
ASTR116 Lab #4: The Mass of Jupiter Oxford College

NAME: DATE:

The Mass of Jupiter

In this experiment you will study the orbits of the four Galilean moons of Jupiter. You will make detailed
measurements of the lunar motions in order to determine their orbital periods and radii about Jupiter.

From this data, and Kepler’s third law, you will obtain a good estimate of the mass of Jupiter.
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1. 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 Brahes, to deduce three empirical mathematical
laws governing the orbit of one object around another.

Keplers Third Law is the one that applies to this lab. Kepler discovered that the square of the orbital
period of a planet is directly proportional to the cube of the semi-major axis of its orbit. Isaac Newton later
showed that the proportionality constant is related to the mass of the parent body. For a moon orbiting
a much more massive parent body, Newton’s version of Kepler’s third law can then be written as (see
derivation in Appendix A):

M =
a3

P 2
(1)

where
• M is the mass of the parent body (Jupiter) 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). For circular orbits, a is 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.

The remarkable feature of Kepler’s third law is that simply by observing the motions of a moon going
around a planet, one can determine the planet’s mass.

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 the Copernican 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.

In this lab you will study the orbits of the four Galilean moons of Jupiter. You will make detailed
measurements of the lunar motions in order to determine their orbital periods and radii about Jupiter.
From this data, and Kepler’s third law, you will obtain a good estimate of the mass of Jupiter.
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2. 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 an image like that in Fig. 1.

Figure 1: Jupiter and moons as seen through a small telescope.

The moons appear to be nearly 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.

Figure 2: View from above the plane of orbit. When viewed from earth, the separation distance x has a minimum

value of 0, when the moon is directly in front of Jupiter, to x = a when the moon is directly above or below Jupiter.

If you could view Jupiter from above, as shown in Fig. 2, you would see the moons traveling in apparent
circles. Fig. 2 also helps to visualize what an earth observer would see while looking at a moon orbiting
Jupiter. Because we lie nearly in the orbital plane, the separation between Jupiter and the moon that we
observe is the perpendicular distance labeled x in Figure 2. As the moon revolves around Jupiter we would
see x vary from x = 0, when the moon lies directly in front of Jupiter, to x = +a, when the moon is at the
top of the orbit shown, then x = 0 again when the moon lies directly behind Jupiter, then x = !a, when
the moon is at the bottom of the orbit, and finally one cycle is completed when x = 0 again as the moon
passes in front of Jupiter. This cyclic motion can perhaps best be visualized by recording values for x and
plotting them vs. time, as shown in Fig. 3.

By taking enough measurements of the position of a moon, you can determine from data plots like that in
Fig. 3 the radius a of the orbit (the amplitude of the curve) and the period P of the orbit (the period of the
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, Eq. (1). 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 calculated Jupiter masses may not be exactly the same.
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Figure 3: The apparent position of a moon varies sinusoidally with time as it orbits Jupiter. Here the apparent
position x is measured in units of Jupiter’s Diameter. This (fictitious) data shows that the orbital radius a = 3.75
Jupiter Diameters, and the orbital period P = 2.5 days. From these values, and Kepler’s Law Eq. (1), we calculate
the mass of Jupiter to be MJ = 9.71× 10−4MSun.

The computer program simulates the operation of an automatically controlled telescope with a charge-
coupled device (CCD) camera. It allows measurements to be made at a computer console, as well as
adjustment of the telescopes magnification. The computer simulation is realistic in all important ways, it
shows the moons to you as they would appear if you were to look through a telescope at the specified time.

3. Jupiter Moons Lab

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 Jupiters Moons lab; then select Log in from the File menu. Enter your
name(s) 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.

Now the window pictured in Fig. 4 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 di!cult 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, UT, or 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).

To do something you can’t do with the real sky, select File " Features and check the boxes for
Animation, Use ID Colors, Show Topview and click OK. You should see an overhead view window
like that show in Fig. 5. Now click on Cont, the continuous button on the main screen. Watch the moons
zip back and forth as the time and date scroll by. With this animation, its fairly easy to see that what the
moons are really doing is circling the planet while you view their orbits edge-on. Note that the ID Color
option colors the moons di"erently to avoid confusing them.

When you are satisfied that you understand the motions of Jupiters moons and why they appear the
way they do, you are ready to start the lab.

• Turn o" the Animation feature before going to the next section.
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Figure 4: Observation Screen.

4. Procedure: Data Collection

In order to measure the position of a moon, move the mouse to the moon and click it. The lower
right-hand corner of the screen will display the name of the moon (for example, II. Europa), the X and
Y coordinates of its position in pixels on your screen (which we won’t need), and its x-coordinate expressed
in diameters of Jupiter (Jup. Diam.) to the east or west of the planets 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. To measure each moons position accurately, switch to the highest magnification that
will keep the moon on the screen.

The steps for collecting data are as follows:

1. Let’s start by examining Io. Because Io moves quickly, we need to reduce the time interval between
observation points from the default value of 24 hrs. Select File"Timing and enter 4.00 in the Obser-
vation Step [Hrs] box, then click OK. Now we need to set the time and date of the first observation.
Select File"Observation Date"Set Date/Time. Enter 2011/01/01 in the YYYY/MM/DD
box, and 00:00:00 in the HH:MM:SS box.

2. Find Io and Europa on the screen, click on each of them and record their x values in Table 1. Now
click Next to advance time one step, or 4 hours, and record again the x values in Table 1 just below
the first point. Make sure that your x!values have the correct sign, we’re using values West as positive
numbers, and values East as negative numbers. Repeat this process until you have completely filled
the Io column in Table 1. Note that on some nights it will be ”cloudy” and you will not be able to
obtain any data for that night.

3. For Ganymede and Callisto, use Table 2 and repeat steps 1 and 2 above, but increase the Ob-
servation Step to 12.00 hrs, and make sure to reset the Observation Date back to Jan. 1, 2011
first.

41



ASTR116 Lab #4: The Mass of Jupiter Oxford College

Figure 5: Overhead view of Jupiter and it’s moons

5. DATA ANALYSIS

You now need to analyze your data to extract the period P and the radius a of each moon’s orbit. To
do this,

1. Plot your values of x vs. time t for each moon using the supplied graph paper pages.

You should obtain a graph similar to the sample one in Fig. 3. From the graph, you can determine the
radius and period of the orbit.

The period P 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, as is the time between two minima. The time
between crossings at x = 0, 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.

The radius a 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.

2. Determine values for P and a for each of your data graphs. Record those values in Table 3.

You now have all the information you need to use Kepler’s Third Law to find the mass of Jupiter. But
note that values you obtained from the graphs have units of hours or days for P , and Jupiter diameters for
a. In order to use Keplers Third Law, you need to convert your values in Table 3 into years and astronomical
units (AU).

42



ASTR116 Lab #4: The Mass of Jupiter Oxford College

Table 1: Orbits of Io and Europa.

Start Date: 2011:01:01 Universal Time at Start: 00:00:00

Hour Date Hours Since Io Position Europa Position

Start (West is +, East is -) (West is +, East is -)

0 0

4 4

8 8

12 12

16 16

20 20

0 24

4 28

8 32

12

16

20

0

4

8

12

16

20

0

4

8

12

16

20

0

4

8

Period Period

Hrs Hrs

Days Days
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Table 2: Orbits of Ganymede and Callisto.

Start Date: 2011:01:01 Universal Time at Start: 00:00:00

Date Hour Days Since Ganymede Position Callisto Position

Start (West is +, East is -) (West is +, East is -)

0 0 0
12 0.5

1 0 1.0
12 1.5

2 0 2.0
12

3 0
12

4 0
12

5 0
12

6 0
12

7 0
12

8 0
12

9 0
12

10 0
12

11 0
12

12 0
12

13 0
12

14 0
12

15 0
12

Period Period
Hrs Hrs
Days Days
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Table 3: Periods and Radii of the orbits of the Galilean Moons of Jupiter.

• To convert days to years, divide by 365.

• To convert hours to years, divide by 8760.

• To convert Jupiter Diameters to A.U., divide by 1050.

P a P a M (= a3

P 2 )
Moon (Jup. Diam.) (Years) (AU) (Solar Masses)

**Fig. 3** 2.5 days 3.75 6.85# 10−3 3.57# 10−3 9.70# 10−4

Io

Europa

Ganymede

Callisto

– – – – Avg. M "
1. Use Kepler’s Third Law to calculate the mass of Jupiter for each moon.
2. Find the average value of M and compare to the known result, MJ = 9.55# 10−4MSun. What is the

% error between your value and the accepted value?

3. Express the mass of Jupiter in earth units by dividing it by 3.00 # 10−6, which is the mass of Earth
in solar mass units.

Average MJ = earth masses.

4. There are moons beyond the orbit of Callisto. Will they have larger or smaller periods than Callisto?
Why?
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Appendix A. KEPLERS THIRD LAW DERIVATION

In the early 1600’s Kepler examined orbital data from many planets and moons and discovered that the
ratio of the cube of its orbital radius a to the square of the orbiting bodies period P , is a constant. Written
mathematically,

Kepler:
1

K
=

a3

P 2
(A.1)

where K is known as the Kepler constant, which Kepler found to be unique for each orbiting system. This
was an empirical relation (published in 1618) that he found accurately described the motions of planets
around the Sun, and moons around planets. While this is a remarkable finding, it’s important to remember
that Kepler didn’t really understand why this relation was true, or where it came from. Why not? Because
in the early 1600’s there was no theory of gravity, and gravity clearly plays a central role in planetary
motions.

Then, in 1687, sir Isaac Newton published his universal theory of gravitation and his general laws of
motion. It then became possible to derive mathematically the relation that Kepler found. To do this, let’s
examine Fig. A.6. Here we have the general case of a small planet or moon, of mass m, orbiting a much
larger body of mass M (so that m $ M). For simplicity we assume that the orbit is circular, with a radius
a, and period P . We need to focus on the forces acting on the orbiting mass m. Newton found that there
is a gravitational force FG that is pulling the orbiting body inwards. This force is given by

Graviational Force: FG =
GMm

a2
(A.2)

where G = 6.67# 10−11 m2/kg s2 is Newton’s gravitational constant.
Huygens (1659) had also earlier found that there is an outward force, the centripetal force FC , that is

e"ectively pushing the body outwards as it goes around, with

Centripetal Force: FC =
4!2ma

P 2
(A.3)

When the orbiting body is going around in a perfect circle, it is always staying at the same distance
from the center, so it is neither moving inwards nor outwards. This means that the two forces acting on it
are canceling out, or that they are equal and opposite, so that for a circular orbit, we must have

FG = FC . (A.4)

We can now solve Eq. (A.4) by plugging in for FG and FC from Eqs. (A.2) and (A.3). We then find

GMm

a2
=

4!2ma

P 2
, (A.5)

which can be rearranged into

M

(
G

4!2

)
=

a3

P 2
. (A.6)

This looks a lot like Kepler’s empirical relation, Eq. (A.1), but is it the same? Since the right hand sides are
equal in both equations, it’s only the same if the left hand sides are equal too, so that the Kepler constant
must be given by 1/K = M(G/4!2). Again, Kepler had no idea what the his values of K meant, but he
knew from examining the planetary orbits that the Sun had one value of K, and from observations of the
4 Galilean moons that Jupiter had a di!erent value of K. This is indeed consistent with our derivation, in
that 1/K = M(G/4!2) means that each parent body M (like the Sun or Jupiter) gives a di"erent value of
K.

Finally we note that we can simplify Eq. (A.6) by using the Sun units described below Eq. (1) above.
This results in (G/4!2) = 1 and

M =
a3

P 2
(A.7)

48



ASTR116 Lab #4: The Mass of Jupiter Oxford College

Figure A.6: Keplers Third Law for circular orbits. The inward gravity force, FG, is equal to the outward
centripetal force, FC , so the orbiting moon m maintains a constant distance a from the much larger planet M .

Appendix A.1. Exact Solution of Kepler’s Third Law

The version of Kepler’s third law given above applies to the specific case where (i) the orbits are circular
and (ii) m $ M . There is a more general solution, however, valid for elliptical orbits and for any size
orbiting mass. The full solution is

M +m =
a3

P 2
(A.8)

where a is the length of the semi-major axis of the elliptical orbit.

Appendix B. Galileo’s Observations.

Figure B.7: Galileo’s observations of the moons of Jupiter from 1609.
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.

DUE NEXT WEEK...

1. Completed data Tables 1, 2, and 3.
2. Data graphs for Io, Europa, Ganymede and Callisto
3. Answers to Questions 1-4 in Table 3.
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