N
N

N

HAL

open science

NAROO program: Analysis of USNO Galilean
observations 1967-1998
Vincent Robert-Pélissier, D. Pascu, V. Lainey, J.-E. Arlot

» To cite this version:

Vincent Robert-Pélissier, D. Pascu, V. Lainey, J.-E. Arlot. NAROO program: Analysis of USNO
Galilean observations 1967-1998. Icarus, 2025, 426, pp.116344. 10.1016/j.icarus.2024.116344 . hal-

04782295

HAL Id: hal-04782295
https://hal.sorbonne-universite.fr /hal-04782295v1

Submitted on 14 Nov 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.sorbonne-universite.fr/hal-04782295v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Icarus 426 (2025) 116344

Contents lists available at ScienceDirect

Icarus

journal homepage: www.elsevier.com/locate/icarus

Research Paper R

NAROO program: Analysis of USNO Galilean observations 1967-1998
V. Robert >, D. Pascu ¢, V. Lainey ?, J.-E. Arlot ?

2 IMCCE, Observatoire de Paris, PSL Research University, CNRS UMR 8028, Sorbonne Universités, UPMC, Univ. Lille 1, 77 avenue Denfert-
Rochereau, Paris 75014, France

b Institut Polytechnique des Sciences Avancées IPSA, 63 bis Boulevard de Brandebourg, Ivry-sur-Seine 94200, France

¢ U.S. Naval Observatory USNO (retired), 3450 Massachusetts Ave. NW, Washington, DC 20392, USA

ARTICLE INFO ABSTRACT
Keywords: The New Astrometric Reduction of Old Observations (NAROO) program is dedicated to the measurement of
Astrometry astrophotographic plates and the analysis of old observations for scientific purposes. One of the main objectives

Io of the NAROO program is to provide accurate positional measurements of planets and satellites to improve our
Europa knowledge of their orbits and dynamics, and to infer the accuracy of the planet and satellite ephemerides. We

g:ﬁi}'s?)ede digitized 553 astronegatives of the Galilean satellites taken with the McCormick 26-inch refractor in 1967/68
Jupiter and the U.S. Naval Observatory 26-inch refractor from 1973 to 1998, resulting in 2650 individual observations.

We measured and reduced these observations through an optimal process that includes image, instrumental,
and spherical corrections using Gaia-DR3 catalog to provide the most accurate equatorial (RA, Dec) ICRS
(Gaia-CRF3) positions. 4819 positions of the Galilean satellites have been determined with an accuracy of 55
mas (160 km at Jupiter), near the limit of the photographic technique for such work. These data can help to
improve the equatorial positions of Jupiter. They also can be used in the context of quantifying tidal effects

and will still be useful when Europa Clipper and Juice data will become available.

1. Introduction

The New Astrometric Reduction of Old Observations (NAROO) pro-
gram has been developed as a unique center dedicated to the measure-
ment of astrophotographic plates and the analysis of old observations
for scientific purposes (Robert et al., 2021). The framework is the study
of the dynamics of Solar System bodies, in particular, which require
astrometric observations sampled over a long time span to quantify
the long period terms that may help to analyze the evolution of the
motion. One of the main objectives of the NAROO program is to provide
accurate positional measurements of planets and satellites to improve
our knowledge of their orbits and dynamics, and to infer the accuracy
of the planet and satellite ephemerides.

We obtained the large photographic plate archive of the Galilean
satellites taken at the McCormick Observatory in 1967/68 and the U.
S. Naval Observatory (USNO) from 1973 to 1998 for remeasurement
and reanalysis. These plates had been previously measured with the
USNO automatic measuring machine, StarScan (Zacharias et al., 2008;
Robert et al., 2016), reduced by the trail/scale scheme (Pascu, 1977)
and used by Jet Propulsion Laboratory (JPL) for the navigation of the
Voyager and Galileo space probes to successful reconnaissance with
the Jovian system. However, three developments converged in the last

decade to give the USNO plate archive new life and purpose. First,
from theoretical studies at Institut de Mécanique Céleste et de Calcul
des Ephémérides (IMCCE) in Paris, Desmars et al. (2009) have shown
that astrometric data spread over a long time span were better than
more accurate astrometric data spread over a short interval of time for
dynamical and ephemeris purposes. Second, Arlot et al. (2012) have
shown the benefit of using old observations and how new and future
reductions with the Gaia catalog (Robin et al., 2012) will be useful
and beneficial. And finally, the high precision NAROO measuring ma-
chine, superior to the StarScan, is now available for the community at
Meudon (Robert et al., 2021). The expectation was that the astrometric
positions of the planets, as well as the Galilean satellites, could now be
obtained to the absolute limits of the photographic technique. Such old
data remain extremely important for constraining the orbital dynamics
of the Galilean system (Fayolle et al., 2023), in particular in the context
of quantifying tidal effects.

2. Historical context

In 1610, Galileo discovered the four great moons of Jupiter, named
for him. They are the brightest of the outer planetary satellites and can
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be seen by some sharp-eyed individuals with the unaided eye. Because
of their brightness, they were both the most astrometrically observed
and also by more varied techniques than any of the other planetary
satellites.

Phenomena due to Jupiter, especially eclipses, were some of the
earliest observations used for orbital correction because they could be
made with small telescopes. Phenomena predictions were published
in astronomical and navigational almanacs because they were used to
correct chronometers used in navigation at sea, and land surveying.
Notwithstanding their observational convenience, observations of phe-
nomena relative to Jupiter were not the best for orbital correction. On
any one night, few phenomena could be observed from any one site,
and usually only for one satellite. Moreover, the observations were not
well distributed around the orbit, indicating that some of the orbital
parameters could not be determined well. For these reasons, observers
favored tangent-plane observations which yielded positions for all four
satellites at points well distributed around their orbits. The best of these
early observations, according to de Sitter (1931), were the heliometer
observations begun by Gill (1913) at the Cape in 1891.

Photographic observations of the Galileans were also begun very
early — in the 1890s. Unfortunately, the instruments used were of
short focal length and the results not competitive with the micrometer
observations made with the visual long focus refractors. In discussing
all modern observations of the Galileans made up to 1928, de Sitter
(1931) concluded that the long focus photographic observations made
by Alden and O’Connell (1928) at the Yale Southern Station at Jo-
hannesburg, South Africa, with their 26-inch photographic refractor in
1927 and 1928, were the most accurate. This conclusion was supported
by the comparison made by Struve (1928) with his visual long focus
micrometer observations.

3. USNO photographic observations

Following the 1967 IAU in Prague, Jean Kovalevsky, Director of the
Bureau des Longitudes (BdL) in Paris, requested that the USNO obtain
new astrometric observations of the Galilean satellites in order for BdL
to update their ephemerides. The project was undertaken by Pascu
(1977, 1979) in November of 1967, with the 26-inch refractor of
the McCormick observatory of the University of Virginia (where he
was a student). The McCormick refractor is a Clark refractor and a
“twin” of the 26-inch refractor of the USNO. De Sitter’s and Struve’s
conclusions informed the decision to adopt the long focus photographic
technique for the observations. Plans were made to take photographic
plates throughout the apparition of Jupiter, as the McCormick parallax
program would allow, to cover long periodic terms, and to take plates
intensively in order to cover the orbits well.

To reduce the brightness of Jupiter and the Galilean satellites, a
special neutral filter was devised (Fig. 1). The filter was constructed
from Kodak High Resolution Plates (HRP) and was composed of a cen-
tral rectangle with dimensions to accommodate four to six exposures,
spaced in declination, throughout the apparition, and three optical
densities to produce a measurable image of Jupiter and to reduce the
Galileans to 9th visual magnitude stars. This arrangement would not
only reduce the random error due to seeing excursions by increasing
the integration time, but would enable the determination of spherical
equatorial coordinates for Jupiter from measurements on the planetary
image, or if that proves not feasible, then indirectly from the satellites.
Trails were taken nightly in case there was insufficient star coverage for
a plate solution, and plates of the Praesepe and Pleiades star clusters
were obtained occasionally to study the focal plane of the 26-inch.
Since Jupiter and the Galileans would be in motion throughout the
exposure, fast emulsions were required to record the faintest catalog
stars in the shortest exposure. Kodak 103aG (antihalation backed),
5 x 7 x 0.06 inch plates were chosen after testing several emulsions.
Plates were taken in combination with a Schott GG14 filter (yellow)
in contact with the special filter. This combination filter was fixed in
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Fig. 1. Schematic of the special neutral filter used to produce a measurable image of
Jupiter and to reduce the Galileans to 9th visual magnitude stars. The values 1.3, 1.5
and 3.0 denote the filter zonal densities.

a cartridge plate holder about 2 mm from the photographic emulsion.
Four to six exposures, separated in declination, were taken per plate
and ranged in duration from 20 to 40 s, depending on the transparency
of the sky or the brightness of the catalog reference stars. Two or more
plates were produced each night of observation. The UTC exposure start
time was accurate to better than 0.5 s. A total of 293 exposures on 78
plates were taken on 31 nights over seven months.

No further plates were taken until 1973, at the request of NASA,
to support the Voyager probes’ reconnaissance of the outer planets.
The Working Group of Outer Planet Satellites (Seidelmann, 1979),
composed of international experts in astrometry and dynamics, was
formed for the purpose of making recommendations to NASA for new
ground based observations and theoretical work needed to improve
the satellite ephemerides for the successful navigation of the Voyager
probes to the outer planets. On the Working Group’s recommendation,
the USNO began a program of photographic astrometric observations of
the Galilean satellite system with their 26-inch visual refractor (Pascu,
1977, 1979), while observations were continued at McCormick (Ianna
and Seitzer, 1979), using the same techniques developed earlier, with
one major exception. At the 1977/78 apparition, the USNO instrument
was diaphragmed to 16 inches for one of the two plates taken each
night. After that apparition, the USNO refractor was diaphragmed to
16 inches for the remainder of the observations. The purpose of the
reduced aperture was to reduce coma to the corners of the plates,
increasing the “coma-free” field, and thus, the number of usable catalog
reference stars. The observations at USNO continued at every appari-
tion of Jupiter until 1998, when Kodak discontinued their production
of scientific plates, and the USNO supply of Kodak plates was depleted.
Including the 1967/68 set of McCormick plates, the USNO archive of
Galilean satellites observations numbers 683 multiple exposure plates,
taken on 303 nights, 25 apparitions and over 31 years — more than
two complete orbits of Jupiter around the Sun.

A particular attention has been paid to record the metadata over
each plate envelope for use. Fig. 2 shows the information for the
USNO Galilean plate No. 21014, which is a typical USNO envelope.
One can clearly find all useful data: plate series and number in series,
starting date and exposure time for all exposures, and some additional
comments such as the material designation, the seeing criteria and the
temperature.

4. Measurement and reduction

We selected 553 photographic plates from November 08, 1967 to
December 09, 1998 to be transferred to Meudon and digitized with the
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Fig. 2. Typical USNO photographic plate envelope with all information for astrometric measurement.

Fig. 3. Center of the digitization (positive) of the USNO 26-inch Galilean plate No.
21014. Five exposures shifted in the declination direction, from left to right: Callisto,
Ganymede, Europa, Jupiter, and Io. North is up, east to the left.

NAROO machine. Each plate contains four to six exposures shifted in
the declination direction. Most of the individual exposures were 20 s in
duration with a few 30-40 s in poor transparency conditions. The field
of view is 57 arcmin on the x-axis and 43 arcmin on the y-axis. Fig. 3
shows the center of the digitized (positive) USNO Galilean plate No.
21014, which is a typical digitized image. Five 20 s exposures of the
Jovian system were taken with the USNO 26-inch refractor on 18 June
1994. Not visible in the figure, the small special filter covers the planet
and satellites, reducing their light and providing a measurable image
of Jupiter and the Galileans. From left to right, Callisto, Ganymede,
Europa, Jupiter, and Io. North is up, east to the left.

Measured (x, y) plate positions were corrected for instrumental and
spherical effects as described in Robert (2011), including corrections
for the phase effect and the total chromatic atmospheric refraction.
The plates contain 2 to as many as 67 reference stars, with an average
of 6, and the reductions were performed using suitable four constant
functional models to provide equatorial (RA, Dec) astrometric positions
of the satellites. Scale p, orientation 6, and offsets Ax and Ay were
modeled for the determination of the tangential (X,Y) coordinates.
All our observations were equatorial (RA, Dec) astrometric positions

obtained from tangential (X,Y) coordinates by using the gnomonic
inverse projection, and determined in an ICRS (Gaia-CRF3) topocentric
reference frame.

4.1. The telescope scale value and its temperature dependence

Since the plates with adequate reference star coverage were re-
duced by the method of plate constants, neither the plate scale nor
its temperature variation were needed for the derivation of positional
observations of the Galilean moons or of Jupiter. However, an accurate
scale value would be useful to accurately reduce those plates which
do not have sufficient reference star coverage for a plate constants
reduction. The large plate archive, taken over more than 20 years,
with a range in zenith distance of 50°, a temperature range over 35 °C
and measured with high precision, on a high precision stellar grid, is
uniquely suited for studies of the plate scale, its temperature variation
and the stability of the 26-inch refractor at a diaphragmed 16-inch
aperture.

Three factors contribute to the photographic plate scale of the tele-
scope: the measuring machine used to measure the photographic plates,
the atmosphere, and the temperature. The scale value was often identi-
fied with a specific measuring machine for the long screw machines,
but the NAROO measuring machine is much more accurate, so this
component is negligible. The atmosphere, due to refraction, contributes
significantly to the scale value as a function of zenith distance (Van De
Kamp, 1967). And the temperature affects the scale value, both due
to its action on the telescope itself, and on the photographic plate.
The effect of the atmosphere on the derived scale is to increase its
numerical value with zenith distance, while the effect of increasing
temperature on the telescope leads to a decrease in the numerical value.
The effect of the temperature of the photographic glass plate is to
increase the numerical value of the scale for temperatures higher than
that at which the plates were measured, and decrease the numerical
scale value at lower temperatures. The result of these opposing factors
is to compensate for each other in most observations. This has been
pointed out by McAlister et al. (1974) and according to them, the
rationale for the practice of not changing the focus (for long focus
refractors) with temperature as is the case for our USNO plate archive.

In our case, the atmospheric contribution to the plate scale compen-
sates for the temperature contribution because the summer apparitions
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Fig. 4. Scale of the 26-inch refractor at a diaphragmed 16-inch aperture, outside the
atmosphere in x-axis and y-axis from USNO observations, in function of the temperature
during the observation.

were at the greatest zenith distances, while winter apparitions were
at the smallest. For the 25-year span of this archive, Jupiter revolved
around the sky twice. Because atmospheric refraction significantly
affects the scale of the focal plane, correction for total refraction must
have been be made. In fact, it had been done prior to the plate con-
stants reductions using our model including the temperature parameter
to compensate for the seasonal variation. The resulting temperature
dependence of the scale of the 26-inch refractor, diaphragmed to 16-
inch, is shown in Fig. 4. It is emphasized that this plot describes the
dependence of the 26-inch telescope plate scale with temperature only
outside of the atmosphere.

A determination can now be made for the contribution of the lens
and/or the telescope tube to the plate scale. From Fig. 4, the scale at
-5 °C is about 20.8455 arcsec/mm, corresponding to a focal length of
9894.94 mm. At 30 °C, the x-scale of 20.834 arcsec/mm corresponds
to a focal length of 9900.40 mm. Thus, over the 35 °C range of the
observations, the change in focal length was 5.5 mm. While an accurate
value for the coefficient of thermal expansion for the 26-inch tube
is not available, the range of values for steel is from 0.000011/°C
to 0.000017/°C with a common value of 0.000012/°C, for a mean
temperature of 20 °C at sea level. This value gives an expansion of the
telescope tube as 4.2 mm over a temperature difference of 35 °C. With
this approximation, it is evident that most, if not all, of the thermal
contribution of the telescope to the plate scale is due to the lengthening
of the steel telescope tube.

A puzzling feature of Fig. 4 is the deviation of the x and y scales
at 24 °C. We have no explanation for this at this time. McAlister et al.
(1974) found a similar result for the McCormick refractor but they also
had no explanation for it and suggested that it could be due to flexure
of the telescope tube. Such an explanation seems plausible for our
situation since the deviation of the x and y scales occur at the greatest
zenith distances. Presumably, the effect is similar to plate tilt and would
result in a decrease in the numerical value of the y scale. In our result,
the y scale is numerically decreased relative to the x scale at the
greatest zenith distances. It is also possible that the standard refraction
model corrections did not match well the atmospheric conditions at the
largest zenith distances and highest temperatures.

4.2. Comparison NAROO vs. DAMIAN

Actually, we made a first analysis of these 553 photographic plates
that were digitized, 13 years ago over 3 months, with the Digital
Access to Metric Images Archives Network (DAMIAN) machine at the
Royal Observatory of Belgium (de Cuyper et al., 2004; de Cuyper and
Winter, 2005, 2006). Even if this previous analysis was valuable and
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Table 1

Details of the equatorial mean (O-C)s and residuals for the Galilean satellites
in mas, according to NOE-5-2010-JUP and INPOP10e ephemerides, with NAROO
digitizations.

Satellite (O = Cyeoss Crcoss (0 -0C); o5

JI -5.0 63.6 -0.2 60.6
JII -0.6 64.7 -1.0 60.9
JIII -3.4 64.6 1.1 65.6
JIV -0.8 63.0 -0.7 61.0
Average -3.0 64.0 0.0 62.0

the calculated positions used for the most recent IMCCE dynamical
models (Robert, 2011; Robert et al.,, 2011), the results were never
published. At this epoch, we were able to make measurements for 1071
positions of Io, 1122 positions of Europa, 1192 positions of Ganymede,
and 1151 positions of Callisto. We focused on individual observations
for which the residuals of the satellites were independently lower than
the 30 value of their rms residuals in right ascension and declina-
tion. We reduced the observations using the UCAC2 reference star
catalog (Zacharias et al., 2004), and we compared the positions of
the Galileans with their theoretical computed positions given by the
INPOP10e planetary ephemeris (Fienga et al., 2013) and NOE-5-2010-
JUP satellite ephemerides (Lainey et al., 2009). Much more recently, we
digitized the 553 photographic plates with the NAROO machine, over
15 days, and we re-processed the analysis in exactly the same condi-
tions of measurement, centroiding and reduction techniques using the
UCAC2 reference star catalog, and the INPOP10e planetary ephemeris
and NOE-5-2010-JUP satellite ephemerides for the comparison. Table 1
shows this new difference of (RA, Dec) coordinates for individual
satellites, hence the observed positions versus positions calculated with
NAROO digitizations.

Residuals 6,5 and o5 denote the overall accuracies for this 31-
year observation set in right ascension and declination, respectively,
assuming the comparison theories are definitive. Since we used the
NAROO and DAMIAN machines to digitize twice the complete series
in the same conditions of analysis, differences in results only reflect
the quality of both digitizers. With regard to the differences between
the average residuals on error contribution, we may conclude that the
NAROO machine provides the best accuracy, and that the DAMIAN
machine seems to be affected by a mean random error about of 6 mas,
that is to say about of 300 nm. This value is nearly 4 times higher
to that of 80 nm that we initially evaluated (Robert et al., 2011),
but it is not inconsistent. The DAMIAN digitizations were made over
3 months and we learned, a posteriori, that the temperature of the
machine clean room was not as stable as required because of technical
issues. In nominal conditions, both instruments might be comparable.
To avoid any compromise of the results, while digitizing with the
NAROO machine, we ensure that the thermal enclosure of the digitizer
meets all required conditions: overpressure ISO-5, temperature of 20 °C
+ 0.1 °C and a relative humidity of 50% RH + 5% RH. We use a thermal
controller for this purpose before, during and after each digitization.
Second, we control both the stability and repeatability of the machine
before each scanning session, daily.

4.3. Positioning results

We finally re-processed the analysis of the 553 NAROO images
using the Gaia-DR3 reference star catalog (Gaia Collaboration et al.,
2016, 2023) to compare the positions of the Galilean satellites with
their theoretical computed positions given by the INPOP21a planetary
ephemeris (Fienga et al., 2021) and newest NOE-5-2021-JUP satellite
ephemerides. All of the Gaia reference stars and the satellite images
were centered using the shapelet decomposition method (Refregier,
2003), which is based on the linear decomposition of each object
independently, in the images, into series of special basis functions of
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Fig. 5. Equatorial residuals according to NOE-5-2021-JUP and INPOP2la ephemerides. Starting from the top figure: Io (first), Europa (second), Ganymede (third) and Callisto
(fourth). The x-axis shows the RA residuals and y-axis the Dec residuals.

Table 2

Extract from the astrometric positions list of the Galilean satellites available in
electronic form at CDS via https://cdsarc.cds.unistra.fr/viz-bin/cat/VIl/295 and IMCCE

(http://nsdb.imcce.fr/nsdb/home.html).

Object Date (TDB) RA (deg.) Dec (deg.)

Io 2445959.522154 274.164935 —23.488627
Europa 2445959.522154 274.133103 —23.491192
Ganymede 2445959.522154 274.220076 —23.487137
Callisto 2445959.522154 273.985602 —23.495681
Jupiter 2445959.522154 274.125929 —23.490659

different shapes. This concerns 1145 positions of Io, 1178 positions of
Europa, 1274 positions of Ganymede, and 1222 positions of Callisto.
We also computed 1355 positions of Jupiter as the barycenter of the ob-
served satellites, when at least two of them were available on the same
date. In the list available in electronic form at CDS via https://cdsarc.
cds.unistra.fr/viz-bin/cat/VII/295 and IMCCE (http://nsdb.imcce.fr/
nsdb/home.html), the corresponding topocentric observed positions re-
fer to the ICRF, and the mean time of observation is given in Barycentric
Dynamical Time TDB. Table 2 gives an extract of this list. Starting from
the lefthand column, we provide the object name, the mean TDB date
of observation in Julian Days, the topocentric observed right ascension,
and declination in degrees. The distributions of the (O-C)s and residuals
in equatorial right ascension and declination are provided in Figs. 5-
6, and Table 3. They show the difference of (RA, Dec) coordinates
for individual satellites, hence the observed positions versus positions
calculated from INPOP21a and NOE-5-2021-JUP models with NAROO
digitizations.

Offsets for each night of a single opposition are small and biases
no longer occur in both the RA and Dec coordinates, using the Gaia-
DR3 reference star catalog. By comparison with our former analysis

using the UCAC2 reference star catalog (see Table 1), this indicates
that Gaia-DR3 is not affected by local systematic errors (Robert et al.,
2016). Offsets for each opposition set, visible in Fig. 6, are small,
below 15 mas. Because these observations were not used in correcting
the NOE-5-2021-JUP and INOPOP2la ephemerides, it could explain
that some mean residuals do not include zero in error bars. Moreover
and about the year 1980, several individual observations appear to be
more diffuse on plates. This is confirmed by larger extraction errors,
which could explain the systematic offsets in both right ascension and
declination.

The average residuals for the observations made from 1967 to 1998
are very low in both coordinates. The satellite variances in RA are also
higher than those in Dec, since their apparent motion is mainly in right
ascension. Small systematic residuals also remain in this coordinate,
within 2 mas of magnitude, which could be explained by two indepen-
dent reasons. First, Perlbarg et al. (2023) simulated and estimated how
a timing error at the minute-level could bias positioning results, mainly
in the primary direction of the motion. Although, they concluded that
timing error should now be included in dynamical adjustments while
dealing with old observations. Second, we could consider deviations of
the center of light in the satellite images from their geometric center
due to surface variations, such as Io’s volcanos for example, or due
to large phase offsets. This is a problem that we are now able to
detect since the diameters of the satellites are large relative to the
observational errors. For phase offsets in right ascension, especially,
the effect could be a problem because our observations are generally
not evenly distributed around opposition. They were made for a longer
period after opposition than before, due to weather and logistic reasons.
These two causes are still being investigated with different and larger
set of old observations.

To estimate the influence of the satellite ephemeris on the results,
we computed the difference between observed positions and positions
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Fig. 6. Equatorial mean residuals according to NOE-5-2021-JUP and INPOP2la ephemerides. The x-axis shows the UTC year of opposition and y-axis the RA and Dec mean

residuals with errors.

Table 3

Details of the equatorial mean (O-C)s and residuals for the Galilean satellites in mas,
according to NOE-5-2021-JUP and INPOP21a ephemerides, with NAROO digitizations.
SEM denotes the Standard Error of the Mean as a criteria of accuracy for the mean
individual (O-C)s.

Satellite (0 = O)geoss SEM, .5 Cucoss (0 -0C); SEM; 5
+/- +/- +/- +/-
JI -4.8 1.6 55.7 0.3 1.5 52.5
JII -0.5 1.5 53.3 -0.1 1.5 52.7
JIII -2.4 1.6 57.0 1.0 1.6 57.4
JIV -1.0 1.6 56.2 0.9 1.5 52.5
Average -2.1 0.8 55.6 0.5 0.8 53.9

calculated from the current exportable JUP365 JPL ephemerides, and
results are very similar, as expected. For individual satellites, the
maximum difference is below 0.2 mas on their averaged (0-C)s, and
below 0.4 mas on their overall accuracies. The typical differences
between JUP365 and NOE-5-2021 are a few tens of kilometers, and
those differences tend to vanish when moons are close to elongation.
The fact that both ephemerides provide the same statistics suggests that
their accuracy is similar. Table 4 shows the difference between the
observed positions and positions calculated from JUP365 ephemerides.

The key point is that the NOE-5-2021-JUP/INPOP21a rms (O-C) for
all observations is 54.1 mas for Io, 53.0, mas for Europa, 57.2 mas
for Ganymede, and 54.3 mas for Callisto. These average rms (O-C)s
correspond to our observation accuracies over twenty-six oppositions
in the series, or 31 years. Centering all the Gaia reference stars and the
satellite images using the shapelet decomposition method helped us to
decrease the residuals by about of 1.5 mas in both right ascension and
declination, by comparison to our former analysis (see Table 1). But

Table 4
Details of the equatorial mean (O-C)s and residuals for the Galilean satellites in mas,
according to JUP365 and INPOP21a ephemerides, with NAROO digitizations.

(0-0C) (0-0C);

Satellite acos Oucoss 5

JI -4.7 54.7 0.3 52.1
JII -3.3 54.4 -0.1 52.9
JII -2.0 57.4 1.0 57.8
JIV 1.0 57.2 0.0 52.1
Average -2.1 56.0 0.3 53.8

the main improvement consisted in using the Gaia-DR3 star catalog for
the positioning of the stellar references for the astrometric reduction. In
fact, we were able to decrease the residuals by about of 7 mas in both
right ascension and declination, by comparison to our former analysis.
With regard to the differences between the average residuals, we may
conclude that we eliminated an error contribution about of 28 mas,
indicating that our first measurements were degraded by unmodeled
uncertainties. This result is consistent with the expected mean error of
15-30 mas of the UCAC2 catalog (Zacharias et al., 2008), and we may
deduce that the error contribution of the Gaia DR3 catalog is negligible
for our needs, as expected.

First, our observations are original since they were not used in
any planetary model. Such data can help to improve the equatorial
positions of Jupiter and, thus, Jupiter’s orbit more than twice around
the sky. Second, as mentioned in Lainey et al. (2009) and more re-
cently in Fayolle et al. (2023), classical astrometry remains extremely
important for constraining the orbital dynamics of the Galilean system.
Indeed, these data are particularly relevant in the context of quantifying
tidal effects. Moreover, as Fayolle et al. (2023) have shown, NAROO
data will still be useful when Europa Clipper and Juice data will become
available.
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by Lindegren (1980).

Table 5
Comparison of the mass of Amalthea estimated with NAROO digitizations, and the one
calculated from Galileo flybys by Anderson et al. (2005).

Source Amplitude (km) Mass (.10'8 kg)
USNO plates 20.00 + 2 2.00 + 0.20
Galileo - 2.08 + 0.15

4.4. Intersatellite results

The best way to estimate the accuracy of our observations and how
close it is to the limit of the photographic technique is to assess the
accuracy of the intersatellite data because the differential positions (one
satellite relative to another) minimize systematic errors such as phase
effects and image motion, and allow us to eliminate the contribution of
the planetary model errors on the residuals too. To assess the accuracy
of the intersatellite observations, we compared our residuals to the
accuracy limit imposed by the random seeing excursions. For that,
we used the formulation proposed by Lindegren (1980) in which the
expected mean error is directly proportional to the (0.25) power of the
satellites’ separation, .S, in radians and inversely proportional to the
(0.5) power of the integration time, T, exposure time in seconds. In
Fig. 7, we plotted our mean rms residuals in intersatellite separation,
relative to NOE-5-2021-JUP computed positions, against the mean
satellite separations (6 combinations). For comparison, we also plotted
Lindegren’s function for 20 s exposures — the integration time for most
of the observations.

The figure shows that our observations closely track Lindegren’s
relation between 150 and 700 arcsec separations. Since NOE-5-2021-
JUP is a definitive theory, we may conclude that we have reached the
seeing limit in accuracy in the 150 to 700 arcsec separation range.
In addition, any systematic error remaining in the intersatellite sep-
arations, is below detection above the seeing random contribution.
Short of 150 arcsec separations, however, the observational errors do
not drop off nearly as much as expected as separations approach the
size of the isoplanatic patch. Though the error does decrease to about
42 mas, some small systematic errors are possible in this separation
range. Separations below about 1 mm on the photographic plate are
problematic due to the Kostinsky effect (Kostinsky, 1908) and there
may also be issues with measurement of close images. Further in-
vestigation to resolve these problems continues. While we expected
some improvement on NOE-5-2021-JUP using Gaia-DR3 reference star
catalog, the main improvement will be in the equatorial positions of
Jupiter and, thus, the improvement of Jupiter’s orbit.
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4.5. The case of Amalthea

Amalthea (JV) is one of the four inner satellites of Jupiter with Metis
(JXVI), Adrastea (JXV) and Thebe (JXIV). These bodies all have an
irregular shape, their orbits are weakly eccentric, and they interact with
Jupiter’s rings (Ockert-Bell et al., 1999). Amalthea is the largest and the
most massive. Because of their small sizes and albedos, they are difficult
to observe from Earth. Only Amalthea was discovered by Barnard in
1892 from ground. Metis, Adrastea and Thebe were discovered thanks
to Voyager images.

We compared the positions of the Galilean satellites with their theo-
retical computed positions given by the INPOP21a planetary ephemeris
and former NOE-5-2010-JUP satellite ephemerides. In fact and by
its definition, NOE-5-2010-JUP satellite model did not introduce the
motion of the inner satellites. Their influence was taken into account
by adding their mass to that of Jupiter. Thus, considering that Io is the
main Galilean disturbed by the gravitational potential of the inners,
we should be able to detect such an additional signal in its (O-C)s,
in particular. To do so, we performed a frequency analysis of these
data normalized by the Earth/satellite distance to reduce extra signals
(motion of the observer, planetary ephemeris...) over 31 years, at the
known frequencies of the four inner satellites. We assumed that the
measured signals corresponded to variations in longitude since we were
looking for mass estimations. Therefore, we were able to extract a
0.5016 + 0.0022-days periodic signal of 20 + 2 km of magnitude for
the argument A, — 4,;.

As a first approximation, we consider Amalthea as a perturber
in the (Jupiter;Io) 2-body system. We also assume the problem in a
single plane, with circular orbits. Then, following a simple analytical
development of the corresponding disturbing function, we easily show
that the periodic variation in the longitude of Io, at the first order, is
given by:
4ua

AL, =
nradn—np)

sin(M — M;) = A - sin(M — M)

With 4 = GM the central potential of Jupiter, a; and n; the mean
semi-major axis and mean motion of lo, respectively, a and » the mean
semi-major axis and mean motion of Amalthea, respectively, (M — M;)
the periodic argument of the variation in longitude on Io. A is finally
the signal amplitude to compare to that we detected, after a correction
by a a% /d factor with d the mean Earth-Io distance to express the angle
variation in km on the celestial sphere.

Table 5 shows the comparison between the mass of Amalthea we
estimated from our observations, and the mass of Amalthea that was
calculated from Galileo flybys by Anderson et al. (2005). Both results
are in the same order of magnitude. The differences are mainly due
to the hypotheses of our estimation method, and to the mean values
of a;, n; and a we used. Although, our measuring error is a resulting
indicator of these uncertainties. The key point is that we confirm
that direct observation is not the only way to determine the physical
characteristics of celestial bodies, and a new analysis of photographic
plates could help to get more information about various bodies to
contribute to a more fundamental physics.

5. Summary and future work

We analyzed a full series of astrophotographic plates of the Galilean
satellites taken with the McCormick and USNO 26-inch refractors from
1967 to 1998. Using the NAROO machine for the digitization and the
Gaia-DR3 reference star catalog allowed us to increase the precision
and more important, to approach the limit of astrometric accuracy
of the photographic technique for such work. Thus, we were able
to provide astrometric (RA, Dec) ICRS (Gaia-CRF3) positions of the
satellites, allowing us to deduce positions of the planet indirectly, with
overall rms residuals of about 55 mas or 160 km at Jupiter. These
observations will obviously be used to correct the forthcoming IMCCE
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dynamical models of Jupiter and the Galileans. We also showed that
such observations could contribute to a more fundamental physics by
estimating, indirectly, the mass of a gravitational perturber in the case
of Amalthea.

Our data can help to improve the equatorial positions of Jupiter and,
thus, Jupiter’s orbit more than twice around the sky. They also can be
used in the context of quantifying tidal effects since classical astrometry
remains extremely important for constraining the orbital dynamics of
the Galilean system. Moreover, NAROO data will still be useful when
Europa Clipper and Juice data will become available.

We therefore confirm the high interest in continuing the analysis
of old observations, especially photographic plates, in the framework
of the NAROO program. Our team is focused on various projects now
dealing with collections of Saturnian plates and Uranian plates that
will help to improve the dynamics of corresponding systems. Since
digitization time is reserved for external users, we remind all that
the NAROO machine is available for researchers to digitize their own
collections following our call for proposals, issued every six months via
our project website.!
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