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ABSTRACT

Context. Photometry of mutual events between natural satellites has been shown to be a most effective and accurate ground-based
method for obtaining accurate astrometric data by fitting the light curves observed during these events, and is invaluable for developing
the orbital models of the natural satellites.

Aims. Mutual occultations of J2 Europa by J1 Io (Aug. 28, 2009), J1 Io by J2 Europa (Nov. 9 and Dec. 11, 2009), and J1 Io by J3
Ganymede (Nov. 28, 2009) were observed at Yunnan Observatory during the PHEMUO9 international campaign. We calculate the
astrometric data of satellites by analyzing and fitting the light curves that we derived.

Methods. The model proposed by Emelianov (2003, Sol. Syst. Res., 37, 314) was used to fit the light curves, while taking the Lommel-
Seeliger scattering law into account.

Results. For each event, we derive dynamical quantities such as the deviation of the observed relative satellite motion from the
theoretical motion provided by the relevant ephemeris denoted as D, and D,, and the impact parameter and its corresponding mid-
time. These results have an accuracy of between about several mas and 90 mas for D, and D,, and 0.31-2.97 s for the mid-time. The
residuals of the longitude shifts (6/, for J1 Io and 6/, for J2 Europa) that represent the shifts of the mid-times of the events, are also
calculated to be around 10 km with the most accurate available ephemerides.

Key words. techniques: photometric — occultations — planets and satellites: dynamical evolution and stability — celestial mechanics

1. Introduction

The dynamics of the Galilean satellites of Jupiter is one of the
most interesting but also most difficult problems of the solar
system because of the wide range of gravitational influences
that they suffer. Therefore, accurate astrometric data of Galilean
satellites is very invaluable. The photometry of mutual events
between natural satellites has been found to be a most effective
and accurate ground-based means of obtaining astrometric data
of the natural satellites.

Mutual events are caused by the relative positions of the
Sun, satellites, and Earth (observer), and occur twice during one
orbital period of Jupiter, that is to say every six years for the
Galilean satellites. Since 1979, the first worldwide campaign had
been operated by IMCCE (Paris Observatory, France), and six
observational campaigns of the mutual events between Galilean
satellites have been performed.

In 2009, four mutual occultations between Galilean satel-
lites that had been predicted by Arlot (2008), were observed at
Yunnan Observatory. The main objectives of our current paper is
to model the deviation of the observed relative satellite-motion

* Photometry is 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/532/A36
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from the theoretical motion provided by the relevant ephemeris,
and to calculate several physical and dynamical quantities of
these events. In the following sections, we provide detailed de-
scriptions of the observations, reductions, analysis and fitting of
light curves, and the astrometric results of these mutual occulta-
tions.

2. CCD photometric observations
2.1. Observation

Our observations were carried out with DW436 2048 X
2048 CCD, attached to the 1-m telescope and 60-cm telescope at
Yunnan Observatory (102°47/3E, 25°1/5N, altitude = 2000 m,
TIAU code 286) from Aug. 28 to Dec. 11, 2009. The effective
field of view of the 1-m telescope at the Cassegrain focus is
about 7 x 7 square arcmin, and that of the 60-cm telescope
is 12 x 12 square arcmin. During the observations, we used a
Johnson R filter. There are three choices of CCD readout rates
(50, 100 and 150 kHz), and to obtain as many data points as
possible, we chose the fastest readout mode (150 kHz). Table 1
outlines the properties of both the 1-m telescope and 60-cm tele-
scope at Yunnan Observatory, and their attached CCDs.
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Table 1. Properties of the 1-m and 60-cm telescopes at Yunnan
Observatory, with attached CCDs.

Telescope F-length CCD FOV  Size of pixel  Size of CCD Size/pixel
I-m 13000 mm 7" x7  13.5um X 13.5 um 2048 x 2048 0”21
60-cm 7500 mm 12’ x 12/ 13.5 um x 13.5 um 2048 x 2048 0”35

Table 2. Observational details of mutual occultations at Yunnan
Observatory in 2009.

Date Type Ref. Telescope
ymd

2009 08 28 J10J2 I3 60-cm
2009 11 09 J207J1 I3 I-m
2009 11 28 J30J1 2 I-m
2009 12 11 J201J1 J3 1-m

Notes. “J10J2” means J2 is occulted by J1, Ref. means the reference
satellites for photometric measures.

2.2. Reduction

Each image observed during the mutual events corresponds to
one flux data point of the satellites involved (occulting and oc-
culted satellites in this paper). The main idea behind the photom-
etry of mutual events is to calculate the physical and dynamical
quantities of the satellites involved by means of analyzing and
fitting their flux variations during the events.

Before the flux of the satellites involved was calculated, each
image was bias-corrected and flat-fielded, and curves of flux
variations relative to UT time were then obtained for each event.
Table 2 shows the details of our observations and reductions,
where J1, J2, and J3 are the Galilean satellites lo, Europa, and
Ganymede, respectively, and “J10J2” means the event of lo that
occults Europa. “Ref.” indicates the satellite used as a reference
for the photometry, which in this paper is Europa for the event of
Ganymede occulting Io and Ganymede for the events between
Io and Europa. “Telescope” indicates the apertures of the two
different telescopes used whose complete descriptions are pro-
vided in Table 1. We switched from the 60 cm telescope to the
Im telescope to obtain higher quality images during the obser-
vations, and all observations used a Johnson R filter during the
0.2 s exposures.

3. Analysis and adjustment

As mentioned above, mutual events depend on the relative po-
sitions of the Sun, satellites, and Earth (observer). Mutual oc-
cultations between Galilean satellites occur twice every Jovian
orbital period, when the Earth goes through their common or-
bital plane. Figure 1 shows the geometrical projection of the two
satellites involved during the mutual occultation of “J10J2” as
seen from the center of Earth, where disks S| and S, are assumed
to be uniform.

3.1. Dynamical model and formula

The model of Emelianov (2003) was used to fit the observed
light curves, with two assumptions being made. One assumption
is that the occulted satellite is assumed to be unmovable, while
the occulting satellite has a linear uniform motion relative to the
occulted one (as shown in Fig. 2). The other assumption is that
the deviation of the observed relative satellite motion from the
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Fig. 1. Geometry of a partial occultation where the disks S, and S, of
radius R, < R, partially intercept each other with an area A, S; and S,
representing the two satellites involved.

Motion of S

Fig. 2. Dynamical model of the mutual occultation corresponding to
Fig. 1.

theoretical motion are constants in Aacosd and Ad during the
mutual occultations.

In spite of the surfaces of satellites being nonuniform, the
values of albedo ratios of the occulting to the occulted satellites
are usually assumed to be constants during the fitting of mutual
events because of their short durations. After the dynamical
model had been established, the corresponding formula used to
perform the fitting of the light curves, was given below.

As shown in Fig. 1, during mutual occultation, the flux vari-
ation of the satellites involved is mainly determined by the oc-
culted area A of S, by S; and their different albedos. Equation
(1) (Assafin et al. 2009) shows the expression of flux variation
of the satellites involved, which has been normalized to 1 before
and after mutual occultation, where F,, represents the flux of
the satellites involved during the mutual occultation, F'y,,, that
of before and after the occultation, and R;, k; and R», k», the
radius and albedos of S| and §,, respectively, such that

2 1o 2 1 .-
Foo = Fioa _ . Ri(a) — 5 sin2ay) + R5(a2 — 5 sin2ay) "

Fi %nR% + 7R3
where,
R} -R +d
= 2
COS @; 3R )
d2 = (Xtheo + Dx)2 + (Yiheo + Dy)z 3)
d* = d} + (1 - 1), 4)

andi=1lor2and j=2or 1.

When modeling a mutual occultation, the deviations of the
observed relative satellite motion from the theoretical motion
provided by the relevant ephemeris have been assumed to be
constants, denoted as D, and D, in Eq. (3), where d is the real
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distance between the centers of occulting satellite S, and the oc-
culted one Sy, and Xieo and Yineo represent the theoretical calcu-
lated values of Aacosé and Ad.

Equation (4), which is based on the first of the previous as-
sumptions, is used to calculate the mid-times #y and impact pa-
rameters dy, where d and v are the relative distance and velocity
of occulting satellite from to the occulted one respectively, and ¢
is the time of observation.

3.2. Analysis and results

Since the dynamical model and corresponding formula had been
determined, we used the algorithm of Gauss-Newton iteration
(Teunissen 1990) to carry out the least-squares fit to the light
curves. The initial values of the dynamical parameters were
derived from the MULTISAT ephemerides available at WWW.
IMCCE.FR/SAT using the available ephemerides (Emelianov and
Arlot 2008).

To get higher accuracy astrometric data of Galilean satel-
lites, we considered the effects of both the phase angle and light
scattering over the surfaces of satellites during the fitting of the
light curves. In addition, we chose to adopt the Lommel-Seeliger
scattering law (Surdej & Surdej 1978).

We derived two different solutions, first by treating the
albedo ratios as unknown parameters, and second using the ge-
ometry albedo of 0.63, 0.67, and 0.43 for the Galilean satel-
lites Io (Simonelli 1984), Europa (Buratti 1983), and Ganymede
(Morrison 1977), respectively, to calculate the quantities of the
deviations of observed Aacoso and Ad from that of the relevant
ephemeris, impact parameters, and mid-times.

Table 3 shows the parameters derived for each event, in
which the first to third columns denote the observed dates, types,
and observed mid-times of each event, the fourth column is the
albedo ratios of the occulting to occulted satellites that are either
unknown in the solution or were given in previous publications,
the fifth and sixth columns are the residuals Aacosd and A¢ for
the relevant ephemeris which are usually expressed as O—C(x)
and O-C(y), and the following two columns give the observed
values of Aacosd and Ad. The impact parameters and declines in
flux are presented in the next two columns. In the last column of
“Albedo”, “Variable” means that the albedos of the satellites are
unknown, whereas “Fixed” means that it is fixed to values from
the literature.

The observed and fitted light curves, indicated by dots and
bold lines respectively, are plotted in Fig. 3, with the flux of the
satellites involved being normalized to 1 before and after the
occultations.

4. Discussion and interpretation

Table 3 provides the results that we obtained for the four mutual
events observed. For three of the observed events, the (O-C)s
and the errors appear to be small but for the event of November
28 the signal-to-noise ratio is too small. It is easy to see in Fig. 3
that this event is not clearly visible in the light curve. The pre-
dicted flux drop was about 3.5% and the observed one is deter-
mined to be around 2% even it is not visible in the light curve.

As we know, the photometric noise of satellites influence the
error bars of Dx and Dy. However, the error bar of midtime not
only depends on the variances of Dx and Dy but also on the theo-
retical model of the satellites that we chose. In Table 3, the error
bars of the midtimes are therefore not completely consistent with
the photometric noise.

126 128 130 132 134
11 T T T T 14
X
ERT 10
w
094 {09
08 {08
074 {07
06 T T T T 06
126 128 130 132 134
Aug 28,2009 J10J2  UT (h)
128 129 130 134 132
. . .
. ¢ e %, o .
LI . d
$10{  pnptis o 10
w ® . K
094 Jo9
08+ Jos
074 Jo7
06 {08
T T T T T
128 129 130 134 132
Nov 9, 2009 J20J1 UT(h)
136 137
115 ; ; ; 145
% 1104 {110
w
1054 . 1105
. . i . ot
1004 gt - .. 0\\‘\-/’.'- . By '. . 1100
0s5{ e, * loss
0904 Jog0
085 , , , 085
136 137 138
Nov 28,2009 J30J1 UT (h)
1120 1125 1130 1135
T T T
« 10 410
3
'8

0.9

0.8

0.7

. 0.7
1120

11‘.35
uT (h)

11‘25 11‘.30
Dec 11,2009 J20J1

Fig. 3. Observed and fitted light curves of involved satellites. The dots
and bold lines represent the observed and fitted flux variations of in-
volved satellites normalized to 1 before and after the event, respectively.
The x-axis corresponds to the date (in hours) and the y-axis to the rela-
tive flux.
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Table 3. Astrometric results.

Date Type Midtime ki/ks 0-C Aacosd AS Impact Flux drop  Albedo
ymd hms D(") (2] @) @) @) (%)
2009 0828  J10J2 1250 4.38 1.009  -0.02721 0.05751 -0.07984  0.22637 0.24003 31.74 Variable
+297s + 0.067 +0.080
12504.32 0940 -0.03779 0.08729  —0.09007 0.25626  0.27163 36.04 Fixed
+297s + 0.066 +0.075
20091109  J20J1 12582798 1.075 -0.01182 0.02608  -0.03467 0.08844  0.09500 40.61 Variable
+0.37s +0.005 + 0.007
125831.01  1.063 0.01006 0.03894 -0.03630 0.09278 0.09963 40.67 Fixed
+0.37s +0.011 + 0.020
2009 1128  J30J1  134159.53 0326 -0.90752 -0.39742  0.40146  -1.01788  1.09419 242 Variable
+2.85s +0.087 +0.052
13415921  0.683 -0.90869 -0.39790  0.40163  —-1.01785  1.09422 1.67 Fixed
+2.85s +0.071 + 0.056
2009 12 11 J20J1 111729.72  1.258 0.02390 0.00848 0.08199  -0.28404  0.29520 26.84 Variable
+031s + 0.009 +0.010
11172782 1.063 0.02366  -0.02715 0.09418  -0.27937  0.32845 26.90 Fixed
+0.31s +0.002 + 0.005

Notes. k; and k; are albedos of occulting and occulted satellites, respectively.

The error in the midtimes for all the mutual events in Table 3
were calculated to be:

oty = VAZFlux X

where the parameter “Flux” represents the flux of satellites dur-
ing the events, A is the differential coefficient matrix of distance
d for parameters of dj, and v and ¢y were derived using Eq. (4).

All the error bars are coherent, the worse being for the events
Aug. 28 and Nov. 28 where the photometric noise is large. The
O-C are larger for the event of Nov. 28 because the magnitude
drop is very small and the mid time difficult to detect.

We propose two solutions either using albedos provided by
previous authors or considering the ratio of the albedos k; to
k> as unknowns. We do not immediately adopt published values
of albedos because authors do not agree on these values, and
the images of the space probes, made in specific filters at large
phase angles, do not help us to determine the albedos as seen
from the Earth in the standard filter systems. Hence we appear
to be justified in our attempt to determine these albedos from our
photometric observations as proposed by Emelianov (2003).

The change in the ratio k; to k, causes a change in the ob-
served decline in the brightness of the events, which we see
mainly for the first event whose signal is noisier than both the
second and fourth events. These two events (November 9 and
December 11) are those for which we have gathered the most
reliable data with errors of about 10 mas in the determination of
the relative positions of the two satellites. The two other events
(August 28 and November 28) have larger errors. However, its
value of around 75 mas is still smaller than the errors in the posi-
tions observed directly by imaging, which used to reach 100 mas
or more. We note that 10 mas corresponds to 30 km in situ when
the space probes provide astrometric observations with an accu-
racy of 10 km.

We now discuss the conclusions that can be drawn from the
events that we observed.

From our observed events, we have been able to calculate
the drift in the longitude of satellites J1 and J2 from the three
events involving J1 and J2 based on different theoretical models:
L2 (2009) and L1 (2006) by Lainey, G5 by Arlot (1982) and
ES5 by Lieske (1998). During one event, the difference between
the observed longitude and the calculated one depended on the

ATA, (5)
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Table 4. (O—C)s in longitude for Io and Europa depending on the
ephemeris.

Ephemeris ol olp Events
(km) (km)
L2 -3 +2 Aug. 28 and Nov. 9
+8 +5 Aug. 28 and Dec. 11
L1 -8 -2 Aug. 28 and Nov. 9
+1 0 Aug. 28 and Dec. 11
G5 =79 +25 Aug. 28 and Nov. 9
—62 +29 Aug. 28 and Dec. 11
ES5 =70 +39 Aug. 28 and Nov. 9
=50 +43 Aug. 28 and Dec. 11

difference between the observed mid-time and the calculated one
through Eq. (5) (Arlot et al. 2008). We have

a2(512 COS ¢2 - a1(511 COS ¢1 = (a2n2 COS ¢2 — aijnp CoS ¢1)AT, (6)
where

a; and a; are the semi major axes of J1 Io and J2 Europa;

n; and n, are the mean motions of the same;

¢1 and ¢, are the geocentric synodic longitudes of the satel-
lites;

ol and 61, are the shifts in longitude explaining the shift of
the mid-time of the event;

AT is the C-O of the date of the minimum of flux.

We obtain a relationship between the two shifts in longitude of
the satellites for each event, so we are able to calculate each
individual shift in longitude using data for two events. Since we
have three events, we may calculate two different values for each
shift. However, the events on November 9 and December 11 are
too close to be independent (the configurations are similar so that
the relationships between 6/; and ¢/, are not independent).
Table 4 provides the results and shows the accuracy in the
determination of the longitudes of the satellites. For the high-
est quality ephemerides, the differences in the determination of
the longitudes shifts is around 10 km. Our observations will be



X. L. Zhang et al.: Mutual occultations between Galilean satellites observed at Yunnan Observatory in 2009 (RN)

Table 5. Previous published results of (O—C)s in longitude for observa-
tions made in 1997.

Ephemeris ol ol, Reference
(km) (km)

L1 -96 -66 Vasundhara (2003)

G5 -27 -126 Vasundhara (2003)
269 -65 Dourneau (2005)

E5 -39 -102 Vasundhara (2003)

useful for determining small effects such as tidal ones in the dy-
namics of the satellites, these effects being of small amplitude
but larger than the accuracy of our data.

By comparison to Table 4, the drifts in longitude of Io and
Europa, presented in Table 5 from the three observed events
involving these satellites, appear to be significantly smaller
than those obtained during previous PHEMU campaigns by
Vasundhara et al. (2003) and Dourneau et al. (2005) for the same
satellites. The O—Cs presented in Vasundhara (2003) are not reli-
able because the data analysis of that study was performed using
too few parameters as pointed out by Emelianov (2003).

5. Conclusion

The results of our observations that we have presented demon-
strate the high angular resolution of the mutual events of the
Jovian satellites. We have shown that the dynamical models
of the Galilean satellites are very accurate. The observations

provided in this paper should be added to the others made dur-
ing the 2009 occurrence to improve the dynamics of the Galilean
satellites. The data analysis presented here could be applied to a
wide range of observations to determine the observed astromet-
ric positions that are useful for dynamical purposes. We look
forward to the next occurrence in 2014-15 to get more data at a
time when the space probes will be unable to provide data, and
preparing the EJSM mission to the Jovian system.

Note that our data (photometric light curves) will be avail-
able at http://www.imcce. fr/nsdc.
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