3. THE GALILEAN REVOLUTION :
EARTH'S PLACE IN THE SOLAR
SYSTEM

EQUIPMENT

Computer with internet connection

GOALS

In this lab, you will learn:
1. How to measure a moon’s orbit around a planet
2. How to use this information to the measure the nohdise planet
3. How to measure the phase and angular diametermis/e

4. How to use this information to distinguish betwettre geocentric and
heliocentric models of the universe

BACKGROUND
A. THE GALILEAN REVOLUTION

Galileo did not invent the telescope, but he waess first to point it to the heavens.
Beginning in 1609, this led to four revolutionarngabveries:



1. He discovered craters and mountains on the moon

highlands

2. He discovered spots on the sun:

Both of these were revolutionary in that the Cathchurch had long ago adopted the
Aristotelian idea that the moon and sun were “mdtf@bjects — spherical, perfectly
smooth, and in the case of the sun, unblemished.



3. He discovered four moons orbiting Jupiter:
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This was revolutionary in that it contradicted th@ocentric model of the universe — the
idea that Earth is at the center of the universg ererything orbits it. The geocentric
model had also been long ago adopted as trutheb@atholic church.



4. He discovered the phases of Venus:
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Although lesser known than the discovery of Jufsteroons, the discovery of Venus'’s
phases is more significant, in that it not only ttadicted the geocentric model of the

universe, it confirmed a prediction of the heliotenmodel of the universe — the idea
that the sun, not Earth, is at the center.



In Aristotle’s (and later Ptolemy’s) geocentric nebaf the universe, Venus rides on a
circle called an epicycle and the center of Venwggycle rides on a circle called a

deferent around Earth:
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The center of Venus's epicycle is always on a lmtween Earth and the sun.
Consequently, Venus never wanders too far fromstire in the sky, which is what is
observed:

Crescent

\Venus’s
deferent

The geocentric model of the universe makes spegiédications about Venus’s phases:
(1) Venus's phase is new or very close to new witers closest to Earth and
consequently appears largest; (2) It transitionsréscent as it recedes from Earth and
consequently appears smaller; (3) It transitionsel or very close to new again when it
is farthest from Earth and consequently appeardlestia(4) It transitions to crescent
again when it is approaching Earth and consequepihgars larger; and (5) It transitions
to new or very close to new again when it is close€arth and consequently appears
largest.

These phase and angular diameter transitions pamédsto a curve in the following plot.
The curve is thick because different versions & g¢ieocentric model of the universe
make slightly different predictions:
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The heliocentric model of the universe makes veffernt predications about Venus’s
phases: (1) Venus’s phase is new or very clogeetw when it is closest to Earth and
consequently appears largest; (2) It transitiongrescent and then quarter and then
gibbous as it recedes from Earth and consequeppgas smaller; (3) It transitions to
full or very close to full when it is farthest froEarth and consequently appears smallest;
(4) It transitions to gibbous and then quarter ahdn crescent again when it is
approaching Earth and consequently appears laagdr(5) It transitions to new or very
close to new again when it is closest to Eartham$equently appears largest:

1

= T
= 3 ‘
B e} —— Heliocentric Model of the Universe
\
-\l - -
v - \ —— Geocentric Models of the Universe
0.7 -
L
W
E 0.5 -
A
0.4 -
9.3 -
"-n\
‘s Bl
Q -
g . = 1

Angular Diameter (arcseconds)



Here’s a video of Venus in the geocentric modehefuniverse:

http://www.youtube.com/watch?v=0InIbZHP-jk

It plays fast. Play it enough times to see athef phase and angular diameter transitions.
Here’s a video of Venus in the heliocentric modahe universe:

http://www.youtube.com/watch?v=0Z_v7Tag4fg

Again, play it enough times to see all of the phase& angular diameter transitions.

If part C of the procedure, you will measure Vesuphase and angular diameter at
different times and then use this information tstidguish between the geocentric and
heliocentric models of the universe.



B. ORBITS

Kepler showed that planets orbiting the sun andmaawbiting planets do not travel on
circles, but on ellipses, with the central bodp¢ of the two foci:

Semimajor
axis

The long axis of an ellipse is called timajor axis. Half of the major axis is called the
semi-major axis which is usually denoteal



Kepler also showed that the time that it takesafptanet to orbit the sun or for a moon to
orbit a planet — therbital period, which is usually denoteB — is related to the semi-
major axis in the following way:

P? = constant x &

where the value of the constant depends on theatdrady: All planets orbiting the sun
have the same constant. All moons orbiting Jugitare a different constant. The moon
orbiting Earth has yet another constant.

Newton showed that the value of the constant dependhe mass of the central body:

P? = (412 / M) x &°

(This assumes that the mass of the central bodigisficantly greater than the mass of
the orbiting body.)

Now, consider the case of Earth orbiting the stihen P = 1 year, M = 1 solar mass, and
a =1 AU (astronomical unit = 1 sun-Earth distandggnce:

(1 yearf = (4r¢ / 1 solar mass) x (1 AU

Dividing this equation into the previous equatioelgs:

(P /1 yearf = (1 solar mass / M) x (a/ 1 AJ)

Solving for the mass of the central body yields:

M=[(a/1AU)*/ (P /1 yearf] solar masses.

Hence, by measuring the semi-major axis of a moorbg around a planet in AU and its
orbital period in years, you can measure the ma#iseoplanet in solar masses. In parts

A and B of the procedure, you will measure the toobia moon around one of the four
Jovian planets and then use this information tosmesathe mass of that planet.
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PROCEDURE
A. MONITOR A PLANETARY SYSTEM WITH SKYNET

In the following tutorial, you will learn how to mé@or an object over an extended period
of time:

http://skynet.unc.edu/ASTR101L/videos/monitor/

Use Skynet to monitor an observable Jovian planetgrsystem every clear night for
two weeks. Select Jupiter, Saturn, Uranus, or Nephe. Similar numbers of
students should monitor each system.

Remember to change “If interrupted...” to “Continue reext free telescope” just in case
the telescope that begins your observations gdkseofluring the next two weeks.
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Confirm that the planetary system that you seleigaddeed observable from CTIO this
time of year:

Visibility of RA 21:47:51.77, Dec -13:44:32.08 (next 24 hours)
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Plots are shown only when the Sun is below -12 degreez. Airmazs = 3 at 20 degreez elevation.

If it is not, select a different planetary system.

Select as many of PROMPT-1, PROMPT-3, PROMPT-4, RROMPT-5 as you can,
but do not select PROMPT-2 since we take it offlevery two weeks.

Select filters and request exposure durationswiiballow you to detect as many moons
as possible without overly saturating the planet:

System Filter Exposure Duration (seconds)*
Jupiter \ 0.03

Saturn Open 0.03

Uranus Open 1

Neptune Open 1

* For PROMPT. Other telescopes might require longer exposures.
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Request two exposures (just in case one disappant$ below this request “Repeat
these exposures 14 times with 1 day between grofugsposures”:

514 [tme(with 1 | days v
| PostExposures |
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EXERCISE 1: MAKE A MOVIE OF THE MOONS ORBITING THE
PLANET

In the following tutorial, you will learn how to ket and align images, which must be
done before they can be made into a move:

http://skynet.unc.edu/ASTR101L/videos/align/

Select and align your images. Remember:

1. If the planet is in the same general area oh ed your images, feel free to change
“Cropping Method” to “Overlay Only”. Otherwise, @iS$Maximize”.

2. Since you will align by clicking on the planethange “Stellar Method (PSF)” to
“Planetary Method (Disk)”.

3. Select, or create and select, a target dingdtoryour “Workspace”, where your
selected and aligned images can be saved.

4. For each image, either select and align it lligkiog on the planet or reject it by
clicking the “Reject” button.

Align x
Irmage Mavigation Settings:
¥ =y Alignment Method: | Onie Star Manual v |

Y5 Open Cropping Methed: | Maximize *

|| Meptune Triton Orbit 000, fits

|| Meptune Triton Crbit 001, fits i) stellar Method (PSF)
¥] centraid Saurces

| Meptune Triton Orbit 002, fits (s) Planetary Mathod (Disk)

|| Meptune Triton Orbit 003.fits

|| Meptune Triton Orbit 004, fits Reject |

[ I Equalize Histogram

|| Meptune Triton COrbit 005, fits Iil ko Me s

|| Meptune Tritan Orbit 006, fits
Pick a source visible in all images, Click that source

|_] Meptune Triton Crbit 007 fits in each image until all irmages have been
|| Meptune Triton Crbit 008 fits registered,
| j Meptune: Triton Orbit 009 fits Maxirnize cropping rmethod will reframe all images

such that no indiviudal image will be cropped,
10 of 10 images registered [0 rejected]

Choose where the aligned images should be saved:

| Select Target Directory |

fwarkspace/Movies

[ Previous jl Mext |
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In the following tutorial, you will learn how to to selected and aligned images into a
movie:

http://skynet.unc.edu/ASTR101L/videos/movie/

Turn your selected and aligned images into a movieRemember:

1. If you want to see the moons orbit the plasttp the movie. Select “ZScale” in the
“Histogram” window and “Equalize Histogram” in tii&lake Movie” window. Then

play.

2. If you want to see the planet rotate, stop mievie. Select “MinMax” in the
“Histogram” window and “Equalize Histogram” in tH®ake Movie” window. (This is
more impressive for Jupiter than it is for Satwranus, and Neptune).

Repeat #1 to see the moons orbit the planet and alti “Download Movie”. Include
this movie in your lab report.
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B. ORBIT AND MASS DETERMINATION

EXERCISE 2: MEASURE THE ANGULAR AND PHYSICAL
DIAMETERS OF THE PLANET

Identify the sharpest looking of your images. Opan Afterglow and zoom in until the
planet fills your window. Select the histogram damv and select minmax.

Measure the angular diameter of the planet to gaeest 0.1 arcseconds.

0=

Note: Thisvalue should be larger than the true value due to atmospheric blurring, but
this effect will cancel out and not affect your mass measurement.

Use Stellarium to find the distance to the plankeé&wSkynet took your image, in AU:

distance =

Note: In Lab #4, you will learn how to measure distances to solar system objects
directly using parallax, instead of having to look them up in Stellarium. But this will
do for now.
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Once the angular diameter of the planet and th&artie to the planet are known, the
physical diameter of the planet can be determined:
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The physical diameter of the planet as a fractibthe circumference of the big circle is
the same as the angular diameter of the planefrastaon of 360°:

diameter / circumference =0/ 360°

Since circumference =t2times radius and the radius of the big circlehis distance to
the planet:

diameter / (2rtx distance) =0 / 360°
Solving for the physical diameter of the planetldse
diameter = 2t x distance x @/ 360°)

Note: Remember to convert @to degrees before using this equation!

diameter =

Note: Sincein AU, thisshould be a very small number.

Note: Thisvalue should be larger than the true value since @should be larger than its
true value due to atmospheric blurring, but these effects will cancel out and not affect
your final mass measurement.
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EXERCISE 3: MEASURE THE ORBIT OF A MOON
Next you are going to measure the orbit of oneonfryplanet’'s moons:

If your planet is Jupiter, you will measure theibof Ganymede.

If your planet is Saturn, you will measure theibab Titan.

If your planet is Uranus, you will measure theibdb Oberon.

If your planet is Neptune, you will measure thkibof Triton.
For each of your successful observations:
1. Select the better of the two images.
2. For that image, select the information windawd aecord the system (not universal)
date and time that the image was taken in DataeTAblAlso record the Julian date that
the image was taken in Data Table 1, to the ne@rgégstays.
3. Adjust the max value and zoom in/out until yoan easily see the moons. Use
Stellarium to identify which one is Ganymede, Tjt@beron, or Triton. (If the moon is
too close to the planet to see, or so far fromplla@et that it is off the image, skip this

observation.)

4. Measure the angular distance between the ceftée planet and the center of the
moon. Record it to the nearest 0.1 arcsecondsia Dable 1.
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EXERCISE 4. MEASURE THE MASS OF THE PLANET
Go to:

http://skynet.unc.edu/ASTR101L/graph

and select “Moon”. In the following tutorial, yowmill learn how to graph your data and
measure an orbit’s semi-major axis in arcsecondspaniod in days.

http://skynet.unc.edu/ASTR101L/videos/graph-moon/

Make a graph of angular distance vs. Julian date athadjust a, P, and the phase and
tilt of the orbit until the curve best matches yourdata.

The maximum angular distance between the moon langlanet is the semi-major axis
of the moon’s orbit, in arcseconds:

a in arcseconds =

The time between peaks is the time it takes fornlo®n to move from one side of the
planet to the other. This is half of the moon'sital period. The time between two
peaks is the moon’s orbital period, in days:

P in days =

P in years =

Arsgrulbar Distanoe vs Thme: a 3257 P 715 days

days

" Fred Line
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Next, use your measurements of the planet’s anglidaneter in arcseconds and physical
diameter in AU from Exercise 2 to convert your mgament of the moon’s orbital semi-
major axis from arcseconds to AU:

a in AU = (a in arcseconds) x (diameter in AU @ in arcseconds)

ain AU =

Note: Sincein AU, thisshould be a very small number.
By Newton’s form of Kepler's Third Law, the massthé planet must then be:
M=[(a/1AU)*/ (P /1 year}] solar masses

M=

Finally, convert the planet’'s mass to Earth masdesolar mass = 333,000 Earth masses.

M=

Google the true mass of your planet in Earth masseand compute your percent
error. Discuss sources of error.

In your lab report, include Data Table 1 and your gaph of angular distance vs.
Julian date.
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C. VENUSIAN PHASES

Venus’s angular diameter and illuminated angulatagice are defined as follows:

Use Afterglow to measure the angular diameter andluminated angular distance of

Venus (1) in your image from Lab #1, if you got on@f Venus, and (2) in archival

images (in Afterglow, go to “File”, “Open Image(s)”, “Sample Images”, “Astro 101

lab”, “Lab 3 — Galilean Revolution”, “Venus”). Record these to the nearest 0.1
arcseconds in Data Table 2.

Note: For each image, zoom in until Venus fills your window. Select the histogram
window and select minmax.

Venus'’s phase is given by:

phase = illuminated angular distance / angular diarater
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Compute Venus’s phase for each image and record #ito two decimal places in
Data Table 2.
Go to:

http://skynet.unc.edu/ASTR101L/graph

and select “Venus”.
Make a graph of Venus’s phase vs. angular diameter.

Are your observations more consistent with the geeantric model of the universe or
the heliocentric model of the universe? Discusss@es of error.
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DATA TABLE 1: PLANETARY MOONS

Planet:
Moon:
System Date | System Time | Julian Date Angular
(days) Separation
(arcseconds)
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DATA TABLE 2: VENUSIAN PHASES

‘ Image

Angular Diameter
(arcseconds)

llluminated Angular
Distance (arcseconds;

Phase
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