
HAL Id: hal-03785444
https://hal.science/hal-03785444

Submitted on 20 Oct 2022

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 dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Precise predictions of stellar occultations by Pluto,
Charon, Nix, and Hydra for 2008-2015

Marcelo Assafin, J. I. B. Camargo, Roberto Vieira Martins, Alexandre
Humberto Andrei, Bruno Sicardy, L. Young, D. N. da Silva Neto, F.

Braga-Ribas

To cite this version:
Marcelo Assafin, J. I. B. Camargo, Roberto Vieira Martins, Alexandre Humberto Andrei, Bruno
Sicardy, et al.. Precise predictions of stellar occultations by Pluto, Charon, Nix, and Hydra for
2008-2015. Astronomy and Astrophysics - A&A, 2010, 515, pp.32. �10.1051/0004-6361/200913690�.
�hal-03785444�

https://hal.science/hal-03785444
https://hal.archives-ouvertes.fr


A&A 515, A32 (2010)
DOI: 10.1051/0004-6361/200913690
c© ESO 2010

Astronomy
&

Astrophysics

Precise predictions of stellar occultations by Pluto, Charon, Nix,
and Hydra for 2008–2015�,��,���

M. Assafin1, J. I. B. Camargo2,1, R. Vieira Martins2,1 ,†, A. H. Andrei2,1 ,‡, B. Sicardy4,5, L. Young6,
D. N. da Silva Neto3,1, and F. Braga-Ribas2,1

1 Observatório do Valongo/UFRJ, Ladeira Pedro Antonio 43, CEP 20.080-090 Rio de Janeiro – RJ, Brazil
e-mail: massaf@astro.ufrj.br

2 Observatório Nacional/MCT, R. General José Cristino 77, CEP 20921-400 Rio de Janeiro - RJ, Brazil
3 Centro Universitário Estadual da Zona Oeste, Av. Manual Caldeira de Alvarenga 1203, CEP: 23.070-200 Rio de Janeiro - RJ, Brazil
4 Observatoire de Paris/LESIA, Meudon, France
5 Université Pierre et Marie Curie, Institut Universitaire de France, Paris, France
6 Southwest Research Institute, 1050 Walnut St, Boulder, CO 80302, USA

Received 17 November 2009 / Accepted 4 February 2010

ABSTRACT

Context. We investigate transneptunian objects, including Pluto and its satellites, by stellar occultations.
Aims. Our aim is to derive precise, astrometric predictions for stellar occultations by Pluto and its satellites Charon, Hydra and Nix
for 2008−2015. We construct an astrometric star catalog in the UCAC2 system covering Pluto′s sky path.
Methods. We carried out in 2007 an observational program at the ESO2p2/WFI instrument covering the sky path of Pluto from
2008 to 2015. We made the astrometry of 110 GB of images with the Platform for Reduction of Astronomical Images Automatically
(PRAIA). By relatively simple astrometric techniques, we treated the overlapping observations and derived a field distortion pattern
for the WFI mosaic of CCDs to within 50 mas precision.
Results. Positions were obtained in the UCAC2 frame with errors of 50 mas for stars up to magnitude R = 19, and 25 mas up to
R = 17. New stellar proper motions were also determined with 2MASS and the USNO B1.0 catalog positions as first epoch. We
generated 2252 predictions of stellar occultations by Pluto, Charon, Hydra and Nix for 2008−2015. An astrometric catalog with
proper motions was produced, containing 2.24 million stars covering Pluto′s sky path with 30′ width. Its magnitude completeness is
about R = 18−19 with a limit about R = 21. Based on the past 2005–2008 occultations successfully predicted, recorded and fitted,
a linear drift with time in declination with regard to DE418/plu017 ephemerides was determined for Pluto and used in the current
predictions. For offset (mas) = A ∗ (t(yr) − 2005.0) + B, we find A = +30.5 ± 4.3 mas yr−1 and B = −31.5 ± 11.3 mas, with standard
deviation of 14.4 mas for the offsets. For these past occultations, predictions and follow-up observations were made with the 0.6 m
and 1.6 m telescopes at the Laboratório Nacional de Astrofísica/Brazil.
Conclusions. Recurrent issues in stellar occultation predictions were addressed and properly overcome: body ephemeris offsets,
catalog zero-point position errors and field-of-view size, long-term predictions and stellar proper motions, faint-visual versus bright-
infrared stars and star/body astrometric follow-up. In particular, we highlight the usefulness of the obtained astrometric catalog as a
reference frame for star/body astrometric follow-up before and after future events involving the Pluto system. Besides, it also furnishes
useful photometric information for field stars in the flux calibration of observed light curves. Updates on the ephemeris offsets and
candidate star positions (geometric conditions of predictions and finding charts) are made available by the group at www.lesia.
obspm.fr/perso/bruno-sicardy/.
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� Tables of predictions for stellar occultations by Pluto, Charon, Nix
and Hydra for 2008–2015 and Catalog of star positions for 2008–2015
sky path of Pluto 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?J/A+A/515/A32
�� Observations made through the ESO run 079.A-9202(A),
075.C-0154, 077.C-0283 and 079.C-0345.
��� Also based on observations made at the Laboratório Nacional de
Astrofísica (LNA), Itajubá-MG, Brazil.
† Associate researcher at the Observatoire de Paris/IMCCE,

77 Avenue Denfert Rochereau 75014 Paris, France.
‡ Associate researcher at the Observatoire de Paris/SYRTE,

77 Avenue Denfert Rochereau 75014 Paris, France.

1. Introduction

Investigating physical properties of Pluto and its satellites is es-
sential for understanding transneptunian objects, keystones in
the study of structure, origin and evolution of the solar system.

Lower/upper limits of 1169–1172 km and 1190−1193 km
for Pluto′s radius are given by the combination of gaseous
CH4 spectra and stellar occultation observations (Lellouch et al.
2009). The Charon radius ranges from 603.6±1.4 km to 606.0±
1.5 km, as estimated by various authors from the 2005 July 11
stellar occultation (Sicardy et al. 2006; Gulbis et al. 2006; Person
et al. 2006). Pluto, Charon, Nix, and Hydra have estimated
GM values of 870.3 ± 3.7, 101.4 ± 2.8, 0.039 ± 0.034 and
0.021 ± 0.042 km3 s−2 respectively (Tholen et al. 2008). This
results in densities of 1.8−2.1 g cm−3 and 1.55−1.80 g cm−3
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for Pluto and Charon, with rock versus ice fractions of 0.65 and
of 0.55−0.60, respectively, in agreement with current structural
models (McKinnon et al. 1997). Nix and Hydra estimated diam-
eters are 88 km and 72 km, assuming a density of 1.63 gm cm−3

like Charon (Tholen et al. 2008).
Stellar occultations have unveiled surprising features in

Pluto′s tenuous μbar-level atmosphere. Its upper atmosphere is
isothermal with T ≈ 100 K above about 1215 km from the cen-
ter. Pressure roughly doubled between 1988–2002 after Pluto′s
1989 perihelion passage and then stabilized over 2002−2007
(Sicardy et al. 2003; Elliot et al. 2003, 2007; Young et al. 2008).
Pluto′s atmosphere is thought to be mainly N2, with a measured
CH4 abundance of 0.5% ± 0.1% and some undetermined amount
of CO (Lellouch et al. 2009). The molecular nitrogen is in vapor-
pressure equilibrium with the N2 frost at the surface. Even so,
the tiny amount of methane is known to be able to produce a
pronounced thermal inversion layer. Indeed, about 10 km be-
low 1215 km, there is a remarkable thermal inversion, which is
probably caused by methane heating (see Yelle & Lunine 1989;
Lellouch et al. 2009, for details). An additional interesting fea-
ture in Pluto’s atmosphere are gravity and/or Rossby waves de-
tected via stellar occultation (Hubbard et al. 2009; Person et al.
2008; McCarthy et al. 2008).

The 2005 stellar occultation by Charon brought stringent
constraints on the presence of an atmosphere. Considering a
surface temperature of 56 K rising up to 100 K above 20 km,
a pure N2 or CH4 isothermal atmosphere leads to pressure limits
of 15 μbar and 110 μbar respectively (Sicardy et al. 2006). These
low values are compatible with the expected volatile escape rates
for Charon (Yelle & Elliot 1997).

Despite all this knowledge, Pluto′s radius is still dependent
on atmospheric models (Stansberry et al. 1994; Lellouch et al.
2009). Also, the thermal inversion could alternatively be ex-
plained by the presence of a thin haze layer with opacity >0.15
in vertical viewing. Moreover, because the N2 vapor pressure is
a steep function of temperature, an instantaneous response of
the surface to insolation decay of about 3% should have led to
a pressure decrease by a factor of 1.4 between 1988 and 2002,
instead of the observed increase by a factor of about two. All
this points to more complex scenarii at work over the 248-year
Pluto′s orbital period. Seasonal effects associated with the recent
passage through its equinox (December 1987), also at perihelion
epoch (September 1989), may have led to the redistribution of
ices on Pluto′s surface. For instance, the recently sunlit south-
ern cap could now sublimate its nitrogen ice, thus feeding the
atmosphere with more N2 despite the decreasing solar energy
available. A time lag is now necessary for this nitrogen to con-
dense near the now permanently non-illuminated northern po-
lar region. This kind of scenario was actually predicted in the
work by Hansen & Paige (1996). Their best model predicted a
pressure maximum in 2005 and a significant decrease only after
2025. Pressure would only be restored back to the 1988 levels in
the 2100s. These models are not unique, however, and although
they capture the basic physics behind those large pressure varia-
tions, the amplitude and duration of the present surge may show
a significant discrepancy when compared to models.

Note also that any new measurements of Charon′s radius
may furnish even better density figures and thus improve its
ice/silicate ratio estimates. Moreover, any stellar occultation by
Nix or Hydra will become a benchmark for the Pluto-Charon
system. Size and shape could be obtained at kilometer-level
precision, finally leading to the determination of density and
ice/rock ratio for these small satellites. This in turn would al-
low for a better selection among plausible scenarios for the

collisional history of the Pluto system. The same could be said
of serendipitous detection of orbiting material.

All this strongly supports observation of stellar occultations
by Pluto and its satellites. In the next years there will be no
other observational alternative available to probing at high spa-
tial resolution (km accuracy) Pluto′s atmospheric structure be-
tween the surface and about 150 km altitude, at least until 2015
when NASA′s New Horizons spacecraft arrives at Pluto. In this
context, efforts toward new and precise predictions for future
occultations are important. Note that until the 2000 s, the Pluto-
Charon system has only been probed almost exclusively by the
1988 mutual events between Pluto and Charon. Furthermore, a
stellar occultation observed in 1985 revealed Pluto′s atmosphere
(Brosch 1995), which was observed more extensively during an-
other occultation in 1988 (Millis et al. 1993). Also, besides the
first stellar occultation recorded for Charon (Walker 1980), only
two others were so far observed, one on 11 July 2005 (Sicardy
et al. 2006; Gulbis et al. 2006) and another on 22 June 2008
(Sicardy et al. 2010, in prep.).

The first consistent efforts for the prediction of stellar oc-
cultations by Pluto are described in Mink & Klemola (1985)
and cover the period 1985−1990. After that, only the work by
McDonald & Elliot (2000a,b) is worth noting, now covering the
period 1999−2009. Two important common limitations were the
astrometric precision of about only 0.′′2 and the lack of stellar
proper motions leading to uncertainties on the order of the Earth
radius for the predicted shadow paths. Also, these earlier predic-
tions were degraded by poorer precision of older ephemerides,
an issue which changed with the constant feed of new Pluto po-
sitions.

To overcome these and other problems, we carried out an ob-
servational program at the ESO2p2/WFI instrument during 2007
and derived precise positions for determining accurate predic-
tions of stellar occultations by Pluto and its satellites Charon,
Nix and Hydra for the period 2008−2015.

In Sect. 2, we further develop the astrometric context of
predictions and the rationale of the ESO2p2/WFI program. In
Sect. 3 we describe the observations. The astrometric treatment
is detailed in Sect. 4. As an important part of the work, the
derived catalog of star positions along Pluto′s sky path is pre-
sented in Sect. 5. Next, in Sect. 6, we describe the determination
of ephemeris offsets for Pluto – a necessary refinement for the
predictions. The candidate star search procedure is explained in
Sect. 7. Predictions of stellar occultations by Pluto and its satel-
lites are finally presented in Sect. 8 and results are discussed
in Sect. 9.

2. Stellar occultation predictions: astrometric
rationale

Following the release of the ICRS (Arias et al. 1995; Feissel &
Mignard 1998) and of the HIPPARCOS catalog (Perryman et al.
1997), denser and astrometrically more precise catalogs became
available in the 2000 s, such as the UCAC2 (Zacharias et al.
2004), the 2MASS (Cutri et al. 2003), the USNO B1.0 (Monet
et al. 2003) and the GSC2.3 (Lasker et al. 2008). Not by chance a
remarkable improvement in the prediction of stellar occultations
has taken place since then. Telescopes equipped with CCDs with
a relatively small FOV (field-of-view) could now be used. Not
only provisional positions of candidate stars could thus be im-
proved, but also better estimates for the Pluto ephemeris offsets
could be derived. Another factor was the entering of Pluto in
front of the projected Galactic plane, increasing the frequency
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of possible events. Successful examples of these new predic-
tion methods are the stellar occultation campaigns of 2002 for
Pluto (Sicardy et al. 2003) and of 2005 for Charon (Sicardy et al.
2006).

Since 2004, our group has been engaged on a systematic ef-
fort to derive astrometric predictions for stellar occultations by
Pluto and its satellites. Using meter-class telescopes and refined
astrometric methods, precise positions based in the UCAC2 cat-
alog were obtained since then, not only for candidate stars, but
also for Pluto itself. A number of stellar occultations between
2005−2008 were forecast and successfully observed as predicted
for stars between 13 < R < 16. One by-product of those occulta-
tion observations has been to provide an accurate Pluto′s offset
relative to its ephemeris, revealing a clear linear drift in time for
declination, as we show in this paper. This drift can yield to dec-
lination offsets larger than 100 milli-arcsec (mas) for 2009 (see
Sect. 6). This is comparable to Pluto′s apparent angular diame-
ter. By knowing the ephemeris offset, we could forecast events
for Pluto up to 2015. Since the orbits of Charon, Nix and Hydra
around Pluto are well known, we could also extend stellar occul-
tation predictions to these satellites.

As time goes by, mostly for magnitudes fainter than about
R = 14, the estimation of star coordinates for current and fu-
ture events is severely degraded by increasing errors in proper
motion and mean catalog position, amounting to budget uncer-
tainties of more than 70 mas for UCAC2. Position errors can be
even worse than 100−200 mas for the 2MASS, USNO B1.0 and
GSC2.3 catalogs. In this magnitude regime, predictions based
solely on these catalog positions start to become unusable. This
is important, as fainter – thus, more numerous – objects are be-
coming more and more accessible to modern detectors.

Moreover, as Pluto passes in front of regions of denser
molecular clouds in the Galactic plane, chances are that rela-
tively faint V or R, but bright infrared-emitting stars might be
missed. Another issue is the problem of zero-point reference
frame errors inherent to small FOV astrometry.

To overcome these problems, an observational program was
carried out at the ESO2p2/WFI instrument during 2007. Precise
positions were obtained and accurate predictions derived for
stellar occultations by Pluto and its satellites Charon, Nix and
Hydra. The astrometry of about 110 GB of acquired/processed
images was accomplished with the Platform for Reduction of
Astronomical Images Automatically – PRAIA (Assafin 2006).
The software provides astrometric solutions suitable for the
overlapping WFI CCD moscaics. The covered sky path of Pluto
extended from 2008 to 2015-year of the New Horizons flyby.
Results for 2008 and 2009 were also included because they
might be eventually useful for the adjustment of occultations not
yet published and for external checks of the accuracy of our pre-
dictions. In the astrometry, we derived a field distortion pattern
for the WFI mosaic of CCDs within 50 mas precision. Another
feature of our astrometric procedure was the determination of
star proper motions using the 2MASS and USNO B1.0 catalogs
as first epoch. In this way, we minimized the position error prop-
agation for the 2015 predictions.

From the above procedures, an astrometric catalog of
30′ width was derived encompassing the 2008−2015 sky path
of Pluto. It is in the UCAC2 reference frame with magnitude
completeness around R = 18−19 and limiting magnitude about
R = 21. Having about 2.24 million stars available in electronic
form, the catalog can be very useful in the astrometric calibration
of small CCD fields around Pluto and candidate stars, for refin-
ing occultation predictions and for star/body astrometric follow
up before and after event date. It can be also helpful for deriving

the photometric properties of flux calibration stars in the occul-
tation FOV.

Predictions of past 2005−2008 stellar occultations by Pluto
and Charon were updated by an astrometric follow-up program
carried out in that period at the B&C 0.6 m telescope of the
Laboratório Nacional de Astrofísica (LNA), Brazil. From this
follow-up program comes an independent set of precise star po-
sitions, which is discussed in detail in Sect. 6.

For the future events here predicted, the positions of can-
didate stars are based on the obtained catalog, with typical er-
rors of 20 mas. This precision is more than enough for a suc-
cessful record of an occultation by Pluto, as its current appar-
ent radius in the sky is about 50 mas. However, Nix and Hydra
are more subject to missings, as their apparent radii are about
7 mas only. The same could be said (to a lesser extent) about
Charon (25 mas apparent radius). The probabilities of successful
occultation recordings for these satellites are addressed in detail
in Sect. 9.

3. Observations at ESO

Observations were made at the 2.2 m Max-Planck ESO
(ESO2p2) telescope (IAU code 809) with the Wide Field Imager
(WFI) CCD mosaic detector. Each mosaic is composed by
eight 4 k × 2 k CCDs of 7.′5 × 15′ (RA, Dec) size, result-
ing in a total coverage of 30′ × 30′ per mosaic. The pixel
scale is 0.′′238. A broad-band R filter (ESO#844) was used with
λc = 651.725 nm and �λ = 162.184 nm (full width at half max-
imum). Exposure time was 30 s. In very few cases, larger expo-
sure times were used to compensate for bad weather conditions.
In general, S/N ratios of about 200 were reached for objects
with R = 17 without saturating bright (R = 13−15) stars. The
limiting magnitude was about R = 21, with completeness about
R = 18.0−19.0. The seeing varied between 0.′′6 and 1.′′5, and was
typically 1′′.

Observations spanned Pluto′s sky path from 2008 to 2015.
Runs were carried out in September and October 2007, cover-
ing the 2008−2010 and 2011−2015 paths respectively. Mosaic
overlapping was optimized for astrometric precision and tele-
scope time consuming, including small shifts so that each star
was exposed at least twice in different CCDs. Table 1 lists the
WFI mosaic centers for each covered year. A total of 150 WFI
mosaics or 1200 individual CCD frames were acquired for sci-
ence. This resulted in about 40 GB of photometrically calibrated
processed images.

Figure 1 illustrates the sky path covered by Pluto.
In all – including the 150 science mosaics for Pluto – 398 ob-

served WFI mosaics (170 in September, 228 in October 2007)
or 3184 individual CCD frames were used for determining as-
trometric field distortions (see Sect. 4.1), resulting in about
108GB of photometrically calibrated processed images. The mo-
saic centers were distributed along the projected Galactic plane,
next to Pluto′s sky paths, where the star-crowded fields partic-
ularly favour resolution of distortion maps. The 248 extra mo-
saics served for another similar astrometric program carried out
with the same instrument, covering the 2008−2015 sky path of
transneptunian Quaoar, close to Pluto′s own sky path.

4. Astrometry

All CCD images underwent overscan, zeromean, flatfield and
bad pixel corrections with IRAF (Tody 1993) via the esowfi
(Jones & Valdes 2000) and mscred (Valdes 1998) packages.
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Table 1. The (α, δ) ESO2p2/WFI mosaic centers for Pluto sky path from 2008 to 2015.

Year 2008 2009 2010 2011 2012 2013 2014 2015
h m ◦ ′ h m ◦ ′ h m ◦ ′ h m ◦ ′ h m ◦ ′ h m ◦ ′ h m ◦ ′ h m ◦ ′

18 02 –17 10 18 09 –17 46 18 18 –18 19 18 27 –18 50 18 35 –19 20 18 43 –19 48 18 51 –20 14 18 59 –20 38
18 03 –17 09 18 10 –17 46 18 19 –18 19 18 28 –18 49 18 36 –19 19 18 44 –19 47 18 52 –20 13 19 00 –20 37
18 04 –17 07 18 11 –17 45 18 20 –18 18 18 29 –18 49 18 37 –19 18 18 45 –19 46 18 53 –20 12 19 01 –20 36
18 01 –17 03 18 12 –17 44 18 21 –18 17 18 30 –18 47 18 38 –19 17 18 46 –19 45 18 54 –20 11 19 02 –20 35
18 00 –17 03 18 13 –17 42 18 22 –18 15 18 31 –18 45 18 39 –19 16 18 47 –19 44 18 55 –20 10 19 03 –20 34
17 59 –17 04 18 08 –17 41 18 17 –18 17 18 30 –18 45 18 39 –19 15 18 48 –19 43 18 56 –20 09 19 04 –20 33
17 58 –17 05 18 07 –17 42 18 16 –18 18 18 29 –18 46 18 38 –19 16 18 47 –19 44 18 57 –20 08 19 05 –20 32
17 57 –17 06 18 06 –17 44 18 15 –18 20 18 28 –18 47 18 37 –19 18 18 46 –19 46 18 56 –20 10 19 04 –20 36
17 56 –17 08 18 05 –17 46 18 14 –18 21 18 27 –18 48 18 36 –19 19 18 45 –19 48 18 55 –20 12 19 03 –20 38
17 55 –17 10 18 04 –17 48 18 13 –18 24 18 26 –18 50 18 35 –19 21 18 44 –19 50 18 54 –20 14 19 02 –20 41
17 54 –17 14 18 03 –17 52 18 12 –18 27 18 25 –18 51 18 34 –19 23 18 43 –19 51 18 53 –20 16 19 01 –20 43
17 54 –17 29 18 02 –17 59 18 11 –18 37 18 24 –18 53 18 33 –19 24 18 42 –19 54 18 52 –20 18 19 00 –20 45
17 55 –17 33 18 04 –18 10 18 12 –18 42 18 23 –18 55 18 32 –19 27 18 41 –19 56 18 51 –20 21 18 59 –20 48
17 56 –17 36 18 05 –18 12 18 13 –18 45 18 22 –18 58 18 31 –19 29 18 40 –19 58 18 50 –20 23 18 58 –20 50

18 14 –18 47 18 21 –19 01 18 30 –19 32 18 39 –20 01 18 49 –20 25 18 57 –20 53
18 15 –18 48 18 20 –19 07 18 29 –19 37 18 38 –20 05 18 48 –20 28 18 56 –20 56

18 21 –19 15 18 29 –19 44 18 38 –20 14 18 47 –20 32 18 55 –21 00
18 22 –19 18 18 30 –19 47 18 39 –20 16 18 46 –20 38 18 55 –21 06
18 23 –19 19 18 31 –19 48 18 40 –20 17 18 47 –20 42 18 56 –21 07
18 24 –19 20 18 32 –19 49 18 41 –20 17 18 48 –20 43 18 57 –21 07

18 33 –19 50 18 42 –20 17 18 49 –20 43 18 58 –21 07
18 50 –20 43
18 51 –20 43

Notes. Each overlapping WFI mosaic encompasses a 30′ × 30′ area in the sky. Sky paths 2008−2010 and 2011−2015 were observed in the
September and October 2007 runs, respectively.
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Fig. 1. Sky path covered by the ESO2p2/WFI CCD mosaic observa-
tions. Years 2008−2015 follow from top to bottom. The continuous line
is the sky path of Pluto. Each dashed form represents the 30′ × 30′ area
covered by one single WFI mosaic. Note the gaps when, as seen from
Earth, the Sun is too close to Pluto′s direction at date (no occultation
could then be seen).

Using the PRAIA package, the astrometric treatment consisted
of three steps. First, a field distortion pattern was determined for
each CCD in the WFI mosaics for each run. Then astrometry was
performed over the individual CCDs, with the (x, y) measure-
ments corrected by the pre-determined field distortions. Next all
positions of common objects observed over the different CCDs
and mosaics were combined in a global solution for each year,
when final (RA, Dec) star positions were obtained. Besides posi-
tions, proper motions were also computed for each object using
the 2MASS and USNO B1.0 catalogs as first epoch. These pro-
cedures are described in detail in the following subsections.

4.1. Field distortion pattern

Field Distortion Pattern (FDP) is characterized by the existence
of at least two different regions on the CCD field where fixed
distances on the sky present different angular distance measure-
ments, even after modeling known astronomical effects (differ-
ential refraction, etc.). The ESO2p2/WFI mosaic is affected by
FDP due to optical distortions of the third order, which may
reach more than twice the size of a pixel (0.′′238).

The procedure for mapping the distortions for each CCD
of the WFI mosaic started by superposing the observed mi-
nus catalog (O−C) position differences of UCAC2 stars com-
puted from the respective individual CCD astrometric solutions
of the 398 WFI mosaics observed nearby the projected Galactic
plane and along Pluto′s sky path (see Sect. 3). For each CCD,
these (O−C) position residuals were averaged over bins of 1.′5 ×
1.′5 in (x, y). The bin size was given by the request of a min-
imum number of stars per bin. With few exceptions, averages
counted on more than 15 stars. Most frequently, hundreds of
stars were available, furnishing about 500 position residuals per
bin. Afterwards, in an iterative process, part of the averages
were successively applied as a correction to the distortion. The
procedure continued until no significant change occurred in the
(O−C) residuals. Independent FDPs were computed for each ob-
servation run in September and October 2007. Note that only
polynomials of the first order were used to relate the (x, y) mea-
surements with the UCAC2 star coordinates projected in the sky
plane. In this way, the third order distortions were consistently
mapped onto the FDP. This allowed for the use of first degree
polynomials in the individual CCD frame reductions, instead of
third order ones, after first applying FDP corrections. The use
of simpler polynomials improves the position accuracy, as it in-
creases the ratio between the number of reference stars over the
number of coefficients used in the model.
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Fig. 2. Field distortion pattern (FDP) for the 8 CCDs of the WFI mosaic
for the September 2007 run. North is up, East is left. Arrows point to
the FDP-corrected position. The largest one (upper-right corner of plot)
is 528 mas. Bins have 1.′5 × 1.′5 sizes. For details see text.

The (Δx, Δy) FDP offsets for each (x, y) bin and CCD from
the WFI mosaics of the September and October 2007 runs were
computed and stored. The FDP offsets are available by request
to the author. Figure 2 illustrates the FDP derived from the
September 2007 run for each CCD in the WFI mosaic. North
is up, East is left. The largest offset (upper-right corner of plot)
is 528 mas. A similar plot is obtained for the October 2007 run.
The astrometric procedures used to derive the (RA, Dec)s that
feed the FDP computation were the same as those described next
in Sect. 4.2.

4.2. Astrometry of individual CCD frames

After obtaining the FDPs, we computed (RA, Dec)s for all stars
measured in the CCDs of all the observed mosaics covering the
sky paths from 2008 to 2015. The (x, y) measurements were pre-
corrected with the FDP of the respective run, according to the
respective bin and CCD in the WFI mosaic. Correction values
were extrapolated by the inverse square distance to neighbor bin
centers.

Positions were obtained with PRAIA (Assafin 2006). This
fast astrometric/photometric package automatically identifies
objects on the fields. The (x, y) measurements were per-
formed with 2-dimensional circular symmetric Gaussian fits
within 1 Full Width Half Maximum (FWHM = seeing). Within
1 FWHM, the image profile is well described by a Gaussian pro-
file, free from the wing distortions, which jeopardize the cen-
ter determination. Theoretical and empirical results support this
procedure (Moffat et al. 1969; Stone 1989). PRAIA automati-
cally recognizes catalog stars and determines (RA, Dec) with a
number of models relating the (x, y) measured and (X, Y) stan-
dard coordinates projected in the sky tangent plane. Positions,
(x, y) centers, magnitudes, seeing – among other quantities and
respective estimated errors – are computed and archived for all
objects.
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Fig. 3. (x, y) measurement errors as a function of R magnitude from all
treated CCDs. Values are averages over 0.5 mag bins.

Magnitudes were obtained from PSF photometry and were
calibrated with respect to the UCAC2. Note that the UCAC2 star
magnitudes are based on a 579−642 nm filter (between
Johnson V and R), and are thus distinct from the filter used
in the WFI observations. Thus, the image-to-image magnitude
zero point will depend on the mean color of the field stars.
However, since the photometric errors of the UCAC2 are some-
what large (about 0.3), we will consider here for all purposes that
the derived WFI magnitudes are formally in the UCAC2 system.
This issue will be further addressed after future releases of the
UCAC catalog, when more refined photometric magnitudes are
expected to be available. Furthermore, for simplicity, here we
will simply refer to WFI magnitudes as R magnitudes.

A complete and detailed description of the PRAIA package
will be published in the future. See further details about perfor-
mance in Assafin et al. (2007).

We used the UCAC2 as reference frame and the six constants
polynomial to model (x, y) measurements to (X, Y) plane coor-
dinates. About 120 UCAC2 stars per frame were used in these
Galactic plane star-crowded fields. Reference stars were elim-
inated in a one-by-one basis until none displayed (O−C) po-
sition residuals greater than 120 mas (2−3σ the typical cata-
log error). The position mean errors from (RA, Dec) solutions
were about 60 mas for both coordinates. Estimated (x, y) mea-
surement errors from Gaussian fits were about 20−30 mas be-
tween 12 < R < 17, rising as expected at magnitudes brighter
and fainter than this range. Figure 3 shows the distribution of
(x, y) errors as a function of R magnitude. Values were averaged
over 0.5 mag bins from all measured CCDs.

A summary of the results from the individual CCD astromet-
ric treatment is given in Table 2. For each year, we list the num-
ber of CCD frames, mean error of positions from (RA, Dec) so-
lutions and average number of UCAC2 reference stars per frame.

The same procedures described here were applied to individ-
ual CCD fields to obtain the FDPs (Sect. 4.1).

4.3. Mosaic global astrometric solution

For each year, global astrometric solution for overlapping mo-
saics of CCDs was accomplished by an iterative procedure avail-
able by PRAIA. Starting from the individual CCD measure-
ments (see Sect. 4.2), all common star positions, magnitudes
and other values and errors were averaged. Common stars were
recognized among CCD frames by individual CCD positions,
which lie within 200 mas from each other. Then a method
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Table 2. Astrometry of individual CCD frames of WFI mosaics.

Sky Mean errors Frames No. UCAC2
path σ(Δαcosδ) σ(Δδ) per year stars/frame
year mas mas
2008 59 59 112 105
2009 58 56 112 79
2010 58 56 128 164
2011 61 59 160 153
2012 63 62 168 125
2013 63 62 168 107
2014 62 62 184 105
2015 58 57 168 132

Notes. Mean errors come from standard deviations of (O−C) resid-
uals from individual (RA, Dec) solutions with the UCAC2 catalog.
The six constants polynomial model was used to relate (x, y) measure-
ments with (X,Y) tangent plane coordinates. The (x, y) centers were
pre-corrected by the FDPs. See details in Sect. 4.2.

that we call tangent plane technique, adapted from Assafin
et al. (1997), was applied. In this method, all the CCD frame
(RA, Dec)s and catalog-extracted UCAC2 reference positions
(corrected by proper motions to the mean epoch of observa-
tions) are projected in the tangent plane. A complete polyno-
mial model of the third degree is then used to relate these pro-
jected coordinates in the same way as in classical photographic
field astrometry. After the elimination of UCAC2 stars outliers
with (O−C) residuals larger than 120 mas, the tangent plane
solution was obtained. Inverse gnomonic projection furnished
the (RA, Dec) of all objects in the mosaic. These positions
formed an intermediary star catalog in the UCAC2 reference
frame. Then, new individual CCD astrometric adjustments were
performed, but now using this intermediary catalog as refer-
ence frame for all CCD fields. Now, every star in the individ-
ual CCD frames participates as reference star. Here, a complete
third degree polynomial model was used (instead of the six con-
stant model used in the first step in Sect. 4.2) and new individual
CCD positions were obtained. The entire process was then re-
peated in an iterative fashion, with new averaging of common
positions and new application of the tangent plane technique.
The procedure stopped after intermediary catalog star positions
converged to within 1 mas, which always happened in less than
50 iterations.

Table 3 brings a summary of the results from the global solu-
tions of WFI CCD mosaics for the sky path observed, focusing
on the tangent plane technique results. For each year it gives
the standard deviations (σ) of observed minus UCAC2 catalog
positions before and after the global solution. The listed zero-
point position offsets were computed from averaged (RA, Dec)
offsets over UCAC2 stars before applying the global mosaic so-
lution. By definition, due to the tangent plane technique, they
are zero after global solution. Table 3 also gives the number of
UCAC2 reference stars used in the process.

4.4. Mosaic position multiplicity

About 8% of the stars displayed multiple position entries within
1.′′5 of each other after global mosaic solutions. This happened
whenever individual CCD positions from the same object did
not pass the 200 mas criterion for identification of common stars
in the global solution procedure. As a result, multiple positions
survived the process as if they belonged to distinct objects. In
the vast majority of cases, these entries displayed magnitudes

Table 3. Global astrometric solution for WFI CCD mosaics.

Sky Zero-point (RA, Dec)–UCAC2 UCAC2
path offset before G.S. before G.S. after G.S. stars

Δαcosδ Δδ σα σδ σα σδ
Year mas mas mas mas mas mas
2008 −13 −04 112 107 59 58 6001
2009 −09 −01 112 103 58 55 4693
2010 −03 −03 133 126 59 57 11013
2011 −08 −03 134 129 61 59 8988
2012 −06 −05 139 131 62 61 7563
2013 −03 −04 145 141 63 62 6068
2014 −06 +02 135 138 60 60 6439
2015 −06 −03 100 098 57 57 7524

Notes. Tangent plane technique results. Zero point position offsets were
computed from averaged observed minus UCAC2 star position differ-
ences, before applying the global mosaic solution procedure (G.S.). Due
to the tangent plane technique, by definition they are zero after G.S.
process. The (σα, σδ)s of tangent plane technique solutions refer to ob-
served minus UCAC2 positions computed before and after the G.S. pro-
cedure. The last column is the number of used UCAC2 reference stars
(see details in Sect. 4.3).

Table 4. Multiplicity flags for WFI global mosaic star positions.

UCAC2 2MASS Field No Input
f1 f2 f1 f2 f3 f4 flag entries

Year % % % % % % %
2008 0.0 0.0 1.4 0.7 1.0 2.6 94.3 296 823
2009 0.1 0.0 5.2 3.1 0.3 1.5 89.8 53 221
2010 0.0 0.0 0.4 0.6 1.3 1.6 96.1 378 236
2011 0.0 0.0 0.7 0.7 2.9 1.9 93.8 502 966
2012 0.0 0.0 0.3 0.8 3.1 2.1 93.7 672 564
2013 0.4 0.0 9.8 3.3 1.1 3.1 82.3 201 541
2014 1.8 0.1 13.0 4.7 2.1 3.5 74.8 159 725
2015 0.0 0.0 1.3 0.6 3.8 3.1 91.2 194 573

Notes. Input entries give the number of mosaic positions before check-
ing for multiplicity. Multiplicity flag percentages refer to the final num-
ber of positions, one per object. See text for details.

fainter than R = 19. The cause might be poor faint star deblend-
ing in the individual CCD frame (x, y) measurements, as heav-
ily star-crowded sky fields were sampled. Stars with multiple
entries were assigned one unique position and flagged. No flag
means a star with no multiple entries (good astrometry). Flag
cases f1 and f2 apply only for UCAC2 or 2MASS stars. In these
cases, multiple entries assigned to one of these catalogs were
used, but others wrongly assigned as field stars were rejected.
Flag f1 means that more than one entry was used, flag f2 indi-
cates that only one entry was used. Flags f3, f4 and f5 apply only
for field stars. Only a single entry was selected according to one
of three criteria, in order of priority: a) highest number of used
common individual CCD positions (flag f3); b) least (x, y) mea-
surement error (flag f4); c) brightest R magnitude (flag f5).

Table 4 displays multiplicity flag statistics for the derived
ESO2p2/WFI global mosaic star positions according to catalog
and year. The input number of unflagged entries is furnished, but
percentages refer to the final number of WFI stars. Percentages
for flag f5 entries were always less than 0.1% and thus are not
displayed.

After checking for multiplicity and flagging, the final set of
global mosaic star positions is obtained. For the flagged stars,
magnitude, mean epoch and other parameters were assigned in
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Table 5. Proper motion computations from 2MASS, USNO B1.0 and
ESO2p2/WFI global mosaic star positions.

Final mosaic UCAC2 2MASS USNO B1.0 No
Year positions p.m. p.m. p.m. p.m.
2008 279 127 9826 155 807 47 774 65 720
2009 47 576 7343 32 213 5472 2548
2010 361 830 20 704 121 440 69 433 150 253
2011 466 433 17 740 167 283 83 910 197 500
2012 622 343 15 689 155 970 128 038 322 646
2013 166 283 14 180 109 182 20 722 22 199
2014 122 199 13 634 78 610 14 985 14 970
2015 176 495 11 067 72 908 37 607 54 913
total 2 242 286 110 183 893 413 407 941 830 749

Notes. Number of final global mosaic star positions, number of UCAC2
stars with proper motions (directly extracted from UCAC2), number of
stars with proper motions based on the 2MASS and USNO B1.0 and
number of stars for which no proper motion could be computed.

the same way as for positions, but no position error could be
estimated for them.

4.5. Computation of proper motions

One important step in our astrometric procedure was the deriva-
tion of proper motions for stars not belonging to the UCAC2,
using the 2MASS and USNO B1.0 catalogs as first epoch. The
mean epochs of the 2MASS and USNO B1.0 catalogs are re-
spectively around 2000 and 1980. The 2MASS catalog is based
on infrared bandpass observations with modern solid state de-
tectors. The catalog USNO B1.0 was created from astromet-
ric digitalization of photographic Schmidt plates. 2MASS po-
sition precision ranges between 100−200 mas, better than the
250−300 mas errors of USNO B1.0 positions. But time span
favours USNO B1.0, so that the overall attained error budget
of computed proper motions is similar, regardless of the first
epoch used.

In the procedure, the first epoch position for brighter stars
was chosen from the 2MASS. If the star was fainter – that is,
did not belong to that catalog – then the USNO B1.0 position
was used, instead. For both catalogs, only matches within 1′′
in position were considered. No brightness constraints were ap-
plied for matching the USNO B1.0. For the 2MASS case, stars
with discrepancies higher than 1 mag were rejected in compar-
ing measured R magnitudes with H band. For multiple matches,
the closest magnitude was selected.

In Table 5, we give a summary of the proper motion compu-
tations using the WFI global mosaic star positions, 2MASS and
USNO B1.0 catalogs. For each year, we list the total number of
final global mosaic star positions, the number of UCAC2 stars
with proper motions (directly extracted from UCAC2), the num-
ber of stars with proper motions based on the 2MASS and
USNO B1.0 and the number of non-matched stars, for which no
proper motion could be computed. Again, cases where no proper
motion could be derived relate almost exclusively to stars fainter
than R = 19.

5. The catalog of star positions along Pluto′s
2008–2015 sky path

The star catalog for the 2008–2015 sky path of Pluto consists
of mean (RA, Dec) positions in the ICRS (J2000), proper mo-
tions, R magnitudes (also J, H and K for 2MASS stars), mean

epoch of observations, position error at mean epoch of observa-
tion and magnitude error estimates. It has 2 242 286 stars in the
UCAC2 frame. Its mean epoch is approx. 2007.75. The magni-
tude completeness is about R = 18−19. The magnitude limit is
about R = 21. The position error is about 50 mas for stars up
to magnitude R = 19, and 25 mas up to R = 17. The catalog is
freely available in electronic form at the CDS.

The catalog is divided by year. There are small gaps between
the years (see Fig. 1). Stars that had multiple entries within 1.′′5
in the global mosaic solutions (about 8% of total) are flagged
(see Sect. 4.4). The R magnitudes from PSF photometry were
calibrated in the UCAC2 system, so magnitude zero-point er-
rors up to 0.3 might be expected for R > 17. The position error
is estimated from repeatability by the standard deviation (mean
error) of contributing individual CCD positions about the final
catalog star positions (last iteration in global mosaic solution –
see Sect. 4.3). By default, multiple entry flagged stars have no
position error estimates. Infrared magnitudes (and errors) were
extracted from the 2MASS catalog. Error estimates for R mag-
nitudes come from the standard deviation about the mean from
individual CCD frames. Sky coverage of the catalog is detailed
in Sect. 3.

Table 6 lists the total number of catalog stars per year, aver-
age position errors, R bandpass magnitude limit (including high-
est values) and completeness. Figure 4 shows the star distribu-
tion per R magnitude. Figure 5 plots the position error as a func-
tion of R magnitude. Values were averaged over 0.5 mag bins.

6. Pluto′s ephemeris offsets

In the recent past, a number of stellar occultations by Pluto and
Charon have then been foreseen for 2005−2008. The success-
ful outcome of these complex international observational cam-
paigns were only actually achieved thanks to precise position
updates for the candidate stars, which started long enough in ad-
vance and continued until the epoch of those events. Beside the
efforts by the MIT group and by IOTA (International Occultation
Timing Association), among others, an important contribution
for these prediction updates came from the astrometric obser-
vational program of Pluto carried out at the 0.6 m B&C tele-
scope at the Laboratório Nacional de Astrofísica (LNA), Brazil
(IAU code 874). Those observations were made with 1 k2 and
2 k2 CCD detectors of 10′ sizes and pixel scales of 0.′′3 to 0.′′6
(for a detailed description of telescope/instruments, see Assafin
et al. 2005). The PRAIA package was employed in the astrome-
try of these CCD observations. Frames were free from high order
optical distortions and were modeled with six constant polyno-
mials. Typical (x, y) measurement errors were about 15 mas for
R < 15. Position mean errors from astrometric (RA, Dec) so-
lutions ranged between 50−60 mas. Position precision inferred
from the repeatability of solutions was about 20 mas. Positions
were referred to the UCAC2 catalog. The UCAC2-based candi-
date star positions were zero-point-corrected toward ICRS, us-
ing averaged UCAC2 minus ICRF position offsets of Δαcosδ =
−12 ± 8 mas and Δδ = −5 ± 7 mas. These local offsets were
computed from the comparison between optical and VLBI po-
sitions for the five nearest ICRF quasars to Pluto′s 2006.5 coor-
dinates, distributed within 10 degrees radius (see Assafin et al.
2005). Table 7 summarizes the astrometry of candidate stars with
the 0.6 m LNA telescope for 2005−2008 Pluto stellar occulta-
tions. Only results regarding the final positions used for deriving
ephemeris offsets are displayed. They refer to observations made
at least within a month of the event epoch. One exception was the
2006 June 12 event, for which good CCD observations were only
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Table 6. Star catalog for the 2008–2015 Pluto sky path.

Year 2008 2009 2010 2011 2012 2013 2014 2015
catalog stars 279 127 47 576 361 830 466 433 622 436 166 283 122 199 176 495
UCAC2 stars 9826 7343 20 704 17 740 15 689 14 180 13 634 11 067
2MASS stars 155 834 32 217 121 489 167 309 155 998 109 201 78 623 72 926

Field stars 113 467 8016 219 637 281 384 450 656 42 902 29 942 92 502
σα (mas) 25 27 24 27 25 31 33 30
σδ (mas) 24 23 22 24 24 36 39 29

highest R magnitude 22.7 22.3 23.4 22.5 23.7 22.3 21.8 24.0
R magnitude limit 21.0 21.0 21.5 21.0 21.5 21.0 21.0 21.5

R magnitude completeness 9.5–18.5 8.5–18.0 9.5–18.5 10.0–19.0 10.4–19.0 9.1–18.0 8.5–18.0 9.4–18.5

Notes. Number of catalog stars per year, position error (estimated from the standard deviation of contributing individual CCD positions about the
final catalog star positions), R bandpass magnitude completeness, magnitude limit and highest value.
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Fig. 4. Star distribution per R magnitude. It illustrates the R magni-
tude limit and completeness of catalog. Counts were computed over
0.5 mag bins.
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Fig. 5. Catalog position mean errors as a function of R magnitude.
Position errors are estimated from the standard deviation of contributing
individual CCD positions about the final catalog star positions (last iter-
ation in global mosaic solution – see Sect. 4.3). Values were computed
over 0.5 mag bins.

available from an April 2007 run. As it was a UCAC2 star, the
derived CCD position could be referred to the epoch of the event
by applying UCAC2 proper motions. The 2008 August 25 event
star was observed with the 1.6 m P&E LNA telescope (FOV of
5′ × 5′ and pixel scale of 0.′′17).

Observations of Pluto itself were made on a regular basis
and also prior to the events with the 0.6 m B&C LNA telescope,

for estimating possible ephemeris offsets. More than 1500 Pluto
positions where obtained in the time span between 2005−2008,
following the same observational and astrometric procedures.
These Pluto positions were accurate enough to display the per-
turbation by Charon, although it was unresolved in the CCD
images. We usually solved this problem by looking at the
(O−C) ephemeris residuals from observations symmetrically
distributed along the 6.4-day orbital period of Charon. Later
on, a new procedure for determining position offsets was im-
plemented, which allowed the use of all observations. This new
method is based on the modeling of the resulting PSF of un-
resolved images, in terms of relative apparent distance between
components, relative brightness and seeing conditions. Details of
these results will be published elsewhere (Vieira Martins et al.,
in prep).

In practice, we followed a sort of bootstrap method for the
2005−2008 campaigns. In the beginning, occultations were not
accurately predicted (sometimes even missed), as no ephemeris
drift was applied. Then, based on these LNA observations, sig-
nificant ephemeris offsets started to be found and applied, which
improved the next prediction, until a linear trend in declination
eventually appeared. In fact, based on the post-fit of these occul-
tations, we not only found large ephemeris offsets of some tens
of mas, but also confirmed this linear ephemeris drift with time
in declination for Pluto, as shown in this section. The ephemeris-
checking procedure with LNA observations proved to be very
important for the successful recording of those past occultations.
The predicted Earth locations would be severely misplaced if
ephemeris offsets mostly in declination were not properly taken
into account in advance during the campaign planning phase.

In a stellar occultation with two or more observed cords,
Pluto′s position relative to the occulted star can be derived with
mas-level accuracy. If the star position is known, Pluto′s right
ascension and declination ephemeris offsets can be determined
for that instant. A collection of ephemeris offsets obtained over
time thus helps us determining systematic trends, if present.

After fitting synthetic light curves to observations of the
events listed in Table 7 (Sicardy et al., in prep.) and taking
into account the respective star positions, Pluto′s offsets rel-
ative to its ephemeris were computed. Here, the DE418 and
plu017 ephemerides were used, as they were specially devised
for the New Horizons mission to Pluto (Folkner et al. 2007).
They are available through NASAs Navigation and Ancillary
Information Facility (NAIF) ftp site (ftp://naif.jpl.nasa.
gov/pub/naif/) as SPICE kernels DE418 and plu017 (see de-
tails about NAIF in Acton 1996). The ephemeris offsets obtained
for each event are listed in Table 8. For the 2006 April 10 event,
no occultation occurred (this was actually predicted), but the
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Table 7. Astrometry of candidate stars observed at the 0.6 m B&C LNA telescope for 2005−2008 Pluto stellar occultations.

Event (RA, Dec) ICRS (J2000) Magnitude Error No. Mean error UCAC2
Epoch (RA, Dec) (R) Eα Eδ Obs. σα σδ stars
years h m s ◦ ′ ′′ mas mas mas mas No.

2005 July 11 2005.2560 17 28 55.0167 –15 00 54.726 14.9 11 15 25 50 52 66
2006 April 10 2006.1620 17 46 06.8788 –15 46 10.113 16.0 33 32 255 56 55 107
2006 June 12 2006.4449 17 41 12.0769 –15 41 34.488 15.0 11 15 13 61 59 186

2007 March 18 2007.2165 17 55 05.6948 –16 28 34.369 15.1 08 11 12 59 62 162
2007 May 12 2007.3641 17 53 32.1024 –16 22 47.359 16.5 56 30 8 57 58 176
2007 June 09 2007.4598 17 50 50.6520 –16 22 29.309 17.0 16 03 4 56 60 94
2007 June 14 2007.4588 17 50 20.7402 –16 22 42.207 15.6 48 54 190 58 55 108
2007 July 31 2007.4634 17 45 41.9894 –16 29 31.639 14.0 15 24 68 60 56 72
2008 June 22 2008.4044 17 58 33.0147 –17 02 38.340 13.5 11 09 50 50 48 76
2008 June 24 2008.4044 17 58 22.3941 –17 02 49.346 15.9 13 17 50 50 48 76

2008 August 25 2008.6494 17 53 27.1040 –17 15 27.541 15.6 06 04 30 56 56 26

Notes. Used positions are always within a month of event epoch. Error estimates come from the dispersion (standard deviation) of values from
the observations. Mean error of (RA, Dec) solutions and average number of UCAC2 reference stars are given. The UCAC2-based candidate star
positions were zero-point-corrected toward ICRS using averaged UCAC2 minus ICRF position offsets (Δαcosδ = −12 ± 8 mas; Δδ = −5 ± 7 mas)
of five ICRF quasars nearby Pluto present coordinates (see Assafin et al. 2005). For the 2006 June 12 event, useful CCD observations were only
acquired in April 2007, but the final position is at the event epoch, as proper motions (μα = −10.6 mas yr−1, μδ = −12.9 mas yr−1) were applied
for this UCAC2 star. The 2008 August 25 event star was observed with the 1.6 m P&E LNA telescope (FOV of 5′ sizes and pixel scale of 0.′′17).
Actually, 2005 July 11 refers to a stellar occultation by Charon.

offset could be derived (at 20 mas level) due to high resolution
adaptative optics observations of Pluto and the star made at the
ESO-VLT 8 m Telescope UT4 (Yepun) at Paranal Observatory,
Chile, with the NACO instrument. The event of 2005 July 11 in-
volved Charon, while the event of 2008 June 22 involved both
Pluto and Charon occulting the same star. In all other cases, the
events concern stellar occultations by Pluto alone.

Occultations involving Charon were included in this deter-
mination of the ephemeris offsets of Pluto because measuring
Charon′s offset with respect to DE418/PLU017 is in practice
identical to measuring Pluto′s offset with respect to DE418, with
uncertainties dominated by the star position errors. Charon′s plu-
tocentric ephemeris is much better known than Pluto′s barycen-
tric motion in the sky. Hubble Space Telescope observations in
2002−2003 provide an orbital solution with rms residual just
around 2 mas, and an orbital solution better than that once

√
Nobs

is accounted for (see Tholen et al. 2008). Also, from our fittings
to the 2008 June 22 Pluto/Charon occultations of the same star,
the agreement between our measurement of Charon and PLU017
is better than 1 mas (Sicardy et al., in prep.).

For the double 2008 June 22 event, only one ephemeris off-
set was considered for right ascension and declination, as both
Pluto/Charon occultations furnish identical values within 1 mas.
For the 2008 June 24 event, two ephemeris offsets were used.
Although this was a single occultation by Pluto, there was only
one cord observed in Hawaii. Fortunately, this was a near-central
event. The two possible solutions were only 10 mas apart from
each other in the perpendicular direction of motion (mostly in
declination). Thus, for practical purposes, we used both values
as independent offset measurements in the linear drift solution.

Table 8 also lists four extra offsets measured for four com-
mon events, based on an independent set of star positions and
occultation observations (Young et al. 2008, 2007; Olkin et al.,
in prep.; Buie et al. 2009). Averaged offsets from this indepen-
dent set with our derived values are also furnished for these four
common events. The light curve fitting procedure for these cases
follow the method described in Young et al. (2008) and ref-
erences therein. Since only unrealistic differences in the atmo-
spheric modeling/fitting procedures would cause center shifts to

be larger than about 1 mas, the common parameter that should
be constant across independent analyses of these common oc-
cultations is the observed position of the star relative to Pluto at
a given time for a given site. These relative distances were ob-
tained from the best light curve fits available and, using the star
positions, converted in Pluto positions and then in ephemeris off-
sets, much in the same way as for all the other offsets.

From Table 8, a clear linear drift with time is seen for the
declination offsets. This drift must be taken into account in the
predictions, as the occultation shadow path over the Earth is
most sensitive to an ephemeris offset in declination. Thus, adopt-
ing the empirical relation offset = A ∗ (t − 2005.0) + B with off-
sets in mas and time in years, and fitting the 12 declination off-
sets listed in Table 8 (only averaged values were used for the
four common events), we find (A, B) = (+30.5 ± 4.3 mas yr−1,
−31.5 ± 11.3 mas), with an (O−C) standard deviation of
14.4 mas for the offsets. Figure 6 plots the (Δαcosδ, Δδ)
ephemerides offsets (DE418 and plu017) of Pluto against time
for the 2005−2008 studied occultations. The fitted linear drift
with time in declination is illustrated.

From Fig. 6 it can be seen that the ephemeris offsets in right
ascension are more dispersed than in declination. One might try
to explain it by the appealing scenario of an oscillation pattern
related to an error in Pluto′s heliocentric distance (geocentric
parallax error). However, contrary to declination, none of the at-
tempted models for this scenario could fit the offsets well below
the 50 mas standard deviation, particularly for the events in op-
position – even after introducing an empirical linear drift with
time in right ascension. This issue will be further addressed in
detail in a forthcoming paper (Vieira Martins et al., in prep). In
the present work, we have not applied offset corrections of any
kind to right ascension. This is here justified by the pragmatic
fact that the eventual presence of right ascension ephemeris off-
sets does not affect the geographic latitude of Pluto′s shadow
path over the Earth, except – and only marginally so – far from
opposition. Usually it will only cause a slight error in the pre-
dicted central instant of the occultation by a few minutes at most,
which from the observational point of view is usually easily ac-
commodated by extending the duration of the occultation run.
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Table 8. Pluto DE418 and plu017 ephemerides offsets with time.

Event Central Observed – Ephem. Note
instant Δαcosδ Δδ
years mas mas

2005 July 11 2005.5254 +35 −26 p
2006 April 10 2006.2731 −73 +00 p
2006 June 12 2006.4468 +63 +19 p
2006 June 12 2006.4468 +49 +15 1
2006 June 12 2006.4468 +56 +17 a

2007 March 18 2007.2100 −48 +30 p
2007 March 18 2007.2100 −46 +30 2
2007 March 18 2007.2100 −47 +30 a
2007 May 12 2007.3597 −38 +36 p
2007 June 09 2007.4371 −14 +53 p
2007 June 14 2007.4499 −49 +57 p
2007 July 31 2007.5799 +42 +64 p
2007 July 31 2007.5799 +42 +61 3
2007 July 31 2007.5799 +42 +62 a
2008 June 22 2008.4803 +37 +96 p
2008 June 24 2008.4758 +73 +63 p
2008 June 24 2008.4758 +73 +73 p

2008 August 25 2008.6494 +02 +53 p
2008 August 25 2008.6494 +04 +52 4
2008 August 25 2008.6494 +03 +52 a

Notes. DE418 and plu017 ephemerides offsets of Pluto with time.
Offsets marked “p” were determined from fittings of past occultations
in 2005−2008, taking as reference LNA-based star positions (Table 7)
derived for these events. Four extra offsets from four common events
were also independently measured (“1” = Young et al. 2008; “2” =
Young et al. 2007; “3” = Olkin et al., in prep.; “4” = Buie et al. 2009);
for these common occultations, averaged offsets with the correspond-
ing “p” values are marked “a”. The offsets are in the sense observed
minus ephemeris. For the 2006 April 10 event, no occultation occurred
(this was actually predicted), but the offset could be derived (at 20 mas
level) due to high resolution adaptative optics observations of Pluto
and the star made at the ESO-VLT 8 m Telescope UT4 (Yepun) at
Paranal Observatory, Chile, with the NACO instrument. The event of
2005 July 11 involved Charon, while the event of 2008 June 22 in-
volved both Pluto and Charon occulting the same star. In all other cases,
the events concern stellar occultations by Pluto alone. For the double
2008 June 22 event, only one ephemeris offset was considered for (α, δ),
as both Pluto/Charon occultations furnish identical values within 1 mas.
For the 2008 June 24 occultation by Pluto, two ephemeris offsets were
used from two possible solutions. There was only one cord observed
in Hawaii, but the event was near central with the two possible solu-
tions only 10 mas apart from each other in the perpendicular direction
of motion (mostly in declination).

7. Search procedure for candidate stars

The search procedure for candidate stars to be occulted by Pluto
and its satellites was based on the obtained star catalog described
in Sect. 5 and by using the ephemeris drift derived for declina-
tion in Sect. 6. All catalog star positions, corrected by proper mo-
tions, were crossed against the DE418 and plu017 ephemerides
of Pluto, Charon, Nix and Hydra, extracted in a per-minute basis
for the whole period between 2008 to 2015. The body′s decli-
nation ephemeris was offset according to the computed linear
drifts for each instant. If the distance between the star position
and the (offset-corrected) body ephemeris was less than a given
value, a potential occultation was found and all astrometric and
geometric data relevant to the possible event were computed and
stored.

For each candidate star, besides astrometric and photometric
data, the minimum apparent geocentric distance d, the central
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Fig. 6. DE418 and plu017 ephemerides offsets of Pluto in right as-
cension and in declination against time in the sense observed minus
ephemeris. Offsets were determined from fittings of past occultations
in 2005−2008, taking as reference LNA-based positions derived for
these stars (only averaged values were used for the four common events
listed in Table 8). The dotted line is the fitted linear drift in declination.
No ephemeris offset correction was attempted for right ascension. (See
discussion in the text of Sect. 6.)

Fig. 7. Geometric configuration of potential close approach. a and b are
the apparent geocentric distances in the plane of the sky between the
body and the star at arbitrary instants t1 and t2 before and after the clos-
est approach. D is the apparent geocentric distance between the body
geocentric ephemeris positions at t1 and t2 and d is the minimum ap-
parent geocentric distance at closest approach between the body and
the star.

instant of closest approach t0, the shadow velocity v across the
Earth, the position angle PA of the shadow path and local solar
time LS T at sub-planet point were computed and stored. These
geometric quantities were calculated as follows. Consider the
close approach scheme displayed in Fig. 7, where a and b are
the apparent geocentric distances in the plane of the sky between
the star S and the body at arbitrary instants t1 and t2 before and
after the closest approach. D is the apparent geocentric distance
between the body ephemeris positions at t1 and t2 and d is the
minimum apparent geocentric distance at closest approach be-
tween the body and the star. The minimum apparent geocentric
distance d is thus given by

d =

√
a2 −

(
a2 − b2 + D2

2D

)2

·

If t2 > t1, the central instant t0 (UTC) of the occultations is

t0 = t1 + (t2 − t1)

√
a2 − d2

D2
·
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The velocity v in km s−1 of the shadow across the Earth at a dis-
tance A(km) from the body is given by

v =
A sin(D)
(t2 − t1)

,

with t2 and t1 expressed in seconds. Positive/negative v means
prograde/retrograde velocities respectively, that is, Pluto′s geo-
centric right ascension is increasing/decreasing respectively.

From the (offset-corrected) body′s (RA, Dec) ephemeris and
from the star position at t0, one can easily calculate the position
angle PA of the shadow path across the Earth surface at central
instant t0. It is defined as the position angle of the body with
respect to the star at closest approach. PA is zero when the body
is north of the star and is counted clockwise.

The rough local solar time LS T at sub-planet point was com-
puted by

LS T = t0 + long = t0 + RA − MS TG,

were long is the east longitude of the sub-planet point, MS TG is
the Mean Sideral Time in Greenwich at t0 and RA is the right as-
cension of the body at closest approach. Note that LS T provides
a rough indication as to whether the event is mostly observable
during night time versus day time at the sub-planet point.

For the search we extracted ephemeris positions using 1 min
time intervals. After finding a potential occultation, however, we
took ephemeris positions at t1 and t2 about 1h apart from each
other, around t0. This precaution allowed for a significant change
in the coordinates, thus improving computation precision, partic-
ularly far from opposition and close to stationary configurations,
when the shadow velocity v is small.

8. Predictions of stellar occultations by Pluto
and its satellites

Following the procedure described in Sect. 7, candidate stars for
occultations by Pluto, Charon, Nix and Hydra were found. The
adopted search radius was 0.′′335 – about the apparent radius of
Pluto (50 mas) plus the apparent Earth radius (285 mas) as pro-
jected in the sky plane at 31 AU (Pluto-Earth distance for 2008–
2015). No predictions were discarded due to day light at sub-
planet point, as occultations could even so be visible right above
the horizon from places still in the dark near Earth terminator.
For each body, all relevant astrometric, photometric and geo-
metric information for each potential event found is available in
electronic form via anonymous ftp to cdsarc.u-strasbg.fr.
Table 9 lists a sample of predictions for Pluto. It contains the
date and instant of stellar occultation (UTC), the ICRS (J2000)
star coordinates at the event date, the closest apparent geocen-
tric distance between star and body, the position angle of the
shadow across the Earth (clockwise, zero at North), the velocity
in km s−1, the distance to the Earth (AU), longitude of the sub-
solar point, local solar time, DE418 and plu017 ephemerides
offsets in (RA, Dec) for the central instant, the catalog proper
motion and multiplicity flags, the estimated star catalog position
errors, the proper motions and the magnitudes R*, J*, H* and
K*. Magnitudes are normalized to a reference shadow velocity
of 20 km s−1 by

M∗ = M + 2.5 log10

(
v

20 km s−1

)
·

The value 20 km s−1 is typical of events around the Pluto oppo-
sition. Therefore M∗ may bring forward faint stars involved in

Fig. 8. Geometry of the 2008 June 22 event on Earth, based on recon-
structed, post-event paths. See details in the text.

slow events, thus allowing for longer integration time, and con-
sequently reasonably good signal-to-noise ratios (SNRs) with-
out loss of spatial resolution in diameter measurements and in
probing atmosphere altitudes in the light curves, in spite of the
faintness of the targets. Note however that Pluto′s important con-
tribution to the total recorded flux will the be an issue in those
situations, so that a case by case estimation of the SNR must be
conducted for those candidates.

Figure 8 illustrates the geometry of the 2008 June 22 event
on Earth, based on reconstructed, post-event paths (see predic-
tion information in Table 9). As predicted, it was actually a dou-
ble occultation of the same star by Pluto and Charon. The occul-
tations were visible in South Australia, Namibia and La Reunion
Island and were eventually recorded from five sites in Australia
and one site in La Reunion Island in the Indian Ocean.

Table 10 displays the total number of predicted events for
each body for the period 2008–2015.

9. Discussion

We presented predictions for stellar occultations by Pluto,
Charon, Nix and Hydra for 2008–2015 based on observations
made with the ESO2p2/WFI CCD mosaic. For this purpose, an
astrometric catalog of 2.24 M stars with proper motions was
derived encompassing the 2008–2015 sky path of Pluto within
30′ width. It is in the UCAC2 reference frame and has a mag-
nitude completeness about R = 18–19 with a limit around
R = 21. Its mean epoch is around 2007.75. The position er-
ror is about 25 mas for R = 12–17, ranging from 25 mas to
50 mas for R = 17–19 (Fig. 5). The entire astrometric cata-
log and the complete set of tables with stellar occultation pre-
dictions are available in electronic form via anonymous ftp to
cdsarc.u-strasbg.fr.

The astrometry of about 110GB of processed WFI images,
first for the FDP determination, then for the catalog, was made in
automatic fashion with speed and precision by PRAIA (Assafin
2006).

One aspect of the work was deriving FDPs for all CCDs in
the WFI mosaic. This allowed for the use of a simple linear
model to relate measurements and sky-plane projected catalog
reference positions, thus granting higher star/parameter ratios
and robust astrometric results. Let σe be the external standard
deviations of (Δ x, Δ y) offsets from the same bin, computed over
distinct FDPs from different runs, and σi the internal standard
deviations computed over bins within the same FDP. Figure 9
plots the count distribution of σe/σi ratios computed for FDPs
derived from September and October 2007, as well as from other
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Table 9. Sample from prediction tables for stellar occultations by Pluto.

Year m d h m s RA (ICRS) Dec C/A P/A v D R∗ J∗ H∗ K∗ λ LST Δeα Δeδ pm ct fg Eα Eδ μα μδ
h m s ◦ ′ ′′ mas ◦ km s−1 AU ◦ h:m mas mas mas mas mas mas

2008 06 22 19 10 11 17 58 33.0155 –17 02 38.344 185 176.12 –23.80 30.47 12.9 11.7 11.6 11.4 071 23:53 +00.0 +74.5 ok uc 0 40 14 −03 −04
2008 06 24 10 36 55 17 58 22.3931 –17 02 49.335 168 355.86 –23.74 30.47 16.3 12.8 11.9 11.7 197 23:46 +00.0 +74.6 ok 2m 0 24 21 +00 +01
2008 08 25 04 34 51 17 53 27.1046 –17 15 27.526 169 328.87 –08.39 31.06 14.9 11.1 10.1 09.8 226 19:38 +00.0 +79.8 ok 2m 0 58 12 −07 −12

Notes. Prediction tables list event date and instant (UTC), the ICRS (J2000) star coordinates at occultation, the closest apparent distance between
star and body (C/A), the position angle (P/A) of the shadow across the Earth (counter-clockwise, zero at South), the velocity in km s−1, the
distance (D) to the Earth (AU), R∗, J∗, H∗ and K∗ star magnitudes normalized to a reference shadow velocity (v) of 20 km s−1, longitude (λ) of the
sub-solar point, local solar time (LST), (Δeα, Δeδ) ephemeris offset correction to the DE418 and plu017 ephemerides in (RA, Dec) for the central
instant (see Sect. 6), catalog cross-identification (uc = UCAC2, 2m = 2MASS, fs = field star), proper motion existence and multiplicity flags (see
Sect. 4.4), estimated star catalog position errors (Eα, Eδ) and proper motions (μα, μδ). Positive/negative v means prograde/retrograde velocities
respectively, that is, Pluto′s geocentric right ascension is increasing/decreasing respectively. The complete table set of 2008−2015 predictions for
Pluto, Charon, Hydra and Nix is available in electronic form at the CDS.

Table 10. Predictions for Pluto and its satellites for 2008–2015.

2008 2009 2010 2011 2012 2013 2014 2015
Pluto 148 26 184 239 333 90 71 106

Charon 147 27 195 238 325 88 77 104
Hydra 146 24 185 257 335 88 59 121

Nix 156 22 202 276 345 101 78 101

Notes. Number of predicted events per year for each body.
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Fig. 9. Count distribution of σe/σe ratios. σe is the standard deviation
of (Δx, Δy) offsets of the same bin computed over distinct FDPs from
different runs. σi is computed over bins within the same FDP. As dis-
tribution peaks at 0.75, we conclude that FDPs are stable at least within
50 mas over distinct runs, independent of WFI maintenance.

telescope runs during 2007 and 2008, with detector maintenance
in between. Because σi is of the order of UCAC2 position mean
errors and because the distribution peaks at ratio = 0.75, we
conclude that the derived FDPs are representative of the WFI
distortions within at least about 50 mas for any run made at
the ESO2p2/WFI – even after WFI maintenance. This means
that the derived FDPs may be promptly used for WFI astrom-
etry at the 50 mas level. The WFI FDP offsets obtained from
the September and October 2007 runs are available by request
to the author. But for better astrometric results like in this work
dedicated FDP observations for each run are recommended, fol-
lowed by the relatively simple astrometric procedures described
in Sect. 4. In all, our method follows a different approach than
that described in Anderson et al. (2006) and references therein
for the astrometry of WFI mosaics.

Computation of new stellar proper motions using the
2MASS and USNO B1.0 as first epoch also enhanced the ob-
tained catalog positions. For faint stars in particular, comput-
ing of proper motions instead of the direct use of USNO B1.0
own proper motions avoids the zero point issue warned by the
authors (Monet et al. 2003). The computed proper motions not
only improved the predictions of upcoming events, but also the
astrometric prediction and follow-up feasibility of events more
distant in the future.

In all, the obtained astrometric catalog represented an im-
provement over predictions based on GSC2.3, USNO B1.0 or
UCAC2 positions. In comparison, stars fainter than about R = 12
were better imaged with the ESO2p2/WFI (see Figs. 3 and 5).
Also, as the sky path was covered by overlapping 30′ size CCD
mosaics, we have overcome the problem of position zero-point
errors inherent to predictions based on single catalog positions
or originated from CCD observations with small FOV.

Note that we have not applied any UCAC2 to ICRS correc-
tions to the derived catalog of star positions. Contrary to the
UCAC2-based star positions derived from the astrometric LNA
follow-up program between 2005–2008, which were used to
compute ephemeris offsets (see Sect. 6), here we have preserved
the original star positions obtained in the catalog. We give free-
dom to the user to decide what corrections should be applied,
if any. Once a correction is established, it can be applied to the
positions in the star catalog or can alternatively directly enter as
a shift in the occultation shadow paths predicted here. UCAC2
to ICRS corrections can be computed from the comparison of
optical versus VLBI positions of selected ICRF quasars nearby
the sky path of Pluto along the years. The corrections described
in Sect. 6 are only valid for UCAC2-based star positions around
about 10 degrees from 2006.5 Pluto′s coordinates, in which case
they were Δα cos δ = −12 ± 8 mas and Δδ = −5 ± 7 mas. Until
2015, Pluto will have moved by more than 15 degrees in the sky,
so that new ICRF quasars need to be selected and new correc-
tions evaluated. This problem will be addressed in future releases
of the produced star catalog, including the possible use of future
improved versions of the UCAC catalog itself (UCAC3, etc.) as
a reference frame in the astrometry of the WFI mosaics.

A number of stellar occultations between 2005–2008 were
correctly predicted and successfully observed as predicted for
stars between 13 < R < 16 (see Table 7), based on CCD ob-
servations made at LNA telescopes in Brazil. From these past
occultations successfully recorded and fitted, a linear drift with
time in declination for Pluto′s ephemerides (DE418 and plu017)
could be determined (see Table 8 and Fig. 6). This drift was taken
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into account to correctly describe the sky path of Pluto and its
satellites and was an important step in our star candidate search.

On the other hand, no ephemeris correction was applied for
right ascension. Although an oscillation pattern related to an er-
ror in Pluto′s heliocentric distance (geocentric parallax error)
cannot be ruled out, none of the attempted models for this sce-
nario could fit the more dispersed right ascension ephemeris off-
sets derived from the studied occultations, at least not well be-
low 50 mas (in the case of declination, a standard deviation of
only 14.4 mas was achieved after the linear fitting). The phe-
nomenon deserves further investigation, but from a pragmatic
point of view it is of secondary importance to predictions, be-
cause right ascension ephemeris offsets do not affect the geo-
graphic latitude of the occultation shadow path over the Earth
and will only cause a marginal error in the predicted central in-
stant of the event by just a few minutes at most, and even so
only when far from opposition. Note that if a geocentric paral-
lax error is present, a cyclic declination drift should also be ex-
pected, but with amplitudes about five times smaller than those
of right ascension in the present orbit configuration. If we take
right ascension offset amplitudes of about 70 mas (extreme pos-
itive/negative values far from opposition in Table 8), declination
amplitudes would be about 15 mas, which is on the order of star
position errors. So, although we cannot rule out a small cyclic
drift in declination, it could not be (and was not) seen in our
data.

No threshold in R magnitude was established in the search
for candidates. Pluto is crossing interestellar clouds, so relatively
faint R objects may turn out to be bright infrared stars, perfect
targets for the SOFIA observatory (Gehrz et al. 2009) and for
ground-based instruments well equipped with H, J or K band
detectors (H, J and K magnitudes are promptly available in the
catalog if the star belongs to the 2MASS). Besides, events may
be also favored by slow shadow speeds of less than 20 km s−1.
Also, no constraints on a geographic place were applied, as in
principle SOFIA observations can be done from any sub-solar
point on Earth. Even so, finding charts are also made available
for events visible at regions well covered by instruments such as
in North and South America, Europe, South Africa, Australia,
Japan and Hawaii (see comment on web page reports below).
Events in daylight at sub-planet point were not excluded either,
as they could yet be observable in the dark, right above the hori-
zon, from places near the Earth terminator.

All through the paper, we did not distinguish between past
and future predictions, publishing all found occultations for
the sky path covered (or to be covered) by Pluto between
2008–2015. The importance of predictions for occultations still
to come is obvious. But the predictions of past occultations are
also useful for at least three reasons. First, they can be used by
anyone as reference for ongoing fittings of light curves of recent
past observed events. Second, they serve to derive ephemeris
drifts by comparing expected and observed central instants and
C/A values. Finally, they can be used as an external check for
the accuracy and precision of our WFI predictions.

In this way we compared star positions WFI-based (Table 9)
and LNA-based (Table 7) for three past, common predictions
for Pluto stellar occultations occurred in 2008. The star position
differences - and thus, the predictions - agree very well within
the expected WFI-based star catalog position error estimates.
Table 11 displays this comparison.

Table 12 displays a direct comparison between prediction
(WFI-based) and actually observed (fit to data) occultation cen-
tral instants and C/A values for the same three occultations.
Here, we note that this comparison results from a somewhat

Table 11. Comparison between WFI-based and LNA-based old predic-
tions: star positions.

LNA – WFI WFI stars
Δαcosδ Δδ Eα Eδ Mag.

Occultation mas mas mas mas R
2008 June 22 −11 +03 40 15 12.9
2008 June 24 +14 −11 24 21 16.3

2008 August 25 −08 −15 58 13 14.9

Notes. Comparison between star positions from WFI-based (Table 9)
and LNA-based (Table 7) past predictions for Pluto stellar occultations
occurred in 2008. The position differences agree very well within the
expected WFI-based star catalog position error estimates.

circular reasoning, as the predictions are based on a linear ex-
trapolation of Pluto′s declination offset with time, which in turn
included the occultation data of 22, 24 June and 25 August
2008. The differences in C/A shown in Table 12 are consistent
with the standard deviation of the linear fit to Pluto′s declina-
tion offset, 14.4 mas. This is expected if our model for Pluto′s
ephemeris drift is correct, i.e. a smooth linear trend with time.
This 14.4 mas standard deviation should then reflect the typical
accuracy of the star positions. Indeed, the announced errors on
the 22, 24 June and 25 August 2008 stars (Table 7) are consistent
with that value. The same comments apply for Table 8.

In a general sense, assuming a bulk error of 30 mas for C/A
from the estimated errors of the WFI catalog star positions and
from the errors of the derived ephemeris offsets, we can state that
the shadow path uncertainties over Earth are on the order of less
than 800 km for the WFI occultation predictions.

Concerning Nix and Hydra stellar occultation predictions,
our paper shows that accuracies of 15–20 mas (approx. 300–
450 km) can eventually be reached for the star position. But
their diameters are approx. 70–100 km only. So, typical prob-
abilities of success of about 15–30% at best can be expected,
which is quite good for these small far away bodies. The best ref-
erence concerning Pluto’s satellites ephemeris accuracy is prob-
ably Tholen et al. (2008) (hereafter T08). Table 4 of T08 gives
the uncertainties associated with each orbital element, and their
Fig. 5 gives the sky-plane positional uncertainties vs. time for
Nix and Hydra, from 1980 to 2020. For 2010–2015, they amount
to about 10–15 mas or 220–330 km. This is comparable to or a
bit smaller than the star position errors we can reach. Thus, this
reduces the probability of success quoted before of 15–30%, to
about 10–25%. This is not as high as hoped, but not despairingly
small, especially if the event occurs above a dense, populated
region in terms of astronomers, including amateurs.

For Charon, T08 gives an uncertainty of eP = 0.000007 days
for the orbital period P = 6.4 days around Pluto. If we prop-
agate this error over the 2008–2015 time span, or approx. t =
2500 days, this yields an error in longitude of eL = eP * t /
P = 0.15 degrees, or 50 km along orbital motion, which is then
negligible. Thus, for Charon, the important factor in predictions
is still the systematic errors (ephemeris offsets) in the orbital mo-
tion of Pluto around the Sun.

Continuous observation of Pluto and candidate stars are rec-
ommended, and this effort is now facilitated by the produced
catalog. Astrometric follow-up is important in predictions due
to the need for position refinements, and we hope that this task
has been made easier now with the availability of the generated
star catalog. Even astrometry with the use of modest FOV obser-
vations becomes feasible, as the zero-point error of our catalog
is rather small and its magnitude completeness is about R = 18–
19. Once new occultations are successfully recorded and ana-
lyzed, one can further improve the accuracy of Pluto′s ephemeris
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Table 12. Comparison between WFI-based and actual observed occultations: central instants and C/As.

Predictions (Table 9) Actually observed (fit to data) Prediction minus observed
Central instant C/A Central instant C/A Central instant C/A

Occultation h m s mas h m s mas s mas
2008 June 22 19 10 11 185 19 10 58 171 −47 +14
2008 June 24 10 36 55 168 10 37 50 166 −55 +02

2008 August 25 04 34 51 169 04 35 01 154 −10 +15

Notes. Comparison between central instants and C/As from WFI-based (Table 9) and actual observations (fit to data) for the same three past stellar
occultations referred to in Table 11.

offsets, allowing for a continuous fine tunning in the predictions.
Besides, the photometric information contained in the catalog
may be also useful in the observational preparation for the oc-
cultation itself.

We remark that updates on the ephemeris offsets or on can-
didate star positions can be easily taken into account for upgrad-
ing the geometric conditions of the predicted events. Updated
reports and finding charts are made available in a continuous
basis by the group at http://www.lesia.obspm.fr/perso/
bruno-sicardy/.

We also emphasize the importance of predictions for stellar
occultation by TNOs in general. Astrometry of candidate stars
and determination of ephemeris offsets are urgently needed for
these objects. Efforts are made right now in this direction by a
similar observational program carried out by our group at the
ESO2p2/WFI. Among other similar projects conducted by other
active groups in the U.S.A., this effort merges with a long term
international campaign coordinated by the Observatoire de Paris
for this purpose.
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