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ABSTRACT

Context. Accurate positional measurements of planets and satellites are used to improve our knowledge of both their orbits and their
dynamics and to infer the accuracy of the planet and satellite ephemerides.
Aims. In the framework of the European FP7 ESPaCE program, we provide the positions of Mars, Phobos, and Deimos taken with
the US Naval Observatory 61-inch astrometric reflector and 26-inch refractor from 1967 to 1997.
Methods. Four hundred twenty five astrophotographic plates were measured with the digitizer of the Royal Observatory of Belgium
and reduced through an optimal process that includes image, instrumental, and spherical corrections using the UCAC4 catalog to
provide the most accurate equatorial (RA, Dec) positions.
Results. We compared the observed positions of the planet Mars and its satellites with the theoretical positions from INPOP13c and
DE430 planetary ephemerides and from NOE MarsSatV1_0 and MAR097 satellite ephemerides. The rms residuals in RA and Dec
of one position are less than 62 mas or about 20 km at the opposition of Mars. The rms intersatellite residuals in RA and Dec of one
position are less than 40 mas or about 13 km at Mars. This accuracy is comparable to the most recent CCD observations. We also
fitted the NOE model to the new computed positions and compared the orbital evolution of Phobos and Deimos with those derived
from the same model, but only fitted to spacecraft data. Our results show that astrophotographic plate data can now compete with
those of old spacecraft.
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1. Introduction

The European Satellites Partnership for Computing
Ephemerides (ESPaCE) project aims at strengthening the
collaboration and at developing new knowledge, new technol-
ogy, and products for the scientific community in the domains
of the development of ephemerides and reference systems for
natural satellites and spacecraft. Several European research cen-
ters involved in space sciences and dynamics were associated.
The activity is focused on extracting and analyzing astrometric
data from spacecraft and ground-based measurements that
will be combined to build new ephemerides. It is intended
to provide new dynamical models for natural satellites and a
characterization of their rotation properties, and to improve
spacecraft orbit determination from space science. Since we had
demonstrated that a precise digitization and a new astrometric
reduction of old photographic plates could provide very accurate

? Full Table 2 and Tables of the XY positions of the satellites
and their references are available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/582/A36,
and at the Natural Satellites Data Center service of IMCCE via
http://www.imcce.fr/nsdc/
?? USNO retired.

positions (Robert 2011; Robert et al. 2011), the project leaders
chose to consider such observations as a significant task for the
ESPaCE program.

Recently, Desmars et al. (2009) have shown that astromet-
ric data spread over a large time span were better than more
accurate astrometric data spread over a short interval of time
for dynamical and ephemeris purposes. The extrapolation of the
ephemerides for space missions are more confident. Similarly,
Arlot et al. (2012) show the benefit of using old observations
and show how new reductions and future reductions with the
Gaia catalog (Robin et al. 2012) will be useful.

In view of this, we have obtained the large photographic plate
archive of the Martian satellites taken at the USNO from 1967 to
1997 for remeasurement and reanalysis. From a one-opposition
sample of this plate archive, we demonstrated that we could pro-
vide accurate positions for Mars and its satellites (Robert et al.
2014) and decided to reanalyze the complete 30-yr series.

2. Historical context

Following their discovery by Asaph Hall in 1877 (Hall 1878)
with the USNO 26-inch refractor, the two Martian moons were
observed regularly near the time of Mars’ favorable oppositions,
which occur every 15 or 17 yr. The observational technique of
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choice was the long-focus visual refractor, mounted with a filar
micrometer. Such observations continued until the opposition of
1924 and thereafter declined.

By the early 1940s, the micrometer observations ceased al-
together as interest in the satellites waned. However, the report
by Sharpless (1945) of the detection of the long suspected sec-
ular accelerations in the longitudes of the satellites revived in-
terest in them. When a plausible theory for the accelerations
could not be found (Burns 1972), the veracity of the accelera-
tions was questioned. Using all astrometric observations of the
Martian satellites, Wilkins (1966, 1967, 1970) attempted to con-
firm Sharpless’ values for the accelerations but was unsuccess-
ful. Wilkins suggested that the observations were not accurate
enough to solve for the accelerations and made a plea for new
observations.

Amid reports of large ephemeris errors and questionable ac-
celerations, the USNO began a thirty-year (1967−1997) pro-
gram of photographic observations of the Martian satellites
(Pascu 1977, 1978, 1979, 2012). These observations were
among the most accurate (Morley 1989) and were used to sup-
port all space reconnaissance projects of the Martian system,
as well as dynamical studies of the satellite motions (Lainey
et al. 2007). Two drawbacks to the program were that the pho-
tographic plates were manually measured because the satellites
were embedded in the planetary halo, and the trail/scale method
was used in the reductions (Pascu 1977) since accurate posi-
tions for the faint stars on the plates were not available at the
time. With the construction of the high precision/high speed
DAMIAN digitizing measuring machine (de Cuyper et al. 2011)
and the construction of dense, high precision star catalogs such
as UCAC4 (Zacharias et al. 2013), these drawbacks were no
longer an issue, and it appeared promising to not only improve
the accuracy of the satellite observations, but also to obtain ac-
curate equatorial (RA, Dec) positions for the planet itself.

Our strategy was to use the methods developed in the anal-
ysis of the USNO Galilean plates (Robert 2011; Robert et al.
2011) to analyze a set of USNO Martian satellite observations,
determining equatorial (RA, Dec) positions for Mars and its
moons. The success of this initiative (Robert et al. 2014) mo-
tivated us to analyze the complete set of these observations.

3. The USNO observations

Photographic observations were begun in 1967 and continued at
every opposition through 1997 with the exception of the opposi-
tion of 1993 because of poor weather. This includes all favorable
oppositions and unfavorable oppositions. Oppositions occur, on
average, every 26 months, and favorable oppositions occur ev-
ery 15 or 17 yr. The scale of the Martian system at a favorable
opposition is about twice that at the most unfavorable. Because
the 1967 and 1969 oppositions were not favorable, the photo-
graphic plates were taken with the USNO 61-inch astrometric
reflector in Flagstaff, Arizona. This instrument has a focal scale
of 13.551 arcsec/mm. Most of the plates, however, were taken
with the 26-inch refractor in Washington, DC. This instrument
has a focal scale of 20.851 arcsec/mm at full aperture.

The entire 31-yr series was characterized by the use of spe-
cial filters. Several Schott 5 × 7 inch × 3 mm GG14 (yel-
low) filters were polished optically flat. In the center of each
a small, thin metallic nichrome film was deposited by evap-
oration (Fredrick 1966, priv. comm.) with an optical density
of about 3.0. Either a round “spot” or lozenge shape was
made to accommodate all oppositions, as well as both the

USNO 61-inch reflector in Flagstaff and USNO 26-inch refrac-
tor in Washington, DC. The GG14 was chosen to accommo-
date both telescopes, and nichrome was chosen because it trans-
mits neutrally in the visual bandwidth. The function of the small
nichrome filter was to reduce the intensity of the planetary im-
age to that of the satellites, producing a measurable image of the
planetary disk. This made it possible to obtain positions of each
satellite, independently avoiding, when possible, some of the
drawbacks of intersatellite observations, such as high correla-
tions in the orbital correction solutions. It also made it possible
to obtain observations of one satellite when the other one was not
available or well defined. And finally, the equatorial position of
the planet could be obtained even when images of the satellites
were unavailable (Pascu 1977). A cartridge plateholder was built
in which the GG14 filter was fixed in 2 mm above the plate. In
the observations, the neutral filter was placed over the planetary
image, which had to be close to the plate to reduce the size of
its penumbra and minimize the knife-edge diffraction caused by
the light of the bright primary around the edge of the nichrome
filter.

A number of Kodak emulsions were used, including 103aJ,
103aG, and IIIaJ. A fast emulsion was necessary to reduce
the exposure times since the planet and satellites were moving
rapidly. The 103aJ was preferable since it reduced the bandwidth
and thus the atmospheric refraction and dispersion. More impor-
tantly, it reduced the extent of the reddish Martian halo in which
the satellites were involved. When Kodak stopped manufactur-
ing this emulsion, 103aG plates were used. While the IIIaJ plates
gave sharp images, the contrast was so high that the disk of
Mars’ image was “lumpy” due to the intensity variations around
its limb, such as the polar caps. This adversely affected the disk
measurements, so that emulsion was abandoned.

Adjustment of the planet behind the spot filter could be made
with the plate cartridge aside. With the shutter closed, the plate
cartridge was slid into the focal plane, the shutter opened, and the
exposure begun. This arrangement permitted multiple exposures
with intermittent adjustments. Usually two or three exposures
were taken, separated in RA by a few arc minutes. Generally,
for the 103aJ and 103aG plates, exposures of 10 s, 20 s, and
30 s were taken on each plate with the 61-inch, and exposures of
and 20 s, 40 s, and 60 s with the IIIaJ plates. With the 26-inch,
exposures of 20 s, 40 s, and 60 s were taken with the 103aJ and
103aG plates. The shortest exposure on each plate yielded a good
image of Phobos on a faint planetary halo, but a weak image of
Deimos, and the longest exposure provided a stronger image for
Deimos. Table 1 summarizes the exposure data for the fourteen
oppositions in the series.

4. Measurement and reduction

4.1. Observations with the USNO 61-inch astrometric
reflector and plate measurement

One hundred ninety plates were selected and transmitted to ROB
to be digitized (Robert et al. 2011; de Cuyper et al. 2011). Each
plate contains two to three exposures shifted in the RA direction.
The exposure time of the photographic plates are 10−90 s. The
field of view is 37 arcmin on the x-axis and 26 arcmin on the
y-axis. We were able to make measurements for 480 positions
of Mars, 357 positions of Phobos, and 371 positions of Deimos.
As an example, Fig. 1 shows the center of the digitized (neg-
ative) USNO Martian plate No. 02047, which is a typical dig-
itized image. This ten-second exposure of Mars and its moons
was taken on 28 May, 1969 in Flagstaff, Arizona. Phobos, the
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Table 1. Raw statistics of the USNO Martian photographic plates that were digitized at ROB.

Serie Instrument Year Month Emulsion Exp. time (s) Mars Phobos Deimos
01 61i 1967 4 103aG-103aJ 10−40 88 67 81
02 61i 1969 5−6 103aJ-IIIaJ 7−90 283 219 204
03 26i 1971 8−9 103aJ 10−60 95 95 65
04 26i 1973 10 103aJ 20−90 94 93 93
05 26i 1975 12 103aG-103aJ 30−90 141 92 134
06 26i 1978 1−2 103aG 30−60 42 33 21
07 26i 1980 2−3 103aG 30−62 24 16 9
08 61i 1982 3 103aG-IIIaJ 10−50 58 35 37
09 26i 1984 4−5 103aG 40−60 24 18 20
10 26i, 61i 1986 7 103aG-IIaD 3−60 66 51 61
11 26i 1988 9−10 103aG 10−90 63 60 54
12 26i 1990 11−12 103aG 30−50 78 48 57
13 26i 1995 2 103aG 30−50 21 15 20
14 26i 1997 3 103aG 40−45 9 5 9

Total 1086 847 865

Notes. The Mars and satellite columns give the numbers of corresponding objects that could be measured on the plates.

Fig. 1. Center of the digitization (negative) of the USNO 61-inch
Martian plate No. 02047. Phobos and Deimos are displayed in the white
circle. Phobos is the brighter object here. The dark shape around Mars
is the shadow of the small nichrome filter. North is up, east to the left.

brighter moon, is southeast of Mars, while Deimos is a little far-
ther to the southeast. The photographic plate was a Kodak 103aJ
in combination with a Schott GG14 filter.

Measurement techniques were the same as described in
Robert et al. (2014) with small differences because cluster plates
were not available for these series. Measured (x, y) plate po-
sitions were corrected for instrumental and spherical effects.
The observations contain two to nine UCAC4 reference stars
(Zacharias et al. 2013), and the reductions were performed here
using suitable six constant functional models (Robert 2011;
Robert et al. 2011) to provide equatorial (RA, Dec) astrometric
positions of the planet and its satellites. Scales ρx and ρy, orien-
tations θx and θy, and offsets ∆x and ∆y were modeled for the de-
termination of the tangential (X,Y) coordinates. All our observa-
tions were equatorial (RA, Dec) astrometric positions obtained
from tangential (X,Y) coordinates by using the gnomonic in-
verse projection and determined in an ICRS geocentric reference
frame to be easily compared with the most recent ephemerides.

Fig. 2. Center of the digitization (negative) of the USNO 26-inch
Martian plate No. 11047. Phobos and Deimos are displayed in the white
circle. Phobos is the brighter object here. The dark shape around Mars
is the shadow of the small nichrome filter. North is up, east to the left.

4.2. Observations with the USNO 26-inch refractor and plate
measurement

Two hundred thirty five plates were selected and transmitted
to ROB to be digitized. Each plate contains two to three ex-
posures shifted in the RA direction. The exposure time of the
photographic plates are 10−90 s. The field of view is 57 arcmin
on the x-axis and 43 arcmin on the y-axis. We were able to
make measurements for 606 positions of Mars, 490 positions
of Phobos, and 494 positions of Deimos. As an example, Fig. 2
shows the center of the digitized (negative) USNO Martian plate
No. 11047, which is a typical digitized image. This thirty-second
exposure of Mars and its moons was taken at the favorable op-
position of Mars on 29 September, 1988 in Washington, DC.
Phobos, the brighter moon, is east of Mars, while Deimos is far-
ther to the northeast. The photographic plate was a Kodak 103aG
in combination with a Schott GG14 filter.

Measurement and reduction techniques were the same as de-
scribed in Robert et al. (2014). Measured (x, y) plate positions
were corrected for instrumental and spherical effects. The obser-
vations contain two to fifteen UCAC4 reference stars, and the re-
ductions were performed using suitable four constant functional
models to provide equatorial (RA, Dec) astrometric positions
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Table 2. Extract from the astrometric positions list of Mars, Phobos,
and Deimos available in electronic form at the CDS and IMCCE.

Object Date (TDB) RA (deg) Dec (deg)
Mars 2 442 770.734562 78.960865 26.081444

Phobos 2 442 770.734562 78.966202 26.084275
Deimos 2 4427 70.734562 78.971576 26.087503

Notes. The full table is available at the CDS and IMCCE.

of the planet and its satellites. All our observations were equa-
torial (RA, Dec) astrometric positions obtained from tangen-
tial (X,Y) coordinates by using the gnomonic inverse projection
and determined in an ICRS geocentric reference frame to be eas-
ily compared with the most recent ephemerides.

5. Positioning results

We compared the observed positions of Mars, Phobos, and
Deimos with their theoretical computed positions given by
INPOP13c planetary ephemeris (Fienga et al. 2014) and NOE
MarsSatV1_0 satellite ephemerides (Lainey et al. 2007). We
then focused on individual observations for which the (O−C)s
of the planet and the satellites were independently less than the
3σ value of their rms (O−C) in right ascension and declination.
This concerns 777 positions of Mars, 640 positions of Phobos,
and 704 positions of Deimos. Positions for Mars were derived
indirectly from the satellites, except when they were not mea-
surable then positions for Mars were derived from direct mea-
surements. In the list available in electronic form at the CDS
and IMCCE, the corresponding geocentric observed positions
refer 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 geocentric observed right ascension, and declination in de-
grees. The (O−C) distributions of residuals in equatorial right
ascension and declination are provided in Figs. 3 and 4 and in
Table 3. They show the difference in (RA, Dec) coordinates for
individual planet and satellites, hence the observed positions ver-
sus positions calculated from INPOP13c ephemeris.

Offsets for each night of a single opposition set are small,
but biases can occur in both the RA and Dec coordinates. We
conclude that the exposure timing can be ruled out. The dome
clock was calibrated each night to the USNO masterclock, and
the camera shutter could be opened and closed on integral sec-
onds with a precision of 0.2−0.3 s. The time of mid-exposure
thus has a precision better than 0.5 s. We have already discussed
the impact of local systematic errors of the reference star cata-
logs (Robert 2011; Robert et al. 2011, 2014): the epoch differ-
ences between the plates and the central epoch of the reference
stars are up to about 25 yr, and their expected systematic errors
are about 10−50 mas. Observations of each opposition span one
to two months, that is to say from 15◦ to 30◦ along the path of
Mars. The sets of reference stars are different, and with about
two to fifteen stars per field, the astrometric reduction may be
affected by accidental errors of individual reference stars.

Offsets for each opposition set, visible in Fig. 3, are small
and can be modeled with a 15.4-yr periodic signal of 16 mas of
magnitude. Its periodicity corresponds to the favorable opposi-
tion period of Mars. When the planet crosses the ecliptic plane,
its relative distance to Earth is either minimum or maximum, and
the offset is zero. This indicates that the eccentricity and inclina-
tion of the orbit of Mars introduces a height effect. We conclude

Fig. 3. (RA, Dec) (O–C) according to the NOE MarsSatV1_0 and
INPOP13c ephemerides. The x-axis shows the UTC date of observation
and y-axis the RA and Dec (O–C)s. Red squares denote Mars, green cir-
cles Phobos, and blue triangles Deimos.

that any mismodeling of instrumental and spherical corrections
and, in particular, of the total and differential atmospheric refrac-
tion, can be ruled out because the offsets at minimum and max-
imum distances are zero, so no effect remains. Moreover, the
signal is eliminated while dealing with intersatellite residuals.
Adjustment and weighting of the planetary ephemeris used could
explain this bias, particularly because it is better constrained
when the planet crosses the ecliptic plane. We fitted a periodic
signal with the (O–C)s according to DE430 ephemeris (Folkner
et al. 2014), and the amplitude slightly changed to 15 mas, but
observations used for the fit of the numerical integrations lead-
ing to INPOP13c and DE430 are quite similar. We also fitted a
periodic signal according to older ephemerides for which obser-
vations used for the fit and numerical integrations are different.
The amplitude of the fitted signal according to DE200 ephemeris
(Standish 1982) and VSOP87 ephemeris (Bretagnon & Francou
1988) changed to 21 mas and 12 mas, respectively.

The average (O–C) values for the observations made
from 1967 to 1997 are very low in RA and Dec coordi-
nates. Furthermore, to estimate the influence of the plane-
tary ephemeris on the results, we computed the difference be-
tween observed positions and positions calculated from DE430
ephemeris and from older planetary models and, in particular,
from INPOP10e (Fienga et al. 2013), INPOP06 (Fienga et al.
2008), VSOP87, DE421 (Folkner et al. 2009), DE405/DE406
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Table 3. Details of the (RA, Dec) (O–C) in mas according to the NOE MarsSatV1_0 and INPOP13c ephemerides.

(O−C)α cos δ S EMα cos δ σα cos δ (O−C)δ S EMδ σδ

+/– +/–
Mars 0.5 1.6 47.3 -0.2 1.7 48.3

Phobos 1.4 2.4 62.1 2.9 2.3 58.8
Deimos 2.0 1.9 50.4 -0.8 1.9 50.9

Fig. 4. (RA, Dec) (O–C) according to the NOE MarsSatV1_0 and
INPOP13c ephemerides. The x-axis shows the RA (O–C) and y-axis
the Dec (O–C). Red squares denote Mars, green circles Phobos, and
blue triangles Deimos.

(Standish 1998), and DE200 ephemerides. Table 4 shows the dif-
ference between the observed positions and positions calculated
from the corresponding ephemerides. The mean difference be-
tween INPOP13c, INPOP10e, and DE430 for Mars is supposed
to be less than 1.2 mas (Fienga et al. 2014), and we may deduce
from our results that this value is realistic for both coordinates.
We also find a bias up to 15 mas in RA according to VSOP87
ephemeris. Because of the difficulty representing the real mo-
tion of Mars with analytical developments, this bias is consis-
tent with the value up to 20 mas given by comparisons between
VSOP theory and numerical integrations in Bretagnon (1982)
and Bretagnon & Francou (1988). But it is important to note that
these average (O–C) values are minimized over our thirty-year
time span because a large number of observations were taken
between successive favorable oppositions of Mars and the peri-
odic evolution alternates between maximum and minimum val-
ues. Even if the differences between planetary ephemerides are
small, we estimate from the amplitude of the periodic signals
we fitted that their mean external error range from 7.6 mas to
13.4 mas. In particular, we estimate that the mean external er-
ror of DE430 is 9.5 mas, and 10.2 mas for INPOP13c. We have
already discussed the impact of accidental observational errors
and mismodeling, and we assume that no observational effect re-
mains at the level of 1 mas (Kaplan et al. 1989; Robert 2011). In
other words, such a signal may be introduced by the use of the
planetary model itself. In corresponding papers, only differences
between planetary models are evaluated. External errors are gen-
erally estimated separately by comparison between observations
that were not used for the fit and the theories. We there see from
old observations that the mean external error of recent plane-
tary ephemerides for Mars could reach 10 mas, that is to say, ten
times the internal accuracy officially provided. We already found
such a bias with a different system. For example, comparisons

with old observations indicate that the external error of most re-
cent planetary ephemerides for Jupiter is up to 22.9 mas, derived
from a 12.0-yr periodic signal of 36 mas of magnitude (Robert
2011). Further investigations are planned to confirm deviations
with other planetary systems.

We finally compared the observed positions of Phobos and
Deimos with their theoretical positions given by the most recent
MAR097 JPL ephemerides (Jacobson 2010). Results are quite
similar to those given by the NOE MarsSatV1_0 model within
2 mas difference, which is consistent with the expected value.
It is interesting to see that these observations are very useful for
evaluating the accuracy of the ephemerides of Mars and its satel-
lites over a large time span since they have not been used for the
fit of the numerical integrations leading to INPOP and DE mod-
els, and to NOE MarsSatV1_0 and MAR097 here.

The key point is that the NOE MarsSatV1_0/INPOP13c rms
(O–C) for all observations of Mars is 47.8 mas, 60.4 mas for
Phobos, and 50.6 mas for Deimos. These average rms (O–C)
correspond to our observation accuracies over thirty years. We
already compared the results of the 1971 opposition with pre-
vious Earth-based observations in Robert et al. (2014), but we
now consider positions over a larger time span. Colas (1992) did
intersatellite CCD observations during the 1988 opposition with
the one-meter telescope at Pic-du-Midi. He found an overall rms
(O−C) of 60 mas, while our overall intersatellite rms (O–C) is
39 mas.

We also discussed the factors that contributed to the increase
in precision, in particular, the original observation and filtering
technique, the accurate and dense star catalog used, and most
important, the digitization of the photographic plates. We found
an overall rms (O−C) of about 53 mas, that is to say, 18 km.
This could be compared to first spacecraft accuracies: the rms
(O−C) of the measurements of Mariner 9 (Duxbury & Callahan
1989) and Viking 1 and 2 (Duxbury & Callahan 1988) range
between 4.5 km and 25 km. This could also be compared to
more recent spacecraft accuracies: the rms (O−C) of the mea-
surements of Phobos 2 (Kolyuka et al. 1991) range range be-
tween 1 and 16 km, between 4 and 7 km for MGS (Bills et al.
2005), and between 0.4 and 1.5 km for Mars Express (Oberst
et al. 2006; Pasewaldt et al. 2012). Nevertheless, spacecraft ob-
servations used to acquire several images on the same orbit, and
the errors on their positions introduce a non-Gaussian noise due
to the varying distance to the observed moon and the sometimes
small number of observations. The huge benefit of a new treat-
ment of astrophotographic plates is to provide observations that
are similar in accuracy to old space data but with a much more
Gaussian error and a larger time span.

6. Orbital adjustment

6.1. The NOE numerical model

The Numerical Orbit and Ephemerides (NOE) software is a gen-
eral and powerful N-body code used to fit initial positions, ve-
locities, and various physical parameters to observation data.
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Table 4. Details of the (RA, Dec) (O–C) in mas according to the NOE MarsSatV1_0 and INPOP10e, INPOP06, VSOP87, DE430, DE421,
DE405/DE406, and DE200 ephemerides.

(O−C)α cos δ S EMα cos δ σα cos δ (O−C)δ S EMδ σδ

+/– +/–
INPOP10e

Mars 0.8 1.7 47.4 –0.3 1.7 48.3
Phobos 1.8 2.4 62.2 2.9 2.3 58.8
Deimos 2.3 1.9 50.5 –0.8 1.9 50.9

INPOP06
Mars –0.3 1.6 47.3 2.8 1.7 48.1

Phobos 0.4 2.4 62.1 2.8 2.3 58.8
Deimos 0.9 1.9 50.3 –0.8 1.9 50.9
VSOP87

Mars 16.6 2.0 54.5 5.0 1.8 49.6
Phobos 17.2 2.6 64.8 2.3 2.3 59.7
Deimos 17.9 2.0 54.3 –0.1 1.9 51.2
DE430
Mars 0.2 1.6 47.3 –0.2 1.7 48.3

Phobos 1.2 2.4 62.2 2.9 2.3 58.8
Deimos 1.7 1.9 50.5 –0.9 1.9 50.9
DE421
Mars 0.0 1.6 47.3 –0.2 1.7 48.3

Phobos 0.9 2.4 62.2 2.9 2.3 58.8
Deimos 1.4 1.9 50.4 –0.9 1.9 50.9

DE405/DE406
Mars –0.3 1.7 47.4 –0.2 1.7 48.3

Phobos 0.8 2.4 62.3 3.1 2.3 58.0
Deimos 1.2 1.9 50.5 –1.0 1.9 50.9
DE200
Mars 1.8 1.6 47.3 0.2 1.8 49.3

Phobos 1.3 2.4 61.6 1.8 2.3 59.3
Deimos 2.9 1.9 50.3 –0.9 1.9 51.3

The modeling used in this work is similar to what is used
in Lainey et al. (2007) with small differences: we here consider
the MRO110c Martian gravity field that is an update to the grav-
ity fields obtained in Konopliv et al. (2011), the perturbations of
the Sun, Jupiter, Saturn, the Earth, and the Moon using DE430
ephemerides, the MRO110c mass of the Martian moons, and
the Martian precession and rotation obtained in Kuchynka et al.
(2014). The dynamical system was integrated in a planetocentric
frame with inertial axes. A constant step size of ∆t = 0.020 day
was used during the integrations that were performed over one
century before and after the initial Julian epoch of 2 451 545.0
(01/01/2000 at 12h00 TDB), to keep ten meters of precision for
the spacecraft era.

6.2. Fits to the observations

To assess the importance of our large data set, we decided to test
our positional results by means of two different fits. The first nu-
merical fit, which we call NOE_1, only considered space data.
This data set consists in Mariner 9, Viking 1 and 2, Phobos 2,
Mars Express, and Mars Reconnaissance Orbiter (Jacobson,
priv. comm.) observations. The 643 positions of Phobos and
733 positions of Deimos were used, spanning 1971 to 2011.
The second numerical fit, which we call NOE_2, considered the
USNO photographic plate data and the space data only made
after 2000. Mars Express and Mars Reconnaissance Orbiter ob-
servations were thus introduced. The 1035 positions of Phobos
and 1319 positions of Deimos were used, respectively spanning
from 1967 to 1997 and 2004 to 2011. Because spacecraft data
are more accurate and even if fewer observations were taken into
account in the first data set, differences between the two fits will

allow assessing the accuracy of old astrophotographic plate data
compared to space data. The initial epoch was also chosen in
consequence.

6.3. Adjustment results

Figure 5 shows differences in distance between the NOE_1 and
NOE_2 models for Phobos and Deimos. The average difference
for Phobos is about of 2.8 km over one century but the resulting
differences can reach 13.3 km after 50 yr of propagation back-
ward to the initial epoch. This divergence may be explained by
a small difference in the mean motions, transcribing a tiny dif-
ference in the satellite velocity between the two models. But the
key point is that the average difference in distances 30 yr back
to the initial epoch is about of 5 km. This epoch corresponds to
that of the Mariner 9 mission and Viking program, and it shows
that the two fits are as accurate.

The average difference for Deimos is about of 0.1 km over
one century and the resulting differences are less than 1 km. This
result is consistent with what was expected, in particular because
its dynamics is simpler thanks to its larger distance from the
primary.

The fastest divergence of Phobos and the better constrained
solution for Deimos are confirmed with Figs. 6 and 7. Figure 6
shows differences in semi-major axis between the NOE_1 and
NOE_2 models for Phobos and Deimos. Figure 7 shows cor-
responding differences in longitude. The average difference in
semi-major axis over one century is about of 0.005 m for Phobos,
and 0.001 m for Deimos. The average difference in longitude
over one century is about of 2.8 km for Phobos and 0.0 km for
Deimos. Moreover, the evolution provided in Fig. 7 is a typical
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Fig. 5. Differences in distance between the NOE_1 and NOE_2 models for Phobos (left panel) and Deimos (right panel). The x-axes are relative
in years to the Julian epoch of 2 451 545.0, and the y-axes are distance residuals in km.

Fig. 6. Differences in semi-major axis between the NOE_1 and NOE_2 models for Phobos (left panel) and Deimos (right panel). The x-axes are
relative in years to the Julian epoch of 2 451 545.0, and the y-axes are semi-major axis residuals in 10−3 km.

Fig. 7. Differences in longitude between the NOE_1 and NOE_2 models for Phobos (left panel) and Deimos (right panel). The x-axes are relative
in years to the Julian epoch of 2 451 545.0, and the y-axes are longitude residuals in degrees.

tidal effect. This corroborates the difference in dynamics due to
the observations used for the fits of the NOE_1 and NOE_2 mod-
els. And first comparisons of the differences in distances, semi-
major axes, and longitudes between the two models show con-
sistent and close results.

We finally come to one of the most interesting goals
for studying the orbital evolution of natural satellites: the

investigation of the tidal dissipation factor Q of the planet. In the
case of the Martian system in particular, the investigation of this
factor has been quite important for improving the orbital mod-
els. It also allowed to explain the secular acceleration in the lon-
gitude of Phobos that was first discovered by Sharpless (1945).
Moreover, the Martian tidal dissipation needs a long time span to
be estimated accurately. We benefit from such a substantial data
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set, and we were able to fit a Q parameter for both adjustments.
Assuming k2 = 0.176 for the Martian Love number (Konopliv
et al. 2011; Kuchynka et al. 2014), we found Q = 99.5 ± 0.9 for
the NOE_1 model and for the NOE_2 model, Q = 101.1 ± 1.2.

If we only consider the space data made after 2000, we find
Q = 110.8 ± 9.0. We can see that the old photographic plate
data contribute in the same way as the old spacecraft data by
decreasing the error bars significantly with comparable accuracy.

7. Conclusion
We analyzed a full series of astrophotographic plates of the
Martian satellites taken at USNO from 1967 to 1997. Thanks to
the submicrometric digitization, it is now possible to identify all
the available stars (depending on the catalog used) and, more im-
portant, those that are not detected by eye. In addition and thanks
to the new astrometric catalogs, we were able to provide astro-
metric (RA, Dec) positions with never achieved accuracy for the
planet and its moons from the ground. The rms residuals in RA
and Dec of one position are less than 62 mas, or about 20 km
at the opposition of Mars. This provides a positioning accuracy
that is very close to that of old spacecraft but a more numerous
spread on a longer interval of time with much more Gaussian er-
ror. We obtained consistent and close results while studying the
dynamics of the satellites over one century. We were also able to
estimate the precision on the Martian tidal dissipation factor Q,
and our results show that astrometric data derived from photo-
graphic plates can compete with those of old spacecraft.

It is also important to remember that many useful obser-
vations are available in most of the observatories and national
archives. We have started to establish contacts to improve the
dynamics of the planetary systems with old data in the frame-
work of the FP7 ESPaCE program and ahead of the upcom-
ing NAROO project1 of the IMCCE. We also look forward to
the arrival of the Gaia reference star catalog. Star catalogs pro-
vide accurate positions of the references, but their less accurate
proper motions do not permit to analyze photographic plates
older than fifty years. Because Gaia proper motions will be well-
determined, reductions of old observations will yield increased
accuracy by eliminating any errors caused by the reference star
positions. Right ascension and declination of the objects will
be perfectly calculated. We estimate that we will be able to de-
crease the USNO rms residuals in RA and Dec of one position
by 15−20 mas, or about 6 km at the opposition of Mars.

Acknowledgements. The research leading to these results has received funding
from the European Community’s Seventh Framework Program (FP7/2007-2013)
under grant agreement No. 263466 for the FP7-ESPaCE program.

1 See the NAROO webpage at http://www.imcce.fr/hosted_
sites/naroo/
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