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Abstract. Astromeric CCD positions of the Saturnian
satellite Phoebe obtained from 60 frames taken in
10 nights are presented. The observations were dis-
tributed between 5 missions in the years 1995 to 1997.
For the astrometric calibration the USNO-A2.0 Catalogue
is used. All positions are compared with those calculated
by Jacobson (1998a) and Bec-Borsenberger & Rocher
(1982). The residuals have mean and standard devia-
tion smaller than 0.′′5, in the x and y directions. The
distribution of residuals is suggestive of the need of an
improvement for the orbit calculations.
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1. Introduction

Phoebe is the most distant known satellite of Saturn. Its
distance from the planet is larger than 12 million kilo-
meters which gives an elongation larger than 34′. Its ec-
centricity is about 0.16 and its visual magnitude is larger
than 16.

After its discovery in 1898 by E.C. Pickering (1899),
there were more than four hundred astrometric obser-
vations of this satellite, made in 42 observational sets
(Jacobson 1998b). These sets are not well distributed in
time. In particular, from 1982 on there are available 66
ground observations, made at USNO and at McDonald.
From these, only 21 had been made with CCD. When
compared with Jacobson’s orbit, a quarter of all observa-
tions have residuals with σ smaller than 0.′′5, and almost
all recent observations are included in this group.

In this paper we present a set of 60 CCD new posi-
tions of Phoebe, from observations carried out in 1995,
1996 and 1997. The observations and measurements are
? Based on observations made at Laboratório Nacional de

Astrof́ısica/CNPq/MCT-Itajubá-Brazil. Please send offprint
requests to C.H. Veiga.
?? Table 1 is only available at http://www.edpsciences.org

Fig. 1. Distribution of the observations. Every bar corresponds
to an observational mission

presented in Sect. 2. In Sect. 3 we present an astromet-
ric calibration procedure using the USNO-A2.0 Catalog
and in Sect. 4 the observations and the theoretical posi-
tions given by Jacobson (1998a) and Bec-Borsenberger &
Rocher (1982) are compared. The conclusion is presented
in the last section.

2. The observations and measurements

All observations were made at the Cassegrain-focus of
the 1.6 m Ritchey-Chretien reflector of the Laboratório
Nacional de Astrof́ısica in Brazil (geographical longitude:
3h02m19s, latitude:−22032′04′′ and altitude: 1872 m). The
focal length of the Cassegrain combination is 15.8 m,
which results in a plate scale of 13.′′0/mm at the focal
plane.

Along the various missions, three CCD detectors were
used: CCDs EEV P88231, EEV-05.20.0.202 and SITe
SI003AB CCD. These are arrays with 770 × 1152, 770 ×
1200 and 1024× 1024 square pixels respectively, each pixel
measuring 22, 22.5 and 24 µ, which corresponds to 0.293,
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Table 2. Normal place of Phoebe positions for each night

Number Date α δ
Observ. Y M D h m s 0 ′ ′′

03 1995 06 10.28839120 23 41 11.590 −04 11 53.39
02 1995 06 11.28233796 23 41 22.207 −04 11 00.23
09 1996 06 22.30696245 00 28 25.393 +00 32 47.85
05 1996 06 23.28531713 00 28 33.734 +00 33 24.34
02 1996 06 24.32598958 00 28 42.204 +00 34 00.79
10 1996 08 25.28588194 00 25 39.642 −00 02 14.67
08 1996 09 29.17321181 00 16 25.728 −01 04 58.67
09 1996 10 01.17351723 00 15 51.703 −01 08 36.20
05 1997 08 12.31695370 01 20 42.096 +05 41 49.55
03 1997 08 13.33337963 01 20 37.492 +05 41 03.17
01 1997 08 14.30817130 01 20 32.736 +05 40 16.02
03 1997 08 15.29278164 01 20 27.549 +05 39 26.70

0.294 and 0.312 arcsecs/pixel on the sky. No filter was used
and the exposure time varied from 30s to 180s, depend-
ing on the meteorological conditions. The 60 observed
positions of Phoebe were taken in 12 nights distributed
over 5 observational missions in the years 1995-1997. In
Fig. 1 the histogram of the observations in time is pre-
sented. Each bar corresponds to an observational mission.
For the mission in 1995 and the first one in 1996, Phoebe
was observed at about 40o in zenithal distance, while for
the other 3 missions the observed zenithal distances were
smaller than 20o. Figure 2 presents the distribution of the
observations on the orbit of Phoebe.

To find the centroids for the stars and for the satellite
images the ASTROL reduction package (Colas & Serrau
1993) was used to fit a bidimensional Gaussian to the im-
ages. The centering error was typically 0.′′01.

3. The astrometric calibration with the USNO-A2.0
Catalog

With the publication of the USNO-A2.0 (Monet et al.
1998), we have been able to, for the first time, make the
astrometric calibration of the CCD frame directly, with-
out using secondary catalogs. The USNO-A2.0 catalogue
contains more than 526 millions of stars, with magnitudes
ranging between 7.5 and 21, referred to the ICRF. Its nom-
inal position error is about 0.′′20. The catalogue does not
include proper motions and therefore position epochs are
given by the date when the plate was taken.

To do the astrometric calibration, the following pro-
cedure was employed for every CCD. Preliminarly, any
star within the CCD field for which the centering error
was larger than 0.′′05 had been removed. Then, using the
measured positions for the USNO-A2.0 stars in the CCD
and the corresponding catalogue positions for them, a four

Fig. 2. Positions of the observations on Phoebe elliptic orbit.
The mean dates of the observation are: 1 (06/10/1995);
2 (06/23/1996); 3 (08/25/1996); 4 (09/30/1996) and 5
(08/13/1997)

parameters fitting was adjusted. In this way, the position
of every star measured on the CCD frame was placed on
the ICRF system. As suggested by Monet et al. (1998),
the step above was also attempted using locally corrected
portions of the USNO-A2.0 catalogue, instead of getting
the star positions directly from the catalogue. Three differ-
ent approaches were used to obtain the local corrections:
a simple translation by average, a first degree complete
polynomial, and a third degree complete polynomial. In
all cases the correction was calculated from the compari-
son between ACT positions, on the plates epoch, and the
USNO-A2.0 catalogue entries. There was no gain in adopt-
ing the corrected USNO-A2.0 positions, and thus the orig-
inal catalog positions were used throughout. Accordingly,
the calculated star positions were checked against the cat-
alog ones. Also the calculated plate scale was compared
with its nominal value, being found that the difference was
smaller than 2%. The calculated minus catalog residuals
in equatorial coordinates were, in general, smaller than
0.′′8 and the standard deviations σx and σy were smaller
than 0.′′4. For the frames where one of these values was
larger than the above upper limits, a further reference star
discarding procedure was adopted. Trial reductions were
made removing only one of the reference stars. Therefore
as many trial reductions as there were reference stars were
made. The reduction in which the average residual and
the standard deviations resulted largest indicated the ref-
erence star to be removed. In half of the cases this proce-
dure was repeated two or more times, till the values fall
below the upper limits.

In Fig. 3 a typical CCD frame with Phoebe is pre-
sented, to exemplify the reduction procedure. The USNO-
A2.0 reference stars are marked by a circle. Those elim-
inated in the second fitting have cross superimposed.
In this frame there were 22 USNO-A2.0 stars, at the
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Fig. 3. CCD frame observed at 08/15/1997, 7h0m33s UTC.
Exposure time 2m. CCD dimension 770 × 1200 square pixels

beginning. After the first fitting, the following values were
found: 0.′′2931 for the plate scale, 2.′′08 for the largest star
residual and 0.′′229 and 0.′′538 for σx and σy. Thus, to
comply with the reduction criteria, further rounds of ref-
erence stars discarding were made. After the last fitting,
there were 19 reference stars and the values found were:
0.′′2932 per pixel for the plate scale, 0.′′70 for the largest
value of the residuals and 0.′′234 and 0.′′272 for σx and σy .
The residuals for the Phoebe positions are (−0.′′06, 0.′′03)
and (−0.′′03,−0.′′06), before and after the discarding of ref-
erence stars. Along the different observing nights for the 5
missions, Phoebe was imaged on fields of varying star den-
sity, as result the number of USNO-A2.0 varied to a large
extent in different nights. The number of reference stars
in each frame, used in the final reduction, ranges from
5 to 19. In Table 1 all observed positions of Phoebe are
presented. The positions are referred to the ICRS, thus
tied to the equator and equinox of J2000. The instants
of observation are given in universal time. In Table 2 the

Fig. 4. Observed minus calculated residuals as function of time
for Phoebe fitted observations

Table 3. Mean and standard deviation, in arcseconds, of the
observed minus calculated right ascension and declination of
Phoebe

Jacobson Bec-Borsenberger & Rocher

(o− c)x (o− c)y (o− c)x (o− c)y
Satellite (σx) (σy) (σx) (σy)

Phoebe −0.08 0.29 −0.07 0.37
(0.14) (0.26) (0.92) (0.33)

normal places for each of the twelve nights of observations
are presented.

4. Comparison between the observations and the
theoretical positions

Two calculated orbits for Phoebe are considered. Those
calculated by Jacobson (1998a) and Bec-Borsenberger &
Rocher (1982). The comparison of our observations with
the calculated positions are presented in Table 3. The
mean of the observed minus calculated residuals are com-
parable for both the considered orbits. The larger standard
deviation σx relatively to the Bec-Borsenberger & Rocher
orbit is due to a poor fitting of the orbit which does not
consider the observations made after 1981.

In Fig. 4 is presented the (O−C) distribution of the
residuals between these observations and Jacobson’s
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Fig. 5. The same as Fig. 4 but referred to the true anomaly

theorethical positions, with respect to the date of the
observation. Figure 5 concerns the same residuals, this
time relatively to the true anomaly. Comparing these
figures it is noticed that the (O−C) in the y direction are
clearly positive and the largest values of the residuals are
reached near the periapsis.

In order to understand the bias in the y direction we
compared our statistics (means and standard deviations,
from Table 3) with those presented in Table 3, by Jacobson
(1998b). Considering the three best fits (Wipple 1992,
1996 and Mulholland 1975, in Jacobson Table 3) it ap-
pears that the statistics in the x direction are similar and
we have the same result for σy . However, our mean in the
y direction is significantly larger.

In Fig. 4 it is seen that the main contribution for the
y mean is given by two of the three missions in 1996.
Furthermore, Fig. 5 shows that the set nearest to the pe-
riapsis has its residuals larger than 0.′′5, and (see histogram
in Fig. 1) they contribute with more than one third for the
number of 1996 observations. Therefore, this suggests that
the error in the y direction come, at least partially, from
a bad fit of the Phoebe orbit in the periapsis.

5. Conclusion

We presented 60 astrometric positions of Phoebe taken in
1995, 1996 and 1997 with CCD. The use of USNO-A2.0
catalogue stars to materialize the local frame on the CCD
field, enabled us, for the first time, to make the astrometric
calibration for a natural satellite position without using a
secondary catalog.

Comparing the positions here obtained with the orbit
calculated by Jacobson, the O−C residuals are alike to the
best observations of Phoebe. The unusually large residuals
for the observations taken near the periapsis suggest that
the fit of the orbit is not good in this position. However,
some new observations of Phoebe near the periapsis must
be made to confirm this suggestion.
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