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ABSTRACT

Context. The photometry of mutual occultations and eclipses of natural planetary satellites can be used to infer very accurate astrometric data.
This can be achieved by processing the light curves of the satellites observed during international campaigns of photometric observations of these
mutual events.

Aims. This work focuses on processing the complete database of photometric observations of the mutual occultations and eclipses of the Saturnian
satellites made during the international campaign in 2009. The final goal is to derive new accurate astrometric data.

Methods. We develop an accurate photometric model of mutual event observations of sufficiently high accuracy. Our original method is applied
to derive astrometric data from photometric observations of the mutual occultations and eclipses of the Saturnian satellites.

Results. We process the 26 light curves obtained during the international campaign of photometric observations of the Saturnian satellites in 2009.
Compared with the theory TASS 1.7 by Vienne and Duriez, we find that the root mean square of the “O-C” residuals for the 23 highest quality
observations are equal to 48.5 and 21.7 mas in right ascension and declination, respectively, we obtain 16.4 and 20.7 mas with the new theory by
Lainey and collaborators and 17.3 and 21.6 mas with JPL SAT351 ephemerides. Topocentric or heliocentric angular differences for satellites pairs

are obtained for 16 time instants during the time period from December 19, 2008 to July 16, 2009.

Key words. planets and satellites: dynamical evolution and stability — occultations — catalogs — astrometry

1. Introduction

Photometric observations of the mutual occultations and eclipses
of natural satellites of planets are an invaluable source of astro-
metric data. Mutual events involving the Saturnian satellites are
rare and difficult to obtain but their astrometric accuracy ensure
that they provide useful data to complement direct ground-based
CCD imaging and data acquired by space probes.

2. The mutual events

The Earth and the Sun traverse the equatorial plane of Saturn ev-
ery 15 years. The Saturnicentric declinations of the Earth and the
Sun then become zero and, since the orbital plane of the satellites
is close to the equatorial plane of Saturn, the satellites occult and
eclipse each other.

The 2009 period was not particularly favorable because the
equatorial plane crossing occurred during the conjunction of
Saturn and the Sun.

Arlot & Thuillot (2008) compiled predictions of all 2009
events using the TASS and D93 ephemerides based upon the
studies of Vienne (1995) and Dourneau (1993) for the motion
of the Saturnian satellites. We computed 441 mutual events, al-
though only 123 were easily observable. Before 2009, several

* Light curves are available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg. fr/viz-bin/qcat?]/A+A/544/A29

Article published by EDP Sciences

Table 1. Observations made during the observational campaigns.

Occurrences 1980 1995 2009
Number of observations 14 66 33

observational campaigns were completed during previous oc-
currences (Thuillot et al. 2001; Aksnes et al. 1984). Table 1
presents the results derived for each campaign until the present
one. Our goal was to observe as many events as possible. Two
separate events were at least desirable to eliminate any biases in
the present observations.

Since no thick atmosphere surrounds any of the Saturnian
satellites, the photometric observations of these phenomena are
extremely accurate for astrometric purposes. The results pre-
viously obtained after similar observations of the Saturnian
satellites, demonstrated that high astrometric accuracy could be
achieved: an accuracy of higher than 30 mas was expected.

This allows us to provide the data necessary to improve the
theoretical models of the orbital motions and determine the ac-
celerations in the dynamics of the Saturnian satellites.

3. The PHESAT09 campaign

We coordinated an international PHESATO09 campaign to mono-
tor a significant number of events. These events occur in a short
period of time, so numerous observers located at several sites
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Table 2. Receptors used for the observations.

Code as

given in Description

the tables

CCDO camera Thomson THX 7863 384 x 288
CCD1 camera SBIG ST-8

CCD2 Video Watec 120N at 8 framestack
CCD3 Atik 16HR

CCD4 Video Watec 120N 25 frames/s

CCD5 SBIG STL1301-E

CCD6 SBIG ST8-XME

CCD7 TV camera PAL

CCD8 TV camera Mintron 12V6HC-EX
CCD9 TV camera Watec 120N at 16 framestack
CCD10 CCD SBIG STL-1001E

CCD11 CCD PixelVision Viena 1024x1024
CCD12 CCD DW436 2048x2048

CCD13 CCD S800 with methane filter

CCD14 CCD 301 with I filter

CCD15 Andicam with Y filter (IR)

were necessary to both help avoid meteorological problems and
observe different events from different longitudes. However, ob-
servations were more difficult than with the Galilean satellites,
which represent similar events: the bright ring of Saturn prevents
us from observing the events close to the planet.

3.1. Receptors

When observing mutual events, only relative photometry can
generally be performed. This is because the elevation of Saturn
above the horizon may be small, the air mass is often too high,
and absolute photometry then becomes impossible. Telescopes
were equipped with the receptors listed in Table 2.

3.2. Sites of observation

Coordinated by the IMCCE, this campaign involved the differ-
ent locations given in Table 3. This table gives the names, lon-
gitudes, latitudes, and elevations of the observational sites and
the telescopes used (L means refractor and T means reflector,
followed by the aperture in cm).

4. The observed lightcurves
4.1. The reduction procedure

Light curves were deduced from photometric measurements per-
formed with CCD cameras.

For observations completed with television (TV) cameras
with CCD detectors, the signal was digitized with digitizing
boards. The light curves were also obtained for most of them by
aperture photometry and for others by fitting a Gaussian profile
to the images. Two-dimensional observations generally allow us
to calibrate the signal from a particular satellite to that from a
nearby satellite as photometric reference and eventually to ac-
quire data under difficult conditions such as twilight and light
clouds (see for example Arlot & Stavinschi 2007).

4.2. The photometric data

Table 4 provides the list of the observed events, including some
that are not analyzed in the next sections. Filters and receptors
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are given. We note that filter L means Large i.e. R+V+B,
whereas C means clear i.e. no filter. In the latter case, the wave-
lengths recorded are centered on the sensitivity of the receptor.
In most cases, the CCD used for the observations has a sensitiv-
ity centered on R.

Our light curves are available from NSDC server! as ASCII
files, including for each observed photometric point, the date
in UTC, and the corresponding recorded light flux. Plots are also
provided. The satellites, the flux of which is recorded, are listed
in the last column of the table. In the next section, we extract the
astrometric data from the light curves.

5. Extracting astrometric data from
the photometry of mutual events.
General assumptions

We use our original method to derive positional and astromet-
ric data from the measurements of satellite fluxes during their
mutual occultations and eclipses. The principal idea behind the
method is to model the deviation of the observed relative satel-
lite motion from the theoretical motion provided by the relevant
ephemeris rather than analyze the apparent relative motion of
one satellite with respect to the other.

The measured flux E during an event at a given time ¢ can be
expressed by

E(1) = K S(X(0), Y(1)),

where X(¢) and Y(7) are the projections of the differences of plan-
etocentric cartesian coordinates of the two satellites onto the tan-
gent plane of the event. The function S (x, y) describes a model
of the phenomenon. It is assumed that S (x,y) = 1 outside each
event. The parameter K is a scale factor for the light drop during
the event, equivalent to the total flux outside the event.

Given appropriate theories of the motion of planets and
satellites, one can compute the theoretical values of func-
tions X(1), Y(1), i.e., X (t), Y (¢) for the time ;i = 1,2, ....m) of
each photometric measurement, where m is the number of pho-
tometric counts during a single event. The real values of X(#;)
and Y (z;) differ from Xy, (#) and Y (f) by corrections Dy, D,,. Our
method consists of solving conditional equations

Ei(t) = K S(Xq(t) + Dy, Yu(t;)) + D) (i=1,2,...m) (1)

for parameters D,, D,, and K where E; is the photometry
recorded at time #;. We linearize conditional equations with re-
spect to parameters D,, D, and then solve them using the least
squares method.

The function S (x, y) is calculated as an integral of the flux
detected by each point of the satellite detector over the hemi-
sphere facing the Earth. For each point, we consider wavelength-
dependent reflective properties of the satellites, various laws of
light scattering by a rough surface, a variation in the reflective
properties over the satellite surface, wavelength-dependent so-
lar limb-darkening. We also consider the wavelength-dependent
sensitivity of the detector.

We refer to Emelyanov (2000, 2003) and Emelyanov &
Gilbert (2006) for a more detailed description of the method,
which we previously used in our work (Emelyanov 2009).

! ftp://ftp.imcce. fr/pub/NSDC/saturn/raw_data/
phenomena/mutual /2009
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Table 3. Sites of observation for the PHESAT09 campaign.

Longitude Latitude Elevation

Sites Code Tel. Rec. e e m

Ellinogermaniki Agogi School Obs. (Greece) ATH T 40 CCD3 235335E  375952N 165
Canberra (Australia) KAM T35 CCD2 1490348 E 352349S 582
Bordeaux (France) BDX T60 CCDI2 03136 W 44 50 06 N 73

Darfield (New Zealand) DAR T25 CCD7 1720624 E 432853 S 210
Itajuba (Brazil) IT1 T 160 CCDI3 45350 W 223206 S 1870
Ttajuba (Brazil) 1T2 T60 CCDl14 45350 W 223206 S 1870
CTIO, Cerro Tololo (Chile) LAS TI100 CCDI5S 704853 W 300955S 2200
Meudon (France) MEU T 100 CCD2 21354E 4848 18 N 162
Monterrey (Mexico) MTR T35 CCD5 1002046 W 253723 N 689
Montigny-le-Bretonneux (France) MON T28 CCD6 20052E 484554 N 168
Pic du Midi (France) PIC T100 CCDO 008 34E 4256 11N 2850
Pulkovo-Kislovodsk (Russia) GAS TS50 CCDIO0O 424004E 434452N 2070
Sabadell (Spain) SAB TS50 CCDl1 20529E 4133 04N 224
Sabadell (Spain) SAM TS50 CCD8 20529E 4133 04N 224
San Esteve Sesrovires (Spain) SCH T 40 CCD8 15222 E 412940 N 170
Sydney (Australia) SYD T20 CCD9 1503834 E 333937S 271
Terskol (Russia) TER T60 CCDII 423003 E 431636N 3100
Umatilla (Oregon, USA) UMA T30 CCD2 1191746 W 455520N 130
Yunnan Obs. (China) YUN T60 CCDI2 1024715E 250145N 1940

6. Adopted photometric model of the satellites

Information about the photometric properties of satellites is nec-
essary to obtain more accurate astrometric results from the avail-
able observations. We need mainly the disk-resolved albedo as
a function of the solar phase angle « in the range of one to six
degrees and imaging in the V and R band, as well as information
about the scattering properties of the satellite surface.

An extensive analysis of the properties of the Saturnian
icy satellites Rhea, Dione, Tethys, Mimas, and Enceladus is
performed in Pitman et al. (2010), using the observations
of these bodies provided by Cassini space probe. The disk-
integrated photometric parameters are provided in the IR bands
(0.90-3.60 um) and for the solar phase angles in the entire range
up to 180 degrees. Only for Rhea and Dione do we find that some
polynomials provide the closest possible fit to the phase curve
for all @ and wavelengths given. Owing to the wide range of «
allowed, we cannot expect a good presentation of the satellite
albedo for the range of one to six degrees.

Voyager disk-resolved photometry of the Saturnian satel-
lites is presented in the papers (Buratti 1984; Buratti & Veverka
1984). The scattering properties of the satellites surfaces are
obtained by extracting photometric scans across their disks.
Scans along the photometric equators at the phase angles of 17,
13, 10, 7 and 5 degrees for Mimas, Enceladus, Tethys, Dione,
and Rhea are accordingly provided in Buratti (1984). Mimas,
Enceladus, and Tethys show a non-lunarlike photometric func-
tion with significant limb darkening. Therefore, a combined pho-
tometric function of

Ho

I/F).=A
e M+ Ho

Sla)+ (1 = Ao (2)

is proposed in this paper. In this function, gy and u are the
cosines of the incident and emission angles, and f(«) is the sur-
face phase function, which expresses changes in intensity due
to factors such as the single particle phase function and mu-
tual shadowing among regolith particles. Two terms in Eq. (2)
represent photometric functions corresponding to two different
properties of satellite surface and parameter A gives the relation
between them.

The best-fit photometric function for different areas of the
satellites is shown in the papers (Buratti 1984; Buratti & Veverka
1984), where the values of A are determined. Unfortunately, no
analytic representation for f(«) is given. The only values of f(0)
with corresponding values of A are shown in Fig. 13 of (Buratti
1984). These values are also given in Table 5 below.

We note that in (Buratti 1984) the surface phase func-
tion f(a) can be found from the disk-integrated phase effect
®(«) using the equations

(o)
fl@) = (a)lf 61’ 3)
L2 AfO)
p—3(1 A) > 4
q= gl(1 —A)[sina + (r — @) cos a],
3n
D:I@(l—sin%tanglncot%)

which follows from the integration of the photometric function
in Eq. (2) over the satellite hemisphere facing the Earth.
The disk-integrated phase function ®(«) is defined by

@

D(a) = FO)’

where F () is the light flux from the satellite.

Disk-integrated phase curves were constructed for each of
the satellites using Voyager clear-filter data (Buratti & Veverka
1984). These phase curves can be fitted adequately by a
quadratic polynomial of the form
®(a) = 1 + Ba + Ca’. 5)
The values of B and C are given in (Buratti & Veverka 1984) but
cannot be used in our application, which are determined over
the observed range of phase angles of 2—-68 degrees for Rhea
and 7—133 degrees for other satellites.

We note that the geometric albedo p at @ = 0 of an ob-

ject whose surface scatters light according to Eq. (2) is given
by Eq. (4).
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Table 4. List of the photometric observations.

UTC Type Site
Date of of Sat.
year m. day event observation Filter flux
2008 12 19 405 ATH CCD3  Bessel I 4-5
405 SAB CCD1  Bessel R 4-5
405 SAM CCD8 Bessel R 4-5
405 TER CCD11 C 4-5
2008 1222 203 SYD CCD9 L 2-3
2008 12 24 302 ATH CCD3  Besselll  2-3
302 MON CCD6 L 2-3
302 SAM CCD8 L 2-3
302 SCH CCDS8 L 2-3
302 BOR CCD12 C 2-3
302 MEU CCD2 L 2-3
2009 01 07 102 PIC CCDO L 1-2-3
2009 01 08 302 BOR CCDI12 C 3-2
302 SCH CCD8 L 32
302 1T2 CCD14 I 3-2
2009 01 22 2e3 MTR CCD5 R 1-2-3
2009 01 27 103 YUN CCDI12 R 1-3
2009 02 02 le3 MTR CCD5 R 1-3
le3 1T2 CCD14 I 1-3
le3 LAS CCD15 Y 1-3
2009 02 04 le3 GAS CCD10 C 1-3
2009 02 06 203 MTR CCD5 R 2-3
2009 03 23 le2 LAS CCD15 Y 1-3
2009 05 06 3e2 KAM CCD2 C 2-3
2009 06 20 2e3 IT1 CCD13  methane  2-3
2e3 1T2 CCD14 R 2-3
2009 07 01 4e5 DAR CCD7 C 4-5
2009 07 02 3e4 UMA CCD2 C 3-4-5
2009 07 07 3e4 ATH CCD3 \% 3-4
2009 07 14 4e5 IT1 CCDI13  methane 1-3
2009 07 16 2e3 IT1 CCD13  methane 1-3
2009 07 19 4el LAS CCDI5 Y 1-3
2009 08 08 5e3 IT1 CCD13  methane  5-3

The phase effect in ground-based photometric observations
is usually described by the equation

Mobs = Mopp + pa,

where mgp is the observed magnitude of satellite, np, is the
opposition magnitude, and 3 is the phase coefficient measured
in magnitudes/degree. With the phase coefficient 3, the disk-
integrated phase function (@) can be expressed by

O(a) = 10704, (6)
Buratti & Veverka (1984) published the geometric albedo of five
Saturnian satellites obtained from Voyager observations in the
clear filter and reduced to @ = 0. These values designated by py
are given in Table 5.

Results of the ground-based photometry of the Saturnian
satellites are published in (Buratti et al. 1998). We derive the
geometric albedo p; reduced to @« = 0 and the phase coeffi-
cient S from near-infrared (0.9 um) photometric observations.
These values are also given in Tables 5 and 6.

Using the photometric function (2) and the values of A and
f(0) from (Buratti 1984), we calculate the appropriate geometric
albedo of satellites p reduced to @ = 0, whose values are given
in Table 5. As can be seen in Table 5, the geometric albedo p
differs from py and p; for all five satellites.

The rotational lightcurve in astronomical magnitudes is de-
rived for each satellite from ground-based photometry of the
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Saturnian satellites in (Buratti et al. 1998). The data were fit to
the two-parameter equation

Ag
Ampg = ey cos(0 — 6p),

where 6 is the planetographic longitude of the target center as
seen by the observer (with the synchronous rotation of the satel-
lite 6 = 0 and = 90° correspond to the upper conjunction and
Eastern elongation, respectively), and Ag and 6, are parameters.
Similar studies are presented in (Kulyk 2008). We take the pa-
rameters Ag and 6y from (Buratti et al. 1998) for Mimas and
from (Kulyk 2008) for other satellites. For these parameters, we
refer to Table 6.

In our method for deriving astrometric results, we take the
values of A and f(0) from (Buratti 1984) to determine an ap-
propriate relation between the two terms in Eq. (2). We take the
phase coefficient 8 from (Buratti et al. 1984) and define the disk-
integrated phase function ®(a) with Eq. (6). We then use the
Eq. (3) to define the disk-resolved phase function f(@). Finally,
we adopt the photometric function

(I/F)=Ng K, (I/F).,
where

NR — 10—0.4AmR, Kp — %,
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Table 5. Albedo values from different sources (py from Buratti &
Veverka 1984, p, from Buratti et al. 1998).

Satellite A 1) p pv 124

S1 Mimas 0.7 I.1 058 0.77 0.72
S2 Enceladus 04 24 0.880 1.04 1.04
S3 Tethys 0.7 145 0.707 080 0.83
S4 Dione 1.0 1.0 0500 0.55 0.625
S5 Rhea 095 1.1 0556 0.65 0.705

Table 6. Adopted values of the phase coefficient S and the parame-
ters Ag, 6 (in degrees) of the rotational lightcurves of satellites.

Satellite B Ag 6o
S1 Mimas 0.021 0.100 270
S2 Enceladus  0.017  0.060 270
S3 Thetys 0.016 0.070 90
S4 Dione 0.023 0.364 103
S5 Rhea 0.024 0.210 100

and (I/F). is defined by Eq. (2). Thus, the rotational variations
in the light flux from the satellite is taken into consideration with
the coeflicient Ng, and the coeflicient K, reduces the photomet-
ric function to the albedo p;. We choose the albedo p; as the
most appropriate values determined from the ground-based pho-
tometry at the wavelength 0.9 um. Most of the photometric ob-
servations of the mutual events of satellites are performed with R
or [ filters. We disregard the wavelength dependence of the re-
flective properties of the satellites as it is insignificant for the
Saturnian satellites from Mimas to Rhea and determined with
low precision.

The astrometric reduction of lightcurves observed during the
PHESATO95 campaign of Saturnian satellites was performed by
Noyelles et al. (2003). The method developed and applied in this
paper is based on the Aksnes calculation (Aksnes & Franklin
1976). Modeling mutual events was made using the photomet-
ric model of the Saturnian satellites based on the results of
Buratti (1984) and Buratti et al. (1984). Noyelles et al. (2003)
adopt an interpretation of these results given by Devyatkin
and Miroshnichenko (2001). In both papers, the photometric
function given in Eq. (2) is taken into account. Unfortunately,
Devyatkin and Miroshnichenko (2001) adopt the expression
f(@) = A + Ba + Ca? for the disk-resolved phase function f(a)
with the cofficients B and C given in (Buratti & Veverka 1984)
not for the disk-resolved phase function but the disk-integrated
one given in Eq. (5). This expression contradicts the formula in
Eq. (3) of Buratti (1984). Noyelles et al. (2003) erroneously re-
place this expression by f(a) = f(0) + Ba + Ca?, which also
contradicts the results of Buratti (1984).

7. Astrometric parameters

In addition to cartesian coordinates X, Y, one can also consider
angular coordinates X"’ and Y”” defined by the equations

X"(t") = Aacosd,, Y'(t") =AS,
Ao =a,—a,, A6=06,-0,,

where «a,, 0, are the right ascension and declination of occulting
or eclipsing satellite, @, §,, are the corresponding coordinates of
the occulted or eclipsed satellite. In the cases of mutual eclipses,
these coordinates are heliocentric.

Precise relationships between X", Y”” and X, Y can be found
in Emelyanov (1999). Given the topocentric or heliocentric dis-
tances R of the satellites, one can compute X", Y” from X, Y
using approximate relations

tanX” = X/R, tanY” = Y/R,

which are accurate for the considered observations to 0.00001
arcsecond.

In a similar way, we designate by DY, D,/ the angular values
corresponding to the corrections Dy, D,,.

After the solution of the Eqgs. (1), the astrometric result of
the observation is derived as the corrected relative position of
satellites X" (¢*) = X/ (") + D/, Y"(¢*) = Y () + D}/, together
with the associated time instant #* inside the time interval of the
event. Although this is not mandatory, we assume that r* is the

time instant when VX2 + Y2 takes its minimum value, i.e., t* is
the time of the closest apparent approach of the satellites.

The errors o, and o, in the parameters D/, D_,;’ estimated
via the least squares method can then be interpreted as internal
errors in the astrometric results following from the random errors
in the photometry.

We apply the theory TASS 1.7 of the main Saturnian satel-
lites (Vienne & Duriez 1995; Duriez & Vienne 1997) to compute
the theoretical values of Xy,(7) and Yy, (¢). The derived values of
DY and Dy are the residuals (O-C) with respect to the applied
theory of satellite motion.

8. Fitting the dynamical model: the NOE solution

The IMCCE ephemeris NOE-6-2011-MAIN was produced from
the numerical integration of the orbital motion of the eight main
Saturnian moons (Lainey et al. 2012). This model includes es-
sentially the mutual perturbations of each moon, the gravity field
of the primary up to order six, the Solar and Jovian perturbations,
as well as tidal effects between each moon and their primary (see
Lainey et al. 2012 for a full description of the numerical model-
ing). Astrometric observations covering the years [1886, 2009]
including the present data are considered when fitting the numer-
ical model. The internal accuracy of the integration is expected
to be on the order of a few hundreds of meters. The expected
accuracy of this ephemeris is highly dependent on the satellite
and epoch of concern. Over the whole covered period, it is es-
timated to be about 600 km for the six innermost moons, and
1,800 km for Hyperion and Iapetus. This ephemeris is available
under SPICE format and can be downloaded from the IMCCE
FTP server’.

9. Derived astrometric results

This section presents the astrometric results obtained from
the observations of the satellites during their mutual eclipses
and occultations in 2009. From all available data, two coordi-
nates X" (t*), Y"'(¢*) for each event are successfully determined.
Every final astrometric result of the observation of a single mu-
tual phenomenon at a given observatory consists of the following
fields: date, the type of the phenomenon (eclipse or occultation)
including the satellite numbers, observatory code, the time in-
stant t* in the UTC scale, X" (¢*), Y"(t"), o, 0y, D and D;’.
The type of phenomenon is coded as n,on, or nsen, for a mu-
tual occultation or eclipse, respectively, where n, is the number
of the occulting or eclipsing satellite and 7, is the number of
either the occulted or eclipsed satellite. We give the results in

2 ftp://ftp.imcce. fr/pub/ephem/satel /NOE/SATURNE/
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Table 7. Residuals DY, D/ (O-C) with respect to the applied theory TASS 1.7, with respect to the theory by Lainey (2011), and with respect to

the ephemerides SAT351 of JPL find by HORIZONS web-interface.

Date Obs Time () TASS 1.7 Lainey (2011)  JPL (SAT351)
year, Type code UTC DY Dy Dy Dy Dy Dy 0
m., day h,m,s mas mas mas mas

2008 1219 405 ATH 2111392 0.6 =35 -0.6 7.7 -8.3 11.1 0
20081219 405 SAB 2111588 2.6 -16.7 14 54 -60 21 0
2008 1219 405 SAM 2112954 11.1 —45.3 9.9 -34.1 28 =313 0
20081219 405 TER  21126.66 6.8 -12.1 5.6 -08 24 2.1 0
2008 1222 203 SYD 14483926 514  -26.0 349 228 327 -185 O
2008 1224 302  ATH 2053.79 13.1 3.8 42 4.3 -89 04 0
2008 1224 302 MON  2056.14 18.0 3.9 0.7 4.4 -3.9 0.3 0
2008 1224 302 SAM 2057.89 223 -6.3 5.1 -6.0 0.1 93 0
2008 1224 302  SCH 205522 16.8 6.7 0.5 -64 51 -113 0
200917 102 PIC 43822.53 109.5 13.8 2.6 -74 -19 546 O
2009 18 302 BDX 4716.92 -27.1 139  —46.7 143 509 103 O
200918 302 SCH 4738.10 20.2 383 0.8 387 34 341 0
2009 122 2e3 MTR 7473545 -3.1 9.4 -1.6 8.4 - - 0
200922 1e3 1T2 5261525 127.5 =309 214 412 - - 0
200922 le3 LAS 526 8.06 108.8 17.7 2.9 7.3 - - 0
200922 le3 MTR 5200.18 -84.7 0.8 -184.1 -8.1 - - 1
2009 2 4 le3 GAS 2415354 2062 -382 -3146 494 - - 1
20092 6 203 MTR 11275545 10.9 —4.8 5.0 -7.0 12 -121 0
2009 5 6 32 KAM 14623.06 -13.5 32 -0.2 6.2 - - 0
2009 6 20 2e3 IT1 085.01 279 11.7 -8.3 10.0 - - 0
2009 6 20 2e3 IT2 0816.26 50.7 11.9 14.6 10.1 - - 0
20097 1 4e5 DAR 7341825 8.4 11.0 0.7 23.0 - - 0
200972 3e4 UMA 5503257 163.4 1.4 146.9 20.9 - - 1
200977 3e4 ATH 19 6 37.87 157  -30.1 14 -6.8 - - 0
2009 7 14 4e5 IT1 2175.10 61.1 -142 426 -13 - - 0
20097 16 2e3 IT1 2219 1.51 323 532 53 -59.6 - - 0

the form of the angular separation s (in arcseconds) and position
angle A (in degrees) corresponding to X”(¢t*) and Y”(¢*). The
minimum level S, of normalized flux is also given. We assign
flag QO to each observation in order to indicate the quality and
the reliability of the result. Flag Q may have one of the follow-
ing two values: “0” for normally determined coordinates and “1”
for the results obtained from poor photometric data.

Right ascensions and declinations are measured in the ICRF.
All angular quantities are in arcseconds but the positon angle is
given in degrees. In the case of a mutual occultation ¢*, is the
time of topocentric observation of satellites, and for a mutual
eclipse t* is the time of topocentric observation of the eclipsed
satellite. Table 7 gives the astrometric results. This table is avail-
able in electronic form from the Natural Satellites Data Center
service®.

The residuals (O—C) with respect to the applied theories of
satellite motion are given in Table 7. We compare the extracted
astrometric data with the following models: TASS 1.7 (Duriez
& Vienne 1997), Lainey et al. (2011) made with the numerical
integration and based on a large series of observations and to the
ephemerides SAT351 of JPL find by HORIZONS web-interface.

10. Estimation of the accuracy of the derived
astrometric results

We estimate the accuracy of the derived astrometric results us-
ing the least-squares method, which derives the standard errors
o, 0, in the parameters D7, D;’ from the observed light curves.
These errors are due to random errors in the photometry and

3 http://www.imcce.fr/nsdc
and http://www.sai.msu.ru/neb/nss/index.htm
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Table 8. Estimates of the accuracy of the results of astrometric reduc-
tion performed to determine two coordinates X"’ (¢*), Y”'(¢*).

Type of total Errors of X" Errors of Y’
error estimates mas mas
Total random errors 3.7 4.3
Rms of O-C 48.5 21.7
TASS 1.7

Rms of O-C 16.4 20.7
Lainey (2011)

Rms of O-C 17.3 21.6

JPL (occultations only)

characterize the internal accuracy of the astrometric results. We
calculate the root mean square (r.m.s.) values of these estimates
for all the light curves reduced. Only 23 good results with Q = 0
are taken into consideration. These estimates are listed in Table 8
as total random errors. A 4 mas geocentric uncertainty corre-
sponds to 24 km in situ which we compare with space-based
astrometric observations assumed to have an internal accuracy
of 10 km. We also calculate the total rms of all D/ and D;’ com-
puted over all events and all observatories for the 23 cases with
QO = 0. These values are given with respect to the applied theory
(Vienne & Duriez 1995; Duriez & Vienne 1997), as well as with
respect to the theory of Lainey et al. (2011). These estimates are
given in Table 8 as the rms of O—C. We note that the (O-C)s
are larger than the random error. This is indicative of a system-
atic error that is either observational or theoretical. We know that
observational errors may occur but differently depending on the
kind of observations, hence different kinds of observations must
be used to fit the theoretical models. However, the difference
in the mean (O-C)s between the three ephemerides shows that


http://www.imcce.fr/nsdc
http://www.sai.msu.ru/neb/nss/index.htm
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the theoretical models still contains some errors. It is interesting
to see that both the ephemerides of Lainey (2012) and that of
JPL (SAT351) have similar (O-C)s demonstrating that ground-
based observations, including the present ones, have similar use-
fulnesses for ephemerides as Cassini’s ones.

11. Conclusions

We have compiled the entire database of photometric observa-
tions of the mutual occultations and eclipses of the Saturnian
satellites made during the international campaign in 2009 to
determine the topocentric or heliocentric angular differences
for satellite pairs at 16 time instants in the time interval from
December 19, 2008 to July 16, 2009. The standard errors in the
relative satellite coordinates caused by the random errors of the
photometry are equal to 3.7 and 4.3 mas in right ascension and
declination, respectively. The rms of “O-C” residuals with re-
spect to the theory TASS 1.7 developed by (Vienne & Duriez
1995; Duriez & Vienne 1997) are equal to 48.5 and 21.7 mas in
right ascension and declination, respectively, for successful ob-
servations. The comparison of the astrometric results with the
theory of Lainey et al. (2012) fitted to ground-based observa-
tions including the present ones shows rms of “O-C” residuals
of 16.4 and 20.7 mas in right ascension and declination, respec-
tively and the comparison with JPL. SAT351 ephemerides fitted
to Cassini’s observations shows rms in the (O—C)s of 17.3 and
21.6 mas. This demonstrates that ground-based observations are
still a useful complement to space-based observations.
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