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ABSTRACT

This report documents the currently-recognized most accurate values for the
masses, radii, and certain mean orbical elements for most of the planets and
many of the satellites of the Solar System. These values were used to Lroduce

computer-generated tables of libration-point parameters.

ii



e ST T T L e TR I NETr= SR SN

Section 1 - Introduction « « + v v s e v v i v v v v oo i u e e i e e s 1-1
Section 2 - Tables of Astronomical Constants « « « v« v e v o v v o v v v v v n s 2-1
Section 3 — Tables of Libration-Point Parameters + . . ... S e e tsne e 3-1
References

iii



3-9

3-10

3-11

3-12

LIST OF TABLES

Values for Masses of Solar System Bodies . . . ... ... ..
Values for Radii of Solar System Bodies. . . . « v « v o v 4 « .
Values for Orbital Elements of Solar System Bodies . . . .. .
Mass Parameters and Distance Ratios for Sun-Planet

Systems (2.1) v v v v v i 0 i e e e e e e e e e e e e s
Mass Paramefers and Distance Ratios for Planet-Satellite

Systems (2.2) . . . ..
Constants for Equations of Motion for Sun-Planet Systems

(23)-0---0..--'.0 |||||||||| . « & s 8 s

Constants for Equations of Motion for Planet- Satelllte
Systems (2.4) . .., ... .. e e e e
Roots of Characteristic Equation 2.49 (2.5), . . . « . . . . ..
Roots of Characteristic Equation 2,49 (2.6) ., . . . . . . ... .
Conversion Factors for Normalized Units for Sun Planet
Systems (2.9) ., .. ..
Conversion Factors for Normalized Units for Planet-Satellite
Systems (2.10) . 5% . 4 4t i e e s e e e e e e e e e e
Distance Between the Smaller Finite Body and 2 Collinear
Point for Sun-Planet Systems (2.11) . . . . . . . . ... e
Distance Between the Smaller Finite Body and a Collinear
Point for Planet-Satellite Systems (2.12) . . . ...+« . ..
Distance Variation Between the Smaller Finite Body and a
Collinear Point (2.13).
12 Distance and Length of Planetary Shadow e e e e s e e

iv



il

SECTION 1 - INTRODUCTION

Tables of the masses, radii, and certain orbital elements for selected Solar
System bodies have been prepared for caleulating improved libration point
parameters as given in the tables of NASA Technical Report R-346, "The Con-
trol and Use of Libration-Point Satellites, ' by Robert W. Farquhar, Goddard
Space Flight Center (Reference 41). These tables, presented in Section 2,
include the most recent values, many derived from spacecraft data and from
sophisticated ground-based chservations of special astronomical phenomena
during the past five years. The data in these tables were collected primarily
for libration-point parameter caleulations, but should have a wide range of
other applications. Section 3 contains tables of libration~point parameters
like those in Reference 41 using values for the constants given in Section 2.

Definitions of all libration-point parameters are given in the reference.
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SECTION 2 - TABLES OF ASTRONOMICAL CONSTANTS

Basic astronomical data about 8 planets and 14 satellites of the Solar System

have been compiled from various sources and collected in three tables.

The planets and satellites selected are the same ones as those used for the
tables in Reference 41 plus five safellites which are relatively close to their
planet: Amalthea, Janus, Miranda, Ariel, and Titania, AIl the planets are
included except Pluto, whose mass remains too poorly known for meaningful
libration-peint calculations. The additional satellites were selected to check
the possibility that the collinear libration points might be below the surface of
the satellite, This is not likely for any of the satellites, hut is possible for
Miranda (highest probability), Ariel, and Amalthea. The valuer for the masses

and radii for these three satellites are very uncertain,

Mass ratios of the objects with respect to its primary (the Sun or the parent
planet) are presented in Table 2-1, including error estimates, method of

determination, and source references.

Mean radii are presented in Table 2-2, since these are used only for calculating
mean shadow parameters. The mean radius is the cube root of the product of
half of the lengths of the principal axes of the triaxial ellipsoid used to repre-
sent the actual surface of the body. Values for the lengths of the principal axes
are available for many objects in the source references. Table 2-3 corre-

sponds to Tables 2-7 and 2-8 in Reference 41.

The orbital elements listed in Table 2-3 are the semimajor axis, eccentricity,

and the mean motion, which are useful for libration-point calculations.
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Table 2-1. Values [or Masses ol Solar System Bodies

Masa
{n Tarma of Primary)

Standard Ervor

1/6023G00
1/408523.7
17352946, 0
1/328000.51
1/3008714
1/1047. 3463

1/3498. 5

1/22945
1/19332
1/81. 30065
1.8x107°
4.684x107"
2,523%107°
7. 8091070

5.ﬁ51x|0'5

5x10"

6.59x10"0

1. 48xt0""

]

ix10

2, 46109x10"}

-6

1.0x10
-5

1.7x.0

-y
ax10

-3
3,.4x10

*G00
.0
10,2

0. 10

10, (0609
Not Glven

-5
£, 02210

in.nasxln'ﬁ

-

20, 030107
- -5
10, 019x10
1251077
iﬂ.lﬁxln_a

10, 81x10°

12:{10-6

io.ooznxnn’d

=0
. Tx10
=H
+1.2x10
4]

£2¢10

-3
£3,0x10

Low aml High Vahes

Higeil

1/G024600-1/01122600
17408525, 7-1/40A5621.7

17392046, 5-1/3320456.5

17128900, 78-1/328000_ 2R

1/3008724-1/30908704

1/1047. 3482-1/1047. 3443

1/3500.0-1/3407. 0

1/22005-1/22895
1/19082-1/19282
1/81. 30085~1/81.30045

=9
0. 9-2_7x10

-0
4.634-4, TH3x1D
=0
2,473-2.571x10
-0
7.753-7.853x10
-
5, 611-5.711x10

3-7x1077

n.nn-‘r.nnxm'B

0.87-2,09x10° "
2-6x10""

-4
2. 45 19-2. 4719x10

0.9-1.7x10""

0.5-2.95107°
5

1-5x10°

1.3-5.ax107"

Method ol
_lgelm'minntlon

Marviner 10

Mariner 2,5, 10

Lunar Laser Ianging
Mariner 4
Ploneer 10,11

galelliles and Perturbatlons on
Planels

Salellites
Triton antd Uranus

Lunar and Planclary
Spaceeraft; Lunar Laser Itanging

Magnitude-Density estimate
Ploncor 10,11
Pioncer 10,11
Pionecr 10, 11
Planeer 160,11

Magnltudoe-ltengity estimato
Sateltite Mutunl Perturbations

Satellite Alalual Pedurhalions
Satellite stutunl Perturbalions
lyperion

Dynamical & Magnitude estimale

pynumnieal & Magnitwle eslimale

Dynamleal & Magoilude estimale

Neptune

References and
MNotes

A (; B-(10), (28)
(1); Note b,
{10); MNote c.

A-(AN

A=(); B=(101, (28}; Nole .

{23); Nole o.

(103 C: (M3 Nole [,

A-(1Ty; B (10): Note .
(9; Note f.
{42)

A= (38); Do (M)

{n)

(2n)

(2

(231.

Note h
A-(17; (M
A {1T); D-(M
A 2M; B-(6)
{u); Note
Nole }

Note
Nole j

(1); Note k
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Table 2-2. Values for Radii of Soclar System Bodies (1 of 2)
Tow aml [tigh Values
Mean Radivs, km  Standard Erver, km To Iie lgedl dMethod of Determination Heferencas gnd Notey
GOGNON 260 ° GBS OD-GG500 Visualy Cinemalography of Ai8); 13 £10), {32, 0. 101); Note e,
Salar Eclipses
2440, 12 0,11 None Radar {2H); Mote N,
Gl 2 G100 6120 Ratlar te Suriace, Venrrn {28); (10)
Data for Clowd lleighls
6a71, 004 10, 015 None Artilicial Salellites {28); Note b,
2100, 74 0. 04 None Wadne, with Mariner o (2833 (27); Nole b,
tadin Ocenltation Datn
for the Fipure
T052 12 TO112- 701062 Oceultation of Nela Scorpii £10); Note ¢,
1971
A7822 00 RT22-58:122 Niveet Visunl Mensurement A {R); B (10); Nole .
5150 750 24 150- 26150 Direel Viaunl Measurement A (R); b {1th; Note d,
z50n2 125 24002-25192 Oceultation of B D, - 17n-133R. {3y
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Objpet
MOON”

AMALTHEA

10

EuRora

GANYMEDE

CALLISTO

JANUS

MIMAS

ENCELADUS
RIITA

TITAN

MIRANDA

ARIEL

TITANIA

TREION

Mean Hadius, km

Table 2-2.

Standard Error, km

1728, 0685

1820

1600

2640

2410

114

200

275

788

2016

1800

1885

0.5

i+
&

X256

140

130

Not Given

Nol Glven

150

143

124

1000

1650

Low and Iigh Values
To Be ised

None

a5-125

1810~ 1830

1480-15%80

2500-2690

216N-2400

Go- 160

100-100

TIA8-8438

2A66-296G4

aon-goo

T00-2100

80U-2300

1000-3000

Values for Radii of Solar Sys'lcm Bodies (2 of 2)

Metitod of Delermination

Occullationg, Iindnr. Orhiers
awl Apollo

Estimate rom Magnitude

Ocuiltation of Bata Scorpil C,
1971

Thot -electric Ilata of Mutual
Thenomenn, PIONEED 10, 11
Imaging

Photoelectric Datn of Mu.lua!

I"henomena, Ploneer 10, 11
Tmaging

Pioncer 10, 11 Imaging

Estimate from magnilade
using assumed albedo

Iistimate from magnitule
using assumed athedo

Viaual, Disketer
T.amar Occultation
Tunar Occultation

Fstlmate from magnitude
using assumed albedo

Estimate from magnltude
uslng assumed albedo

Fstimale from magnitude
uslong assumed albedo

Visual, Diskmeter

lteferences sud Notes

{10); Note b amd e,
2o, @7, B0
A=124); 18-11)

{13 126); mean value

(1) (26} 3 weighted mean

{26)

(20)

(20)

)
(14): Note

{14)

(a7); C = (3m
(17); € = (39)

i7); C = (39)
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Object
MERCURY

VENUS

FARTI I MOON

MARS
~JUP]'1'EII
SATURN
URANUS
NEMTUNE
MOON
AMALTUEA
10
BUROPE
GANYMEDE
CALLISTO
JANUS
MIRMAS
ENCELADUS
RUEA
TITAN
MIRANDA
ARIEL
TITANIA

TRITON

Table 2-3.

Semimalor Axls = a

Source Form

0. 3BT099A. U. (1Y)

0. 723832

1. 000000

1. 62091

5. 202803

9. 338843

14, 181951

30.0587TTTHA. U,

210", -10(e}

9. 5007740-10
13

4252
“)D. 004252 l([)

o0 2194698
247, {g)

26 "826{1)

A1, 16(1)

76, "203()
176."578(h}
178."96{c)
2631, "09{c)
401, '"22(c)

189, "82(1)

O‘J. 8011596-10

km

5?9092:{107

1.082080x10°
8
1.4958979%10

2. 279169x IUB

R 783283:{103

9
1.426901x10
L]
2. §69579x10
9

1.496580x10
334399, UG5, 04

5
1. 8808x1(
121761
671045
1070396
1882616
1, G9x% 105
1. 86505 10°

5
2, 3810x 10

5
5. 271010
1. 22161x 10"

5
1.2979x 10

5
1.9081x10

4. 0605x lf.l5

Eecentricily

[4

Moean Motion = n

Souree Form

0. 20662

0, 006703

0.016726

0. 093368

0. 048135

0. U55GH2

. 047209

0. 008575

0. 0519005

, 028

0, 00NG

0. 00001

1, 10007

0

0, 24K

i 00 1h2

(a0 ag

0. 020102

. ousi

0.0018

0. 00

SUS10LG". 0B/ Y. (c)
2106611, 3832/, Y
2/ 365, 266G DAy s
GBOGS0", 926/0. Y

2 x /11862207, Y. (¢}
2r 04572, Y.

2n /81 013317, Y,

v /i6 L TOST. Y.

722 63178/ ay
204°, 18895 46/ Day
101°. 3747246/ Day
50, 3176081/ Day
a1, §5710720/xay
2w/ 1905

817, 001502/ Day
252, " 7H1895/ Ly
74, ° 6B00AZ22/ Doy
22, °5770111/Day
251, " 68983/ Iy
112.° 4356 13/ Day
AL°851422/ Day

1. “2573679/Day

Values for Orbital Eilements of Solar System Bodies

Radians/Sec

8. 2667676x10
X -7

3. 23653941910
I

1. 99098G6x10

=7
1. 058576G:4%10

1. 678100x10 "5

-
6. 759056x10
-
2, 3699:18x10

~9
1.208218x10

2. 661699489510 "

1, 4597574x10

-5
4. 1105928x10

-3
2.0478272x 10

-5
1. 0154 5-13x10

4, 357 1795x 18

-
g.90x10""

-5

7. 7165066x10
-5

5. 2074340x 10
-5

1. GOSTE50x 10
1. 5UGBA9K100
-5

5. 1118798x10
. -5

2 8859614x10
8. a532230x 106

=5
L. 2074337x10

4

"

rd

References aml Notes

A=(21); B=(2)
A=(21); D=(32)
A=(21); B={32)
A=(21); B=(22)
A={16); D={32)
A=(16); B={12)
A=(21}; B=(32)
A=(21); R=(32)
A (12),(33); 1-{15),(32); Noled
10}

(M Nlore
(M fore
{7 (1} for e
(M fore
(34}

{17); (25) forn
{17); (25) forn
(17); (25) forn
(n

(11

(1

{11)

A=(13); B-=(2) -
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NOTES - TABLE 2-1

For all of these tables, if there is more than one reference, A = original;
B = possibly more available secondary source; and C = source for error
estimate if not A.

In last place, References 10 and 28 give .5 rather than .7.

Caleculated from masses of Earth + Moon and Moon; Duncombe et al.
(1976).

in last place, References 10 and 28 give 0 rather than 4.

References 10 and 28 give 1/1047. 355 based mainly on studies of orbits
of minor planets,

A weighted mean of many results,

The photographic satellite data probably give the strongest determination
(formal error much smaller); fears about very large problems involving
the photographic plate scale are believed to be unfounded.

The mass of Janus was calculated assuming that its density and albedo
are the same as those for Mimas using the relation

log (m/m,) = -0.6 (V-V},

where m = mass of Janus, m_= mass of Mimas, V = stellar magnitude
Janus (Rei. 20), and V0 = stellar magnitude of Mimas (Ref 6 and 20).
The error is my estimate.

A weighted mean of various results, weighted in favor of a determination
by Message (Reference 18) which had by far the smallest error.

Doing a calculation like the one in Note h above using V = 14,01 fpg
Titania and v, =5 52 for Uranus (Ref. 36) yields m/m0 =8x 10 = for
Titania. However, the density of Titania is likely to be greater than
that of Uranus, and the relative albedo lower. Both effects will raise
Titania's mass, but not likely as great as m/m_= 10 x 10 ~, the very
uncertain dynamical result. This is emphasize% further in recent work
hy Greenberg (Ref. 33), who shows from the motion of Miranda the
dynamically determined masses are most likely upper limits. Conse-
quently, a reasonable mass for Titania would perha, . be m/m_= (3 toy
x 107°, which has been used here. The other satellites of Ura%us are
probably physically rathe. similar to Titania, so the mass scaling
factors based on magnitudes given in Reference 11 have been used.

A mean of determinations by Alden (Reference 2) and Nicholson (Refer-
ence 22).

2-6
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NOTES - TABLE 2-2

Same as Note a, Table 1.

TFurther improvement of this value will be less than neglected topography
and oblateness effects for the shadow calculations.

From Appendix 1: Astrometric analysis of the occultation of Beta Scorpii
by Jupiter on 1971 May 13. This occultation result is preferred for
optical shadow effects over Pioneer radio occultation data.

The standard error is calculated assuming 0". 1 accuracy in the visual
measurements.

Various analyses are consistent.

This is in agreement with observations of an occultation of a star in 1974,
which can not be used since data were obtained from only one station (one
chord ohserved). .

The standard error is calculated assuming 0.3 at 1 A, U. from lunar
radius uncertainty and Reference 19, which notes that the photosphere is
not sharply defined, but has a maximum gradient of about 10 magnitudes/
1,

NOTES - TABLE 2-3

The instantaneous osculating orbital elements depart considerably from
the mean elements given here due mainly to third-body perturbations.
These depazrtures are considerably larger than the standard errors, which
are therefore not given. Most important for libration-point calculations

is the range of distances of the planet from the Sun (or of the satellites
from the planet), which is adequately given in nearly all cases by the mean
pericenter and apcenter distances, a (1-e) and a (1+e), respectively. In
every case, the sidereal mean motion is the most accurately determined
orbital element, introducing no significant error into libration-point cal-
culations considering the larger errors introduced via errors in the other
elements. Standard errors are not available for all mean elements,
especially for those derived from the early investigations. Under semi-
major axis and sidereal mean motion, values are listed as they are pre-
sented in the source, then converted to kilometers and radians per second,
respectively.

The orbital elements for the planets are mean elements valid for long
time spans based on comprehensive studies at the U.S. Naval Observatory

2-7
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80 years ago. No improved values for mean elements have been derived
since then, all modern ephemerides being computed by numerical integra-
tion, from which it is very difficult to derive mean elements. However,
the scaling factor, 1 A, U, = 149 597 871,41 £ 0,03 km, is from the recent
solution for JPL DE96 (Reference 26). The actual uncertainty in the scal-
ing factor is £ 1 km due to uncertainty in ¢, the speed of light value, but
this is removed if it is agreed to measure distances in light-time units
with a fixed value of ¢ (=299792.458 km/sec for DE96, the recently-
adopted value).

J.Y. = Julian year = exactly 365.25 days; T, Y. = tropical year =
365.24220 days.

The semimajor axis of the Moon's orbit has been defined (Reference 15)
to be the perturbed mean distance to the m{%n = the semimajor axis of
Hill's variational orbit = Fg (GE(1+y )/n?‘) . Fo =0.999093142 is the
factor needed for modifying Kepler's third law. It depends only on the
well-determined ratio of the mean motions of the Moon and the Sun. GE
is the gravitational constant of the Earth = 398600.49 ¥ 0.10 1{1113/sec2
based on five years of lunar laser ranging data and using the recently-
adopted speed of light (Reference 33). i is the Earth-fo~Moon mass ratio
and n is the Moon's sidereal mean motion. Since all published analyses
of lunar laser ranging data have used a nwmerically-integrated lunaz
ephemeris, it is not now possible to derive mean elements directly from
this data. Abalakin (Institute of Theoretical Astronomy, Leningrad)
reported, at the I.A,U. General Assembly in France in August 1976,
that he is analyzing the laser ranging data using the j=2 new improved
(Eckert-Brown! lunar ephemeris. Improved mean elements are expected
from Abalskin's study.

Angular separation at unif distance, 1 A, U.
These are in units of a = 0.0070854378 A, U., log a, = 7.85036669-10.

Angular separation at mean distance, 9.538843 A,U, Only a few observa-
tions of Janus were obtained when the rings were edge-on in 1966-1967,
so the orbital elements are very uncertain. If more observations are oh-
tained by Pioneer II or during the next edge-on view in 1979, the value

for the orbital elements will be improved considerably. At present, a is
uncertain by 0". 8 and the period by * 11,

Angular separation at mean distance, 9.538843 A, U.

Angular separation at unit distance, 1 A, U, A more recent study of
Triton was completed by J. R. Gill and B. L. Gault in 1968 (Astron. J.
73, p. 595), but their orbital elements for Triton have not been published
and an error is suspected. Alan TFiala at the U, S. Naval Observatory is
examining their calculations.

2-8



SECTION 3 -~ TABLES OF LIBRATION-POINT PARAMETERS

Tables of libration-point parameters like those in Reference 41, but calculated
using values for the constants given in the tables of Section 2, are presented

in this section. TFormulae for computing all libration-point parameters are
given in the reference. The number of the corresponding table of Reference 41
is given in parentheses after each table heading in Section 3. Since the Sec-
tion 3 tables were all generated using a computer, they can easily be updated
as new values for the astronomical constants become available. Certain very
large and very small numbers are expressed in the usual computer double

6 and "D-03" = 10_3. For

precision exponent notation, such as "D 06" = 10
each libration-point parameter, three values were computed, corresponding to
the nominal value for the mass and radius, and for upper and lower bounds for
these values, as was done for Mercury in Reference 41. This will facilitate
the calculation of new parameters when the mass or radius of an object is
improved with future observations. The upper and lower bounds selected are
generally a few times the formal standard error, to allow for the possibility
that future values will be outside the standard error range due to currently
unknown systematic errors. If the mass of a satellite or planet is larger

than expected, it is probable that its radius will also be greater than its nomi-
nal value. However, when the low value of the mass is used for a shadow-
table calculation, the high value for the radius is used, and vice versa, in
order to compute minimum and maximum possible critical radii and shadow

apex lengths. TFor the same reason, low and high values for the Solar radius

were used with the low and high values of the mass of the body, respectively.

Normalized mass ratios jand distances of collinear libration points from the
respective planets, expressed in units of the semimajor axis of the planet's
orbit, are given in Table 3-1. Similar data for the satellites are given in

Table 3-2. Constants for the equations of motion of.an unpowered spacecraft

3-1
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Table 3-1. Mass Parameters and Distance Ratios
for Sun~-Planet Systems (2. 1)

LIBRATION PO INT PARAMETERS

PLANET

WERCURY
HERTURY
AT CURY
+JS

AU
NUS

ri f 1t

zanTH
EARTH
ZARTH

SAKTH+MUON
EAXTH+MGGN
EARTH+MUON

Mar S
MARS
MARS

JUPITER
JUPITER
JUPITER

SATURN
SATURN
SATURN

URANUS
UHANUS
URANUS

NEPTUNE
NEPTUNE
NMEPTUNE

VALUE

[
Ml
HIoH

| S
Ml e
HIGH

e
NU
HEIGH

Loy
Nl
HIGH

oW
NUMe.
HIOH

Lo Lowe
NG .
HIGH

LGw
NUM .
H1GH

LG
HiIM e
HiGH

Luw
N LV .
HIGH

MASS

1/0.C2460000
L/6.0256J0U00
L/7ved2286000C0D

1/4.08925700
L/g4sudn2d7CD
174.085217Cu

L/73. 22946500
/5« 329400400
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SATELLITE

MOON
MOUN
MGCON

AMALTHEA
AMALTHEA
AMAL THEA

[o
iu
o

EURLCPA
ZURCPA
ZuRCPA

SANYMEDE
SANYMELE
GANYMEDED

CALLISTI
CALLISTO
CALLISTU

JANUS
JANUS
JANUS

MIAAS
MIMAS
MIMAS

ENCEL ADUS
ENCELADUS
ENCELADUS

RHEA
RHE A
HRHEA

TITAN
TITAN
TITAN

MIRANDA
MIRANDA
MIRANDA

ARIEL
ARIEL
ARTEL

TITANIA
TITANILA
TITANTA

TRITON
TRI TGN
TRITON

Table 3-2,

VALUE

oW
NG
HIaH

l.Ow
NUMe
HIuLH

LW
NG
HiluH

Lo
N it a

nlan

LGw
Wi e
M Tor

L«
Nulie

HIuH

Liew
NUMe
HIGH

Luw
NUMe
HIGH

LOwW
NJMe
HIGH

LOw
N e
HIGH

[
NUM
HIGH

Luw
NIMa
HIGH

LOwW
NGIbe
HIGH

Luw
NGM e
HIGH

L oW
Nulde
H [ aH

MASS

l1/08.13008500 01
1l/78.1300€6E00 01
1/4.13004300 01

9.0000000L—-10
l.50000000-0%
2« 70000000-09

4.534600000-05
4.834000C0—C5
4.73a400005-05

20473000CD-02
2432300000C-0U0
ce9730006CLC-0H

7T+75300000-05
7.8350000D~05
7+823000uD-CH

110600u—-03
ol00V0s—-05
1160000-05

DO

5.0

5.7
3.00C0000CD=-09Y
5. 00000000—-09
7. 0Q000000=-05
6. C50000C0—-08
GeS530000CD—Cb
7.0300000C—-08

8.7000000D0-08
l1.48000000-07
2e 09V0000D—-07

2.00000C6C0L—-06
4.0000000D—-0€
©.0000000D-08

2+4319000EC-04
2+4561900C0—-04
2.47190008-04

3.000000CDH-07
1.0000000E-0CO
1«70000000—-06

S.003000000-06
1.70000000-08
2.90000000—05

1.33000000—-05
3.00000000-05
5.0CQ0000E-05

1.40C20000—-02
J3.50000000-03
5.30000000-03

My

1.2150543D0—C2
1 421505720~ C2
l142150002D—C2

QUQ0JOOD—-1¢C
00000D-09
03JGIUD—CS

0
J
337483D0-0¢
3837604D—-L5
3377590—-GE

2«%47233334L—-C5
2.9229383D-CS
z2+357293330—-(5
7+7323990D—-C3S
7eBOE3Y1ZD-CS
7.E5232834D0-C5

wm
[

+8liods2p-0¢
S«05LOTIEDL-CS
S.71067350-408

3.00000000—-C9
5.00000000-09
7.30000000—-CS9

0 0d999380~CE
6.35399996D=08
7408999950 —C8

£.6399992D-CE
1 .47999530~07
2.089995&D—07

1 .9999960D-GE
J.9959840D—-0¢
5.99590400—~CE

2.45129900-04
2.45128410—04
2+4712391D0—-04

2+59999G510—-C7
G« 39999 000-a7
l +6999971D-0¢6

4.45959750D—-C¢t
1-8555711D—-C5
2,8999159D0-C¢t

F-GYS9000D—-CH
2.99991000— 05
4.G5657500D~LE
1.2982122D-C2

34245145480—02
5.27205381D0—C2
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Mass Parameters and Distance Ratios
for Planet-Satellite Systems (2. 2)
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near the collinear libration points are presented in Tables 3-3 and 3-4. Roots
of the characteristic equation for estimating stability of orbits near the libration
pointé are given in Tables 3~5 and 3-6. Tables 3-7 and 3-8 list the factors for
normalizing units of time, velocity, and acceleration to the non-dimensional
units of the restricted three body problem. Distances between the planets and
their collinear libration points are given in Table 3-9., Similar data for the
satellites are listed in Table 3-10. Distance variations between some planets
and their collinear libration points, based on their perihelion and aphelion
distances, are presented in Table 3-11. Libration point distances and planetary
shadow lengths are compared in Table 3-12. The "critical radius" is the radius
a planet would have to have in order for the apex of its shadow to just reach L2.
A table of critical radii and shadow lengths was computed for the satellites,
similar to tlie one for planets, but is not included here. The critical radii were
2ll much smaller than the actual radii, ranging from 300 kilometers fo1 ..
Moon to 0.1 kilometers for Janus, so-a total solar eclipse by the satellite will

oceur at L2 during each satellite's revolution about the planet.
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PLANET

MERCURY
MERCURY
MERCURY

VENUDS
VENUS
VENUS

EARTH
EARTH
EARTH

EARTH+MUUN
EARTH+MUUN
EARTH+MGUN

MARS
MARS
MARS

JUPITER
JUPITEKR
JUPLTER

SATURN
SATURN
SATURN

URANUS
URANUS
URANUS

NEPTUNE
NEPTUNE
NERPTUNE

VALUE

Luw
NuUMa
HIGH

L UW
NU"I.
HILGH

LUw
NUM .
HI1GH

Luw
NOM e
HLGH

LOw
N L“" -
HIGH

LOw
NUMa
HIGH

LW
NJIMe
HIuwH

L oW
NJivla
HIGH

Luk
MUM .
HIGH

Tahle 3-3, Constants for Equations ol Motion
for Sun-Planel Systems (2. 3)

B L1

440229792
4.029804
4,0229817

4. 0007640
4 ULHLTH41
4aUbo7642

G.0008224
4.06004224
G, 0008224

40010740
408610740
440610740

40287161
40207102
40287162

444401596
Gadt4b10YY
44401602

4 .2934902
42905340
G4.250577Y

4.1510270
41511400
4.1012540

4.1001742
G.l 604597

B L2

3.9772222
3.5772509
39772497

3. 544061485
3.5446184
3.5446133

3.54C7610
35407609
39407609

35405222
J.54C5222
JeG405222

d.6716438
3.57164 34
J.5710434

Je€22846E1
J.6228449
3.C228447

C L1

Tul.2970%
790.28429
T90.zl072

Z24.0CcUL
324.05148
J24.05090

J02.3883957¢
302. 844942
J02.HE97

JUl.869%8
JOol.&64991
S01l.0cved

£33.7554Y
633.7Gd8b1
c33.79813

46.53305
46.53302
45 e9329Y

8. 7CCEBE
uB.05143
Sb.68204

125455890
l25.8E6S5¢,

11lv.233%E
119.1339%
liv.03370

C e

TEA.257%5
7E4 .2504])
TEa.21Cu7

Jld.Che8€
AldCed2
JiB«05161l

ZtE.ES0BE
266 .89040
2GE.8902C

298 .67097
2S0.07(3C

02775671
C27.749403
E27.75E35

4C.5k414d
4G6.5£8417
aU.SE4l4

L7272
el 234

L ,.02418
L1lJewdiads
11lSe27509

L13.24022
i13.14C70
l15.040LE2

D L1

2C7531.233
2079C8.2G7
207EEE,. 323

34 899.797
J48599. 684
J4B99.571

30484.334
J0484.304%
304B4.273

30238.570
30238.¢€53
30zZ8.54C

1336%3.790
1336%3.503
133693.217

725.C04
725, C03
2. 002

15506.C2C
1555.£594
1555+ 107

5259. 037
52351.571
S244,., 055

47C4.213
4696.302
4Ooda. 3061

D L2

205306 .E248
205284 .037
2052¢81.244

J3829.429
J33829.318
33829.207

2G4E4.49%
294 E4.404
29484434

2924 3.1594
29243.,179
29243 . 104

131591 . 026
131590.742
1315904457

577.079
S?¥7.0/08
577.077

1330.047
1345.651
1335.2506

48434 365
4841 .150
4434.022

43104227
4303 .640
4301 .C59




SATELLITE VALUE

MU
MOLN
MUUN

AMALTHEA
AMALTHUEA
AMALTHEA

14
fo
10

EURUP A
cURUOPA
EURL&AA

GANYMEWE
GAMYMLUE
GANYMEWE

CALLISTa
CALLILISTO
CALLISTO

JANUS
JANUS
JANUS

M1MAS
MIMAS
MINAS

ENCELAUUS
ENCELAOUS
ENCELADUS

HHE A
RHEA
HHEA

TITAN
TITAN
TLTAN

MIRANDA
MIRANDA
MIRANDA

ARLEL
ARIEL
ARIEL

TITANIA
VITANIA
TITANIA

TRITON
TRLITON
TRITON

Luw
N i e
HIuH

Ludn
Nltia
HiGH

Loy
Nuae
HIGH

Luw
NCia
A lGH

Liw
T4 ina

luH

Lown
NG
Hlwrd

Ly
NCMa
HIGH

LW
NUM.
HIGH

Luw
NLM.
mIGH

L Ow
N D
HIGH

LU=
MNUM.
HIGH

Law
NOMe
HIGH

LOwW
NOMa
HIGH

LOw
NJdM e
HIGH

Luw
NUMo
HIGH

Table 3-4, Constants for Equations of Motion
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. v &

2P b hE BER poP
g

- s »
— -

4uloati?07?
4 lOESTSS
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4.200us80
4,0071250
40079722
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4 01lbubns
G 0172803

440135054
Ge.udlli30
4.02482348

G4.u330244
40670057
Geulbibll
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ez 7OVEID
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4.0501979
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4.131427Y

4.09140480
bGaldlyad?
4dalndabay

4.4537238
G.7011807
443380987

for Planet-Satellite Systems (2.
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Table 3-5. Roots of Characteristic Equatinn 2.49 (2. 5)

ROOTS OF

PLANET

MERCURY
MERCURY
MERCURY

VENUS
T
FZNUD

EARTH
EAKTH
CARTHM

CARTH+MODN
EARTH+MION
EARTH+MUON

MARS
MARS
MARDS

JUPITER
JUPITER
JURPITER

SATURN
SATURN
SATURN

URANUS
URANUS
URANUS

NEPTUNE
NEPTUNE
NEPTUNE

VALUE

LOW
NUMe
HIGH

Luw
WNuile

L BNy

LW
NUM
HIgrH

Lien
NOM e
HioH

Law
NOHM .
HIGh

L UwW
NJIMe
HIGH

LUw
NUM e
HIGH

LOw
Nurle
HIGH

Low
NIMe
H.iGH

RUOTS
REAL

240309471
PAPRETL RV RS Sy |

2.593253542
2« 3325563
Lealiconsd

23205352
245320592
2403256592

245197763
245197703
2e514947763

2+.0311409
cs0811410
Zsw8llall

2202214089
2sa8221657
2.0221825

ceB0B1267
29681710
oW1l B3

2.5717052
2.9717609
2.5718168

CHARACTERISTIC EQUATION {2.49)

FOR L1
IMAGINARY
2.C771982
2+ C771GES
S2eCTTLlUHY
£+ CELg 080
2.CEE4QZ0
ZdeLE2GCZQ
2.08E3926
2. LEcd5 20
2 LHBESG 20
2.UEELB 35
2eCEE4S Jo
2sCEE4S 30
2. C7£59448
2.0785949
2. 0765949
217706953
21776954
£« 1770655
21413020
2+1413124
2. 1413227
Z2s.10E1283
2.10£1654
26 1UE1Y 20
2.11C3302
241103643
21103685
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Table 3-6. Roots of Characteristic Equation 2.49 (2. 6)

RCGUTS GF CHA

SATELLITE vALuE

ML
MuN
MOUN

AMALTHEA
AALTHEA
AlALTHLA

10
e
10

EURLPA
EuuirtA
EUtGPA

GARYNEDRE
GamYMEDE
GANYNEDE

CALLISTO
CALLISTU
CALLISTQ

JANUS
JANUS
JANUS

MIMAS
MIMAS
MIMAS

ENCELADUS
ENCELADUS
ENCEL ADUS

RHEA
RHEA
RHEA

TITAN
TITAN
TITAN

MIRANDA
MIRANDA
MIRANDA

ARIEL
ARILEL
ARIEL

TITANIA
TITANIA
TITANIA

TRITON
TRITON
THITON

L
NuUdle
Hior

Lua
INGhie
H IGH

LUOw
Nuide
HIoH

Llw
fildisi e
HIGH

Loy
NGt
H i

Luw
HNalta
nlan

L Ow
NOMa
hitH

Louw
NUM.
HIuH

Luw
NUM .
HIGH

LOW
NUMe
HIGH

LW
NOM .
HIGH

LOwW
NGHM .
HIGH

LOW
NdM.
HIGH

L Ow
NIJ"1 -
HIuH

AACTERISTIC ECQUATIUN

RUOTS
REAL

2.9220554
cavd2VSG50
&eF 2205061

£.5098905
23108177
2.5100119
2ebY4 320
cewLYULBIYG
2.HE40T7T

2.L877¢C019
2+3260350
LawBdliudn

2endllou8
2edd 12905
£e3314537

245330135
2453892038

2+0164136
2+0 l404a3
2eolbels57

245194991
245250676
2.5243368

245370972
2eH514dt067
2450504415

2.5446758
debel44s
25710321

270076486
2.7750308
2e0234217

FCR L1

IMAGINARY

2.3343856
2.3343458
€.3343800

2. 0725758
2eC72a311

2.0G730103
2+ 1CEQ3T78
241050740
2«10%2104
2. 1017572
2. 101906289
2¢ 10clE£9Y
2.1119092
2+ l02072
2al11&3Ca7
2.1114546
241115755
2. 11169506
2.C730610
2.,0733345
2.C735402
2.0756020
2.€757C91
2.07581409
2.076l054
2.06769873
2.C776474
Z.C845015
2. 08789Cd
2. 05C2767
2.1377122
2.1378052
2.1378580
2.L7E4259
2.0818214
2« CEZB156
2.€0851630
2.0681576
2.1024 435
2.£537925
2.1C230C24
2.1C59179
2.1E68B414
242359820
2.26041887
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Conversion Factors for Normalized Units
for Sun~Planet Systems (2.9)

CONVERSION FACTLKRS Fuk NORMALIZED UNITS FOR SUN-PLARET SYSTEMS.
PLANET TIimME VELQCITY ACCELERATICKN

(WAYS) {METEFRS/SEC,. ) (M/SECHRZ) (G=9.7643125}
MERCURY 14,000742 4.,7872132C 04 3.S5747Z10-02 4.052959720—02
VENUS d5.702243 32.50Z0673C C4 1.13340730-02 1.16076510-03
EARTH S58. 132495 2,97e4741C C4 S.9301021lu—-C3 €.C7324C38D—-04
EARTH+MUON Sd.1323098 2.67c47410 04 S5.93010210-03 €.07324C8C—04
WMARS 109 .05021Y9 2.,412528€EC 4 2.53426920~04 E.6159223C-04
JURITER 689 .552757 1.,30c41€30 04 2.19280680~04 2.2427358C—-05
SATURN [712. 300200 S.048511ZI0 03 6.5131E330~-C5  €.07654300-06
UtANUS 4s5g3.70dolac ©.8C67243C 03 leGil7295u—-05 l.c80e3230—-06&
NEPTUNE P72 450404 D5.432544850 04 9.5540650C~08 ELT7E225069L-07

Table 3-8. Conversion Factors for Normalized Units

for Planet-Satellite Systems (2. 10)

CONVERSITN FACTORS FUR NORMALIZED UNITS FUR PLANET-S5ATELLITE SYETEME.

SATELLITE TIME VELDCITY ACCELERATICN

(DAYS) {METERS/SEC.) (M/ASEC*#2) {G=S.794212%)
MUON 40348377 1.023154E0 €3 2.72333C6D—03 2.7E8906£30~C4
AMALTHEA 0.0792a58 2.6404C900 04 J.E25435630 00 J.94729140~-01
g QaBl5LT 173368770 04 7.12648430-01 7«29850C8C~02
EURGPA GeS0blod le37418420 04 2.81405148D0-C1 24330173002
SANYMELE 1s 138043 103795790 04 1« 1C5EBG3D-C1 1«1 325828D-04
CALLISTO 2.56358140 B8.,20346Ce0 €3 3.574£4120-02 3J.68092460-03
JANUS Ve L30040 1.5041CC00 C4 1.3238049GD CU 1-37(56(80-01
MIMAS 0e149991 Lo43210€80 04 1.105Q0E55D QO 1L«13176€C10-01
ENCEL ADUS 0.218077 1l.26367€2D 04 Ce 7T067518D—01 H 858370002
RHE A 0718933 8.48662S8SEL 03 1.30616420—-01 L+3g9sl4CcL-02
TITAN 2e337793 H57137830 03 Z2.54093010-02 £.€0226:z10-032
MIRANDA Cel2249u3 S5.567753950 €3 3.43551280—01 3d.021E42500-02
ARIEL O«401131 5.350E855481L0 03 l.5885825D-G1 1, £26EG€4D—-02
TITANIA 1.58530s 3.64242260 03 3.04255710-02 3.1160282D0-03
TRITON 0.939329 4.395982:z0 032 5.43973730—-C2 S5.57104C20-03
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Distance Between the Smaller Finite Body and a

Collinear Point for Sun-Planet Systems (2. 11)

MEAN DISTANCE BETWEEN
PLANET AND L1
(K¥)

220384
220495

Table 3-9,
PLANET

MERCURY LGCw
MERCURY NGM o
MERCURY HiGH
VENUS LW
VENULS MNMilMe
YENUS ML um
EARTH LL &
CAKTH NOM .
SARTH MG
EARTH+MJON Liuw
CARTHHEMULN MUpie
sAATH+HMUUN HLIGH
MARS Lo
MAKRDS NN
MARS H[aH
JUPITER Luw
JURPITER NUM e
JUPITER HiGH
SATURN LuUw
SATURN NGCMe
SATURN HIGH
LEANUS Luw
URANUS NOMa
URANUS HIGH
NEP TUNE Ltw
NERP TUNE NUMa
NEPTURNE HIGH

{AU)

V.0014732
C.0014733
J.0014733

000467382
OeUldo7agl
UeduBb7380

Ue.3469207
0.3469266

0s428E6SC
0.,4289293
O« 4239HY0

0.4638737
O. 4042076
Ca4545424

Q0.7691239
V7697805
Q.7704394

641578823

E4lecb904
64175531

663545156
054444860
65454560

115¢
111
1182
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Table 3-10. Distance Between the Smaller Finite Body and a

SATELLITZ

MOON
MOON
MGUN
AMALTHEA
AMAL THEA
AMALTHEA

IG

. lo

1o

EURUPA
EURURPA
CUxUPA

SANYMEQE
GANYMEOE
SANYMEDE

CALLISTu
CALLLISTO
CALLISTG

JANUS
JANUS
JANUS

MIMAS
4IMAS
MIMAS

ENCELADUS
ENCELADUS
ENCEL ADUS

RHEA
RHEA
RHEA

TITAN
TITAN
TITAN

MLR ANDA
MIRANDA
MIRANDA

ARIEL
ARIEL
ARIEL

TITANIA
TITANLA
TITANIA

TRITUN
TRITON
TRITON

Collinear Point for Planet~Satellite Systems (2. 12)

MCAN DISTANCE MEAN DISTANCE RADILS CF

BETWEEN SATELLITE EETWEEN SATELLITE SATELLI TE
ARG L1 (KM) AND L2 (KM) (KM}

Lo 58018.3 €4514,7 1/73a,1

NUM. Sd019 .0 E4S514.7 1738 .1

HIGH 580190 c4514.3 1738.1
Ly 121 121 128
NuUM . 153 1563 75
HIGH 175 173 28
Liw 10a1i6 1C550 1830
NuM. 10453 1C6 23 leg2ce
HIGH 104%90 1060€ 1210
LLiw 13464 1364 ¢ 138¢C
Nurla 1do53 14734 1250
HIuH lsea2 lad2s% lagw
LW 31331 31328 2ua il
NuMa alarz 32024 2060
HIuH Jlaus 22042 2550
Luw 43527 533411 Za4o0l
Nl e G4y T2 S5Chol 241¢C
HIoH 498l o 50711 3t
LUuw Loy 186G 1y

NUM, 200 200 11¢ -
HIGH 224 224 &0
LW 506 507 400
N oo cl19 32C 200
HIGH 532 533 1ac¢
Liagw 731 732 450
NuUM e 872 874 2715
M lwH 973 S5l 125
LW 4592 4615 a33
NQOM. a7bl 5824 738
HIGH bbla G67a0 738
Liuw S2235 E3768¢& 2506
NJMa £2305 E3842 2916
HIGH BS2375 £39145 2E66
Law 601 603 f=132¢]
NM . B398 902 £50
M IoH 1071 1077 z0Q0
Luw 2253 2471 2390
NCMea 3381 2422 1500
HIGH 4036 40<3 700
Law vaai 8540 28L0
Nuive Y326 9461 1830¢C
HILGH 11043 11232 &S00
Liow 20188 27539 20490
NUM 35358 J7873 1885
HIGH 41129 445732 1Coo0



Table 3-11, Distance Variation Between the Smaller Finite Body

and a Collinear Point (2, 13)

VDISTANCE VARIATI OGN T «EEN THE SMALLER FINITE dODY ANDO A CucL INEAR POINT

HSULY vilMe DISTANUE MAXe OISTANCE MIn., DIETANCE MAX. CDISTANIE

oETdL S bUOLY EETAEEN BUODY EETAEEN BUDY EETWEEN 8COv
A 1 (&M) Alo L1 {ai) ANCG L2 (&} ANE L2 (Kea
AerRCURY Lia 1720008 285853, 9 1728817 FEELTS.T
MERCURY Nowlie 17858701 2e971l%.0 1783t + 206390 .5
MEACURY HIah 1 72085.8 26572G. £ 178321 .2 2084 C5.2
EARTH+FMUON Louw 14723716 L322E670a 0 lAE24EE o8 1232900 .¢
CSARTATMGUN MNulia L4 7 cHT2+0 1522070+ 4 lddduncu.l 1232901 . ¢
EARTH+MIGIv Ao 1472072468 1522E870. 0 lavzact s 1232%01l .t
MARS Llw o la34.5 11333350.9 GEG44C) el 1187154 .9
MARS Nuide Yo lddha.y 1133398.2 GE44C2 L1 1187 15b e
MARS HIGH Joll2a7.0 1183399.4 $E4403 .2 1187157 .5
JUPILTER LLw 493435707 .0 C44132C7. 4 S1€84527 « 3 3854E04G.5
JUPITER Nup 494057370 £4413241.2 S1Ed49€E1l.H S6U460ED .9
JUPITER HIuvAd 49305768.3 £4413274.9 Z1€E45%55.1 56G46123.5
MLON Luw S4433.7 612C4.2 00G72.0 68055 .6
MCON NUM,. D4d33.7 6lal4.2 6CCT2 .8 EECBQ .6
MOUON HiGH 54333.7 6120443 oCS72.9 EEDSE .7
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Table 3-12, L2 Distance and Length of Planetary Shadow (2. 14)

L2 DISTANCE AND LENGTH COF PLANETAKY SHADOW

PLANET Mz AR RADIUS CRITICAL RADIUS MEAN LISTANCE MEAN DI STaANCC
Wk PLANET LF PLANET SBETWEEN PLANET EETWEEN PLAVLCT
(M) (V) AND Lz (&M) AND 3HACCYW APzt~
ME~RCURY Luwn chae1 2643 .49 22093432 .7 2333806
1€, LunY Molvioe a0 a1 2643.33 220830 .LC cud?33
EmCURY HMiaH cd44del 204753 Z2G%NGCB e 240363
YzNun [ wlided L+odeud vlsewuveo ERCR
YE v D Mot e 20bl1Jd.0 a0 edD Qladues.z GEE3E S
FENLS U wludeU catd.ag Ci4290 4w YoQUTS
cAnTA (Y I71e0 £S5 11«34 1201531 .u 1l3as3Cda
EAx T Niuba 3710 bGlbesl Ibvindzel 1332031
EAmT A hH IGH L3710 uSZEled9 12C1lS32a9 135103¢
Earc TH+MBOCN L Jw O371«0 E93vesd 1sC70&e3 43 1343034
EATH+MGOUN MM uw371l.0 OS449 447 tol70ka.7 1382C31
EARTH+MGON H IGH w37i .0 6949440 1207854 a0 1231620
MARS La'Ww S390.7 3297 .25 1CEE7Tu.C 1116714
AR D Nubie S3390.7 3299 .63 10ES577Y .2 11159CE
MArS HIGH 33907 3302.00 LOEST780.4 1115103
JUFRITER Ltaw 7T0402.0 4536%.09 S4ILEZEL WY 8737427?7¢
JUHITER NJIMa 734520 45401 .74 E4315324% .2 87658747
JURITER HIlsA 704420 454 34438 S4321E838% .8 B7E874¢C55
SATURN Lok Sd322.0 A08C8«41 6140634 .7 13C614S44
SATURN NuM o 57822a0 Z0834.83 EcISCEZ22.4 1262622856
BATURN HIGH 973220 0861l .20 €6160115.7 1276737C7
URANUS L Lew 2uibQ.0 16684 .64 708317289 11z1¢8¢0cC2
LURANUS NUMa 2310040 167C8«00 TOEE232Y7 1075765 &CS
LURANUS H I GH 241350.0 16722457 TCESS0ELlLc 103C71&12
NEPTUNE Luw 251960 17640.10 L1708 €34bet lpgsw3z?721
NERTUNE NUM « 25909240 1767373 11715€Cclac 16172365
NEeP TUNE H1GH 249920 17701la44 1172ECCa4%9.1 1672352477
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