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Summary. New constants for Sampson-Lieske theory of the
motion of the Galilean Satellites of Jupiter are calculated using a
large set of photographic observations: 8856 individual obser-
vations. Ephemerides are built and a comparison is made with the
recent observations of some mutual phenomena of the Galilean
Satellites in 1979.

Key words : Galilean Satellites — ephemerides — Jupiter

Introduction

The recent improvement of the theory of the motion of the
Galilean satellites by Lieske (1977) based upon the methods used
by Sampson (1921) produces expressions of the coordinates and
the partial derivatives. Using old and modern observations, it is
possible to recalculate values of the constants appearing in the
theory and, after that, to produce ephemerides. Several sets of
constants have been calculated before: E-1 from old observations
of eclipses made between 1878 and 1903 (Lieske, 1978); E-2 from
the same set of observations plus some visual eclipses made
between 1903 and 1972, some observations of mutual phenomena
in 1973 and some photographic observations made between 1967
and 1978 (Lieske, 1980). The present study will consider only
photographic observations made from 1891 to 1978 (8856 in-
dividual observations): the definitive set of constants resulting
from that study will be labeled G-5.

The Data

The observations used in this study were made from 1891 to 1978
and are photographic observations. Figure 2, giving residuals,
shows the distribution of these observations during the 87 yr when
they were made.

The series made at Helsingfors and Pulkovo (Renz, 1898, 1903
Balanovsky, 1916) from 1891 to 1910 are very accurate as shown
by the r.m.s. of the residuals (0706-0716 with a 0725 worse series).
The reduction has been made from reference stars which are on the
plates. Very few observations had to be eliminated.

The series used by De Sitter (De Sitter, 1916, 1924a—; De Sitter
et al., 1926a, b; Alden et al., 1929a, b) made from 1913 to 1928 at
Greenwich, Leiden, Cape or Yale Southern Observatory are also
very accurate but the coordinates are given in a jovian equatorial
reference system. 7 from the 9 series give only the component along
the jovian equator. So it is necessary to make the calculations in a

new reference system and to convert in that system the calculated
coordinates. Fortunately an error of 0°1 in the position of the axis
of Jupiter (it is a maximum) induces only an error of 0702 on the
coordinates: this is quite acceptable (r.m.s. are 0705-0713).

The recent series made by Pascu (1978) from 1967 to 1978 with
a long focus refractor were reduced with the trail/scale method
(Pascu, 1977) and are very accurate too (r.m.s.: 0709-0711).

At last, several series were added to that set of observations
but they are less accurate. Some were interesting because they were
made from 1928 to 1967: very few observations were available
during those 39 yr (Petrescu, 1938, 1939; Van Biesbroek, 1963,
Gorel, 1974; Soulié, 1968). Some series allow the time-span to be
increased (Chevalier, 1920; Soulié, 1968, 1972, 1979 ; Debehogne et
al., 1979a, b, 1980a—c; Ianna et al., 1979). Table 1 will give details
on all the series.

Corrections to be Calculated

Let us call ACi the corrections to the constants Ci. For the date of
each observation we have the observed quantities Qo, the calcu-
lated ones Qc and the partial derivatives relative to the constants
Ci. So, we have:

x50

aci x ACi

X (Qo—Qeji=Y.

for each date ¢, for each observed component X or Y, and for each
satellite o.

All those conditional equations are going to be analyzed by the
least Squares method. Most of the series of observations do not
give the position of the planet Jupiter with a sufficient accuracy so,
only inter-satellites positions will be considered except for Pascu’s
observations where the position of Jupiter is used after the
photographic phase defect has been eliminated using the empirical
method described in a previous paper (Arlot, 1975a).

The observed quantity is an angular distance between two
celestial bodies : this distance is not measured in arc s on the sky but
in ym on the plate: so the data will be first weighted by the focal
length of the telescope. In some cases, this weight will be modified
depending on the values of the r.m.s. of the residuals in order to
give a larger weight to the better observations (for example, the
weight of Pulkovo and Helsingfors observations is increased since
one observation corresponds to several exposures on a plate: cf.
Table 1).

Itis not necessary to make corrections to all the constants of the
theory: some are known with a good accuracy and the obser-
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Table 1
scale of
year of the number  the r.m.s. modified number of
opposition of te; SSCOPE 4t the scale for.' individual
author observatory expo- (1) in calculations
of Jupiter sures '*/arc sec residuals arc sec observations
per mm per mm
De Sitter The Cape Obs. 1913 31 30 0". 11 25
1914 40 30 0 .05 25
1915 46 30 0 .06 25
De Sitter Greenwich Obs. 1916/17 44 30 0 .12 25 578
De Sitter Leiden 1922 18 40 0 .07 25
De Sitter Yale South. Obs. 1927 18 19 0 .08 25
1928 20 19 0 .11 25 J
Renz Helsingfors 1891 14 60 0 .25 50 }
1892/93 29 " 0 .10 30
1893/94 21 “ 0 .14 “
1894/95 13 v 0 .10 "
1895/96 21 " 0 .11 "
1897 16 v 0 .11 "
Renz Pulkovo 1895/96 51 60 0.10 30
1897 18 " 0 .14 "
1898 15 " 0 .08 "
Balanovsky Pulkovo 1904/05 15 60 0 .16 30
1905/06 19 N 0 .12 "
1906/07 6 " 0 .12 "
1907/08 217 0 .12 "
1909 5 " 0 .06 "
1910 12 n 0 .12 "
Chevalier Zo-Sé 1917/18 21 29 0 .30 99
De Sitter Greenwich Obs. 1918/19 42 30 0 .13 25
De Sitter The Cape Obs. 1924 41 30 0. 09 25
Petrescu Bucarest 1934 54 34 0 .19 34
Petrescu Paris 1936 25 60 0 .39 60
Van Biesbroek Yerkes Obs. 1961 11 90 0 .46 90 >4536
1962 22 K 0 .43 “
1963 5 " 0 .59 v
Gorel Nicolaiev Obs. 1962 4 82 0 .24 82
1963 12 " 0 .21 "
1964/65 5 . - "
1965/66 10 v 0 .14 "
Soulié Bordeaux 1966/67 36 60 0 .31 60
1967/68 22 v 0 .36 ”
1969 15 " 0 .44 "
1970 217 " 0 .42 ”
1971 12 " 0 .30 “
1972 26 " 0 .42 "
1973 20 " 0 .56 "
1974 7 " - "
Gorel NicolaievObs. 1973 19 82 0 .17 82
1974 26 " 0 .25 "
Debehogne Rio de Janeiro 1977/78 14 206 0 .33 206
Uccle 21 103 0 .44 103
Uccle 19 103 0 .56 103
La Silla 16 52 0 .14 52
La Silla 8 52 0 .14 52
lanaa et al. Mc Cormick Obs. 1977/78 109 21 0 .14 21 j
Pascu Mc Cormick Obs. 1967/68 95 21 0 .10 21 7
Pascu USNO (Wash. ) 1973 72 21 0 .11 21
1974 123 " 0 .09 " 73542
1975 84 4 0 .10 ”
1976/77 35 . 0 .10 "
1977/78 59 0 .10 . J
Total 43 oppositions 1606 0'".28 8656

(1) : From 1891 to 1928, one exposure is in fact the average of 6 to 8 exposures.
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Fig. 1.Compared (¢ — f) values: notations are Lieske’s (1977)
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Table 2. ¢ —f values for G-5 ephemeris

3 8
(e, =+0.041590+ 0.0098 ) B1 = +0.046245 * 0. 004819
(e =-0.002461% 0.0200 ) 82 = -0.014445 % 0. 000877
(e3 =.0.023189 * 0.0076 ) —
(e, =+0.256938 + 0.0084 ) By = -0.066536 * 0.000443
(es ={+2.067082138*+ 0.095}.107") Bs = +182.797225 * 0. 005084
€5 ={-0.1835945 + 0. 08513} .107° Bs = +62.231560 * 7.608520
€7 ={+1.1054947 + 0. 05523} .107® B; = +86.403965 * 4,320290
€g ={-5. 5560148 * 0.15354} .107° Bg = +14.181513 * 0.236000
€9 ={+14.9959* 0.86918}.107" By = -0.747260 * 0. 028121
( ey =1{+0.1620% 0.063}.107"%) ( Byp =+0.166755 * 0.05 )
( €11 = -0.007778 + 0.00054 ) B11 = +60. 834877 * 3 490252
(€15 = -0.275934 % 0.024 ) 812 = +6. 075500 * 0. 125467
( €13 = -0. 000308 * 0. 0006 ) B3 = -5.450563 * 0. 210661
( ey ={+0.0950* 2.80}.107% ) By, = +4.903778 * 0. 077832
(e15=0.0 £0.15 ) Bi1s = -0.233589  0.19 )

efg = -0.473172 ¢
€17 = +0. 463707 *
€1 = -0. 043680 *
€19 = -0.003586 + 0. 000542
( e2¢ = +0. 002781 * 0. 0005 )

0.098801
0
0
0
0
€21 = +0.492066 * 0. 060640
0
0
0
0
0

.108628
. 004671

B16 =0.0£0.4 )

8y, = -0.140391 * 0.03 )
=+15.610 +3.1 )
B1g =+5.135% 4.2 )

B =-1.719%2.1 )
=-7.784%£1.8 )
By, = +0.04428 £ 0.007 )

N~ NN~~~ o~
™ ™
N -
- @
[ [

€52 = -0.006578 + 0. 002110
€53 = +0. 050194 £ 0. 003248
€,y = -0.070668 £ 0. 001315
€,5 = +0. 005384 * 0.011 )

= -0.000133 * 0.00011 )
€27 ={0.0 * 0. 0047} .107% )
€55 ={0.0 % 0.0010}.107" )

~ o~ ~ ~
®
[N
o

N.B.: Values in parentheses were not calculated from observations
of Table 1

Table 3
R.M.S. OF THE RESIDUALS
IN ARCSEC
0ld period Intermediate Modern All the
period period observations
1891-1928 1934-1969 1970-1978 1891-1978
number of individual
observations : 2470 1786 4400 8656
Ephémérides SV2 0.129 0.292 0.255 0.226
E:1 0.125 0.289 0.240 0.217
EF-14 0.142 0.284 0.232 0.215
E-2 0.117 0.284 0.233 0.210
G-5 0.114 0.283 0.232 0.209

N.B.: Only values in the same column are comparable: the r.m.s.
are smaller for the old period because one observation is in fact an
average of 6—8 exposures. It is not the case for the other periods
where one observation is really one exposure

vations of the Galilean Satellites are not able, at the present time, to
improve them. Using the same names for the parameters as Lieske
(1977), the constants which do not need corrections are: g—¢s, & 1—
€14, &5, €15 (masses and physical constants of the jovian system
determinated by spatial observations, Null 1976), &0, &0, &265 B10-

309

Table 4. Mean (O-C) in longitude calculated with the observed
dates of mutual phenomena of 1979 (21 observations) and 3
ephemerides

St 6&2 5t3 s t4
minutes minutes mihutes minutes
sv2 +0 77 +0 13 -0 65
0 0 31 +0.26 sat. 4
E-2 -0.53 +0.10 +0. 21
not
+0.67 +0.29 +0. 25
G-5 +0. 08 ~0.01 +0.17 observed
0. 42 +0,13 +0.15
n 10 19 13 0

N.B.: n is the number of observations involving the satellite
concerned

Bi7—PB22 (values deduced from the ephemerides of the planets:
J.P.L. Ephemeris DE 96, Standish et al., 1976), &5, €27, &8, P16
(values directly determinated by the theory, Lieske, 1977). 24
parameters remain to be calculated from the data.

For the solution, an iteration has been made: it is necessary
when the corrections are large and when the conditional equations
are not linear. However, this is not the case for most of the
corrections.

The Results

Obtained values for ¢—f quantities are given in Table 2. Let us
notice that the values between parentheses are those which have
not been modified as explained above. Figure 1 shows the
modification of the constants (labeled G-5 in this study) with
respect to those of E-0, E-1, and E-2. The error bars for E-1 and E-2
are those given by Lieske (1978, 1980). For G-5, the errors are
calculated as explained in a previous paper (Arlot, 1975b).

New Ephemerides and Conclusion

Itis now possible to calculate ephemerides with the G-5 values and
to obtain (O-C) for the used photographic observations. Figure 2
gives the (O-C) residuals for the 4 satellites and for the 2
components X and Y (right ascension and declination for all the
observations except those from De Sitter where X is kept in the
jovian equator) and Table 3 the r.m.s. of the residuals for several
ephemerides: SV 2, E-1, E-2, G-5, and EF-14 (this ephemeris is an
intermediate solution before G-5). When calculating those r.m.s.
for each satellite separately, the results are the same for satellites 1
and 3; the r.m.s. is smaller for satellite 2 and larger for satellite 4.

We used G-5 ephermerides also, to calculate the dates of the
observed mutual phenomena of the Galilean Satellites in 1979. 21
observations were made (Arlot et al., 1981). So it is interesting to
determine the longitude differences between observations and
calculations for that set of phenomena. We calculated those
differences for G-5, E-2, and SV 2 ephemerides (SV 2 is built with
the basic Sampson’s theory: Sampson, 1921 ; Vu, 1977). The values
are presented in Table 4. Let us notice that none of these three
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ephemerides has been adjusted to the observations of the mutual
phenomena in 1979.

The precision of ephemerides using Sampson-Lieske theory
depends mainly on the observations utilized for the adjustment.
We used in this study only photographic observations because they
seemed more accurate than observations of eclipses. Moreover we
disposed of a large set of photographic observations of good
quality and we brought to light the consistency of photographic
data. Now, for a definitive set of constants, it should be necessary
to fit eclipses and photographic observations. Using several types
of observations would limit the influence of systematic errors
belonging of each type of data. It will be very useful also, to
integrate observations of mutual phenomena in the set of data.
But, even if one mutual phenomenon is “worth” 9 photographic
exposures or 15 eclipses, (Lieske, 1980) it is necessary to increase
the available data (only about 200 observations of mutual
phenomena are available at the present time) to equlibrate the
different types of data used in the adjustments.
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