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Goal
This lab will allow you to calculate the mass of Jupiter by taking measurements of its moons.  You will be using a freeware program developed by Project CLEA.  

The first step is to download the program.  To do this, go to 

http://www3.gettysburg.edu/~marschal/clea/juplab.html
click on JupLab.EXE and follow the instructions onscreen to download. 

Warning:  The download may take about 5 minutes!  

The historical background, and instructions for completing the lab are given on the following pages.   The instructions have been modified and simplified from the Project CLEA Student Manual.  Some points to keep in mind as you read the instructions:

1. You will be gathering data for only TWO of Jupiter’s moons, Callisto and Ganymede.

2. When you are asked to LOGIN, use your first and last name.  You may ignore the table number box.   

3. Your instructor will arrange for how to submit your results after you have completed the lab. You may hand these in at your class, or send them via fax and email. Follow your instructor’s instructions.
Equipment
This experiment uses a Windows computer, the CLEA program The Revolution of the Moons of Jupiter, and a scientific calculator.  (Note that your computer may provide such a calculator.)

Historical Background

Astronomers cannot directly measure many of the things they study, such as the masses and distances of the planets and their moons.  Nevertheless, we can deduce some properties of celestial bodies from their motions despite the fact that we cannot directly measure them.  In 1543 Nicolaus Copernicus hypothesized that the planets revolve in circular orbits around the sun.  Tycho Brahe (1546-1601) carefully observed the locations of the planets and 777 stars over a period of 20 years using a sextant and compass.  These observations were used by Johannes Kepler, a student of Brahe’s, to deduce three empirical mathematical laws governing the orbit of one object around another.  Kepler’s Third Law is the one that applies to this lab.  For a moon orbiting a much more massive parent body, it states the following:
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where 
M is the mass of the parent body in units of the mass of the sun

a is the length of the semi-major axis in  units of the mean Earth-Sun distance, 1 A.U. (astronomical unit).  If the orbit is circular (as we assume in this lab), the semi-major axis is equal to the radius of the orbit.

p  is the period  of the orbit in Earth years.  The period is the amount of time required for the moon to orbit the parent body once.
In 1609, the telescope was invented, allowing the observation of objects not visible to the naked eye.  Galileo used a telescope to discover that Jupiter had four moons orbiting it and made exhaustive studies of this system, which was especially remarkable  because the Jupiter system is a miniature version of the solar system. Studying such a system could open a way to understand the motions of the solar system as a whole.  Indeed, the Jupiter system provided clear evidence that Copernicus’ heliocentric model of the solar system was physically possible.  Unfortunately for Galileo, the inquisition took issue with his findings; he was tried and forced to recant.

Introduction

We will observe the four moons of Jupiter that Galileo saw through his telescope, known today as the Gallilean moons.  They are named Io, Europa, Ganymede and Callisto, in order of distance from Jupiter.  You can remember the order by the mnemonic “I Eat Green Carrots.”  

If you looked at Jupiter through a small telescope, you might see the following:
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Figure 1
Jupiter and Moons Through a Small Telescope

The moons appear to be lined up because we are looking edge-on at the orbital plane of the moons of Jupiter.  If we watched, as Galileo did, over a succession of clear nights, we would see the moons shuttle back and forth, more or less in a line.  While the moons actually move in roughly circular orbits, you can only see the perpendicular distance of the moon to the line of sight between Jupiter and Earth.  If you could view Jupiter from “above” (see Figure 2), you would see the moons traveling in apparent circles.  
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	Figure 2
View from above the Plane of Orbit

Rapparent shows the apparent distance between the moon and Jupiter that would be seen from earth.


As you can see from Figure 3 on the next page, the perpendicular distance of the moon should be a sinusoidal curve if you plot it versus time.  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 that moon and convert them into appropriate units, you can determine the mass of Jupiter by using Kepler’s Third Law.  You will determine Jupiter’s mass using measurements of each of the four moons; there will be errors of measurement associated with each moon, and therefore your Jupiter masses may not be exactly the same.
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	Figure 3

Graph of Apparent Position of a Moon

The apparent position of a moon varies sinusoidally with the changing angle from the line of sight,  , as it orbits Jupiter.  Here the apparent position is measured in units of the radius of the moon’s orbit, R, and the angle measured in degrees.


This program simulates the operation of an automatically controlled telescope with a charge-coupled device (CCD) camera that provides a video image to a computer screen.  It also allows convenient measurements to be made at a computer console, as well as adjustment of the telescope’s magnification.  The computer simulation is realistic in all important ways, and using it will give you a good understanding of how astronomers collect data and control their telescopes.  Instead of using a telescope and actually observing the moons for many days, the computer simulation shows the moons to you as they would appear if you were to look through a telescope at the specified time.

Overall Strategy
This is the overall plan of action for this laboratory exercise.

•
Start up the program and use it to familiarize yourself with the Jupiter system.

•
Set up observing sessions.

•     Measure positions of Jupiter’s moons over successive clear nights.

•
Plot a graph of  your observations for each moon, using the Revolution of Jupiter’s Moons program.

•
Using this program to help you, fit a sine curve to each graph.

•
Determine the period and semi-major axis for the orbit of each moon from its graph, then convert the values to years and AU, respectively.

•
Calculate the mass of Jupiter from your observations of each moon, then determine the average value for Jupiter’s mass from your individual values.

Before You Start

Now is an ideal time to have a little fun with the program and in the process visualize what you will be doing and why.  Start up the Jupiter’s Moons lab; then select Log in . . . from the File menu.  Enter your name(s) and table number in the dialogue box that appears and select OK.  Now select File . . . > Run . . . ; when the next window pops up, simply select OK to accept the defaults for the Start Date & Time; you will be going back to change these after you’ve familiarized yourself with the program and the motions of the Jupiter system.  Now the window pictured below appears, showing Jupiter much as it would appear in a telescope.  Jupiter appears in the center of the screen, while the small, point-like moons are on either side.  Sometimes a moon is hidden behind Jupiter and sometimes it appears in front of the planet and is difficult to see.  You can display the screen at four levels of magnification by clicking on the 100X, 200X, 300X, and 400X buttons.  The screen also displays the date, Universal Time (the time at Greenwich, England), the Julian Date (a running count of days used by astronomers; the decimal is an expression of the time), and the interval between observations (or animation step interval if Animation is selected).
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Figure 4
Observation Screen
To do something you can’t do with the real sky, select File > Features then check the “Animation” box and then click O.K.  Then click on the Cont. (Continuous) button on the main screen.  Watch the moons zip back and forth as the time and date scroll by.  With this animation, it’s fairly easy to see that what the moons are really doing is circling the planet while you view their orbits edge-on.  To reinforce this, stop the motion by selecting Cont. again, select File > Features  then check the “Show Top View” box and the click O.K.  Start the motion again (Cont.).  Note that under the Features menu you can also choose ID Color and avoid confusing the four moons.

When you are satisfied that you understand the motions of Jupiter’s moons and why they appear the way they do, you are ready to start the lab.  At any time you may select Help in the upper right corner of the main screen to view help screens on a wide variety of topics.  

Turn off the Animation feature before going on to the next section.
Procedure

Data Collection

If you have already logged in as described above, stop the motion of the moons (if you have not already) and select File > Observation Date > Set Date/Time.  The Start Date & Time window will appear, and now you will change the defaults.  Enter 2006 for the year, 06 for the month and 01 for the day.  Enter 01 hour for hour, 00 for minutes and 00 for seconds and click O.K.  This means you will be looking at Jupiter on June 1, 2006 at 1 am.

Since we will be taking measurements ONLY for Ganymede and Callisto, you first need to identify which ones these are.  If you have “use ID Colors” turned on (see the instructions above) then Ganymede will be blue and Callisto will be yellow.  Put the cursor on each moon and left-click.  This puts the name of the moon (for example II Europa) in X and Y coordinates of its position in pixels on your screen and its X coordinate as expressed in diameters of Jupiter (Jup. Diam)  to the east or west of the planet’s center. This is the crucial figure for our purposes.  Note that if the name of the moon does not appear, you may not have clicked exactly on the moon, so try again.  

On June 1 2006 at 1 am, you should see that Ganymede is at 3.80E and Callisto is at 2.55W (approximately).  Record these numbers in TABLE 1 found at the end of this lab. 

Also, since you will be using the computer for data analysis, after clicking on Ganymede then click on the RECORD button.  This will bring up the “Record/Edit Measurements” window with your value recorded for Ganymede.  Click O.K. in this window!   Next click on Callisto then click on the RECORD button.  Again this will bring up the “Record/Edit Measurements” window with your value recorded for Callisto.  You will also note that the value for Ganymede is still there.
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Next, go to File > Timing  and make sure that the “Observation Interval” is set for 24.00 hours  

Now click on the  NEXT button to take you to the next day if the data interval is set to 24 hours.  Continue to record readings at one day intervals until you have  20 readings.  Sometimes you may get the message “cloudy skies”…to remind you what astronomers really face!    If so, just skip over to the next day until it’s clear. If you get a cloudy sky or 2 make sure you have 20 days of actual observations!
Once you have 20 observations, you should use File > Data > Save  > CSV Format (for Spreadsheet)  to save your data.  Otherwise it will be lost if the program closes.  If the program is closed, used 
File > Data > Load  under the same menu to retrieve the saved file. 

Data Analysis

You now need to analyze your data.  By plotting position versus time, you will use the data to obtain a graph similar to the one below.  (The data shown are for an imaginary moon named CLEA, not one of the moons in the laboratory exercise.)
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	Figure 5
Sample Graph for Moon CLEA
p = 14 days = 0.0383 years

a = 3 J.D. = 0.00286 A.U.


We know the following:  (1) the orbits of the moons are regular, that is, they do not speed up or slow down from one period to the next, and  (2) the radius of each orbit does not change from one period to the next.  The sine curve  should therefore also be regular.  It should go through all of the points, and not have a varying maximum height nor a varying width from peak to peak.

Taking as an example the imaginary Moon CLEA, we can determine the radius and period of the orbit.  The period is the time it takes for the moon to circle the planet and return to the same point in the orbit.  Thus the time between two maxima is the period.  The time between crossings at 0 J.D., is equal to half the period because this is the time it takes to get from the front of Jupiter to the back of Jupiter, or half way around.  For some of your moons, you may not get data from your observations for a full period.  You may find the time between crossings at 0 J.D. to be of use to you in determining the period, even though the moon has not gone through a complete orbit. 

The radius of an orbit is equal to the maximum position eastward or westward, that is, the largest apparent distance from the planet. Remember that the orbits of the moon are nearly circular, but since we see the orbits edge on, we can only determine the radius when the moon is at its maximum position eastward or westward.

When you have completed the specified number of successful observing sessions (typically 20, not counting cloudy nights), you are ready to analyze the data as we’ve done for each Moon.  

A.  Select File > Data > Analyze and then choose Data > Select > Moon > Callisto from the menu. Next, select Data > Plot > Plot Type > Connect Points.  This will display a jagged, connect-the-dots version of your graph.  Click on a point at which the line connecting the points crosses from negative to positive (about in the middle of the graph for Callisto).

This now shows X (date in Julian Days) and Y (distance from Jupiter in Jupiter Diameters) values in the Cursor Position area.  Write down the X value.   The X value should be around 896.3 and the Y value should be around 0.  This number is the T-ZERO date.
B.  To find the PEROID of Callisto, click on the graph where it crosses from positive to negative and record the value for X again.  The X Value (date) should be around 904.7.  This means it took Callisto 904.7 – 896.3 = 8.4 days to go through half its cycle.  The time to go through a complete cycle for Callisto will be 2 x 8.4 = 16.8 days.   This number is the PERIOD.   Enter this number (16.8) in the PERIOD box.

C.  To find the AMPLITUDE, click on the highest point of the graph.  Write down the Y value.  The Y value should be around 13.08 Jup Diams,.   This is the AMPLITUDE.   enter 13.08 in the amplitude box and click on OK.  

D.  Next select Data > Plot > Fit Sine Curve > Set Initial Parameters. 
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E.  In the T-ZERO box enter the X value that you found in Part A for the T-ZERO.  This is should be around 896.3    And In the PERIOD box enter the value for the PERIOD that you found in Part B.  This number should be around 16.8    Finally in the AMPLITUDE box enter the Y value that you found in Part C for the AMPLITUDE.  This should be around 13.08 

F.  You should see a sine curve that matches your plotted points quite well.  If you want to improve the “fit” of the sine curve you can use the scroll arrows to make the RMS Residual number as small as possible.  

G.  On DATA TABLE 2, write down the PERIOD in days and AMPLITUDE  in Jup Diam. For Callisto
H.  Next, select Data > Print > Current Display to print the graph. 

I.  Repeat the steps A-H above to find the PERIOD and AMPLITUDE of Ganymede and print its graph. 

J. Let’s complete TABLE 2.  Divide the period in days by 365.  This converts the period in days to period in years.  This will be P.
K. Next square P and place that in the next part of the table marked P2.

L. Next divide the AMPLITUDE by 1050.  This converts the semi-major axis from Jupiter diameters to AU.  The new number here will be “a”
M. Now cube “a” and place that in the next part of the table marked a3
N. The Mass of Jupiter [image: image11.wmf]M
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.  This answer is in “solar units”, it means it gives the mass of Jupiter in terms of the Sun’s mass.

O. To find the mass of Jupiter in kg, take M and multiply it with 2 x 1030 kg which is the mass of the Sun.  You now have your answer!  

P. You will get two answers for the mass of Jupiter, one from the measurements of Callisto, and the other from the measurements of Ganymede.  Take the average of your answers.  Call it N.

Q. Next let’s see how close your answer is to the known mass of Jupiter which is 1.9 x 1027 kg.  To do this we will calculate the “percent error”  using the equation below:  
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R. .  How close was your answer?  What were your conclusions after doing this lab?   
What to submit and How to submit the lab.

Your Instructor will give you detailed instructions on what and how to submit. We hope you enjoyed doing this lab and learned about how we determine the mass of planets. 

DATA TABLE 1

	DATE
	TIME
	DAY
	GANYMEDE
	CALLISTO



	6-1-2006


	1 a.m.
	1
	3.80E
	2.55W

	6-2-2006.


	1 a.m.
	2
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	


DATA TABLE 2

	Moon
	Period (days)
	Period (years) =

 P
	P2
	Amplitude (Jup. Diam)
	Semimajor Axis (A.U.)

a
	a3
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	Mass of Jupiter in kg
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Average mass of Jupiter =  N =  

Percent Error  = 
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How close was your answer?  What are your conclusions after doing this lab?   

PAGE  
6

_1277743837.unknown

_1277743975.unknown

