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Abstract. We present a new model of the four Galilean satellites o, Europa, Ganymede and Callisto, able to deliver accurate
ephemerides over a very long time span (several centuries). In the first paper (Lainey et al. 2004, A&A, 420, 1171) we gave the
equations of the dynamical model. Here we present the fit of this model to the observations, covering more than one century
starting from 1891. Our ephemerides, based on this first fit called L1, are available on the web page of the IMCCE at the URL

http://www.imcce. fr/ephemeride_eng.html.
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1. Introduction

The problem of the motion of the Galilean satellites of Jupiter
is one of the most interesting, but difficult, problems of the
dynamics of the Solar system. The Galilean satellites behave
like a miniature solar system and combine gravitational and
non-gravitational effects, such as mutual perturbations, pertur-
bations by the Sun, the shape of Jupiter, the planet Saturn, tidal
effects, relativistic effects, etc. Therefore, obtaining very accu-
rate ephemerides has been one of the prime tasks of generations
of astronomers over many centuries (Laplace, Damoiseau,
Sampson, De Sitter, Lieske, Ferraz-Mello, Sagnier, Vu, etc.).
Moreover, the Galilean satellites were also a goal of the space
probes and new problems arose when the strong tidal effects
of Jupiter, mainly on o, were discovered. The measurement of
orbital acceleration induced by these tidal effects may lead to
a better modeling of the interior of the satellites. This indicates
the interest in having a very accurate model of the motion of
these bodies and to be able to compare accurate observations to
ephemerides in order to evaluate known but not quantified ef-
fects. For that purpose, we built a new dynamical model based
on a new numerical integration (Lainey et al., Paper I). In the
present paper, we fit this model to the most precise observations
made from 1891 to 2003.

* Tables 4-7 are only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?]/A+A/427/371

2. The observations used

The observations used in the fit extend from 1891 to 2003.
Their accuracy is unequalled in the instruments used and the
epoch when the observations were done. In this paper, the num-
ber of observations refers to the amount of time that a satellite
has been observed (e.g. a photographic plate containing three
satellites will count for three observations). Note that we did
not use eclipse observations by Jupiter because of the bad astro-
metric accuracy of these data due to the atmosphere of Jupiter.
Table 1 summarizes the observations used in our ephemerides.

2.1. The old observations (1891-1936)

These observations have various origins and were made with
various instruments. The observations between 1891 and 1910
were made in Helsingfors (Finland) and at Pulkovo observatory
(f = 3.4 m) in Russia. Those between 1917 and 1918 were
done by Chevalier in China (f = 7.1 m). The de Sitter’s ob-
servations were done in 1918-1919 at Greenwich and in 1924
at the Cape (f = 6.9 m). Finally, observations done in 1934
and 1936 were done respectively in Bucharest (f = 6.1 m) and
Paris (f = 3.4 m).

The whole set of these observations was already used in a
fit of the Sampson-Lieske model (Lieske 1977), providing the
G5 ephemerides (Arlot 1982a). They have been published in a
B1950 equatorial frame in Arlot (1982b).

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20041271
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Table 1. Observations used in L1 fit.
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Observations Period covered  Type Frame N

Old observations 1891-1936 photographic plate  astrographic B1950 tangential coordinates 1635
Long focus observations 1967-1978 photographic plate  astrographic B1950 tangential coordinates 1771
Long focus observations 1986-1990 photographic plate  apparent equatorial tangential coordinates 1390
Mutual events campaign of 1973 and 1979 1973 and 1979  photometry astrometric J2000 differential coordinates 224
Mutual events campaign of 1985 1985 photometry astrometric J2000 differential coordinates 392
Mutual events campaign of 1991 1990-1992 photometry astrometric J2000 differential coordinates 410
FASTT observations 1998-2003 CCD astrometric J2000 coordinates 1127

2.2. The modern “long-focus” observations
(1967-1990)

These observations were made either at Mc Cormick ob-
servatory (Virginia, USA) or at the US Naval observa-
tory (Washington DC, USA) using a long-focus refractor
(f = 9.9 m) and a photographic technique (Pascu 1977).
Most of these observations were made by D. Pascu, except
some in 1977 by lanna et al. (1979). The series of obser-
vations (1967-1978) were used for the elaboration of the
G-5 ephemeris. The unpublished series of observations (1986—
1990) were kindly provided to us by D. Pascu.

2.3. The mutual events

The observation of the mutual events (also called mutual phe-
nomena: eclipses and occultations that involve two satellites,
but not Jupiter) of the Galilean satellites started in 1973, lead-
ing to the creation of the PHEMU campaigns taking place ev-
ery six years. The observation of these phenomena are regularly
performed in many observatories throughout the world. As this
kind of observation is photometric, the reduction method is
quite different from the astrometrical one. We note that the ab-
sence of an atmosphere on the Galilean satellites and the fact
that these measurements are timings lead to very accurate data.
Aksnes & Franklin (1976) developed a reduction method for
this kind of observation. Hence, we used the values based on
this method later published in Franklin et al. (1984), Franklin
(1991), Kaas et al. (1999) and corrected by the “DT” values
following Kaas et al. (1999).

2.4. The FASTT observations

These observations were obtained with an automatic transit
telescope at Flagstaff (USA). An observational program of
17 natural satellites of Jupiter and Neptune called FASTT
(Flagstaff Astrometric Scanning Transit Telescope) started in
1998 (Stone & Harris 2000, 2000, 2001). A set of observa-
tions covering the time span 2001-2003, as yet unpublished,
has been kindly communicated to us by Dr. Stone.

3. The fit
3.1. The fit conditions

We performed an adjustment to our numerical model presented
in Paper I, to all the observations from the previous section.

This adjustment was required to take into account several cor-
rections in the shift from the reference frame (in time and
space) of the observations to the reference frame of the nu-
merical integrator. Hence, in order to calculate the theoretical
positions corresponding to the observations, the change of time
scale from UT/UTC (depending on the epoch of the observa-
tions) to ET/TT, and the light time correction have been applied
to each observation. This final calculation is carried out by it-
erations using the equality

(@ = it - 7))
T

1)

where rr and ry are respectively the position vector of the Earth
and of Jupiter, and 7 the Earth-Jupiter light time. Two iterations
have been done before the integration by calculating the Earth-
Jupiter distance. A third and last estimate of the Earth-satellite
P; light time 7; was then carried out in the integrator by com-
puting the distances Earth-satellite (relative to each satellite).

As was indicated by Noyelles et al. (2003), there is a sub-
tlety in the particular case of mutual eclipses. In such a configu-
ration, the light time to the eclipsing satellite should be replaced
by the light time to the eclipsed satellite minus the light time
necessary to cross the eclipsing-eclipsed satellite distance. This
modification comes from the fact that the observed event intro-
duces only the eclipsed satellite, the eclipsing satellite not be-
ing present in the previous case. At the time when the eclipsed
satellite enters the penumbra, the eclipsing satellite has already
moved by the light time corresponding to the eclipsing-eclipsed
satellite distance.

The aberration has been taken into account by modifying
the calculation of the light time as follows

et —1) =t -7
T= - .

2

Hence, the equality (2) was finally used instead of (1) for com-
puting the light time correction, except for the FASTT obser-
vations, as these latter are astrometric ones.

Many of the observations which we used were given in
a B1950 terrestrial equatorial reference frame. Shifting from
the J2000 reference frame to the B1950 frame can be done for
example using the method of Aoki (1983). But the treatment
of the partial derivatives (see Paper I, Sect. 4) becomes particu-
larly complex as there is more than just translation and rotation
(which would not change the partial derivative values) to intro-
duce. For this reason, we chose to carry out all our adjustments
in the equatorial reference frame J2000, and used the Aoki for-
mula to transform the B1950 coordinates in J2000.
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Fig. 1. Transformation of the Jovicentric Cartesian coordinates to the
absolute coordinates.

The astrometrical corrections are generally done by the ob-
server. However, we corrected the refraction of the series of ob-
servations of D. Pascu 1986—-1990, which were communicated
to us in an apparent reference frame.

The numerical integrator delivers positions in Cartesian co-
ordinates in a J2000 Jovicentric terrestrial equatorial reference
frame. Using the DE406 ephemerides, the positions can be
shifted in a geocentric J2000 reference frame (or J2000 he-
liocentric in the case of the mutual eclipses). This step intro-
duces only one translation of the reference frame, so the par-
tial derivatives remain unchanged. We finally have to trans-
form the positions and partial derivatives in the observational
variables.

3.2. The case of the absolute coordinates

Let us denote by (a/gk),égk)) the right ascensions and declina-

tions of the satellite P; at the observational time #. It is thus
necessary to transform these variables to Cartesian coordinates
in the Jovicentric reference frame (see Fig. 1).

Denoting (X, Y, Z) the coordinates of Jupiter and (x;, y;, z;)
the Cartesian coordinates of the satellite P;, we have the
equalities

X+ Xx; = rr;cosd; cosqa;
Y +y; = rricosd;sinq; 3)
Z+7z = I‘T,'Sil’l5,‘

where rr; denotes the Earth-satellite P; distance. Denoting y; as
any Cartesian coordinates of abody P; and ¢; to be any constant
of the model, the Eq. (27) of Paper I then takes the following
form

(0-C); := “)
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or also using matrix notation Z = HXA, with

AoV
( ’ ]= &)

As®
(9)61‘ (9)@
da; Oa; Oai dei” deconm Ac
ox;" dy;" dz || 9i . _Ovi
(95,’ 65,‘ (95,' c’)c1’ ’8C6N+M
o dy )| 0 dn - |\Acowen
dci” Tdcon+m

The calculation of the matrix H leads to the equality

(90’1‘ 6(1’,‘ 6(1’,‘
_ ax,‘ ’ ay,’ ’ aZ[
H=\ 35, a5, a6, ©)
5)65’ 5%’ 0z
sin a; COS @;
_ rTi COS&Z" rTi COS&Z‘ ’
| sind;jcosq@; sind;sina; cosd;

I'Ti I'Ti I'Ti

where the quantity rr; should also be considered as a function
of (x;, y;, z;). In fact, this quantity is almost constant during the
fit, hence, for simplification, rr; has been considered as a con-
stant. Introducing equality (6) into (5) and computing the X ma-
trix as presented in Paper I, one can finally solve the linear sys-
tem (4) using a least-squares method. The corrections Ac; can
then be applied to the initial conditions used in the integrator.
Several iterations are generally enough to minimize the obser-
vations’ residuals.

However, the position of the Galilean satellites relative to
the observer depends on the Jupiter ephemerides (for which the
precision is approximately 50 km). In order not to introduce an
external error from the model, it is thus advisable to go back to
differential coordinates (inter-satellite coordinates).

In the case of the tangential coordinates, the satellites’ po-
sition refers directly to Jupiter, so external errors from plan-
etary ephemerides do not occur. But in this case, it is the
unknown difference between the photocentre and the centre
of mass of Jupiter which again leads us to use inter-satellite
coordinates.

The inter-satellite method requires us to consider a satellite
as a reference. In order to not privilege a particular satellite we
referred the position of all satellites to the barycentre of the
observed satellites. Indeed, the Galilean satellites may not be
observable all together in one night. This barycentre was thus
calculated for each observation.

3.3. The case of relative coordinates

We used absolute inter-satellite coordinates relating to the
barycentre of the observed satellites. Let N, be the num-
ber of observed satellites for a given observation at time #,
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Table 2. Initial conditions at the Julian epoch 2433 282.5 (01/01/1950, OHOO TT) found after fitting our numerical model to the observations.

The positions are given in ua and the velocities in ua.day™!.

Satellite X

Y z

4.47405235156112D-004
—9.85334458832106D-003
4.08484461403317D-003
3.18714874103322D-003
6.92323766363975D-003
—1.59586071548198D-003
1.15719001011125D-002
1.81164489059991D-003

Position of satellite 1
Velocity of satellite 1
Position of satellite 2
Velocity of satellite 2
Position of satellite 3
Velocity of satellite 3
Position of satellite 4

Velocity of satellite 4

-1.66462715047058D-003

—4.31248259965894D-003

2.51989505969945D-003 1.20670250327510D-003
1.46666378156222D-003 5.44398473842365D-004
—7.66961556087399D-004
3.18110066033521D-003
8.65919936373061D-004
2.57262241916467D-003
-1.91365598907131D-003
1.91426607537922D-003

6.55397183406843D-003
1.60154528519437D-003
5.50387398136773D-003

3.97862672782925D-003

and (a;(k),élf(k)) the observed positions so that we have the

equalities Aagk) = a;(k) - agk) and Aégk) = 6;(]() - 6§k). We thus

have to consider the differences

N, No

[a;(k) - Z a;(k)) - [a/gk) - Z ai.k)] 7
=1 =1

and
No No

{5;“) -] 5;"”] - [6f.k> -] 53.“] : ®)
=1 =1

These terms can still be rewritten for the right ascensions in the
form

N N
7(k) (k) 7(k) (k)
(@; —a[)—[gaj —Eaj]
=1 =1

and in the same way for the declinations. So, we can use the
equalities of the previous section to compute the values of Aa(].k)

and A(S(].k) for all j.

No
= AP - Z )
j=1

4. Results
4.1. Numerical values

We thus carried out our fit in equatorial J2000 differential co-
ordinates. The dynamical model used is the one presented in
Paper I Sect. 3.4.2. It includes, beside the usual perturbations,
the additional oblateness forces and the satellites’ triaxiality in-
troducing the J;k), c(zkz) coeflicients. To preserve computational
time, we used a constant step size of 0.08 day, and a vari-
able step size to complete the integration to the time of the
observation #;. To reduce the numerical error, we integrated the
dynamical model back and forth starting at the Julian epoch
2433282.5 (01/01/1950 at 0OHOO) which is close to the middle
of the time span [1891-2003], using G5 ephemerides as initial
conditions.

The control of the numerical error can still be done as in
Paper I, integrating back and forth over one century and look-
ing at the variations from the initial conditions. But this method
is rather poor for controlling the partial derivative integration.

Indeed, these latter have very strong variations and even us-
ing double precision, the roundoft errors accumulate rapidly.
This does not mean that the integration is poor, but just that
the back and forth method is unusable. Thus we performed two
integrations, only modifying one initial condition by a small
value g;. We then tested the linear relation’, following nota-
tions of Paper |

{DI;(C]»“'»CI +8,"',C6N+M)_‘;b;(C],"',C[ _8»“'»CGN+M)
2
9%,
= ga_c(cl»“'7ci»“'7c6N+M)' (10)
1

As in the case of the energy for the equations of motion, this
method was found efficient to validate the computation of the
variational equations.

Finally, four iterations by the least-squares method were
necessary to minimize the residuals.

With the exception of the mutual phenomena observations,
a uniform weighting was used. All these observations thus have
a weight of 1. The observations of mutual phenomena are pub-
lished with weights changing from 1 to 2 and were preserved
just as they were in our adjustment.

A frequent difficulty in the adjustments relates to the prob-
lem of the correlations between the initial conditions and pa-
rameters. For example, it is well-known that the coefficients J;
and J, are strongly correlated. Thus a very large value of J4 can
result after adjusting both parameters, compensating in part for
the J; value in the model. In order to avoid this kind of corre-
lation, we used the values deduced from the space probes for
all parameters (see Campbell & Synnott 1985; Anderson et al.
1996; Schubert et al. 1994), except for the angles (¢, ) which
parameterise the north Jovian pole in a J2000 equatorial frame.
Here we benefit greatly from our study made in Sects. 2 and 3
of Paper 1. Indeed, as we explained, one can easily absorb a
certain number of perturbations by slightly changing the val-
ues of the constants of the model. However, as our modeling
of the Galilean system is particularly sensitive, we can fix from
the beginning many parameter values as constant without de-
creasing the quality of the adjustment.

! This method is well known to compute the derivative of a func-
tion f at the second order: f(x + &) — f(x — &) = 2ef'(x) + O(&%).
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Table 3. Parameters used in our numerical model for fitting the ob-
servations (from Campbell & Synnott 1985; Anderson et al. 1996;
Schubert et al. 1994). The masses are given in Solar mass, the Jovian
equatorial radius E, in ua and the angles in degrees.

Parameter

9.54594307716659D-004
4.491666410348056D-008
2.411981912350972D-008
7.450567670228471D-008

Mass of Jupiter
Mass of Io

Mass of Europa
Mass of Ganymede

Mass of Callisto 5.409660246012525D-008
E, 0.477266151384435377D-03
J> 14736.D-06
Jas -587.D-06
Js 31.D-06
W 358.070068991729D0
1 25.5020491751445D0

Table 2 gives the final initial conditions used in our integra-
tor and Table 3 gives the value of the parameters.

4.2. The (O-C)s

The graphs of Fig. 2 give the (O-C)s for each satellite after
our adjustment for the old and long focus observations. Let us
recall that one second of a degree is approximately equal to
3000 km at the distance of Jupiter.

We can compare with interest the (O-C)s of Fig. 3 for
the mutual event observations, with those presented in Lieske
(1998) and Kaas et al. (1999). One notes that the (O-C)s re-
sulting from our model are much lower, especially for the cam-
paign of 1991. Moreover, the significant drift in the (O—C)s re-
sulting from the use of E5 theory on the right ascension of Io is
not present any more. The hypothesis of these authors, suspect-
ing mainly a systematic effect like albedo variation at the time
of Io’s observations to explain this drift, may not be necessary.

Figure 4 shows the (O—C)s of FASTT observations. As we
can see, the accuracy of these observations is very close to that
of mutual events.

Finally, Table 4 gives® the values of the mean and standard
deviations for the (O—C)s in right ascension and declination for
each satellite.

We have noted initially that the values obtained for the mu-
tual phenomena were very good. That is not surprising given
that such observations are related to the observation of a phe-
nomenon (eclipse or occultation) rather than to an astrometrical
measurement influenced by the atmospheric turbulence. The
values for the right ascension of Callisto are however clearly
not as good. This difference may be explained by the presence
of significant surface effects on Callisto, and which are not
accounted for. Another reason could be that the observations
of mutual events involving Callisto are more seldom. Hence,

2 Tables 4-7 are only available in electronic form at the CDS.
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the fit may be less accurate for this satellite, as the other type
of observations are proportionally more numerous. The qual-
ity of the (O-C)s for these observations proves the quality of
our fit.

The results of the old observations have a larger scatter.
It is possible that the precision of the measurements taken at
that time was less accurate, but this inaccuracy can also be ex-
plained by the reference frame used. Indeed, the reduction of
the old observations in the B1950 reference frame required the
use of the formulae of terrestrial precession. But these formulae
have changed with time, and it is difficult today to know which
one was used at the time of the observations. This problem
also applies to the long focus observations taken between 1967
and 1978.

4.3. Values of linear correlations

Finally we present the linear correlation values given in
Tables 5-7. The values higher than 0.8 are written in bold type.

As we expect, the coefficients J, and J4 are strongly corre-
lated up to 88%. Other constants of our model also seem to be
strongly correlated like m; and vx; or y, and vx,. Let us recall
however, that these values are partly dependent on the observa-
tional errors. Moreover, observations give measurements of the
tangential plan of the celestial sphere and we never have access
to the full position of the satellites. Hence, one can expect to
obtain more correlations between the initial conditions.

5. Conclusion

The fit of our model provides the L1 ephemerides which are
available on the ephemerides server of the IMCCE (http://
www.imcce. fr/ephemeride_eng.html). The extrapolation
of the numerical integration between each time step was not
made as often with Chebyshev polynomials. Indeed we pre-
ferred to give a Fourier quasi-periodic representation, as this
latter delivers the dynamical frequencies of the system and can
be used over a very long time span (much longer than the inte-
gration one). A complete study of this representation including
Laplacian frequency and amplitude is in progress. So far such a
method decreases the internal precision of the numerical model
to a few tens of kilometers.

Contrary to the former ephemerides, which were very diffi-
cult to fit to the whole set of available observations, we suc-
ceeded in fitting the model to all the data. Therefore, our
new ephemerides present a real improvement compared with
the old ones. Future fits will be done as the number of ob-
servations increases and the techniques of reduction are im-
proved, as has been recently done in Vasundhara et al. (2003).
A fortran subroutine delivering L1 ephemerides is available on
request.
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