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Abstract Mutual events between natural satellites include mutual occultation and mu-
tual eclipse. Mutual eclipse is another kind of mutual occultation as viewed from the
center of the Sun instead of the Earth. Two mutual eclipses ofJ2 Europa by J1 Io (2009
Aug. 28 and Sept. 12) were observed at Yunnan Observatory during the PHEMU09 in-
ternational campaign. We will calculate the astrometric data of these Galilean satellites
by analyzing and fitting the light curves we obtained. The limb-darkening was consid-
ered during modeling the light intensity of eclipsed satellites in the penumbra zone,
by taking the Lommel-Seeliger scattering law into account.Several dynamical quan-
tities, such as the relative coordinates of the eclipsing satellite from the eclipsed one
∆α cos δ and∆δ, impact parameter and mid-time corresponding to the impactparam-
eter and the deviationsO − C of observed∆α cos δ and∆δ relative to ephemerides,
were obtained for each event respectively.
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1 INTRODUCTION

Dynamics of Galilean satellites of Jupiter is one of the mostinteresting but difficult problems in the
study of the Solar System because of the complicated effectsat play. Therefore, accurate astrometric
data of Galilean satellites are very necessary. Photometryof mutual events between natural satellites
has been verified to be the most effective and accurate ground-based method to measure astrometric
data of these natural satellites.

Mutual events, caused by the relative positions among the Sun, satellites and the Earth (ob-
server), happen twice during one orbital period of Jupiter,that is to say every six years for the
Galilean satellites. Since 1979 when the first worldwide campaign was organized, six international
observation campaigns of the mutual events between Galilean satellites have been performed.

In 2009, two mutual eclipses between Galilean satellites, predicted by (2), were observed at
Yunnan Observatory. The main idea of this paper is to give thelight-curves we obtained and to
calculate several dynamical quantities of two such events.Detailed explications of observations,
reductions, analyzing and fitting of light curves and the astrometric results of such mutual eclipses
will be given in the following sections.
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2 CCD PHOTOMETRIC OBSERVATION

Our observations were carried out with a DW4362048×2048 CCD, attached to the 60-cm telescope
at Yunnan Observatory (102◦47.3′E, 25◦1.5′N, altitude=2000m, IAU code 286), on 2009 Aug. 28
and Sept. 12. The effective field of view of the 60-cm telescope at the Cassegrain focus was about
12×12 square arc min. During the observations, Johnson’sR filter was used. There are three choices
of CCD readout rates (50, 100 and 150 kHz); in order to obtain as many points as possible, we
chose the fastest readout mode (150 kHz). Table 1 shows the specifications of the 60-cm telescope
at Yunnan Observatory, with the attached CCD.

Table 1 Specifications of 60-cm Telescope at Yunnan Observatory, with Attached CCD

Telescope F-length CCD FOV Size of Pixel Size of CCD Size/pixel

60-cm 7500 mm 12′ × 12′ 13.5µm×13.5µm 2048 × 2048 0.35′′

3 DATA REDUCTION

Before the flux of the involved satellites was calculated, each image was bias-corrected and flat-
fielded, then the curves of flux variations relative to UT timewere obtained for each event. In this
paper, because the satellites J1 Io and J2 Europa were too close to separate during the eclipse, we
measured the total flux of both of the involved satellites forthe event of 20090828J1EJ2, and only
the flux of the satellite J2 Europa was measured for the event of 20090912J1EJ2. The main goal of
photometry of mutual events is to calculate the dynamical quantities of involved satellites through
analyzing and fitting their flux variations during the events.

Table 2 shows the details of our observations and reductions, where J1, J2 and J3 are the Galilean
satellites Io, Europa and Ganymede respectively, ‘Flux’ means the satellite(s) we measured and ‘Ref’
indicates the satellite used as a reference for the photometry. In this paper, J3 Ganymede is used
as the reference for the event of 20090828J1EJ2 and J2 Europafor the event of 20090912J1EJ2.
‘Telescope’ shows the apertures of the used telescopes whose complete specifications are provided
in Table 1; both observations used a JohnsonR filter and ‘Exposure’ gives the exposure time.

Table 2 Observational Details of Mutual Eclipses J1EJ2
at Yunnan Observatory in 2009

Date Flux Ref Telescope Filter Exposure
(y m d) (s)

2009–08–28 J1+J2 J3 60-cm R 0.2
2009–09–12 J2 J1 60-cm R 1

4 ANALYSIS AND ADJUSTMENT

As introduced above, mutual events result from the relativepositions among the Sun, satellites and
the Earth (observer). Mutual eclipses between Galilean satellites happen twice every Jovian orbital
period when the Sun passes through the common orbital plane defined by the satellites.

Figure 1 shows the geometrical projection of the two involved satellites during the mutual eclipse
of “J1EJ2” as seen from the center of the Earth.

The flux loss during the mutual eclipse is due to the light not reaching the eclipsed satellite
which is shaded by the eclipsing one, instead of the part of the light from the occulted satellite being
blocked by the occulting one during the mutual occultation.
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Fig. 1 Geometry of a Mutual Eclipse of J2 Europa by J1 Io.

4.1 Modeling the Eclipse

Modeling a mutual eclipse is more complicated than that of mutual occultation because of the exis-
tence of the penumbra zone, which should take the Sun’s limb-darkening into account. For modeling
the light intensity in the penumbra zone, we used the Hestroffer and Magnan’s empirical law (1998)
which describes the light flux coming from a surface element in the solar disk as

I(µ) = µα, (1)

where
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Fig. 2 Dynamical model of the mutual eclipse corresponding to Figure 1.

where

a =
r2 + R2 − R2

1

2R
. (5)

Before fitting the observed light curves, the eclipsed satellite is assumed to be unmovable. In addi-
tion, the eclipsing one has a linear uniform motion relativeto the other satellite (as shown in Fig. 2).

In the next step, the flux loss of the eclipsed satellite corresponding to the part of its surface in
the umbra and penumbra during the event was calculated with the following formula,

Floss =

∫ AP

AU

(1 − i⊙)dA + AU =

∫ AP

0

(1 − i⊙)dAP. (6)

AP andAU are the part of the eclipsed satellite’s surface in the penumbra and umbra zones respec-
tively. The flux drop of the satellites will be obtained afternormalizing the flux to one before and
after the mutual eclipse.

4.2 Analysis and Results

Since the dynamical model had been determined, we used the algorithm of Gauss-Newton itera-
tion (Teunissen 8) to carry out the least-squares fit of the light curves. The initial values of the dy-
namical parameters were derived from the MULTISAT ephemerides available onwww.imcce.fr/sat
(Emel’Yanov & Arlot 4).

In order to get more accurate astrometric data of Galilean satellites, the effects of phase angle and
light scattering over the surfaces of satellites were considered during the fitting of the light curves.
In this paper, the Lommel-Seeliger scattering law (Surdej &Surdej 7) was chosen to calculate the
quantities of the relative coordinates and velocities of the eclipsing satellite J1 Io with respect to the
eclipsed one J2 Europa, the impact parameters and the mid-times.

Table 3 gives the detailed results of the dynamical parameters for each event, in which the first to
third columns denote the observed dates, types and observedmid-times of each event, the fourth and
fifth columns are the impact parameter we observed and the position angle of the eclipsing satellite
relative to the eclipsed one respectively and the sixth and seventh columns are the observed values
of ∆α cos δ and∆δ respectively. The residuals of∆α cos δ and∆δ, calculated relative to ephemeris
L2 (2009) and L1 (2006) by (5), G5 by (1) and E5 by (6), which areusually expressed asO−C (x)
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Fig. 3 Observed and fitted light curves expressed as dots and a bold line respectively.

andO − C (y), occupy the next two columns. The ephemerides and the flux drops are given in the
last column.

As shown in Table 2, the total flux of J1 Io and J2 Europa was calculated for the event of
20090828J1EJ2. Therefore the parameterk of the albedo ratio of J1 to J2 should be taken into
account during the fitting of the light curve. In this paper, the value ofk from 0.9 to 1.2 was chosen
during the simulation, with a step size of 0.001. Finally, weperformed the best simulation where the
value ofk is 1.009.

The observed and fitted light curves, expressed as dots and a bold line respectively, are plotted
in Figure 3, with the flux of involved satellites being normalized to one before and after the mutual
eclipses.

5 CONCLUSIONS

Our results concerning our observations demonstrate the high angular resolution of the mutual events
of the Jovian satellites. By comparing theO − Cs in Table 3, we can find that the new theoretical
models L1 and L2 are more accurate than G5 and E5.

During one mutual event, the longitude shifts of satellitescan be deduced from the difference
between the observed mid-time and the calculated one; a detailed explanation can be found in the
paper of (3). The observations provided in this paper shouldbe added to the others made during

Table 3 Comparison of the Astrometric Results

Date Type Midtime Impact A ∆α cos δ ∆δ O − C Ephemerides Flux drop
(y m d) (h m s) (′′) (◦) (′′) (′′) (Dx′′) (Dy′′) (%)

2009–08–28 J1EJ2 13 58 7.43 0.49791 335 –0.21043 0.45126 0.0005 0.0007 L1 18.3
±4.3s ±0.0019 ±0.0019

–0.0048 –0.0058 L2
–0.0673 –0.0137 G5
–0.0853 –0.0434 E5

2009–09–12 J1EJ2 12 59 32.28 0.22496 347 –0.05060 0.21919 0.0105 –0.0448 L1 76.7
±0.1s ±0.0004 ±0.0004

0.0017 –0.0432 L2
–0.0768 –0.0699 G5
–0.0795 –0.0688 E5
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the 2009 occurrence for improving the study of dynamics of the Galilean satellites. The reduction
presented here could be applied to all the observations in order to determine observed astrometric
positions useful for modeling the dynamics of the system.

We look forward to the next occurrence in 2014–2015 when there will be an opportunity to
acquire more data at a time when the space probes will not be able to provide data and researchers
will be preparing for the EJSM mission to the Jovian system. Note that our data (photometric light
curves) will be available athttp://www.imcce.fr/nsdc.
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