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Goal: Create a revised
iImplementation of the Moons
of Jupiter lab using new web
capabilities, specifically,
Horizons Web-Interface.
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Kepler
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e German astronomer and mathematician

e 1571-1630

« Believed there was an inherent order to the

universe and that ‘those laws [of nature] are

within the grasp of the human mind..’
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Kepler's Laws of Planetary Motion

|

The orbit of every planet is an
ellipse with the Sun at one of
the two foci

2

A line joining a planet and the
Sun sweeps out equal areas
during equal intervals of time

L
NS

3

The square of the orbital
period of a planet is directly
proportional to the cube of the
semi-major axis of its orbit

2 3
Iy a1
T,) \a
T = period
a = semil — major axis




The Significance of Kepler's Laws

@ Supported the model of the Sun as the center
of the Solar System

@ Inspired Isaac Newton to explain motion
with the Law of Universal Gravitation




Contemporary Laboratory
Exercises in Astronomy
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Project CLEA
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» Designed by Gettysburg College in
the 1990s

PHOTORLECTRE

© PHOTOMETEY |
OF THE PLELADES i
. ; T

CARORS T RYERTISE
PHSIRONONY

The Hubble
Relation

Spectral Classification
of Stars

HR Dlagramsof .
Clusters

Photoelectric
Photometry
of the Pletades

e A resource of free software-based
laboratory exercises for astronomy
students
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Flow of Energy Out of
the Sun

ot s
The Large Scale
Structure of the

Universe

The Quest for Object X

Images from the GONG
Project

o Still available for download but no
longer being updated




&G54 CLEA Exercise - The Revolution of The Moons of Jupiter - X
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Collect the Data

In the CLEA software,
students record the
position of the four moons
IN relation to Jupiter
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Analyze the Data

-Graph the position versus time

-Fit this data to a sine function

-Record period and amplitude

Calculate the Mass of Jupiter

Use the following equation
to calculate the mass of

Jupiter:

Cl3

MZF



Collect the Data

In the CLEA software,
students record the
position of the four moons
IN relation to Jupiter
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Analyze the Data

-Graph the position versus time
-Fit this data to a sine function

-Record period and amplitude

Calculate the Mass of Jupiter

Use the following equation
to calculate the mass of

Jupiter:
3

a
MZF



An Updated Approach...




@ Jet Propulsion Laboratory + View the NASA Portal

California Institute of Technology + Center jor Near-Earth Object Studies

JPL HOME “ SOLAR SYSTEM STARS & GALAXIES

Collecting Data

* Horizon's Web-Interface by NASA's Jet
Propulsion Laboratory

‘Solar System
Dynamics

EPHEMERIDES
HORIZONS Web-Interface

This tool provides a web-based /imited interface to JPL's HORIZONS system which can be used to generate ephemerides for
solar-system bodies. Full access to HORIZONS features is available via the primary telnet interface. HORIZONS system news
shows recent changes and improvements. A web-interface tutorial is available to assist new users.

Current Settings

Ephemeris Type [change] : OBSERVER
Target Body [change] : lo (JI) [501]
Observer Location [change] : Frederick, MD ( 77°25'00.1"W, 35°24'54.0"N )
Time Span [change] : Stari=2018-10-23, Stop=2018-11-02, Step=24 h
Table Settings [change] : QUANTITIES=1,21; date/time format=JD; angle format=DEG; CSV format=YES
Display/Output [change] : plain text

o Set location and observation intervals

Generate Ephemeris
Special Options:
» set default ephemeris settings (preserves only the selected target body and ephemeris type)

» reset all settings to their defaults (caution: all previously stored/selected settings will be lost)
» show "batch-file” data (for use by the E-mail interface)

ABOUT SSD CREDITS/AWARDS PRIVACY/COPYRIGHT [ | LINKS |

N 2018-Nov-16 21:13 UT Site Manager: Ryan S. Park
013-} 16 21313 U ger: Ryan S. Par
FIRSTGOV (sexrver date/time) Webmaster: Alan B. Chamberlin

Your First Click te the U.5. Government

» Collect Julian date, light minutes, right
ascension, and declination




Declination and
Right Ascension

Celestial Sphere

* No set axis

« Centered about Earth

* Relates the position of objects by measuring
their passage

Right Ascension

« “Longitude’

* Measured in hours with 24 hours being 1
rotation

Declination

« “Latitude”

« Celestial equator: declination of O°

* North celestial pole: declination of +Q0°
« South celestial pole: declination of -90°
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Revised: Jun 17,

e s E T E e E T E T E e T T T e e e e e

2816 Eurocpa / (Jupiter) ce2

SATELLITE PHYSICAL PROPERTIES:

Radius (km)
Mass (1828 kg )

= 1565 +- B Density (g cm™-3) 2.9% 4+- 8.05
= 479.7 +- 1.5 Geometric Albedo = B.6

SATELLITE ORBITAL DATA:

Semi-major axis,
Eccentricity, e
Inclination, i

EEmEEEERRRRER Rk R

a (km) = &71.87% (1@"3) Orbital pericd = 3.55181% d
= 6,818l Rotational periocd = Synchronous
(deg) = 0.484
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Ephemeris / WWW_USER Tue Nowv 27 82:51:45 2013 Pasadena, USA / Horizons
T Tl I I T I I I T T I I T T T I I T T T T I I T I I T T T I I I I T T T I T T I I T T T ITr T I T
Target body name: Europa (582) {source: jup3la}

Center body name: Earth (3992) {source: DE431mx}

Center-site name: GEOCENTRIC

T T I I I T T I I T T T I T T T I I T T T I I I T I I T T I I I T I T T T I T T I I T T T I I ™™™
Start time  ALD. 2818-Nov-21 d@:9@:08.9a888 UT

Stop time  ALD. 2018-Nov-858 ©0:908:080.0882 UT

Step-size 368 minutes

T T I I I T T I I T T T I I T T T I T I T T T I I I T I I T T I I I I I T T I T T T I I T T T T I I I TTT™™ ™™
Target polefequ TAU_EUROPA {West-longitude positive}
Target radii 1562.6 » 1568.3 x 1559.5 km {Equator, meridian, pole}

Center geodetic
Center cylindric:

: @.00000000,0.00000000,0. 0000800 {E-lon(deg), Lat(deg),Alt (km)}

0.00000000,0 . 00020000, 0. 000002 {E-lon(deg),Dxy(km),Dz(km)}

Center polefequ High-precision EOP model {East-longitude positive}
Center radii 6378.1 % B3VE.1 % &356.8 km {Equator, meridian, pole}
Target primary Jupiter

Vis. interferer : MOON (R_eq= 1737.408) km {source: DE431mx}

Rel. light bend Sun, EARTH {source: DE431mx}

Rel. lght bnd GM:
Atmos refraction:
RA format

Time format

EOP file

EOP coverage
Units conversion:

1.3271E+11, 3.9860E+85 km~3/s"2

NO (AIRLESS)

DEG

D

eop.181126.p190217

DATA-BASED 1962-1AN-2@ TO 2@18-NOV-26. PREDICTS-> 2819-FEB-16
1 au= 149597878.700 km, c= 299792.458 km/s, 1 day= 56408.0 s

ollecting Data

Horizon's Web-Interface by NASA's Jet
Propulsion Laboratory

Set location and observation intervals

Collect Julian date, light minutes, right
ascension, and declination

Copy from plain text output
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A E C u] F £} | J K L [\ [u} Q
Julian Date Jupiter BA  Jupiter DEC Light Min lo RA lo Dec Time [days A6~ Fit~ Diff*
24585275 25858783 -22.393z22 47.331351 258.61246 -22. 40167 w (radlsec 0« » | Average Distance (m)
245852763 258.60847 -22.40071 47. 316641 258.6385 -22.40234
245852775 258.625836 -22.40225 47.301132 258 65856 -22.40354 ¢ [rad) 0« ¥ | Amplitude
245852788 25864922 -22.40381 47 285695 258 67262 -22.40444
2468828 258.66327 -22.40532 47270264 238.65135 -22.40457 a8 0« ¥ | Period [days)
245852813 258.68923 -22 40675 47 254365 25563374 -22.40532
245852825 25870327 -22.40812 47.23375 258.6357 -22.40597 3 Period [seconds)
245852838 258.72343 -22.40346 47.224615 25870243 -22.40702 nesar
24585285 258.74356 -22.41054 47209357 2587133 -22.40857 Jupiter’s Mass (kgl
245852863 258.77023 -22.41228 47.133342 258. 74016 -22. 41063
245852875 258.73046 -22.41373 47173355 258, 76607 -22.41306
245852089 258.81045 -22.4153 47162783 258, 73645 -22. 41565 N
2463624 258.53023 -22. 41677 47147255 258.82341 -22. 41512
245852903 25884993 -22.41816 47131561 25586243 -22.42024 .
2458525.25 258.869T1 -22.41348 47 1165 TE 25889309 -22.42188 o
245852938 258.55966 -22.42073 4710731 258.91336 -22.42304 [
24585295 255.30376 -22.42212 47.085353 25893333 -22.42378 o
245852963 258.92385 -22.42353 47.070436 25895475 -22.42428
245852975 258.94354 -22.42433 47.054782 25896456 -22.42463 "
245852588 258.96956 -22.42647 47.039085 258.97128 -22.42517 b
2452520 258.35306 -22.4273 47.023458 25897744 -22.42585 o T
245353012 253.0035 -22.42324 47.007366 25893575 -22. 42685 o i
245853025 253.02801 -22.43052 46.332585 2583385 -22.42824 0
245853038 259.0477 -22.43173 46377221 239.01709 -22.43005 a 0z nE
I 24585305 259.06754 -22.43309 46961763 253.041?4' —22.43224.|

Collecting Data

* Horizon's Web-Interface by NASA's Jet
Propulsion Laborator

o Set location and observation intervals

» Collect Julian date, light minutes, righ
ascension, and declination

« Copy from plain text output

» Paste into pre-made Excel template
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Declination and
Right Ascension

Angular separation is calculated with the
following equation based on Pythagorean
theorem:

AB = \/((aM — a]) Cos(radians 5]))2 + (6m — 6;)* X sgn(Aa)

6 = declination and a@ = right ascension




Analyzing

AutoSave Sl ® - = Moaons of Jupiter Lab Template_pptdemo - Excel Brianna Wachter -

File Home Insert Draw Page Layout Formulas Data Review View Developer Help Script Lab 2 Tell me what you want to do 1= Share

t h e D a t a = il B I'-'::-:_.-' |-:I“|:II ||,|".' ra FI TEZIZ_'I: [ SJEMNET ﬂl . L : o .-.::_::... @ U um I—I,r ? ....:"- J
i : [T Fill - -

r'-.-'1-=rgn=-“' Center - _T -0 9 | &0 0 Conditional Formatas Ce Insert Delete Format L Sort & Find &
- ' B 7" | Formatting = Table~ Styles - - - L Filter = Select ~

Clipboard 3 Alignment s Mumber - Styles Cells Editing

Plot A& as a function of time m2s

B i D F 3
lupiter RA Jupiter DEC Light Min lo Dec  Time (days)

Ln
[w.n]
Li3
Ln
[u]
Ln
=]
=]
LiJ
LiJ
=
o]
i3
=
=]
=y

» |Average Distance (m)

[T O

L
L
L
Ln

[ =
L
o
Ln

=] LX
i
o]
=
=]
L

=]
-1

[WE]
Ln

L

ta

Use the sliders and graph to
estimate the amplitude, phase
shift, and angular frequency

s b

» |Amplitude

[ B =
=

Ln
Ln
=]
Ln
[y
£
[ W]
Ln
th &h & €
Ln N
] L
Ll oh
[ T |
B
Ln
=
[
ed

Ln
=T
=]
(=]

Ln
el bl bl

L pa
n o =
=

Ln

=

LD

Lid

e
o

4 ]

o ma -

L= =]

—

[= 5]

Ln
L
==
i
o=
2
i

» |Period (days)

L2
L
h
Pd Pd B3 pd R I

Fa Fd Pa fa [CREERE KRN CRE C R R ERE C R U CR) RN TR C RN CRN SN C RN RN CRE CRY TR
[ I T e R S R S R O |
.
=
[
Lid
e
[ T A
Ln

o
Ln
o
Y
Ln
[
2
3

£ =] o

=]  LE]
=
=]
Lia

[l
B
i

Ln

L

|

Ln
£
FE =

-

-
(= y]
(= y]
(=]
Lid
LN

Ln
=

[ Ry

= [

= R

I

-] [0 O ka3 [0
- LN o
=4 d= N
==
[ R |
=
[

Period (seconds)

LLI
Ln
LE3
L=
[my]
Ln
LLI
=
(1]
Ln
Ln

Ln
¢ P P B3 [ [ P P a3
SR R SC Ry R R R R R S S U A i R S S S A A

R R R o o R R

Ln
£x
Lid
[
o
=T
=
]
[
_L.. iy
[
i
LI
CT
[N
LE3
=
ch

e L

P S =
[
Ln
= LA .hn
(=} ] h
i
iLn
= T = = 5 |

[ S S R O D O R U R O [ o
Lid
L3
LN

el
P LR
T !

e
I3 Pd

—
L]
Ln
Ln
=

lupiter's Mass (kg)

P Pod PBd Ped Pd e P fed 3 [
Ln

J=a
LN =
i
Ln

=]
Lid
=

o
== S |
LA
L pa

oo

—
—
no-
Ln

L
a

Ln
[ R = ]
Lid
E

s
-
[
LN

i3
[
= -
Ln

—
et
LA a3
L
= | B
o
L3 fed
L
L

5 R =9 -l'- :
=]
=]
Lid

- n
- N
0 ]

=t
=3
i
=
-]

L
[
L En
TERNTE
Ln
Ln
u

Lia

v
LN

L0
£a
X &
W A
Fd fd Pd B B3 Ped
=
Ca

Ln
=T e
[ =
[
=
=
[
Lo
=TT
=
Ln
=
]
[y
=
=
Lia
[= 5]
e
Y

Lid
Y
=]
2
LiJ

o
ta
=J L L3

Calculate the fit using the
following equation:

LA
Ln
Lid
Ln
Ln
3
LN

5 [ed  [ed
= L2 N
[= 5]
Lia

[
[
=] [
e}

L
L pa
LA

Ln
£
L
-
=]
-8
Ln
Fh:l

L0 TR =S =Y
=
ch oh
[ws]
i
=1
=i
]

Lid
o
]
=]
L
PBd  Ped el
[,
Lo
- Pl

Ln
(1]
[my]
==
-
[

|
F=
(1]
Ln
=
=
(1]
L=
Ln
Ln
[
[ws]
[
[

[
=Y
X
Lig
Ln
oo th on h
==
Ln
Lij
=]
=
(=]
Lij
=]

Ln
o
[
0

i_IJ
o
£
Ln

2 fd PRI PRd RD PRI BRI

[
e I
[
L
Ln
00 [0 b=
=
~d =

=
=] [0
3 on
N pa

L

=
LLa
L
LN
s o
=]
v s
=]
£
£a

Ln
[
T
[E]
Ln
[
=
Lid
e
=
Ln
Lid
[
Ln
[
Ln
h
(=]
=
o]
=
[= 5]

12
LN
ch

e e e e I I R S T 6 R o I s O o I S I N N I U= Iy o
Ln

Ln

B pd R B3 PR3 RO B3 B3 B3 p

LN
=== =« = R = = Ry o x
h h ol h
i3
T
[WE]

Lid
Lid
Y fa
[= 5]
LN

LA
:
[
-
i
Ln
[

I,
=
a
L0
=
o
LN

o oy
[y

Lid

h

L=

Lia
2 | g
=
[y
i =Y
L
[
[= 5]

£
3
[T
L
Lid

f-d
Lid
Ln

=]
o]

Fit = ABsin(wt + @)

Ln
el
[
(=]
i3
==
(1]
Ln
=
[
LN

... EI-J
B fed P

B L pa

- =]

A (]

Ln [

[
=
[
L=
=
=i
i3
(=]
Ln

Ley

=

=l

=]

L3 LS e

0 = LN
Fod 3 Fd fd PO Pd 3 B3 R3 Pd d R R3 B3 R3 3

P
i

Ln
=] LK
[=d [ [ed
h
el
Pd B3 Ped
Ln
oo [a
=
Lid
L3 =
S
[
=]
Lid

[=g]
==
[=g]

lE

L oun

[ WE]

in wn

ch

=
i3 =
Ln
Lid
-]
Y
h
=
e T
Lid
Ln

R R i R Y R o o e R R R R R R el R SR S R R

P P Pd Pd Pd Ped d d ed P Pd [ed [ed [
Ln
O O 0 0 LK

LA

P fed  Ped e
L
[

fod 3 [

sl bilial e

LA
el
a3 =

. LN
=] [

=

Lia

Lia

[my]

LD
F =Y
=
Lia

w2

|
[}
Ln
£
[
i
[}
Ln
[}

A
=3
e
L3

Square the difference between
the ]Clt aﬂd A@ ) lo Europa Ganymede Callisto

O Type here to search

Add a second set of data to
your graph of fit as a function
of time




Analyzing

AutoSave @ Sl ® - = Moons of Jupiter Lab Template_pptdemo - Excel Erianna Wachter

File Home Insert Draw Page Layout Formulas Data Review View Developer Help Script Lab 2 Tell me what you want to do 1= Share
: . T - A )
th e Data UD . calibr A A === @ 32 Wiap Ted General T = —jl«f:, :E‘f% X ,-\.thI:uEle 7Y ,I)‘-,s'
Paste EE‘ ) L ¢l A — = = | —= — = 0 0 Conditional Formatas Cell Insert Delete Format [LFin~ Sort & Find &
- ¥ B I U -t~ " E == == ElMeged Center - b-% 9% Formatting ~ Table= Styles - - - - &’ Clear~ Filter = Select ~
Clipboard Font s Alignment s Mumber Ma Styles Cells Editing
. . M230 J
* ¥ isthe sum of the difference
B - D E F G H I J K L i M 0 P
CO | u m n 1 Jupiter RA Jupiter DEC Light Min lo RA lo Dec  Time (days) A8° Fit® Diff*
2 258.54024 -22 43078 35.63622 258.50033 -22. 42781 0 -0.03701 -0.03727 6.7743E-0B|w (radfsec) 3.54039 < > | Average Distance (m)
3 258.52865 -22.43019 35.642397 258 48842 -22.42773 008333533 -0.03727 -0.03735 7.40783E-09
4 258 51697 -22 42956 35.648383 258 47996 -22 42784 0.1666667 -0.03425 -0.03421 192482E-09|¢ (rad) 17.1237 £ » |Amplitude
5 25850525 -22 42889 35.653609 258 47471 -22 42806 0.25 -0.02824| -0.02811 1.76631E-08
. & 25849355 -22 42818 35.657564 258 47217 -22 42831 0.3333333| -0.01976 -0.01958 3.37186E-0B|AB 003772 € » |Period (days)
RU n the Excel SOl\/er add_ln to 7 258 48193 -22 42743 35.659841 258 47159 -22 42851 04166667 -0.00962 -0.00936 6 79075E-08
L 3 25847043 -2242666 35660174 25847205 -22.4286 05 000245 000167 6.06464E-07 [N G Ena Period (seconds)
m | n | m |Ze th e )(2 \/a | U e by 9 258 45906 -22.425591 35.658467 258.47248 -22.42854 05833353 0.01268 0.01256 1.518B46E-08 Reset | |
10 258.44779 -22 42518 35.654809 25847185 -22 42827 06666667 002245 002236 9.23615E-09 Jupiter's Mass (kg)

. . 11 258 43656 -22.4245 35649465 25846916  -22.42778 D75 0.03031 0.03023 7.46155E-09
Chang|ng the amp“tUde phase 12 2584253  -2242386  35.642850  258.46364 -22.42705 0.8333333 0.03558 003548 1028026-08 __ ° o= ! - : oo
’ 13 25841385  -22.42325 35635534 25845471  -22.42608 009166667 003778 003767 1.23788E-08 '
Sh”CJ[ and an U|ar fre lale 14 25840248 -22.42266 35628102 25844215 -22.42488 1 003674 003661 1.69425E-08 ”:_‘ e '3-'3_‘
’ g q y 15 25839088  -22.42205 35621189 25842605  -22.42347 10833333 0.03254 003238 266193E-08 003 » . 003
. 16 25837919 -22.42142 35615375 25840683  -22.42192 11666667 0.02556 0.02535 £12974E-08 oo y . D0z
\V25 rlab|€S 17 25836746 -22.42074 35611132 258 38518 -22.42027 1.25 0.01632 001613 6.38275E-08 .. * o1
18 25835576  -22.42002 35608817 25836203  -22.41862 13333333 0.00596 0.00552 1.93583E-07 ; . h ;
19 25834414 -22.41926 35.60857 258.33843  -22.41705 14166667 -D.00572 -D.00557 2.43629E-08 I AR | W, 15 } 2ls
20 258 33265  -22.41848 35610374 25831544  -22 41566 15 -0.01616 -0.01617 234979€-10 % g \ o
21 25832128 -22.41773  35.614026 25829400 -22.41452 15833333 -0.02534 -D.02538 2.06337E-08 002 y . -0.02
22 258.31001 22417 35619162 2582752 -2241368 16666667 -0.03235 -0.0328 272842E-08 oo , . : At' | .oos
23 25829877  -22.41631 35625297 25825041  -22.41319 175 -003652 -0.03662 07910BE-08 ., %" it o aF | o,
24 25828751  -22.41566  35.631867 258.24705  -2241301 18333333 -0.0375 -0.03767 3.03115E-08 .
25 258.27616  -22.41505 35638283 25823816 -22.4131 19166667 -D.03518 -D.03547 B.1167E-08
26 25826460 -22.41445 35643977 2582325 -22.41337 2 -0.02978 -0.0302 1.7B498E-07
27
28
lo | Europa Ganymede Callisto + 4

Ready %3
-l (O Type here to search 0 9 B x2 & P3




Analyzing

AutoSave Sl ® - = Moaons of Jupiter Lab Template_pptdemo - Excel Brianna Wachter -

File Home Insert Formulas Data Review Developer Help Script Lab 2 Tell me what you want to do 1= Share

t h e D a ta iy ~alibri : IIE' Wrap Text General r % o @ ; e :? '_'
| ' Fill = =7

f"1-=rr|n="" Center = -T -0 ® | &0 00 Conditional Formatas Ce Insert Delete Format Sort & Find &
— ' Qo Formatting = Table = Styles - - - & Llear Filter = Select ~

Clipboard 3 Font 3 Alignment [P Mumber - Styles Cells Editing

o (Calculate the average distance
(meters), amplitude, and period
(seconds)

M21

B _ D F 3
lupiter RA lupiter Light Min lo Dec  Time (days)

Ln
[w.n]
Ln
=
[
[
ey
Ln
[
Ln
L=
[
i3
(1]
=
=3
i3

=)
=]
[
n

-
=
Lid
]

L=
LD LK

w (rad/sec) 54 » |Average Distance (m)

[T O
Li3
-]
1]
LN
.
L3
i
[
= e

Ln
Ln
[
(=]
Ln
Ln

=] X
T
[
[
=3
Lid
-
-
3

ol e

L
Lii
m m

e
|
- &n =
-]
2
[

[
_L.. iy

LiJ =

Lid
[RE L]
in
[ =
Lid
=]

[= S s =]
L
-]

A pa
LN -

L

ta
[
m
f]
[re]

¢ (rad) 17.123; > | Amplitude

s b

B
=
LN = o]
| el

[ B =

Ln
Ln
=
Ln
[WE]
Ln
Ln
[IE]
(= §]
=]
=
Ln
=]
(=]
=
o]
ed
=
i
=]
=]
=

1.8 X 1010 meters
1 Light Minute

LA

O O xa xa

: : i k
Ln

el bl bl

;o oo -
i

[ =

LA
d=
L
Lid
Ln
£
=i
=
(A= = =]
=1
[=4] =
f
b
=
Lo

oh [0 =
=
[0 [a

» |Period (days)

[E]
Ln

th &h & €

L LN
|

P o

s O

~ B

Avg Distance = Avg Light Minutes X

s s
-4

Ln
£
Y

d

!;h:l
L2
L
h
r~'_| rnl_l rﬁl_l r~'.| I":J I'~I-I

Fa Fd Pa fa [CREERE KRN CRE C R R ERE C R U CR) RN TR C RN CRN SN C RN RN CRE CRY TR
[ I T e R S R S R O |
.
=
[
Lid
e
[ T A
Ln
3
=
[ k]

= =

Ln
3
£
2
2
o]
LD
Lia

£ =] o

=]  LE]
=
=]
Lia

i
i3

=
e

Ln

£

-

-
(= y]
(= y]
(=]
F=
[
Ln
e

-4 0 k] 20

5 Ln
H I
=
=
[t

(=]

]

!.:J
[T
[}
[ T R S Ry
L
Lid ©h h =
S I V= Ry S
=

[mn}
(=]
=
[}
[
-
- !:-I _L:n

Period (seconds)

P
-

Ln
£

K

Pd a2 ed

LLI
Ln
LE3
L=
[my]
|
Ln
o
x
=
=3
=
Ln
=

Ln
P
=
Lid

[
LD [a

Ln
[0 Fd fd Pd 3 P33 pd fed

SR U U U U KR N S K |':J [SER CCR SR U U U U U X
-r--r--l'--l'--l'--l'--r--r--r--r--ﬁ

3 LN

o

o]
=T
=
]
_ri-_l Z
o
[y
el
i
LN
CT

e R T R e

[ S S R O D O R U R O [ o
L3
LN

Ln
= xR -
[v] 1 =

L no-
Lt =]
ol G

e
==
[y

—

=
el
[

Ln
Ln

AB X 1t X Average Distance Jupiter's Mass (kg)

180

P Pod PBd Ped Pd e P fed 3 [
Ln

J=u
LN
L
iLn
[= S = ]
Ln
= A

[ R = ]

L
=] LI
= R

e

=

o

Lid d

=
o]
[T
LN i
- [N ]
O g =

=]
o

o
== S |
LA
L pa

oo

—
—
no-
Ln

L
a

s O LN

Amplitude =

s o

—
Ped
LN a3
Ln
R e
3
L3 fed
LN
LiJ
LiJ
3 [
[=§]
(]
Ln
P
o
LN
Lt =]
Ln

s s e
=
[
Ln
[
=]
LiJ
- Ln
ey
e ]
[
L3 fed
s
o]
m
£

A
[
Lid
-
=]
3
=1
LiJ
-

LEY
Ln
Lid
Ln
L3
LN
LN
LN
L1d
I
[ I T e R S R 6 R 8 |
~ h -
Ca

= S s -
[}

L =

=

=

[}

]

noun
0000 D3 D m

f: P

w LM

[ I =
L =
in o un

=

[

Lid

[= 5]

=~

=

[

[

id

(=]

oh on

=
ch

1

=

Ln

m m
i i
=

[~d LK

m

= =
[= = = = R == R

Ln
=T e
3 on

[= 5]

Lia

Ln

Lia

Lid
Y
= f
=i
Lid
ta
[
a3 Ch
[N = =
=1 =l o
4= L
m
[
£

[
L =
L = =
o
ta

=J L L3

== LK
=)

Ln

LA
Ln
Lid
Ln
Ln

3 pd fed

Ln
£
L

-
Lo
=
ch oh

i3

[
L
J=
3
=1
Lid

L pa

Ln
(=]
[
£
]

2T
Period (seconds) = — X 24 x 3600

L
A
Pa

LD
o
% = [0 =,
L= = == =]
Ln
Fh:l
L0 TR =S =Y

Lid
o
]

Ln
= LA = ]
£

LA
[ =
13
s

i

Ln
L s

(1]
[my]
==
-

=3
|
=
L
Ln
L
=]
Ln

[ S R U [y O R R U [
[
=Y
o]
Lig
Ln
;:rl ;:.rl 'r.r- i.:n ;:n
[ T Sy

L=

L=

(=]

Lij

Lo

==

[

Ln o

Ln =

L

(=]
s
Lid

o LN pa

mod | fed BRI )

[NV Ln
m m
[
[w.n]

=
h
Lia
Lid
—
m
L I )
=

m m
i i

L=
=l X

[ ]
=
=]
o R

00 [0 b=
J=a
|

LN
=i

Ln

i_u
]
]
[
L
Ln
Ln
L
=] [0
o oh
L3
b P
ST
L
Lid
[

L

[= 5]
Lid
Ln
[= 5]
=
=
=]
=]
Ln
=]
=]
5
Ln
Ln

LA
[
£
g
o
=
Ln
i_IJ
Ln
=

12
LN
1 1
ghs
=
ch
Ln
e e e e I I R S T 6 R o I s O o I S I N N I U= Iy o
Ln

Ln

PA ORI PR3 PR3 PR3 PR3 PR3 PR3 R3R3
il el el =l I oS

=
o
Ln

Ln
=== =« = R = = Ry o x
h ol i
L3
T
Lia
[y
Lid
h
L=

Lid
[T
Y fa
[= 5]

a LN
= = s
e ==
e 5!—'- P-d

=
[E]
Ln
Ln
h
(=]
[
=
[= 5]
L =

noun
[wn]
IITRETY]
Ped
=
Lid
[E]
Ln
|:.|'.| |:.|'.|
=
[N = gyt
=
[}
Lo
[
o]
[ TE
Ln
=
=2k
[
Ln

« Using Kepler's 3" Law of
planetary motion, calculate the
mass of Jupiter

[
s
L
ed
[= 5]
[
[
=
[=g]
L =
]

SR S S
H H bl H
=
Lo

-

-1 a3 s 0o -
L
|
Lo
J=a
. 5B
[
m
=]
LD

=
ch
Sad P
!.:J
[
-t
Lid
Ln
[
==
Lid
[
o
m
[
LD

LA pea
ta Ln

. . . I:I-J

J fd Pa

e A R
o
[

Ln
Fh:l
[N -
o

-
~d

(=]
i3
==
(1]
Ln

= s
Ln
L on
(=} ] h |
i
iLn
= T = = 5 |
=]

Fod 3 Fd fd PO Pd 3 B3 R3 Pd d R R3 B3 R3 3
i3

L pd
Ln

Lid
& =y
sl CHO

=] EE

L3
=
=i
i
(=]
Ln

o o
=i
i
[my]

o oh

o]
o=
Lid
=]
Lid
=
LiJ

Ln
=] LK
d [0 [ =
h
el
Pd B3 Ped
Ln
oo [a
= s
Lid
L3 =
S
=
[
Lid
[

[EE T —
[y
a Ln

Lia =

[=g]
==
[=g]
Ln
Lid
Ln

==
E
Ln
i3
Ll
[=h]
L2

Ln
R R i R Y R o o e R R R R R R el R SR S R R

P P Pd Pd Pd Ped d d ed P Pd [ed [ed [
Ln
O O 0 0 LK

P fed  Ped e
L
[

fod 3 [

R R R

Ln

) a

o LN
[rm]
[
Lia
LN
o]

. =]
L3
Ln
=
=

g m
[
[=g]

—

m m m

o= -

=] [ a3

Ln
E

[= 5]

Lo

]

[ %]

Ln

(%=

(%]

= s
L =
[ ]
= I =)
2 |
Fa =] | =
[
-
L

3

A
3
e
=)
3
=]
Lid

3 lo Europa Ganymede Callisto
a®> GM wropa | Gany

O Type here to search

M = mass of the parent body
a = amplitude in meters
p = period of the orbit in seconds




Future
Research

@ Apply this method to calculating the mass of
other planets

@ Develop an alternative procedure for CLEA's
"Jupiter's Moons and the Speed of Light”
exercise
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