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Jmoons

Exploring Parametric Equations, Vectors

and Celestial Prediction with the TI-89

Ralph Irons

Email: irons@csvrgs.k12.va.us     Website: www.csvrgs.k12.va.us/Math
Background
The four brightest moons of Jupiter (Io, Europa, Ganymede and Callisto) may be viewed through a small telescope, or a good pair of binoculars. From earth, Jupiter and its moons are seen nearly edge-on:
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Seen from a viewpoint in space above  Jupiter’s north pole, the  scene shown above might look like this (orbit plots have been added):

From this vantage point, the moons are moving counter-clockwise. As seen from earth, Io will soon pass in front of Jupiter, and Europa will later disappear behind the planet. Astronomers say Io will transit Jupiter, and Jupiter will occult Europa.

We will use parametric equations for circular motion to estimate the positions, velocities and accelerations of  Jupiter’s moons. We will predict times when moons transit Jupiter, or are occulted by Jupiter, and we will identify Jupiter’s moons as seen through binoculars or a telescope. 

Setting up JMoons
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After downloading all JMoons files into a new folder called jmoons, use SetFolder(jmoons) and then run jmoons( ) to get the custom toolbar. If you have not yet used JMoons, enter “y” when asked if you wish to initialize variables. Just click through the dialog boxes for now. Enter “n” if you have  previously entered data or settings into JMoons dialog boxes that you wish to preserve. Move kbdprgm9 to the Main folder for easy start up (press            ).  

Run Quit ( ) to restore previous mode settings, remove the custom toolbar, and return to the main folder. Run Cleanup( ) first if you wish to delete all string and expression variables generated by JMoons. (NOTE: running Cleanup( ) will eradicate all data and settings you have entered into JMoons.)

We begin with a snapshot of the positions of Jupiter’s moons as seen from Earth at some time t = 0. For example, using Appendix Table 1., we see that at the first instant of January 30, 2016, Ganymede had traveled 1.32689 days past Greatest Western Elongation – the point where its orbit intersects the positive x-axis of our coordinate system:

[image: image57.png]



This view is from above Jupiter’s north pole. The time and date of this snapshot of Ganymede is called the time of epoch. This will be the time and date at which t = 0. We can determine Ganymede’s position at other nearby times and dates using this as a starting point.

At time t = 0, angle is 
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In general, at any time t, angle is  
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Example 1.

Enter the best epoch time and phase values for identifying the moons of Jupiter at 6 a.m. Central Standard Time on February 6, 2016. Plot the positions of Jupiter’s moons at 6 a.m. C.S.T. on February 6, 2016, as seen from above Jupiter’s north pole and as seen from the earth through binoculars.


Solution: 
In Table 1., the entry with epoch time closest to February 6, 2016, is this:

	Epoch Date (0h 0m UTC)
	IoPhase (Days)
	EuPhase (Days)
	GaPhase (Days)
	CaPhase (Days)
	Inc (Degrees)

	30-Jan-16
	0.39203
	0.09837
	1.32689
	14.49404
	-1.9


[image: image58.png]D)






Press F2 and run Epoch( ). Push the              key before entering numeric data. Enter the time of epoch. 
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Press F2 again and run MoonData( ).  Push the           key before entering numeric data. Enter the 
Io’s phase value for the current epoch time.  Complete this step also for Europa, Ganymede and Callisto.
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Press F3 and run Settings( ). Convert 6 a.m. C. S. T. February 6, 2016, to Universal Time 
Coordinated 
(See Appendix Table 3.). Enter this for Display Time. 


Enter an inclination of 90 degrees. Specify binocular (not telescope) view. Now press F3 again and run `
Portrait( ). Here’s what  you should see:
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From Table 1., we see that the Jovian system is inclined (tilted) at an angle of –1.9 degrees with respect 
to the earth at the time of epoch. (We see Jupiter at a 90 degree inclination when we view it from above 
its north pole.) Run Settings( ) and enter this inclination. Be sure to use the      key to enter negative 
numbers !


Make the plot to scale to get a better 
idea of what a binocular view would be like. Set magnification 


to 2. Also, view the  individual moon settings and turn off the orbit plots. Here’s what you should see 
when you run Portrait( ):
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Example 2.

Plot the moons of Jupiter as they would appear from earth through binoculars and through an inverting telescope at 0h 0m UTC on November 30, 2005.


Solution:
This is one of the epoch times listed in Table 1. in the Appendix. Follow all the steps in 



Example 1., but when running Settings(), enter the inclination (“inc”) given in Table 1.




Set the display to scale, with a magnification of 2. Now Jupiter and its moons, as well 



as their orbits,  will be plotted to scale.


Display individual moon settings and turn off the orbit plots. When you run Portrait( ) for the binocular 
view, you should see the left-hand image below :
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The telescopic view above and on the right is a 180o rotation of the binocular view. Many astronomical telescopes have a primary optics which produce an upside down image, and a flat secondary mirror which adds a left-right reversal. The net effect is equivalent to a 180o rotation.

Position, Velocity and Acceleration Vectors

We will use parametric equations for the positions of Jupiter’s moons, approximating their orbits with circles.

For example, the x- and y-coordinates of Europa will be given, at any time t, by the parametric functions eux( t ) and euy( t ). Press F2 and run Positions( ). Use arrow keys of move the cursor in the dialog box windows to see these expressions:
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This gives us a position vector 
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Similar parametric equations describe the orbits of Io, Ganymede and Callisto. 

Here’s the coordinate system we will use to plot Jupiter’s moons:
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The y – axis connects Earth and Jupiter. The x – axis lies in the orbital plane of Jupiter’s moons. Note that this coordinate system changes as Earth and Jupiter move with respect to each other. For this reason, we must update the starting positions of Jupiter’s moons (their positions at t = 0) every two months, using Appendix Table 1.

Example 3. 

Suppose euphase = 0 at epoch time and inclination = 0 as seen from earth through binoculars. For what positive values of t  will Europa be located at Greatest Eastern Elongation (as far to the left of Jupiter as it gets)?

  
Solution:
We want 
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Then 
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Note: The farther we get from epoch time, the less accurate these values are. We will assume that our 
JMoons calculations are sufficiently accurate for our purposes if t < 60 days past epoch time. So we 
would stop this list at 
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We can compute a velocity vector 
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Press F2, run Velocity ( ) and view velocity vectors for each of Jupiter’s moons. We are using the TI-89’s

built-in differentiation capabilities:
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In JMoons, velocity vectors may be plotted either at the origin (Jupiter’s center) or at each moon.
Example 4.
Using any epoch time you like for initial display time, plot velocity vectors every 24 



hours for one complete orbit of Callisto. Plot the vectors at Callisto. Use an inclination of 90o.



Solution:
Press F3 and run Settings( ). Enter an inclination of 90o. (Optional: To see Callisto 



more clearly, do NOT plot to scale. Set magnification to 1.)

 

Display individual settings and turn on the velocity vector for Callisto. Turn off Callisto’s orbit 


plot. Plot Callisto’s velocity vectors at the moon. Turn off all displays for all other moons.



Under F3, run Slides( ). Look up Callisto’s orbital period and enter it as the  duration of the slide 


show. Use 24 hours as the time between slides. The settings shown below left produce the plot at 

right:
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We may obtain an acceleration vector 
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Press F2, run Accel ( ) and view the acceleration vectors for  Jupiter’s moons.
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or          

Acceleration vectors may also be plotted either at the origin or at each moon.

Example 5.  
Beginning at  0h 0m on January 30, 2002, plot both velocity and acceleration vectors every 8 


hours for one complete orbit of Ganymede, as seen from the south pole of Jupiter. 



Plot all vectors at Ganymede. What are the relative directions of the velocity and acceleration 


vectors? Determine graphically which of the following are constant: velocity, speed, 



acceleration, magnitude of acceleration.


Solution:
January 30, 2002, at 0h 0m  is one of the times of epoch in Appendix Table 1.




Follow the steps in Example 1. for entering gaphase data for this time of epoch. 




Make this the display time also when running Settings( ).
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Enter an inclination of -90o. Be sure to use the            key to
 enter negative numbers!  



(Optional: To see Ganymede more clearly, do NOT plot to scale. Set magnification to 1.)

 

Display individual settings and turn on the velocity and acceleration vectors for Ganymede. Plot 


vectors at the moon. Turn off all displays for other moons.



Under F3, run Slides( ). Look up Ganymede’s orbital period and enter it as the  duration of the 


slide show. Use 8 hours as the time between slides. The settings shown below left produce the 


plot at 
right:
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The acceleration and velocity vectors are perpendicular to one another. The directions of the velocity vectors changes during the orbit, so velocity is not constant. However, length of the velocity vectors is constant, so speed is constant. Similarly, the acceleration vectors (which show that the force acting on Ganymede is directed toward Jupiter) change direction, so acceleration is not constant. But the magnitude of the acceleration, due to Jupiter’s gravity, is constant.

Example 6.  
Assume inclination = 0o. Find a UTC time and date between 0 h 0 m January 1, 2002, and 0 h 0 m January 8, 2002, when both and Io and Ganymede are occulted by Jupiter, as viewed from Earth. Check your answer with a Portrait( ).


[image: image12.wmf]MonthDay
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Solution:
 Run Weekplot( ) to find candidate times for closer  investigation using tables.




We start start at t = -29 days (since our Epoch date is January 30, and we wish to begin




 our  search at January 1):
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NOTE: Your Weekplots will be rotated 180o  if your Settings are for a telescope view.




Weekplots show time (in days) on the horizontal axis, and moon positions on the vertical 



axis. The two parallel lines give Jupiter’s position. Rotating a weekplot 90o gives us the 



same view we see in a portrait plot. The Arrow shows a time when it looks like 




Ganymede and Io may be behind Jupiter.




The radius of Jupiter is 71398 km (this value is stored in the variable juprad 




and it is also given in the Appendix). Run the Y-Editor and define
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Set up a table to investigate 
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Any time between t = -24.94 and t = -24.915. Use CalcJuln ( )  to convert the epoch date 



into a Julian date, add these times to the Julian date of epoch, then use CalcGreg( ) to 



convert back to a calendar date. Io and Ganymede are occulted by Jupiter between 




1 h 26 m and 2 h 2 m on January 5, 2002.

Here’s a table of all the vector components stored in the TI-89’s memory once variables have been initialized:

	
	Io
	Europa
	Ganymede
	Callisto

	
	x-comp
	y-comp
	x-comp
	y-comp
	x-comp
	y-comp
	x-comp
	y-comp

	Position (km)
	iox ( t )
	ioy ( t )
	eux ( t )
	euy ( t )
	gax ( t )
	gay ( t )
	cax ( t )
	cay ( t )

	Velocity (km/day)
	iovx ( t )
	iovy ( t )
	euvx ( t )
	euvy ( t )
	gavx ( t )
	gavy ( t )
	cavx ( t )
	cavy ( t )

	Acceleration (Km/day^2)
	ioax ( t )
	ioay ( t )
	euax ( t )
	euay ( t )
	gaax ( t )
	gaay ( t )
	caax ( t )
	caay ( t )


Moon data variables stored in the TI-89’s memory after initialization:

	
	Io
	Europa
	Ganymede
	Callisto

	Orbital Radius (km)
	ioradius
	euradius
	garadius
	caradius

	Orbital Period (days)
	ioperiod
	euperiod
	gaperiod
	caperiod

	Days Past Greatest Western Elongation at Time of Epoch
	iophase
	euphase
	gaphase
	caphase


After initialization, one fact about Jupiter is stored in memory:

	
	Jupiter

	Radius (km)
	juprad


Observing Jupiter’s Moons

Most small telescopes and many binoculars will allow you to see Jupiter’s moons. Binoculars should be 7 X 50 or better. (Multiply the two values -- magnification and aperture size -- used to classify binoculars to get a crude ranking of their usefulness in astronomical observing). It is easiest to see moons when they are farthest from Jupiter’s bright glare.  Don’t expect to see the inner moons (Io and Europa) in binoculars unless they are near greatest elongation. Use Weekplot( ) to find good observing times, or consult a similar month-long plot in an astronomy magazine like Sky and Telescope or Astronomy. The darker your location, the better. Allow at least ten minutes for your eyes to adjust to the dark before observing. Since atmospheric conditions are constantly in flux, you should be prepared to gaze at Jupiter for several minutes. Do not expect to see Jupiter’s moons through clouds, fog or haze.

If you are using binoculars, you will need to use something to steady them. With high magnification, even your heartbeat and breathing will cause the image you see to jiggle, making it very difficult to see moons. Many binoculars can be mounted to a tripod using a commercial or homemade adapter. Walking sticks with camera mounts can become monopods. A more primitive support can be made by bolting a crossarm to a mop handle, and lashing binoculars securely to the crossarm with string or large rubber bands. 

Equip yourself with warm clothes, a pencil and clipboard, a flashlight (put red tinted wrap inside the lens cover to dim its glare) and a lawn chair. The more comfortable you are, the more likely you are to succeed. 

Here are some websites with more information about Jupiter’s moons, and astronomy in general:

Jet Propulsion Lab: http://www.jpl.nasa.gov/   (See the latest space probe images of Jupiter and its moons.)

Sky and Telescope magazine: http://www.skypub.com/   (Find out where and when to look to see Jupiter and

       other interesting sights.)
Astronomy magazine:  www.astronomy.com/home.asp (Similar to the previous website.)

TI Science Programs: http://www.ticalc.org/pub/89/asm/science/  (Get Skymap89 for starcharts with planets.)
Stargazing.net:  http://www.stargazing.net/AstroTips/english/ephemeris.html (Get Ephemeris Tool 4.xx and 










      lots of other shareware and  










      freeware.)

Exercises:

1. Plot the positions of Jupiter’s moons at 0h 0m UTC on March 30, 2002, as seen from above Jupiter’s north pole and as seen from the earth through binoculars. Label each moon.
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2. Find all times and dates UTC at which Callisto crosses the y-axis in February, 2004.

a. Press F4 and run CalcJuln( ). Enter epoch time 0h 0m January 30 2004. Convert this to a decimal Julian Date (days since 12 noon UTC on January 1 4713 B.C.).



Record this value.  



Julian Date ___________________________________

b. Enter appropriate epoch time and caphase values into JMoons. Solve 
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[image: image18.wmf]caperiod
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 Record your solutions:

For 
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c. Add each value of t to the Julian Date for time of epoch. Run CalcGreg ( ) to convert to calendar dates.  Record all February times and dates here.


For 
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February times and dates:



________________________________________________________________________



________________________________________________________________________


For 
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February times and dates:



________________________________________________________________________


________________________________________________________________________

d. At which position 
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 is Callisto occulted by Jupiter, as seen from Earth? 

3. Recreate these plots. Use 0h 0m UTC January 30, 2002, as epoch time for all. Specify the requested settings.

a. [image: image86.png]Press 0 to auit.
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4. 
The position vector for Europa is given by 
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a. Show that Europa’s path through space is a circle of radius euradius.

Give an equation for the circle, in terms of x and y.

b. Show that Europa’s speed is constant.

Verify your result by using your TI-89 to compute (euvx (t)^2 + euvy (t)^2)^0.5,

after running Delvar t.

c. Show that the magnitude of Europa’s acceleration vector is constant.

Verify your result by using your TI-89 to compute (euax (t)^2 + euay (t)^2)^0.5,

after running Delvar t.

d. Show that Europa’s velocity and acceleration vectors are perpendicular.

Verify your result using the TI-89 by defining vectors for Europa’s velocity and acceleration 

and computing the dot product of the vectors. You may define a velocity vector for Europa in the TI-89 by entering [euvx(t), euvy(t)] -> v(t). In the TI-89 catalog, you’ll find the dotP( ) operation for dot products. 
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For an object in a circular orbit, we also have 
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speed of the orbiting object. 

a. Find an equation for the mass of Jupiter in terms of G, r and v.


M = ____________________________

b. Find the speed at which Callisto orbits Jupiter, in m/s. (You’ll have to convert km/day to m/s!)




v = ____________________________
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c.  Press [image: image91.wmf]à

                     , then select Constants and enter _Gc onto the Home screen.

  

     Press enter again to get a value for G, and to see its units. Compute Jupiter’s mass



     in kg. 
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M = ____________________________kg.
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The plot shown above was obtained by running WeekPlot( ) with start time (in days after epoch) 


set to 0. This plot has time t (in days after epoch) on the horizontal axis and x-axis moon 



positions on the vertical axis. The two horizontal lines represent the planet Jupiter (they are at 
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). We will view this plot rotated 90o , as shown below at left.



 The plot below on the right is a scale Portrait( ) plot of Jupiter and its moons made 5.5 days 

after epoch.

a. Use a straightedge to draw a horizontal line across the left-hand plot through the point in time 
     corresponding to the Portrait( ) plot. Label the cosine waves in the Weeks( ) plot I, E, G and C, 
  according to which moon each represents.
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7. Find a UTC time and date in February, 2002, when Io and Callisto are on an off-axis straight line passing through the center of Jupiter. (Hint: How do you tell if three points are colinear?) 


      Produce a Portrait( ) plot showing the moons at this time. Plot a segment of the line which connects 

      them using coordinates of the two moons and the TI-89 command

Line  x1, y1, x2, y2 .


[image: image31.wmf]UTC time and date: _____ h _____ m   Feb

ruary _____, 2002


8. Find a UTC time and date in April, 2002, when Io and Ganymede moons are transiting Jupiter, as viewed from Earth. Use graphical and table techniques, as described in Example 6.  Check your answer with a Portrait( ).




[image: image32.wmf]Day

UTC time and date: _____ h _____ m    Ap

ril _____, 2002

.

9. Find a UTC time and date in February, 2002,  when all four moons are more than 80% of the way


       toward Greatest Elongation.  (Some may be near Eastern, others near Western Elongation.) Use 
  
       graphical and table techniques, as described in Example 6.  Check  values of iox (t ), eux (t ), 

             gax (t ) and cax ( t ) to verify your answer. 


[image: image33.wmf]MonthDay

UTC time and date: _____ h _____ m    __

________ _____, 2002


For problems 10 – 14, set both the Epoch and Display dates in Jmoons to 0 h 0 m UTC Jan 30, 2002.

Run MoonData( ) and insert appropriate phase data from Appendix Table 1. for each moon. 

a. Show that the path specified by the parametric equations for Ganymede’s position is actually a circle with radius = garadius. Give the circle’s equation in terms of x and y.

b. Find  
[image: image34.wmf], using implicit differentiation.
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c. Show that the derivatives calculated in b. and c. above are identical.

d. Find the x and y coordinates of Ganymede at t = 0:

x (0) = gax (0) = ______________________km

y (0) = gay (0) = ______________________km

e. Express the coordinates of the endpoints of Ganymede’s velocity vector, plotted at the origin,

in terms of gavx (t ) and gavy(t ). Use these coordinates to give a formula for the slope of the velocity vector in terms of gavx (t ) and gavy(t ): 

Endpoints:
(_____________,______________) and (_____________,______________).

Slope: _________________________________________

f. Use the results obtained in part b. above to write an equation of the line which contains Ganymede’s velocity vector at t = 0, plotted at the origin.


[image: image36.wmf]________________________________________
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g. Find the x and y coordinates of Ganymede at t = 0:

x (0) = gax (0) = ______________________km

y (0) = gay (0) = ______________________km

h. Express the coordinates of the endpoints of Ganymede’s velocity vector, plotted at the moon,

in terms of gax (t ) , gay (t ), gavx (t ) , and gavy (t ). Use these coordinates to give a formula for the slope of the velocity vector: 

Endpoints:    (___gax (t )__,______________)   and   (_gax (t ) + gavx (t )  ,______________).

Slope: _________________________________________

i. Use the results obtained in part b. above to write an equation of the line which contains Ganymede’s velocity vector at t = 0, plotted at the moon.


[image: image37.wmf]________________________________________
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10. Plot a Portrait( ) of Ganymede by itself, showing the moon’s orbit and its velocity vector plotted

at the moon. With graphing mode set to Parametric,  use a suitable function  y(t )  and the TI-89    command 

DrawParm t, y(t ),-2000000,2000000, 500000

     to draw a line tangent to Ganymede’s orbit at t = 0. Your plot should cover the velocity vector.

11. Plot a Portrait( ) of Ganymede by itself, showing the moon’s orbit and  acceleration vector plotted

at the moon. With graphing mode set to Parametric,  use a suitable function  y(t )  and the TI-89    command 

DrawParm t, y(t ),-2000000,2000000, 500000

     to draw a line normal to Ganymede’s orbit at t = 0. Your plot should cover the acceleration vector.

a. Find an expression for a moon’s speed v in terms of its distance r from Jupiter and the period T of its orbit around Jupiter.


v = _______________________________

b. Use the fact in a. above, together with the fact that 
[image: image38.wmf]2
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 (where m is the moon’s mass,

     M is Jupiter’s mass, and G is the gravitational constant), to find a formula for the period T of a  
moon’s orbit given M, G and r.


T = ________________________________

c. 
Use your formula to compute the orbital period (in days) of a moon located at 1,500,000 km 
from Jupiter’s 
center.


T = ___________________________ days

d. Run MoonData( ) and replace Europa’s orbital period and radius with those of this fictitious moon. Plot slides of the orbits of Callisto, Ganymede and Europa (posing as the fictitious moon), showing velocities and accelerations at the moons. How does the length of the velocity and acceleration vectors of the fictitious moon compare with the lengths of Callisto’s vectors? Ganymede’s?

c. Use the rise and set times given in Appendix Table 1. to identify months in the current year when Jupiter and its moon will rise between 3 p.m. and 9 p.m. local standard time.



Months: _____________________________________________________

d. Plot Jupiter and its moons at a time when you can observe them through binoculars or a telescope. Pick a time when the moons are not too close together, and are not too close to Jupiter. (See Example 6 and  problem 9 above.)  Use Appendix Table 3. to convert your local standard or daylight savings time to UTC for entry in the display time dialog box under 


Settings ( ). Don’t forget to enter the appropriate epoch time, moon phase data and 
inclination also.


Show your plot below. Label the moons. Fill in time details at right:
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e. Jupiter will rise in the east and set in the west, like all celestial objects. Jupiter and its moons will appear to be a horizontal system only when at their highest point in the sky. At other times, the system will appear to be “tilted”. Just tilt your calculator the same way to identify the moons. 

[image: image99.png]| —]







Sketch Jupiter and its moons as you see them through your binoculars or telescope. Include



the “tilt”.  Describe any discrepancies between your plot in b. above and what you observed.


Use complete sentences.

12. With your TI-89 in Parametric graphing mode, set Window variables to the values shown below at left :

[image: image100.png]D)
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Set Epoch, phase values and Display Times for 0 h 0 m January 30, 2002. Use binocular view. Parametrically graph the x-components of Ganymede’s position, velocity and acceleration vectors together in a single plot. Add the horizontal line given by 
[image: image39.wmf](
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 Your graph should look like the one shown above on the right. 

a. Use F3 (Trace) to identify your curves. Label them in the plot shown above right as position, velocity, and acceleration.

Answer True or False.

As seen from Earth at 0o inclination (so only the x-components of these quantities are observed), 

b. _________   
Ganymede moves fastest when it is closest to Jupiter.

c. _________   
Ganymede moves fastest when the size of its acceleration is the smallest.

d. _________   
Ganymede’s acceleration and position are always opposite

 in direction (when both are nonzero).

e. _________   
Ganymede’s acceleration and position are always equal in

magnitude.

f. _________   
Ganymede is moving toward Jupiter 2.5 days after epoch time.

g. _________   
Ganymede’s speed is increasing 1.5 days after epoch time.

13. Set the epoch time to 0h 0m UTC on January 30, 2002.  Fill in the blanks below to change Io’s position so that it orbits Jupiter at the same distance Ganymede’s distance, on exactly the opposite side of Jupiter.
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     Check your answer with a Portrait( ) plot. Use the Line  x1, y1, x2, y2 command to connect Io and 
 
     Ganymede. This line should pass through the center of Jupiter. (Run Settings( ) to turn off Io’s old 
 
     orbit plot.)

14. Set the epoch time to 0h 0m UTC on January 30, 2002.  Run Accel( ) and replace Ganymede’s acceleration vector components with the second derivatives 
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. Now run Velocity( ) and replace Ganymede’s velocity vector components with appropriate antiderivatives: 
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(The TI-89 assumes the constant of antidifferentiation C = 0.)

Check your answer with a Portrait( ) plot. Using a display time of 10h 0m January 30, 2002,

Displaying only Ganymede, you should see:
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15. Using the x-component 
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of Callisto’s position vector, show that  
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. Determine the x-coordinate(s) at which 
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. What are the maximum and minimum values of Callisto’s x-component of velocity on that interval?

                                                Appendix

Table 1. Epoch Times  

(generated using Ephemeris Tool 4.3 by M. Dings)

	Epoch Date (0h 0m UTC)
	IoPhase (Days)
	EuPhase (Days)
	GaPhase (Days)
	CaPhase (Days)
	Inc (Degrees)
	Rise

(Local ST)
	Set

(Local ST)

	30-Jan-02
	0.56965
	1.54634
	5.31675
	11.76012
	1.9
	7:41 PM
	10:23 AM

	30-Mar-02
	1.18365
	0.18314
	7.10115
	4.08373
	1.8
	3:48 PM
	6:31 AM

	30-May-02
	0.21173
	0.72358
	3.52215
	14.70135
	1.5
	12:31 PM
	3:09 AM

	30-Jul-02
	0.99617
	1.21929
	7.03908
	8.29434
	1.1
	9:35 AM
	11:54 PM

	30-Sep-02
	1.01934
	2.72015
	4.38667
	2.90352
	0.5
	6:33 AM
	8:30 PM

	30-Nov-02
	0.07553
	3.28394
	0.86558
	13.56055
	0.1
	3:03 AM
	4:49 PM

	30-Jan-03
	0.94969
	0.40966
	4.70985
	7.94669
	0.1
	10:36 PM
	12:36 PM

	30-Mar-03
	1.59205
	2.64632
	6.58791
	0.48546
	0.2
	6:17 PM
	8:28 AM

	30-May-03
	0.64381
	3.24119
	3.11567
	11.28272
	0.1
	2:40 PM
	4:42 AM

	30-Jul-03
	1.43320
	0.20744
	6.66822
	4.97941
	-0.3
	11:37 AM
	1:15 AM

	30-Sep-03
	1.44899
	1.70781
	4.00106
	16.40970
	-0.9
	8:39 AM
	9:43 PM

	30-Nov-03
	2.25579
	2.23407
	0.40396
	10.09843
	-1.4
	5:28 AM
	6:09 PM

	30-Jan-04
	1.33721
	2.84957
	4.15073
	4.24277
	-1.7
	1:31 AM
	2:12 PM

	30-Mar-04
	1.22186
	2.54638
	7.04599
	14.43832
	-1.5
	8:56 PM
	9:59 AM

	30-May-04
	0.30240
	3.18958
	3.69045
	8.82544
	-1.3
	4:52 PM
	5:56 AM

	30-Jul-04
	1.10470
	0.18825
	0.12140
	2.67603
	-1.5
	1:34 PM
	2:16 AM

	30-Sep-04
	1.11835
	1.70122
	4.64570
	14.13026
	-2
	10:33 AM
	10:40 PM

	30-Nov-04
	0.14134
	2.21469
	1.00208
	7.73721
	-2.5
	7:32 AM
	7:11 PM

	30-Jan-05
	0.96932
	2.78241
	4.65498
	1.65896
	-2.9
	3:59 AM
	3:26 PM

	30-Mar-05
	1.61264
	1.44824
	6.49085
	10.73238
	-2.9
	11:42 PM
	11:24 AM

	30-May-05
	0.71989
	2.12816
	3.22384
	5.28933
	-2.6
	7:16 PM
	7:10 AM

	30-Jul-05
	1.54503
	2.71792
	6.92165
	16.12854
	-2.5
	3:36 PM
	3:19 AM

	30-Sep-05
	1.56447
	0.68786
	4.29993
	10.85297
	-2.7
	12:28 PM
	11:40 PM

	30-Nov-05
	0.57800
	1.19983
	0.63199
	4.42377
	-3
	9:32 AM
	8:15 PM

	30-Jan-06
	1.38385
	1.73909
	4.21160
	14.94452
	-3.2
	6:20 AM
	4:43 PM

	30-Mar-06
	0.23504
	0.35896
	5.94944
	7.05588
	-3.4
	2:31 AM
	12:54 PM

	30-May-06
	1.12014
	1.05026
	2.70146
	1.63862
	-3.3
	9:53 PM
	8:34 AM

	30-Jul-06
	0.20380
	1.68276
	6.49889
	12.66145
	-3
	5:49 PM
	4:29 AM

	30-Sep-06
	0.23759
	3.22766
	3.93965
	7.53643
	-2.9
	2:27 PM
	12:50 AM

	30-Nov-06
	1.02068
	0.17907
	7.45951
	1.11495
	-2.9
	11:32 AM
	9:29 PM

	30-Jan-07
	0.03968
	0.70011
	3.80358
	11.55286
	-2.9
	8:31 AM
	6:13 PM

	30-Mar-07
	0.63308
	2.82942
	5.44209
	3.42687
	-2.9
	5:07 AM
	2:44 PM

	30-May-07
	1.50498
	3.49350
	2.12449
	14.46316
	-2.9
	12:49 AM
	10:29 AM

	30-Jul-07
	0.61386
	0.62433
	6.00345
	9.04140
	-2.8
	8:18 PM
	6:07 AM

	30-Sep-07
	0.67130
	2.20421
	3.54143
	4.13256
	-2.6
	4:35 PM
	2:17 AM

	30-Nov-07
	1.46153
	2.71522
	7.09127
	14.63661
	-2.3
	1:29 PM
	11:01 PM

	30-Jan-08
	0.47204
	3.21745
	3.40948
	8.16691
	-2
	10:28 AM
	8:01 PM


	Epoch Date (0h 0m UTC)
	IoPhase (Days)
	EuPhase (Days)
	GaPhase (Days)
	CaPhase (Days)
	Inc (Degrees)
	Rise

(Local ST)
	Set

(Local ST)

	30-Mar-08
	0.27217
	2.75510
	5.96826
	0.84784
	-1.7
	7:13 AM
	4:54 PM

	30-May-08
	1.11632
	3.37166
	2.52879
	11.67070
	-1.5
	3:20 AM
	1:02 PM

	30-Jul-08
	0.23153
	0.51869
	6.41735
	6.22663
	-1.5
	10:51 PM
	8:29 AM

	30-Sep-08
	0.31732
	2.15694
	4.07598
	1.58281
	-1.5
	6:41 PM
	4:17 AM

	30-Nov-08
	1.12214
	2.69038
	0.50459
	12.20790
	-1.2
	3:15 PM
	12:59 AM

	30-Jan-09
	0.13284
	3.18100
	4.01039
	5.75795
	-0.7
	12:03 PM
	10:03 PM

	30-Mar-09
	0.68916
	1.68688
	5.52050
	14.15315
	-0.2
	8:51 AM
	7:16 PM

	30-May-09
	1.50274
	2.25173
	1.95905
	7.92577
	0.4
	5:14 AM
	3:54 PM

	30-Jul-09
	0.59758
	2.91128
	5.76089
	2.25755
	0.5
	1:08 AM
	11:41 AM

	30-Sep-09
	0.70906
	1.05708
	3.50923
	14.46739
	0.3
	8:42 PM
	7:04 AM

	30-Nov-09
	1.53948
	1.64601
	0.05159
	8.64836
	0.3
	4:51 PM
	3:21 AM

	30-Jan-10
	0.55877
	2.14732
	3.59227
	2.30095
	0.7
	1:24 PM
	12:20 AM

	30-Mar-10
	1.10963
	0.63043
	5.08449
	10.67016
	1.3
	10:08 AM
	9:35 PM

	30-May-10
	0.13161
	1.14986
	1.43609
	4.26752
	1.9
	6:39 AM
	6:34 PM

	30-Jul-10
	0.96256
	1.74839
	5.11119
	14.97380
	2.4
	2:51 AM
	2:54 PM

	30-Sep-10
	1.07299
	3.44165
	2.83709
	10.43672
	2.3
	10:28 PM
	10:20 AM

	30-Nov-10
	0.16742
	0.55759
	6.67872
	4.91248
	2
	6:19 PM
	6:04 AM

	30-Jan-11
	0.97603
	1.10340
	3.13869
	15.60868
	2.1
	2:38 PM
	2:42 AM

	30-Mar-11
	1.52980
	3.14726
	4.64833
	7.18549
	2.4
	11:18 AM
	11:52 PM

	30-May-11
	0.54133
	0.07481
	0.95973
	0.70157
	2.8
	7:55 AM
	9:01 PM

	30-Jul-11
	1.34543
	0.61643
	4.53579
	11.23178
	3.2
	4:22 AM
	5:50 PM

	30-Sep-11
	1.42705
	2.25538
	2.13421
	6.39517
	3.4
	12:20 AM
	1:46 PM

	30-Nov-11
	0.54219
	2.96242
	6.03472
	0.99803
	3.2
	7:55 PM
	9:10 AM

	30-Jan-12
	1.38259
	0.03201
	2.63729
	11.94129
	2.9
	3:57 PM
	5:15 AM

	30-Mar-12
	1.17742
	3.10722
	5.20638
	4.69229
	2.9
	12:29 PM
	2:11 AM

	30-May-12
	0.18788
	0.02750
	1.51878
	15.08907
	3
	9:13 AM
	11:19 PM

	30-Jul-12
	0.97842
	0.52929
	5.04089
	8.65456
	3
	5:58 AM
	8:21 PM

	30-Sep-12
	1.03065
	2.10436
	2.51035
	3.54200
	3
	2:18 AM
	4:47 PM

	30-Nov-12
	0.13500
	2.78574
	6.35053
	14.59965
	3
	9:57 PM
	12:25 PM

	30-Jan-13
	1.00677
	3.47594
	3.07996
	9.16808
	2.8
	5:37 PM
	8:00 AM

	30-Mar-13
	1.59493
	2.05608
	4.74977
	1.18399
	2.6
	2:03 PM
	4:34 AM

	30-May-13
	0.61156
	2.55868
	1.10158
	11.66201
	2.4
	10:51 AM
	1:32 AM

	30-Jul-13
	1.39673
	3.04415
	4.60891
	5.20952
	2.1
	7:51 AM
	10:28 PM

	30-Sep-13
	1.42930
	1.01098
	1.99672
	16.70882
	1.8
	4:36 AM
	7:06 PM

	30-Nov-13
	0.50600
	1.63205
	5.72451
	10.76333
	1.6
	12:43 AM
	3:12 PM

	30-Jan-14
	1.38966
	2.33842
	2.47863
	5.33980
	1.6
	8:04 PM
	10:45 AM

	30-Mar-14
	0.23905
	0.98538
	4.26986
	14.38156
	1.6
	4:07 PM
	6:49 AM

	30-May-14
	1.04064
	1.53187
	0.69872
	8.26078
	1.3
	12:48 PM
	3:23 AM

	30-Jul-14
	0.05489
	2.02901
	4.21838
	1.85427
	0.9
	9:52 AM
	12:09 AM


	Epoch Date (0h 0m UTC)
	IoPhase (Days)
	EuPhase (Days)
	GaPhase (Days)
	CaPhase (Days)
	Inc (Degrees)
	Rise

(Local ST)
	Set

(Local ST)

	30-Sep-14
	0.07720
	3.52697
	1.56464
	13.29890
	0.3
	6:52 AM
	8:42 PM

	30-Nov-14
	0.89993
	0.53232
	5.19834
	7.14042
	-0.1
	3:25 AM
	5:02 PM

	30-Jan-15
	1.77039
	1.20309
	1.87962
	1.54318
	-0.2
	11:01 PM
	12:52 PM

	30-Mar-15
	0.64667
	3.44557
	3.76063
	10.73211
	0
	6:39 PM
	8:42 AM

	30-May-15
	1.47212
	0.49396
	0.29427
	4.85705
	-0.1
	2:59 PM
	4:53 AM

	30-Jul-15
	0.49251
	1.01954
	3.84953
	15.39767
	-0.5
	11:54 AM
	1:24 AM

	30-Sep-15
	0.50828
	2.51866
	1.18414
	9.98084
	-1
	8:56 AM
	9:52 PM

	30-Nov-15
	1.31361
	3.04056
	4.75561
	3.67978
	-1.6
	5:46 AM
	6:18 PM

	30-Jan-16
	0.39203
	0.09837
	1.32689
	14.49404
	-1.9
	1:53 AM
	2:23 PM

	30-Mar-16
	2.04443
	3.34302
	4.22018
	8.04424
	-1.8
	9:20 PM
	10:11 AM

	30-May-16
	1.12950
	0.44254
	0.86938
	2.41442
	-1.5
	5:12 PM
	6:06 AM

	30-Jul-16
	0.16393
	1.00095
	4.48614
	13.07926
	-1.7
	1:51 PM
	2:24 AM

	30-Sep-16
	0.17806
	2.51495
	1.83110
	7.70517
	-2.1
	10:49 AM
	10:48 PM

	30-Nov-16
	0.97070
	3.02522
	5.36353
	1.31741
	-2.6
	7:49 AM
	7:19 PM

	30-Jan-17
	1.79510
	0.03244
	1.83414
	11.96994
	-3
	4:19 AM
	3:36 PM

	30-Mar-17
	0.66714
	2.24367
	3.66617
	4.34217
	-3.1
	12:09 AM
	11:36 AM

	30-May-17
	1.54504
	2.92876
	0.40269
	15.53911
	-2.7
	7:37 PM
	7:20 AM

	30-Jul-17
	0.60364
	3.52771
	4.10493
	9.71510
	-2.6
	3:54 PM
	3:28 AM

	30-Sep-17
	0.62407
	1.50169
	1.48375
	4.42981
	-2.7
	12:44 PM
	11:48 PM

	30-Nov-17
	1.40813
	2.01240
	4.99907
	14.85377
	-3
	9:49 AM
	8:24 PM

	30-Jan-18
	0.44148
	2.54537
	1.39253
	8.52716
	-3.2
	6:39 AM
	4:55 PM

	30-Mar-18
	1.05839
	1.15586
	3.12506
	0.65656
	-3.4
	2:54 AM
	1:08 PM

	30-May-18
	0.17472
	1.84468
	7.01366
	11.84387
	-3.3
	10:16 PM
	8:47 AM

	30-Jul-18
	1.03106
	2.48688
	3.67702
	6.25265
	-3
	6:08 PM
	4:41 AM

	30-Sep-18
	1.06758
	0.48076
	1.12187
	1.11215
	-2.9
	2:45 PM
	1:01 AM

	30-Nov-18
	0.07976
	0.99138
	4.64208
	11.55005
	-2.9
	11:48 AM
	9:40 PM

	30-Jan-19
	0.86804
	1.50898
	0.98219
	5.12432
	-2.8
	8:48 AM
	6:27 PM

	30-Mar-19
	1.45770
	0.07778
	2.61469
	13.73947
	-2.8
	5:27 AM
	3:02 PM

	30-May-19
	0.55794
	0.73795
	6.42948
	8.05832
	-2.8
	1:13 AM
	10:48 AM

	30-Jul-19
	1.43773
	1.42105
	3.17481
	2.63095
	-2.7
	8:40 PM
	6:23 AM

	30-Sep-19
	1.49954
	3.00945
	0.71864
	14.49083
	-2.5
	4:53 PM
	2:32 AM

	30-Nov-19
	0.52004
	3.52511
	4.26925
	8.19995
	-2.2
	1:45 PM
	11:16 PM

	30-Jan-20
	1.30072
	0.46869
	0.58494
	1.72658
	-1.9
	10:43 AM
	8:18 PM

	30-Mar-20
	1.09781
	0.00399
	3.14001
	11.20683
	-1.5
	7:28 AM
	5:14 PM

	30-May-20
	0.16852
	0.61587
	6.84088
	5.24464
	-1.3
	3:39 AM
	1:26 PM


	Epoch Date (0h 0m UTC)
	IoPhase (Days)
	EuPhase (Days)
	GaPhase (Days)
	CaPhase (Days)
	Inc (Degrees)
	Rise

(Local ST)
	Set

(Local ST)

	30-Jul-20
	1.05128
	1.30845
	3.57778
	16.39830
	-1.3
	11:12 PM
	8:54 AM

	30-Sep-20
	1.14232
	2.95548
	1.24322
	11.87368
	-1.3
	6:59 PM
	4:38 AM

	30-Nov-20
	0.17955
	3.49673
	4.85967
	5.76379
	-1
	3:30 PM
	1:18 AM

	30-Jan-21
	0.96141
	0.42980
	1.18350
	16.18272
	-0.5
	12:15 PM
	10:22 PM

	30-Mar-21
	1.51580
	2.49263
	2.69021
	7.70101
	0.1
	9:03 AM
	7:36 PM

	30-May-21
	0.55546
	3.04954
	6.28474
	1.48016
	0.6
	5:27 AM
	4:17 PM

	30-Jul-21
	1.41512
	0.15148
	2.91416
	12.43127
	0.8
	1:24 AM
	12:09 PM

	30-Sep-21
	1.52912
	1.84765
	0.66651
	8.03050
	0.6
	8:57 PM
	7:31 AM

	30-Nov-21
	0.59478
	2.44746
	4.39051
	2.19749
	0.6
	5:04 PM
	3:43 AM

	30-Jan-22
	1.38673
	2.95315
	0.75996
	12.70836
	0.9
	1:35 PM
	12:40 AM

	30-Mar-22
	0.16594
	1.43667
	2.25156
	4.20918
	1.5
	10:18 AM
	9:55 PM

	30-May-22
	0.95611
	1.95150
	5.77721
	14.63307
	2.1
	6:49 AM
	6:55 PM

	30-Jul-22
	0.01287
	2.54006
	2.26705
	8.52179
	2.6
	3:04 AM
	3:21 PM

	30-Sep-22
	0.12131
	0.67970
	7.12178
	3.99329
	2.6
	10:43 PM
	10:50 AM

	30-Nov-22
	0.98923
	1.35177
	3.83431
	15.14967
	2.2
	6:32 PM
	6:29 AM


Table 2. Orbital Data

	
	Io
	Europa
	Ganymede
	Callisto

	Orbital Radius (km)
	421600
	670900
	1070000
	1880000

	Orbital Period (days)
	1.769
	3.551
	7.153
	16.69


	Radius of Planet Jupiter (km)
	71398


Table 3. UTC Conversions

	
	EST
	EDT
	CST
	CDT
	MST
	MDT
	PST
	PDT

	Local to UTC
	+5
	+4
	+6
	+5
	+7
	+6
	+8
	+7

	UTC to Local
	-5
	-4
	-6
	-5
	-7
	-6
	-8
	-7



Note: First convert local time to a 24 hour time. Be careful to include date changes in your conversions. 




Example: 
8 p.m. EST Jan 1, 2002   
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 20 h 0 m EST Jan 1, 2002  
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25 h 0 m UTC Jan 1, 2002 
[image: image50.wmf]®

 1 h 0 m UTC Jan 2, 2002
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Note: 	Our parametric formulas are not 	displayed in their entirety by the TI-89. 	Use the arrow keys to move the cursor to 	other parts of  the expression.
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Approximately how many periods do we 	see of the cosine wave representing Io’s orbit?








What dose the amplitude of each cosine wave represent?
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