed on the Handout sheets – please fill in your answers there and hand in only those sheets.

I. StarLab

The Sky: Coordinate Systems.  Since the goal of astronomers is to observe and understand things that we see in the sky, we need to establish a system for finding things on the sky.  That is, we need to set up a "mapping" system for the sky so that whenever we choose to observe something, we need only to look up the position of that object, as defined in our mapping system, and point our telescope to that particular location on the sky.  This is also called a "coordinate system:" we assign each object a set of coordinates that are defined by the mapping system. Here is a general overview of the most important aspects.  Let me first warn you that most of this is hard to follow just by reading unless you are exceptionally skilled at 3-D imaging of a verbal description and also keeping track of definitions at the same time. The StarLab demonstration should be helpful for you in visualizing these terms. Refer also to the Sky Motions Laboratory Readings (linked in Week 3 on the Astronomy 50 Schedule webpage) and the SkyGazer planetarium program.

Mapping the sky is a bit complicated.   The sky (as we view it from the Earth) is spherical, and not flat like a road map.  This is not a new complexity, though; the Earth is also spherical.  The logical solution, then, is to set up a completely analogous system.  So, imagine that the sky is a spherical shell surrounding the Earth, and that it has lines on it that look like the Earth's lines of longitude and latitude.  We call this imaginary spherical shell the "celestial sphere."  The terms that astronomers use for these lines on the celestial sphere are "right ascension" (often abbreviated either as RA or with the greek letter ) and "declination," (abbreviated either as dec or ). The lines of Right Ascension are the extensions of the lines of longitude and the lines of declination are the extension of the lines of latitude.  Since the apparent rotation of the sky is actually due to the rotation of the Earth, the "poles" of the celestial sphere are the points directly overhead the poles on the Earth.  The celestial sphere, then, rotates like a sphere with a pole running through it from the north celestial pole to the south celestial pole.

A complication of mapping the sky is the rotation of the Earth, which causes the celestial sphere to rotate as we watch it, so that lines of right ascension and declination appear to move. The apparent motions of the sky depend on our location on Earth and what direction we view the sky.  View the motions in the four cardinal directions (north, south, east, west) in the StarLab and sketch them on your worksheet.

It takes a “sidereal day” for a particular line of right ascension to return to the same location in the sky, i.e., it takes a sidereal day for a particular star to return to the same location in the sky. In contrast a “solar day”, which is what we use for time, is the length of time for the Sun to return to the same location in the sky. A solar day is 24 hours long. A sidereal day is 23hours 56 minutes long. It is shorter because the Earth travels in its orbit and so it must rotate a bit more before the Sun is back in the same apparent position. This means that a star will rise 4 minutes earlier each night. After a month, a star will rise 2 hours earlier. So our perspective of the Universe changes throughout the year. We must take these motions into account when timing observations.

 We need also to define a system that describes the way a particular observer sees the sky at any particular moment in time.  Several important terms are:  

a)  "horizon":  defines the limit of what parts of the sky you can see at any particular moment.  It is due to the ground and structures on the Earth blocking your view of the sky.  If the Earth were transparent, you could also view the sky below your feet by looking through the Earth.  But, since the Earth is not transparent, you can't see this part of the sky, we say, because it is "below your horizon."  

b)  "altitude" (or “elevation”):  is the height of an object above your horizon at any given moment.  It is measured as an angle (since you can't really define the linear distance of a star above the horizon).  When a star is on your horizon (so that it is either just rising or just setting) its altitude is 0o and when it is directly overhead, its altitude is 90o.  

c)  "zenith":  is the point in the sky directly overhead.  The object at your zenith, then, has an altitude of 90o.  Since the sky rotates continuously, this point on the celestial sphere continually changes, unless you are standing on the either the North or South pole.  

d)  "meridian": is a line that runs through your zenith and through the north and south celestial poles.  This is a useful because it defines the highest point of a star (the largest altitude)  during its trek from East to West. Consider the following:  As the Earth rotates, you will see the stars move across the sky from East to West.  Some of the stars (the stars that are at the same declination as your latitude, meaning that they are on the same East-West line as you) will pass directly overhead on their trek westward.  The moment that these stars are directly overhead (i.e. at the zenith) is, obviously, the moment when they are "highest" in the sky.  But most stars will never pass directly overhead.  However the meridian still marks  their highest altitude in the sky.  This is important because it is the best time to observe a particular object, and it also defines the mid-point of the time that a star is visible above the horizon (i.e. the moment in time exactly halfway between when it rises and when it sets).   It is also the highest altitude for circumpolar (see below) stars.

e) "transit": (verb) means to pass through the meridian.  So, if I ask when does Mars transit, I mean at what time of day is Mars highest in the sky.  This is a typical question whose real meaning is "when is the best time to observe Mars?"

f) “circumpolar”: Stars which are near the north pole never rise or set, rather they are always above the horizon. At what location on the Earth are all stars circumpolar?

g) ecliptic:  The planets and the Sun  (and the Moon to some extent) follow approximately the same  apparent path--this path is called the "ecliptic".    

II. Two Dimensional Star Charts

This type of chart gives you a picture of the sky at a given date and time, as viewed from a given latitude. These charts are available from websites such as Heavens-Above.com or Sky View Cafe. (See http://www1.union.edu/~koopmanr/links.html for links to these sites, under Observation Planning Resources). 

Instructions:  

The  zenith is the point in the middle of the chart. The full 360o of the horizon is outer circle.   The N-S-E-W directions are marked at the edges of the circle. The orientation of the chart is  what you see if you stand with the star chart held directly over your head with the 'N'  toward the north.  Of course, you don't have to actually stand that way to make use of the star chart--this is just a description to help you understand what is displayed. The dots on the chart are stars, with size of the circle representing the brightness of the stars. Constellations are marked with lines and/or names. Planets appear as circles plus the name.

III. Voyager SkyGazer software

1. Open the SkyGazer software from the CDROM. Under the Control Menu, click on Set Location to set the location to Schenectady (you can use the List Cities button). Next hit the Now button in the Time Panel to reset the time to the computer clock. You will need to do this whenever you open the program (you can save your settings on your own computer so you don’t have to do this). SkyGazer now shows the view of the sky toward the West at the current time. Now change the time to sunset today – do this by clicking on the pull-down menu in the time panel and click on Set Time to Sunset.


The SkyGazer software can operate in a planetarium mode, although it will be projected in 2-D, unlike the StarLab which projects in a dome. Using SkyGazer, you can examine the motions of the stars and planets in time. Zoom out (using the zoom buttons at lower left in your window – note that they may be located under the task bar) so your display shows the whole sky. To move the sky, you can press Start on the Time Panel; this causes the sky to continuously move using the interval indicated. Press Start and observe the motions of the stars.  Are they similar to those you saw in the StarLab? To answer this question, it may be helpful to insert a right-ascension-declination coordinate grid. Do this using the Display menu, selecting (equatorial) coordinate grid.


Are any planets visible at the current time? If so, which ones and where would you look (e.g., give approximate angle above the horizon and direction such as West, Southwest, etc.)? You can scroll the sky using the scroll bars and/or change the zoom at lower left.

     Explore how the appearance of the sky changes as you change the latitude. Try locations further north, in the southern hemisphere, and at the equator. 

2. SkyGazer includes a Planet Orrery program useful programs for visualizing the Solar System and determining the visibility of planets. Under the File Menu, select Open Settings, Basics, and then Planet Orrery. This will open an ‘overhead’ view of the Solar System. (The blue grid shows a coordinate system in the Solar System. It can be turned off using the Display – Coordinate Grids menu.) You can change the viewpoint of the Solar System using the Latitude arrow in the Location Panel. You can also zoom in or out of the Solar System using the Distance scroll bar. Change the settings until you have a feel for the shape of the Solar System. How would you describe the shape of the Solar System?

3. Now set the Latitude to 90 and the distance to about 5 AU. We also need to add the Earth in its current position. To do this, go to the Control menu and select Planet Panel. This gives you a list of planets. Click on Earth. Finally, maximize the Time Panel and click on Now .  Look at the position of Earth relative to the other planets. To see the direction in which the planets rotate, set the time interval to 1 day (click on the box giving the interval, and then choose a new interval from the box which pops up) and then press the Start button in the Time Panel. Check the rotation directions of all the planets by zooming out using the Distance bar. How do the orbital speeds of the planets compare?

4.  By examining the relative positions of the Earth and the other planets, you can tell which planets are visible at night now and when they are best observed during the night. Click on Now in the Time Panel. For each of the indicated planets, give the approximate times of visibility (e.g., “between 3am and dawn”, or “dusk to 9pm”). Hint: Earth is turning in a counter-clockwise direction if you view the solar system from a latitude of 90. Determine first where you would have to be on Earth to see a dark sky. Then determine the location of sunset and sunrise. Now look at the locations of the planets and determine whether you can see them when the sky is dark. Start with Jupiter, then Saturn, then look at the other listed planets.

5 . Now change the time interval to 1 month. Advance 1 month at a time by pressing the ▐► button instead of Start. Investigate how the visibility of each of the indicated planets varies over the next year and when each is best observed.  Consider the following:

     (a) The best observations of outer planets are made when the planet is in opposition, meaning it is located in a direction directly opposite the Sun. At what times of the night can a planet in opposition be viewed? At what time of the night is the planet best viewed when it is at opposition?

     (b) Planets cannot be observed when they are close to conjunction, meaning that they are in the direction of the Sun. What planets will be in conjunction in the next year and when?

     (c) The best observations of planets interior to Earth are made when the planets are at  greatest elongation, i.e., the greatest apparent angular distance away from the Sun. What are the greatest elongation angles for Mercury and Venus? Do these planets reach greatest elongation in the next year? Why is it harder to see Mercury than Venus?

6. Each planet has its own orbital (sidereal) period around the Sun. Another important periodic motion as viewed from Earth is the synodic period, the time it takes for a planet to return to the same place in the sky with respect to the Sun, as viewed from Earth. Find the synodic period of Venus.

7.  Explore how the motions of the planets looks from the perspective of Earth. Under the Explore menu, click on Paths of Planets. The demo opens showing the motion of the Sun along the Ecliptic. Press the  ► button to see how the Sun moves along the ecliptic. Planets follow apparently retrograde motions on the sky. For example, select the “Looping Path of Mars”. Observe the motion of Mars with respect to the Earth. 

EXTRA CREDIT: Union College has its very own antique orrery. It is displayed in the Nott Memorial, on the 2nd floor near the stairwell. Stop by the Nott Memorial and view the Orrery.  Union College is fortunate to have many fine pieces of antique equipment, and the Orrery is one of our best. 

Astronomy 50, Winter 2007
Lab 1: Sky Motions and Planet Visibilities
NAME:


StarLab/Star and Planet Locator

You may also find it useful to refer to your Voyager SkyGazer software to help answer some of these questions.

1. Sketch the apparent motions of stars looking in the four cardinal directions: North, South, East, and West (Attach your worksheet). Make a sketch of the celestial sphere, as viewed from our latitude. Your drawing should look similar to the celestial sphere drawings linked online from the References pages. Identify the following in your drawings: horizon, zenith, north pole.

2. What is the significance of the North Star, in terms of the apparent motions of the stars as viewed from the northern hemisphere? Briefly explain why the apparent motions appear as they do.

3. Say that you observe the motions of the stars from the North Pole. How would the apparent motions of the stars differ from those observed in Schenectady? How would they differ if observed from a location on the Earth's equator? Make sketches of the motion of stars at the zenith.

4. Does the Sun rise and set in the same apparent locations throughout the year? Why or why not?

5.  Why do all the planets and Sun, and to some extent the Moon, all generally appear along one line on the sky?  What does that line represent?

6. What constellation will be nearest the zenith tonight at 7:00 PM? (Hint: your star chart and star charts you make online will be helpful in answering the questions in this part.)

At midnight?

Take the constellation that is highest at 7:00pm tonight. On what day of the year will this constellation be in the same position at 3:00AM? 

Lab1: Voyager SkyGazer

1. What planets are currently visible in the evening on the day of this lab? In which direction and at what approximate angle above the horizon would you look?

2. Describe the shape of the Solar System (e.g., round, football, frisbee).

3. Describe the motions of the planets around the Sun. In what directions do the planets move? Describe the relative orbital speeds of the planets. 

4. Which of the planets are visible during dark hours tonight and what is the approximate time range over which they are visible? For each of the indicated planets, give the approximate times of visibility (e.g., “between 3am and dawn” or “dusk to 9pm”).

Mars:

Jupiter:

Saturn:

Venus:

Mercury:

5. (a) Which planets will be at opposition in the next year and when? 

     (b) Which planets will be at conjunction this year and when?

(c) What are the greatest elongation angles for Mercury and Venus? Do these planets reach

greatest elongation in the next year? Why is it harder to see Mercury than Venus?

(d) Summarize how the visibility of each of the indicated planets varies over the next year and which months are the best to observe the planet in. Your answers should include a description of how the visibility of the planet varies over the entire year (e.g., “visible earlier and earlier in the evening until March, reappears in pre-dawn sky in August, visible earlier and earlier in the morning”)

     Mars: 

    Jupiter:

    Saturn: 

    Venus:

6. What is the synodic period of Venus?

7. Why do planets as viewed from Earth follow retrograde paths? Explain in terms of the actual motions of the planets. Consider both inner and outer planets? Do both inner and outer planets follow retrograde paths and why or why not?

EXTRA CREDIT:

How many planets are included in the Union College Orrery? Are all the planets geared (i.e., connected to the mechanism to simulate the correct orbit)? Why or why not? What year was the Orrery constructed?

Lab 1, Part II: The Orbit of Mars

Needed Math: Geometry

Introduction

Kepler’s determination of the orbit of Mars was at once a masterstroke of genius and a brilliant stroke of luck.  His discovery that retrograde motion could be explained by placing the sun in the center of the solar system solved a problem that had been plaguing astronomers for over 1500 years.  How did he do that?

In this lab, we will repeat Kepler’s analysis, using real data that parallels those used by Kepler in the 1600’s.  We will also use the same assumptions applied by Kepler to solve the problem: that the sun is at the center of the solar system, and that the Earth revolves around the sun in a perfectly circular orbit.

Method

Neither we nor Kepler know how long it might take Mars to orbit the sun.  All we can do is assume that Mars will show up at the same point in space after each revolution.  This assumption allows us to fix the position of Mars using paired data sets.

For example, let us say that it takes Mars 100 days to complete one orbit around the sun.  This means that Mars should be at more or less the same location in space every 100 days.  On the other hand, Earth will not be in the same place, since it takes 365 days to orbit the sun.  Therefore, if we note the direction of Mars from Earth on two separate occasions 100 days apart, and plot these directions on a piece of graph paper, Mars lies at the intersection of the two lines (see figure 1)
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Figure 1

Since we do not know how many days it takes Mars to orbit the sun, like Kepler, we are forced to plot data points for several possible periods (e.g. 90 days apart, 100 days apart, etc) until the locations of Mars make sense.  We will know we have found the orbit of Mars when all the points lay on a circular path around the sun.

On the attached chart are listed positions for Earth and Mars on several occasions.  The data pairs are given for observations 677 days, 687 days, and 697 days apart.  Our job is to plot these data and determine which set of pairs best describes the orbit of Mars.

To make a plot, place a piece of graph paper on the desk lengthwise.  Mark a point ten dark lines from the top of the paper, and seven dark lines from the right side.  This will be the position of the sun.  Next use a compass to draw a circle with a radius of  8 cm centered on the sun, this will represent the Earth’s orbit.  Since we have chosen a position of the sun close to the edge of the paper, we won’t be able to draw a complete circle.  Don’t worry – we won’t need it.  Finally, draw a vertical line along the 5th vertical extra-dark line from the right edge of the page.  This will be the surface of the “celestial sphere” in our model.

Now, we need to figure out where the Earth lies in its orbit for each of the highlighted measurement dates (the 21st of each month, most of which occur in 1997).  This data is given in the third column of the chart.  To plot these positions, lay a protractor on top of the sun, so that its base lies horizontally (parallel to the x-axis).  We will define March 21 as being at 0° – where the horizontal base of the protractor intersects the orbit of the Earth (to left).  Negative angles will be measured clockwise from this point, and positive angles will be measured counterclockwise (the direction of Earth’s revolution).  December will be near the top of the circle, and June will be near the bottom. Plot each position given in the highlighted boxes.

Now we will draw the direction to Mars on each of these dates.  These directions were measured from the Earth’s Surface, so the data should be plotted by placing the center of the protractor on the Earth, and measuring the direction to Mars with respect to the positive x-axis (the direction to the Sun on March 21).  In other words, place the protractor so that the Earth is in the center, and the edge is lined up along a horizontal line (as when you found March 21).  Then measure the angle to Mars starting from the right-hand side of the protractor.  Draw a line from Earth at this angle, extending it to the “celestial sphere” for each of the eight initial positions. Vary the color for each line.

Understand that the lines we have just drawn are lines of sight for Mars on certain days.  That is to say that Mars will lie somewhere along these lines, though we have no idea how far away it actually may be.  If we compare the movement of Mars to the stationary celestial sphere, we discover something pretty amazing – Mars displays retrograde (backwards) motion with respect to the stars.

This completes the basic set-up for this lab.  To finish the lab, ask your instructor what orbital period you should assume (677 days, 687 days, or 697 days) and plot the Earth position and Mars direction for each of the date pairs, just as you did above.  Use the same colors for corresponding pair dates. The intersection of these pair lines gives the calculated position of Mars for that pair.  When you have plotted all the pairs, connect the intersection points with a best-fit curve and look at your results.  Do they make sense?  What do they tell you about the orbital period of Mars?  Answer the questions on your hand-in sheet, and staple your plot to the sheet before handing it in.

	Date
	Days from Start
	Earth Position
	Mars position wrt Earth
	

	 
	 
	(in degrees from March 21)
	(in degrees ccw from +x-axis)
	

	 
	 
	 
	 
	

	Dec 21, 1996
	1
	-90
	176.5

	Oct 28, 1998
	677
	-142
	164.25
	

	Nov 07, 1998
	687
	-133
	169.75
	

	Nov 17, 1998
	697
	-123
	175
	

	 
	 
	 
	 
	

	Jan 21, 1997
	1
	-60
	185

	Nov 28, 1998
	677
	-112
	180.75
	

	Dec 08, 1998
	687
	-102
	187
	

	Dec 18, 1998
	697
	-92
	191
	

	 
	 
	 
	 
	

	Feb 21, 1997
	1
	-30
	185.25

	Dec 29, 1998
	677
	-81
	196.25
	

	Jan 08, 1999
	687
	-71
	200.75
	

	Jan 18, 1999
	697
	-62
	205
	

	 
	 
	 
	 
	

	Mar 21, 1997
	1
	0
	176.75

	Jan 26, 1999
	677
	-54
	208.25
	

	Feb 05, 1999
	687
	-44
	212
	

	Feb 15, 1999
	697
	-34
	215.25
	

	 
	 
	 
	 
	

	Apr 21, 1997
	1
	30
	168.75

	Feb 26, 1999
	677
	-23
	218
	

	Mar 08, 1999
	687
	-13
	219.75
	

	Mar 18, 1999
	697
	-3
	220.25
	

	 
	 
	 
	 
	

	May 21, 1997
	1
	60
	171

	Mar 28, 1999
	677
	6
	219.75
	

	Apr 07, 1999
	687
	16
	218
	

	Apr 17, 1999
	697
	26
	215
	

	 
	 
	 
	 
	

	Jun 21, 1997
	1
	90
	180.75

	Apr 28, 1999
	677
	37
	211
	

	May 08, 1999
	687
	47
	207.5
	

	May 18, 1999
	697
	57
	204.5
	

	 
	 
	 
	 
	

	Jul 21, 1997
	1
	120
	194.25

	May 28, 1999
	677
	67
	202.75
	

	Jun 07, 1999
	687
	76
	202.5
	

	Jun 17, 1999
	697
	87
	203.25
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Examine your best-fit curve and comment on it.  Is your curve a likely representation of the orbit of Mars?  Explain.

Compare your best-fit curve with others.  Be sure to examine the best-fit curves for each assumption of orbital period (677 days, 687 days, and 697 days).  How do the three plots differ?

Which plot is most likely to be the true orbit of Mars?  Explain.

What, then, is the orbital period of Mars?  (circle one)
677 days









687 days









697 days
Astronomy 50

Lab 2
, Part 1: Phases of the Moon

The Earth and the Sun: Review of Time

1. Make a sketch of the Earth, with light rays from the sun arriving from the left. Imagine that you are viewing the Earth from above, looking down at the North Pole. Show the direction in which the Earth is spinning (counter-clockwise). Indicate where you would be located on the Earth to view sunrise, sunset, noon and midnight.

The Sun, Earth and Moon System: Motion and Phases of the Moon

2. (a) Now make a sketch showing the Moon's orbit around the Earth.  Show with arrows the direction in which the Earth is spinning and the Moon is orbiting. The Moon orbits the Earth in the same direction that the Earth spins. Draw a circle representing the Moon at the following places in the orbit: (i) between the Earth and the Sun, (ii), directly opposite the Earth from the Sun, (iii) so that the angle between the Sun and the Earth and the Earth and the Moon is 90 degrees, with the Moon below the Earth, and (iv) so that the angle between the Sun and the Earth and the Earth and the Moon is 90 degrees, with the Moon above the Earth. These locations correspond to the following phases:  (i) New Moon, (ii) Full Moon, (iii) First Quarter, and (iv) Third Quarter.

(b) On your sketch, indicate the lighted portion of the Moon. The view of the lighted portion of the Moon from the Earth determines the phase of the Moon. Note that the Moon has an orbit which is inclined to the orbit of the Earth around the Sun. For this reason, the Moon rarely enters the shadow of the Earth. (When it does, we have a lunar eclipse  -  see 3 below.)

(c) Sketch what an observer on earth would see for each of the 4 phases in your diagram. Give the time when the Moon would be rise and the time at which it would be highest in the sky for each phase.

The Sun, Earth and Moon System: Eclipses

3. An eclipse of the Moon occurs for rare times when the orbit of the Moon carries it through the shadow of the Earth. What is the phase of the Moon when there is a lunar eclipse?

4. An eclipse of the Sun occurs for rare times when the orbit of the Moon carries it directly in front of the Sun as viewed from Earth. What is the phase of the Moon when there is a solar eclipse?

The Moon’s Motion Across the Sky

5. The Moon completes an orbit about the Earth once in about 30 days. This means that its position with respect to the stars will vary from day to day. Over the course of an orbit, the Moon will move 360 degrees. 

a. How many degrees does the Moon move across the sky per day of its orbit?

b. Since the Moon changes its position with respect to the stars, it will have a different rising time every day. Will the Moon rise earlier or later each day? Justify your conclusion with a sketch: (If it helps, use the methods in Questions 1 & 2 to help you answer.)

c. Over the course of a 24-hour day, the Earth rotates 360 degrees. Thus the sky appears to be move at a rate of __________________  degrees/hour. 

d. Given the answers in part (a) and (c), calculate the difference in the rising time of the Moon from day to day:

RAK, B. Hufnagel, MSU

Lab 2, Part 2:  Size of and Distance to the Moon

     The diameter and distance of the Moon can be inferred from carefully observing a lunar eclipse.  Basically, the idea behind this lab is that since a lunar eclipse occurs because the Moon enters into the Earth's shadow, one can directly see and hence compare the size of the Moon with that of the Earth’s shadow.  While the Moon is partway into the shadow, you can take a picture, using an ordinary camera and film.  The picture that you get will look something like Figure 1, below (which I have 













Figure 1

intentionally not drawn to scale--so don’t use this figure for your analysis).  Using the curvature of the Earth’s shadow you can extrapolate to make a complete circle, like the dashed line in Figure 1.  Then, you can measure the size of the Moon and the size of the Earth’s shadow on the scale of the picture; the ratio that you measure on your picture is the same ratio as in reality.  Once the relationship between the size of the Earth’s shadow and the size of the Earth is determined (tricky!), the actual diameter of the Moon can be easily calculated knowing the actual diameter of the Earth (from your textbook).  Finally, knowing the actual size of the Moon, you can find the distance to the Moon by measuring its apparent size.

Historical Perspective

     This method of finding the distance to and size of the Moon was used by the Greek astronomer Hipparchus (194-120 BC). Hipparchus is noted as perhaps the greatest Greek observational astronomer.  While most of his writings have been lost, his meticulous measurements of Sun, Moon, planet and star positions over a 30-year period were preserved by Ptolemy in his work, the “Almagest”.  His result for the distance to the Moon comes close to the modern value.

Procedure

Part 1 – The Diameter of the Moon

    There is no lunar eclipse this term, so we will use a photo of a lunar eclipse taken from the web site of an amateur astronomer.  Using the picture, first extrapolate the Moon and the shadow of the Earth on the Moon to complete circles.  Measure the diameter of the shadow of the Earth, Dsh from picture, and measure the diameter of the Moon, DM from picture.  Note that these relative sizes are the same as in reality, so you can calculate their ratio:
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We know the actual diameter of the Earth is 12,756 km.  Once the actual diameter of the Earth is related to the actual diameter of the Earth’s shadow, the above measured ratio can be used to find the actual diameter of the Moon.  This relationship is given by the equation:
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The derivation of this equation is completely described in the Appendix at the end of this section of the lab manual.  Once you measure the diameters from the picture and calculate the ratio above, use these two equations to solve for the diameter of the Moon, DM.  Note – this last step requires a bit of algebra.  Ask for help from your instructor or another student if you get stuck.

Part 2 – The Distance to the Moon

     The distance to the Moon can be inferred from the diameter of the Moon.  Recall from lecture that the actual size of an object is related to its angular size and its distance. That is, the diameter of the Moon, DM, and the distance of the Moon, dM, are related to the angular size of the Moon, M, by
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Therefore we just need to measure the Moon’s angular size to determine its distance.

     We can make a measurement of the angular size of the Moon using a  “cross-staff”.  Imagine holding up a ruler to the sky at arm’s length (say about 70 cm) and measuring the apparent distance between two objects.  Suppose you measured the apparent distance to be 2 cm.  What you found is that the angular separation between the two objects is the same as that of the 2 cm markings on the ruler held at a distance of 70 cm.  Since you know the actual size and distance of the latter, the angle, given by the small angle approximation, is  (in radians) ~ 2 cm/70 cm.  A more accurate “cross-staff” consists a ruler tacked to the end of a stick of fixed length, which is held up to one’s eye.  The measured angular size of the Moon is then
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This value should be ½ degree.  If the Moon is visible during the lab period, we may make this measurement outside. Otherwise you will use ½ degree.  In this case, we will also make a demo measurement during the lab period, so that you will have some practice in making the measurement.

     Substitute the measured angular size of the Moon, M, into equation (3) along with your measured value for the diameter of the Moon, DM, and solve for dM to obtain the distance to the Moon.

To Hand In:

     Write a full lab report on Part 2 of the experiment. Please follow this format (also given in the Lab Syllabus):

Written Lab Format:

Heading:

 
include the title of the lab, date, your name, your partner(s)

name(s).

Introduction:  

Summarize the purpose of the experiment, and

describe its historical significance (you can research this on the internet or using your book). See questions to address below. You should also explain why there are eclipses in this part.

Procedure:
describe what you did during the lab. DO NOT just copy the lab procedure, which is really a list of instructions. You can use this as a guide, but you should report, in past tense, what you did. You may want to comment on what you learned (put a little thought into what you got out of the lab), and, optionally, what obstacles occurred (mistakes you made that you don’t want to make again...?).  

Calculations:  
  

describe the geometry of the measurements (in your own

words!), include your numerical data (make sure your data is clearly labeled and described), and write out the full calculations. 

Results: 


summarize the main points of the lab and answer all the

questions asked in the manual.  Don’t forget to include your final numerical results! 

Make sure your report is understandable to a student of your level, but who has no idea what your lab is about and has not read the lab manual.  Further, remember, when you write the report, keep one thing in mind: each student must write up his/her report in his/her own words.  Your report must be a reflection of the knowledge and understanding that is your own head.  Any report that has identical wording to another will be considered plagiarized.  In addition, if you take any material from an internet source, cite the source.  Failure to do so will also be considered plagiarism.

Since this experiment is of notable historical significance, include a discussion of about one page on this history in the Introduction section of your report.  In this section,

· discuss Hipparchus’s method for finding the distance and size of the Moon that we are using in this experiment.  What values did he report for these quantities? 

· Who first used this method to measure the diameter of the Moon?  What value(s) did they report? How do they compare to Hipparchus’s values?

· Why were these measurements so important in the history of astronomy?

You should use library books and the Internet to assist you in writing the Introduction.  Be sure to cite all your sources and do not plagiarize.    In your results section, be sure to give your results and compare them to those of Hipparchus and to the accepted values given in your textbook. If you have any questions about what should be included in your write-up, please ask your instructor.

In addition, please attach the pull-out sheets from Part 1 as an appendix to the lab report.

Appendix

     Here we are concerned with figuring out the relation between the size of the Earth’s shadow and the size of the Earth.  Let’s start by considering the geometry of a lunar eclipse.  The situation, as seen from the North Pole, is depicted in Figure 2 below.  Note that the Earth's shadow is really a cone in space.  It comes to a point because the Sun is so much bigger than the Earth.  The Moon orbits the Earth at a distance of dM.
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Figure 2
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Figure 3

Now consider Figure 3, which is similar to Figure 2 but with some distances and lengths labeled with variables.  The only variables you need to follow are , DS, DE, dS, and Lsh.   is the angle that the Sun’s rays meet at the end of the shadow, DS is the diameter of the Sun, DE is the diameter of the Earth, d​S is the distance of the Sun, and Lsh is the length of the Earth’s shadow.  Note that  is also the angular size of the Earth as seen from the end of the Earth’s shadow.  Consider the relative sizes of the Sun and the Earth.  Since the Sun’s diameter is so much much larger, the distance from the Earth to the end of the shadow is a tiny fraction of the distance from the Sun to the end of the shadow.  Therefore, the distance from the Sun to the end of the shadow is essentially the same as the distance of the Sun from the Earth (these distances differ by only 1%).  Think about what this means--that the angle  is essentially the same as the angular size of the Sun as seen from the Earth.  And, since we get such beautiful solar eclipses we also know that the angular size of the Sun must equal the angular size of the Moon.  Therefore, the angle  also equals the angular size of the Moon.  This is extremely convenient, for then we can draw Figure 4, below.

[image: image7.wmf]






Figure 4

     In Figure 4, the Moon is at the edge of the Earth’s shadow, as if this were a snapshot of Figure 2 taken at the time the Moon has just left the Earth’s shadow.  Additionally, another line is added--the line on the bottom going from the edge of the Earth to the edge of the Moon (and beyond).  Now note that we have two lines going from the lower edge of the Earth to either side of the Moon: one is the lower edge of the Earth’s shadow and the other is the line that has been added.  What we have, then, is a representation of the angular size of the Moon as seen from the Earth (when the Moon is on the horizon).  Now recall that the angular size of the moon equals the angular size of the Sun, which equals angle , the vertex angle of the Earth’s shadow.  The fact that these two angles are equal, by the geometrical law of “alternate interior angle”, means that in Figure 4, the top and bottom lines extending from the edge of the Earth to the left must be parallel.  Therefore, the perpendicular distance between these two lines at any two points will be equal.  And now for the final point: this means that the distance between these two lines at the position of the Moon is equal to the distance between the two lines at the Earth.  This means that Dsh plus DM equals DE, the diameter of the Earth. That is,
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Lab 3: Measurement of Mass


In this lab, you will calculate the mass of Jupiter and the mass of an extrasolar planet using established physical theories, namely the equation for circular orbits derived from Newton’s Laws and Newton’s Universal Law of Gravity. 

Part I: The Mass of Jupiter

In order to use the equation for circular orbits to find the mass of Jupiter, we need to measure the orbital properties of one of its satellites.  This can be done from the Earth by taking a series of pictures of the Jupiter system through a telescope.  By watching and measuring the motion of one of Jupiter’s moons, the moon’s orbital radius and period can be calculated (and from this, you can calculate Jupiter’s mass).  We could take these pictures ourselves using Union’s telescope, but this would require at least one (preferably two) all-night observation sessions.  In lieu of waiting for a clear night and staying up all night to take data, we will use computer software that simulates data taken by a telescope similar to Union’s.  With this software, you can watch and measure the orbital progression of each of Jupiter’s Galilean moons as seen from Earth,  as described below.  

Procedure – The Orbit of Io

     If you look through a telescope at Jupiter, you’ll see something like: 
The moons appear to be lined up because we are looking edge-on to the orbital plane of the moons of Jupiter.  As time goes by, the moons will move about Jupiter.  While the moons move in roughly circular orbits, you can only see the perpendicular distance of the moon to the line of sight between Jupiter and the Earth (see Figure 1 and Figure 2). 


Therefore, the perpendicular distance of the moon should be a sinusoidal curve if you plot it versus time (see Figure 2).  By taking enough measurements of the position of a moon, you can fit a sine curve to the data and determine the radius of the orbit (the amplitude of the sine curve) and the period of the orbit (the period of the sine curve).  Once you know the radius and period of the orbit of the moon, you can determine the mass of Jupiter using the equation for circular orbits derived from Newton’s laws of motion and Newton’s Law of Universal Gravitation.




Figure 2: Expected variation in apparent position in time. The 0 line on the y-axis

                                          is the position of Jupiter.

Procedure – CLEA Jupiter Software Progam

The Jupiter program simulates the operation of an automatically controlled telescope with a charge-coupled device (CCD) camera that provides a digital image to a computer screen.  It is realistic in all important ways, and using it will give you a good feel for how astronomers collect data from digital images.  Instead of using Union’s telescope and observing all night two nights in a row, the computer simulation shows the moons to you as they would appear if you were to look through a telescope at the specified time.

Instructions for using the Jupiter program

  Follow the instructor’s directions to open the CLEA program. 

  The menu bar on the opening screen contains three options, Log In, Quit, or Help.  Start by choosing Log In.  Enter your name and your partner’s name (table number not necessary) and click OK.  If your names are entered correctly hit Yes when prompted.

  Select Start from the menu bar to begin the program.  Enter the start date and time for observation night #1 (note: this will be different for EACH lab group).  Set the Observation Interval (Hours) to 1.00. Once all information has been correctly entered, click OK to begin the simulation.

  The display shows Jupiter and its four Galilean moons as they would appear, at the particular date and time stated in the lower left corner, seen through a telescope on Earth.  We will use Io, the inner most moon. Find Io on the display by clicking on each moon.  If the moon’s name does not appear in the lower right corner, you did not center the cursor on the moon; try again.  Keep in mind that Io, though it is the moon closest to Jupiter, does not necessarily appear closest to Jupiter on the display (explain why not).  You can view the display in four magnifications by clicking on the 100X, 200X, 300X, 400X buttons at the bottom of the screen.  The orbit of Io is always within the field of view of the 400x magnification, so for greatest ease and accuracy of orbital measurements click on the 400X button before taking data.

  Click on Io, and note that its position on the display is given in the lower right corner under its name.  The top two numbers give the X-Y position of the moon in pixels.  The bottom number X is the perpendicular distance (in units of Jupiter’s diameter) from the Earth-Jupiter line of sight for the selected moon as well as an E or W to signify whether it is east or west of Jupiter.  Record the Universal Time and the perpendicular distance of Io on your observation sheet, using positive numbers for measurements west of Jupiter and negative numbers for east (for example, record X=2.75E as –2.75).

  Hit Next to make the next measurement.  Note that, as in reality, at some random times the observation will be clouded out; if this happens, just enter “clouds” on your data table for that date and time.  When Io goes behind the disk of Jupiter (so that it is not visible from Earth), enter “behind disk” on your data table.  Continue taking measurements until you hit your stop time (indicating the Sun has come up!).  You’ve completed your first night of observations.

  Go to the next night of observations by clicking on the Start menu bar option. Enter the start date and time for observation night #2, and click on OK.  Take the second set of measurements.

Data Analysis

Once you have recorded data from both nights of observation, you are ready to analyze your data.  The first step of the analysis is to make a plot of perpendicular distance versus time.  You can choose to plot your data by hand or using Excel.  Either way, it is most convenient for the analysis to plot distance versus time in hours rather than distance versus date and time.  Conveniently the Hour # column of your data table is already set up; note that 24 hours pass between the start times of nights #1 and #2, so night #2 begins with hour 24.


Your plot will look something like this:
Recall the plot of Io’s motion should look like a sine curve.  Though your plot has a few holes in it (why?) you should still see the general shape of a sine curve.  Draw on your graph (or the printout of your graph if you’ve used Excel) the sine curve that best fits your data.  Note that since the orbital motion of Io is regular (i.e., Io does not speed up or slow down from one period to the next, and its orbital radius is constant), your sine curve should also be regular, and should be a smooth best-fit of the points.

Once your sine curve is complete, Io’s orbital period and radius can be extracted from it.  The period is the time it takes to return to the same point in the orbit, so on your plot it is the time between two maxima.  You may find it easier to measure the time between two crossings at 0 JD; this is equal to ½ of the period. The radius of the orbit is its maximum apparent position eastward or westward.

     Convert the orbital period from hours into seconds and the orbital radius from Jupiter diameters into meters.  Calculate the mass of Jupiter using the equation for circular orbits (use the back of your observation sheet).

Lab 3: Part I: The Mass of Jupiter
DATA
NAME:

Observation Night #1



Observation Night #2

Start:
Date





Start:
Date






Time






Time





End: 
Date





End: 
Date






Time






Time





	
	
	
	

	
	Date and Time
	Hour #
	Perpendicular

	
	(UT)
	
	Distance (JD)

	Observation 
	
	0
	

	Night #1
	
	1
	

	
	
	2
	

	
	
	3
	

	
	
	4
	

	
	
	5
	

	
	
	6
	

	
	
	7
	

	
	
	8
	

	Observation
	
	24
	

	Night #2
	
	25
	

	
	
	26
	

	
	
	27
	

	
	
	28
	

	
	
	29
	

	
	
	30
	

	
	
	31
	

	
	
	32
	


Orbital Period:


     hrs.


Orbital Radius:

    JD

Orbital Period:


     sec.


Orbital Radius:

     m









(Note: 1 JD = 1.43 x 108 m)

Write an equation for the mass in terms of the period and orbital radius as derived in class:   

Calculation of Jupiter’s mass:

(Note: G = 6.67 x 10-11 N-m2/kg2  and accepted value of Jupiter’s mass = 1.9 x 1027 kg).

Part II: The Mass of an Extrasolar Planet

In the past few years, over 140 possible extrasolar planetary systems have been found. It is important to realize that these extrasolar planets have not (yet) been imaged. Rather, we have found stars which “wobble” in the sky, i.e., they show a small orbital variation in their position. This “wobble” is presumably due to the gravitational influence of an orbiting planet(s). 

In this part, you will examine actual data from observations of the star 51 Pegasi (51 Peg) made at the Lick Observatory in California. The data are the measurements of the Doppler shift of the wavelengths of the absorption lines seen in the spectra of 51 Peg. The table below lists the measured line-of-sight velocities (in m/s) as a function of time (in days). As you can see, the velocities are sometimes positive and sometimes negative, indicating that sometimes the star is receding (the velocity is positive and the wavelength is shifted to longer values) from us and sometimes the star is approaching us (the velocity is negative and the wavelength is shifted to shorter values).  This variation in line-of-sight velocity was the first indication that the star 51 Peg has an invisible companion. 

Observations:

 TABLE 1: 51 Pegasi Radial Velocity Data

	Day
	v (m/s)
	Day
	v (m/s)
	Day
	v (m/s)
	Day
	v (m/s)

	0.6
	-20.2
	4.7
	-27.5
	7.8
	-31.7
	10.7
	56.9

	0.7
	-8.1
	4.8
	-22.7
	8.6
	-44.1
	10.8
	51

	0.8
	5.6
	5.6
	45.3
	8.7
	-37.1
	11.7
	-2.5

	1.6
	56.4
	5.7
	47.6
	8.8
	-35.3
	11.8
	-4.6

	1.7
	66.8
	5.8
	56.2
	9.6
	25.1
	12.6
	-38.5

	3.6
	-35.1
	6.6
	65.3
	9.7
	35.7
	12.7
	-48.7

	3.7
	-42.6
	6.7
	62.5
	9.8
	41.2
	13.6
	2.7

	4.6
	-33.5
	7.7
	-22.6
	10.6
	61.3
	13.7
	17.6


Note 1: The days of the observations in the table are expressed in the number of days, or fraction thereof, from when the astronomer first started observing. (The dome of the telescope was first opened at Day=0).

Note 2:  The line-of-sight velocities were found from the wavelength shift of absorption lines, based on the Doppler Effect.

Data Analysis

Use Excel or graph paper to make a plot of the data, putting the time on the x-axis and the radial velocities on the y-axis. Add labels for each axis, including the units.

What do you expect your data to look like and why? Draw a smooth best-fit curve through the points, estimating the curve in places where data are missing. (Why are data missing?)

From your graph, estimate the period of the orbit and the orbital velocity Also estimate how accurate your determination of the period and velocity are (ask for help with this, if necessary).

In order to measure the mass of the planet, we must make some simplifying assumptions: 

(a) The orbit of the planet is circular (orbits are often close to circular).

(b) The mass of the host star is the same as the Sun’s (good approximation in this case).

(c) The mass of the planet is much, much less than that of the star  (usually true).

(d) We are viewing the system nearly edge-on (this could significantly bias our estimate).

(e) We express everything in terms of the mass and period of Jupiter.

We can then use the orbital velocity equation and Newton’s laws of motion to derive a relationship between the orbital velocity of the star and the period and the mass of the planet. If we express this relationship in terms of the orbital velocity of the Sun (13 m/s) and the period (12 years) and mass of Jupiter, we obtain the following equation:
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where P is the period (which is the same for the star and for the planet) and K is the orbital velocity. To use this equation, express the period you determined from your data in years (or fraction of a year) and use the velocity in m/s. Your answer will be the mass of the planet in units of the mass of Jupiter (for example Mplanet = 4 MJupiter).

The mass of your planet is:

You can also calculate the distance of the planet from the star. Since the star is assumed to have the same mass as the Sun, Kepler’s 3rd law can be used:





P2 = a3 = r3

where a = r because we are assuming a circular orbit. Here, P is measured in years and r is measured in AU. 

The orbital radius of your planet is:

To Hand In:

You will write a laboratory report for this lab. Please follow the format given in the Lab Syllabus. Be sure to include your data table and figures, clearly showing your fit to the data.  Explain how you made the fit in the text.  Label each Figure with a number and refer to the figure in your text using that number. 

Consider the following questions in your report:

  How do your results for Jupiter's mass compare with the accepted values? Give reasons which might account for any possible discrepancy. (Be specific. It is not enough to say 'human error.')

  Who first estimated the mass of Jupiter and what was the result? Compare to your result.

  Comment on the power/use of correct theories (for example: Newton’s Laws) for inferring additional information that otherwise can’t be known.  What quantities could you determine by using these theories that you wouldn’t have any knowledge of otherwise?  How important are these quantities to our studies of the Solar System?  What are some important implications that result from knowledge of these quantities?

  Comment on your results for the extrasolar planet in comparison to the characteristics of Jupiter and the other planets in our Solar System. How does this extrasolar planet differ in mass and/or radius? Are the mass and orbital radius of the planet consistent with the ideas of planetary formation we discussed in class, or are your results surprising? To answer this question, consider that large planets like Jupiter must be made up of mostly gas, since the elements in rock are not plentiful enough in the Universe to build large mass planets. Do you think your planet would be hospitable to life?

The answers to these questions should be integrated in your writeup. Do not present the answers in a list or as a series of unrelated paragraphs.

Material from Part I partly extracted from CLEA Jupiter Student Manual

Material from Part II partly extracted from U.Washington Astronomy Labs
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