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A B S T R A C T 

Astrometric studies and orbital modelling of planetary moons have contributed significantly to advancing our understanding of 
their orbital dynamics. These studies require precise positions measured o v er e xtended periods. In this paper, we present the 
results of the 2021 Brazilian Jovian mutual phenomena campaign. The data correspond to eight events between Galilean satellites, 
in addition to a rare eclipse of Thebe, an inner satellite, totalling nine events. A geometric model along with the DE440/JUP365 

ephemerides was used to reproduce the events and simulate the light curves. A Monte Carlo method and chi-squared statistics 
were used to fit the simulated light curves to the observations. The reflectance model adopted for our simulations was the 
complete version of the Oren–Nayer model. The average uncertainty of the relative positions of the Galilean satellites was 5 mas 
(15 km) and for the inner Thebe satellite 32 mas (96 km). The se ven mutual e vents (nine independent observations) here analysed 

represent an addition of 17 per cent events (10 per cent light curves) with respect to the 2021 international mutual phenomena 
campaign. Furthermore, our result of Thebe eclipse is only the second measurement published to date. Our results contribute to 

the ephemeris data base, being fundamental to improving satellite orbits and thus minimizing their uncertainties. 

Key words: astrometry – eclipses – occultations – planets and satellites: individual: Io, Europa, Ganymede, Callisto, Thebe. 
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 I N T RO D U C T I O N  

he study of the orbital dynamics of satellite systems around giant 
lanets is crucial for enhancing our understanding of the formation 
nd evolution of the Solar system (Arlot & Stavinschi 2007 ). While
he orbital evolution of these systems resembles that of objects in 
olar orbit, it occurs on a smaller time scale at a considerably
aster rate. Consequently, investigating the physical aspects and 
ynamic evolution of planetary satellite systems becomes essential 
s it enables the examination of dynamic perturbations, including 
esonant and secular effects resulting from tidal dissipation (Lainey 
t al. 2009 ). Apart from shedding light on the system’s dynamic
volution, these measurements are key in determining more accurate 
ositions and updating their ephemerides. 
In the Jovian system, there is a group of satellites located within

he orbits of the Galilean moons. These small moons have a particular
nterest as they are believed to be the source of particles to Jupiter’s
ing system (Ockert-Bell et al. 1999 ). Studying the kinematics of
hese satellites helps us better understand the structure of Jupiter’s 
 E-mail: lcatani@o v.ufrj.br (LMC); massaf@o v.ufrj.br (MA); 
morgado@ov.ufrj.br (BEM) 
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ings and how they are maintained. However, due to the difficulty
f observing these objects from ground-based observatories, the 
strometry of these objects is particularly challenging (Veiga & 

ieira Martins 1994 ). 
The astrometric positions of Jupiter’s main and inner satellites can 

e determined by observing mutual phenomena. These phenomena 
ccur when one natural satellite eclipses or occults another from 

he perspective of an observer on Earth. Such events occur when
he Earth and the Sun align with the common orbital plane of
upiter’s satellites. This particular alignment happens twice during 
ach planet’s orbit around the Sun. In the case of Jupiter, these
lignments occur every six years, the last one being in 2021. 

During mutual phenomena, we use photometry to measure object 
rightness variations o v er time. This technique precisely determines 
he relative positions between the satellites involved in the event 
Emelyanov 2009 ; Arlot & Emelyanov 2019 ; Emelyanov et al. 2022 ).
he astrometry with this method typically has an uncertainty of 
nly about 5 mas, which is equi v alent to about 15 km at Jupiter’s
istance (Emelyano v 2009 ; Dias-Oliv eira et al. 2013 ; Arlot et al.
014 ; Morgado et al. 2019a ). F or e xample, classical CCD astrometry
xhibits uncertainties around 100 mas ( ∼300 km; Kisele v a et al.
008 ), mutual approximations present uncertainties of the order of 
0 mas ( ∼30 km; Morgado et al. 2016 , 2019b ), astrometric mea-
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Table 1. Observational campaign details. 

City/country Station abbreviation Telescopes Longitude Altitude Observer CCD No. of positive 
MPC code Aperture Latitude detections 

Itajub ́a/MG, 
Brazil 

OPD Boller & Chivens 45 ◦34 ′ 57 ′′ W 1864 m L. M. Catani Andor-iXon EM 6 

874 0.60 m 22 ◦32 ′ 07 ′′ S – B. E. Morgado – –
– Perkin-Elmer – – S. Santo-Filho – –
– 1.60 m – – J. Arcas-Silva – –
– – – – A. R. Gomes-Junior – –

Curitiba/PR, 
Brazil 

UTFPR Meade-LXD55 49 ◦20 ′ 23 ′′ W 935 m F. Braga-Ribas QHY174MGPS 2 

– 0.20 m 25 ◦26 ′ 10 ′′ S – – – –
S ̃ ao Jos ́e dos 
Campos/SP, Brazil 

INPE Celestron-C11 45 ◦51 ′ 43 ′′ W 620 m A. C. Milone Watec 910HX 1 

– 0.28 m 23 ◦12 ′ 32 ′′ S – R. B. Botelho – –
– – – – I. J. Lima – –

Table 2. Observed events. 

Date Observer Event Central � t Flux drop 
yy/mm/dd ( S 1 xS 2 ) (UTC) (min) 

21/04/10 OPD 3ecl4 07:20 17.9 0.089 
21/04/11 OPD 1ecl2 07:39 5.0 0.626 
21/05/20 OPD 1ecl2 07:56 5.4 0.489 
21/06/21 OPD 1ecl2 06:12 4.1 0.074 
21/07/18 OPD 3ecl14 04:04 2.8 –
21/08/09 OPD 3occ2 06:17 29.1 0.157 
21/08/09 UTFPR 3ecl2 03:37 67.5 0.465 
21/08/09 UTFPR 3occ2 06:17 29.1 0.157 
21/08/09 INPE 3ecl2 03:37 67.5 0.465 

Note. Information about codes in the MPC and geographic locations of 
observation sites can be seen in the Table 1 . 
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urements obtained via radio show minimum uncertainties around
.5 mas ( ∼1.5 km; Brozovi ́c et al. 2020 ) and the technique of stellar
ccultations achieved an uncertainty of 0.8 mas ( ∼2.4 km; Morgado
t al. 2019c , 2022 ). In addition, for the inner satellites, the average
ccurac y achiev ed through mutual phenomena for Thebe was around
5 mas ( ∼135 km; Saquet et al. 2016 ), and for Amalthea, it is
2 mas ( ∼246 km) as reported by Christou et al. ( 2010 ) and 47.8
as ( ∼143 km) given by Morgado et al. ( 2019a ). 
This paper presents the results obtained from the analysis of

he 2021 mutual phenomena of the Galilean satellites, including
 rare eclipse involving the inner satellite Thebe (J14) of Jupiter.
utual phenomena involving an inner satellite were first published

y Christou et al. ( 2010 ) in 2019. Still, only one other event involving
hebe has been published so far by Saquet et al. ( 2016 ). Altogether,
e analysed nine mutual phenomena involving Jupiter’s satellites. 
In Section 2 , we provide the details of the observational campaign

nd the employed instrumentation. Section 3 presents the techniques
sed to mitigate the scattered brightness from Jupiter in the observed
mages with the I filter. The photometric reduction method of the
bservational data is addressed in Section 4 . Sections 5 , 6 , and 7
elve into the modelling specifics, the process of fitting light curves,
nd parameter conversion. The results obtained and the conclusion
re presented in Sections 8 and 9 . 

 OBSERVATIONA L  C A M PA I G N  

n 2021, Jupiter entered its equinox. This provided an opportunity
o observe mutual phenomena among the main Jovian satellites. The
NRAS 526, 6145–6154 (2023) 
bservations of the Brazilian mutual phenomena campaign in 2021
ere carried out at the Pico dos Dias Observatory (OPD) and by
bservers in the south and south-east of Brazil. The predicted events
ere based on the ephemerides provided by the Institut de M ́ecanique
 ́eleste et de Calcul des Eph ́em ́erides (IMCCE). 1 , 2 

We have gathered in Table 1 the information about the obser-
 ational campaign: observ ation locations, data collection station
bbre viations, MPC codes (when av ailable), telescope apertures,
eographic coordinates, altitude, observers, the sensor used, and the
umber of positive detections. 

.1 Selection of obser v ed ev ents 

uring the 2021 campaign, Jupiter had declination from −16 ◦ to
12 ◦, which fa v oured observations in the Southern hemisphere. 
A total of 192 mutual events were predicted for the Galilean

atellites, visible for both hemispheres (Arlot & Emelyanov 2019 ). Of
he total predicted events, only 47 would be observable from Brazil,
nd out of these, only 37 were visible from the observation sites. We
elected 12 events among the Galilean satellites to be observed in
ur campaign. Additionally, we chose 6 events involving the inner
atellites, specifically Thebe and Amalthea. 

The observed events are listed in Table 2 , which includes the dates
f each event; the station; the type of event (ecl for eclipse and occ
or occultations); and the satellites involved, 1 for Io, 2 for Europa, 3
or Ganymede, 4 for Callisto, and 14 for Thebe. In addition, the table
lso displays the expected central instant of each event, the duration,
nd the predicted magnitude drop. Note that, for events involving the
nner satellites, the IMCCE does not provide predictions of flux drop
or the events. 

Of the eighteen selected events, we obtained nine light curves for
nalysis. The nine light curves were generated from seven different
vents, two of these seven events were observed by more than
ne observer, totalling nine light curves. The observed events are
ndicated in the third column of the Table 2 . Of these events, we
bserve an eclipse between the inner satellite Thebe and Ganymede.
he other events on the list were lost due to unfa v ourable weather

http://nsdb.imcce.fr/multisat/nsszph517he.htm
http://nsdb.imcce.fr/multisat/nsszph518he.htm
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Figure 1. Jupiter observed the two filters used during the campaign. The 
images were taken on 2021 July 5, with the 1.6 m Perkin-Elmer telescope, 
both with a one-second exposure time. 

Figure 2. Light curve of an occultation between Ganymede (503) and 
Callisto (504) observed by UTFPR collaborators on 2021 August 9. The 
line represents the modelled flux of the event (see Section 5 ). 
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.2 Instrumentation 

he telescopes employed for observing the Galilean satellites had 
pertures ranging from 203 to 600 mm. For the observations of events
nvolving the inner satellites, we specifically utilized the Perkin- 
lmer 1.6 m telescope located at the OPD. 
In observations involving only the Galilean satellites, we employed 

 narrow-band filter with a central wavelength of 889 nm and a
andwidth of 15 nm. This specific band falls within the methane 
bsorption region of the electromagnetic spectrum. We deliberately 
hose this filter because, in this spectral range, Jupiter’s albedo 
ecreases to 0.05 as a result of absorption caused by the presence of
ethane in its upper atmosphere (Karkoschka 1998 ). 
We show in Fig. 1 b an image obtained using the Perkin-Elmer

.6 m telescope at the OPD, providing an illustrative example of the
ethane filter effect. The planet and the satellites present about the 

ame brightness due to the use of the narrow-band filter. This filter has 
een successfully used in the mutual phenomena campaigns of 2009 
nd 2014–2015 (Dias-Oliveira et al. 2013 ; Morgado et al. 2019a ),
s well as in the mutual approximation campaigns initiated in 2014 
Morgado et al. 2016 , 2019b ). 

On the other hand, for observations of events involving the inner 
atellites, we used the I filter from the Johnson system, shown in
ig. 1 a. We opted for this filter because it allows more light to pass

hrough compared to the methane filter, fa v ouring the capture of
he faint brightness of the inner satellites and a v oiding the complete
aturation of the CCD, which would happen if no filter were used in
he observation of Jupiter with a large telescope. In this context, it was
ecessary to apply additional processing to minimize the contribution 
f Jupiter’s luminosity in the images, as explained in the next section.

 TREATMENT  O F  T H E  IMAG ES  OBTA INED  

I TH  A N  I FILTER  

n the images we observe using the I filter, we apply a technique
o reduce part of the contamination of the scattered-light halo 
urrounding Jupiter o v er the inner satellites. This technique masks
cattered light from Jupiter in the image. We construct a Jupiter model
o subtract from the observed data. We construct the template using
ifferent sets of images from the same observation. In this context,
hen applying them to science images, it is necessary to take certain
recautions to preserve the integrity of the scientific data. Some of
hese precautions include ensuring that the flux of the target object
s not subtracted and ensuring that the telescope guiding is accurate
nough to a v oid significant variations in the observed field, as the
f fecti veness of this method relies on minimizing the movement of
he contaminating source in the images. 

The application of this technique is particularly useful for the 
nner satellites of Jupiter, which have a slightly faster orbital period,
esulting in a significant displacement in the image field o v er
hort intervals of time. The result of this application can be seen
equentially in Fig. 3 , where we have an original image with standard
alibration (Fig. 3 a), the template with the measured luminous 
ontribution from the observations (Fig. 3 b), and in Fig. 3 c, the
mage after the applying this approach. 

Note that this technique was applied after the standard bias and
at-field calibration, a procedure performed with the IRAF software 
Butcher & Stevens 1981 ), the same used for the application of the
echnique detailed here. 

 PHOTOMETRI C  R E D U C T I O N  

he astrometric study of mutual phenomena is conducted by 
nalysing the light curves obtained from the observation of these 
vents. Here, the light curves were generated with differential 
perture photometry. This approach is particularly useful when you 
ant to measure subtle variations in an object’s luminous flux 

magnitude) o v er time (Kjeldsen & Frandsen 1992 ). To build the light
urves from the observations, we used the tasks of PRAIA (Package
or the Reduction of Astronomical Images Automatically; Assafin 
011 ), which facilitated the analysis and processing of the data. The
ight curve is then normalized by a polynomial fit so that the flux
atio outside the flux drop gets equal to 1.0, and the flux drop can be
dequately e v aluated. 

We present an example of light curves obtained with PRAIA in
ig. 2 . The dots illustrate the normalized measurements of light
ux, while the red line represents the modelled flux of the event,
redicted by the DE440 + JUP365 ephemeris and adjusted based on
he observations (see details in Section 5 ). 

The light flux determination in each image was achieved through 
perture photometry, integrating all the light flux within a specific 
rea. This approach ef fecti v ely eliminates atmospheric and sk y
ackground effects by referencing a calibration object. During 
n occultation, both satellites are measured together in the same 
perture, and a third satellite is used as a calibrator. In the case of
clipses, the eclipsed satellite is measured alone in the aperture, and
he eclipsing satellite (or any other) is used as a calibrator. 
MNRAS 526, 6145–6154 (2023) 
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Figure 3. Result obtained with the template technique. In (a) the image with standard treatment of bias and flat-field ; in (b) the template master constructed 
for that set; and in (c) the image after applying the technique. The yellow arrow indicates Thebe’s position in the image. This event was the eclipse between 
Ganymede (J3) and Thebe (J14) observed on 2021 July 18 by the Perkin-Elmer treaty applying 5 s of exposure using the I filter of the Johnson system. 

Table 3. Information about photometric reduction. 

Date Observer Event Calib. Aperture σ of flux 
yy/mm/dd in pixels ratio 

21/04/10 OPD 3ecl4 3 11 0.019 
21/04/11 OPD 1ecl2 1 13 0.018 
21/05/20 OPD 1ecl2 1 10 0.011 
21/06/21 OPD 1ecl2 1 9 0.006 
21/07/18 OPD 3ecl14 – 5 0.210 
21/08/09 OPD 3occ2 – 6 0.017 
21/08/09 UTFPR 3ecl2 3 2 0.043 
21/08/09 UTFPR 3occ2 1 25 0.001 
21/08/09 INPE 3ecl2 3 4 0.126 

Note. Here, analogously to Table 2 , we have: 1 = Io, 2 = Europa, 3 = 

Ganymede, 4 = Callisto, and 14 = Thebe. 
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In Table 3 , we have gathered information regarding the photomet-
ic reduction of the nine light curves derived from our observations.
n addition to the analogous information from Table 2 , we display
he calibration object used in the fourth column, the aperture size
n pixels employed during the reduction in the fifth column, and the
igma values of the flux ratio in the last column. Note that for two
vents, we lack a calibration object. Therefore, the high frequency
ariations in flux for these events are a result of atmospheric effects
hat could not be eliminated. 

 M E T H O D  F O R  A NA LY S I N G  T H E  L I G H T  

U RV E  A N D  O B TA I N I N G  ASTROMETRIC  DATA  

ere, we will discuss the method used to analyse light curves
btained from the observation and obtain astrometric data. Through
he analysis of light curves from mutual phenomena, we can make
recise measurements of the relative positions of the satellites
nvolved in the event. 

During the analysis of the curves, we seek to relate three pa-
ameters for the calculation of satellite positions. The parameters of
nterest in the analysis include the impact parameter ( S 0 ), which
s related to the smallest apparent angular distance between the
atellites in the sky plane. In an occultation, this parameter refers to
NRAS 526, 6145–6154 (2023) 
he minimum apparent distance between the satellites. In the case of
n eclipse, it is related to the minimum apparent separation between
he geometric centres of the eclipsed satellite and the shadow of the
clipsing satellite in the sky plane. Another parameter is the central
nstant ( t 0 ), which refers to the exact instant when the smallest
pparent distance between the satellites occurs. Additionally, the
nalysis also takes into account the apparent relativ e v elocity ( v 0 )
etween the two satellites in the celestial plane. 

These parameters are intrinsically linked to the dynamics and
eometry of the satellites involved in the event. As a result, the value
f each parameter has a direct relationship with the appearance of the
ight curves of the events. In this context, the analysis method used
n this study involves the simulation of theoretical light curves for
if ferent v alues of each parameter. These theoretical curves are then
ompared to the light curves obtained from the observation, seeking
he one that best fits the experimental data. This approach allows for
he precise determination of parameter values and the obtaining of
elative satellite positions. 

.1 Geometric model for the theoretical light cur v es 

t is crucial to select an appropriate model to generate theoretical
ight curves, as the accuracy of simulated light curves depends
n the chosen model for their construction. The geometric model
e use to simulate theoretical light curves follows the principles
escribed in Assafin et al. ( 2009 ), Dias-Oliveira et al. ( 2013 ), and
orgado et al. ( 2019a ). 
The adopted model simulates the light curve based on six param-

ters, which can be divided into two categories: physical parameters
nd dynamic parameters. The physical parameters of the model are
he apparent sizes and shapes of each satellite and the albedo of the
atellites in the case of occultations. The dynamic parameters are the
nes we aim to obtain through the analysis, namely, the parameters
f interest: S 0 , t 0 , and v 0 . 
The physical parameters, such as radius and shape, are naturally

ept fixed during the modelling since they are determined with high
recision from data collected by space probes. The albedos, on the
ther hand, are measured through auxiliary observations conducted
efore and after the events using the same instrumental configuration.
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n some specific cases where it is not possible to obtain albedo
easurements on the same night, previously determined albedo 

alues are used. 
On the other hand, unlike the physical parameters, the dynamic 

arameters are not fixed. By adopting different values for these 
arameters, it is possible to modify the appearance of simulated 
ight curves. Based on this, a large number of theoretical light curves
re generated using different sets of values for each parameter of
nterest. The curve that best matches the observ ed curv e is selected.
he fitting procedure follows the statistical method of chi-square 
inimization, as detailed in Section 6 . 

.1.1 Simulating eclipses and ocultations 

ow let us consider the differences between the simulation of 
clipses and occultations. In general terms, the geometric model 
eveloped by Dias-Oliveira et al. ( 2013 ) and refined by Morgado
t al. ( 2019a ) constructs two-dimensional profiles based on the input
arameters, simulating how the bodies are seen during these events 
y an observer on Earth. 
To simulate an eclipse, the model constructs the disc of the eclipsed 

atellite and the shadow cast by the eclipsing satellite. A numerical 
odel is used to reproduce the penumbra effect. In the case of

ccultations, instead of the shadow profile, the model reproduces 
he disks of the occulting and occulted satellites. 

We used a reflectance model to simulate the reflection of light 
rom the surface of the satellites with greater accuracy, as well as
he effects of the solar phase. Following the steps of Morgado et al.
 2019a ), we employed the reflectance model proposed by Oren &
ayar ( 1994 ), which utilizes a general law for the reflection of
on-homogeneous discs. 
In both cases, eclipses and occultations, it is necessary to know 

he albedo of the satellites in the specific wavelength at which the
bservation is conducted. This is crucial to accurately represent the 
rofile of each satellite exactly as they are observed. 
In the case of occultations, it is necessary to calculate the albedo

atio since the measurement of the flux from both satellites is done
sing the same aperture. To do this, we measure the flux ( F 1 , F 2 )
f both satellites separately, using the same instrumental set-up. It 
s preferable to perform these measurements on the same night the 
vent was observed. 

The albedo ratio is then calculated using equation ( 1 ), which
rovides a relationship between the observed fluxes ( F 1 , F 2 ) with
lbedos ( A 1 , A 2 ) and the modelled fluxes ( F S 1 , F S 2 ). 

F 1 

F 2 
= 

A 1 

A 2 
· F s1 

F s2 
. (1) 

Another important aspect is related to the physical parameters 
f the Sun, such as its radius, as well as using a model that
onsiders limb darkening. The limb darkening effect was mod- 
lled according to the law of Hestroffer & Magnan ( 1998 ), with
he parameters defined according to the spectral region of the 
bservation. 
Note that both limb darkening and reflectance are crucial elements 

or obtaining an accurate representation of the simulated light 
urves. 

The final step in generating the light curv es involv es associating
he modeled profiles with the actual observations. The code accom- 
lishes this by simulating the flux F( t ) of the satellites, integrating the
odeled profile o v er the e xposure times for each observation until
t

he simulated light curve is obtained. Finally, the light curve is nor-
alized outside of the event time window with respect to the flux of

he eclipsed or occulted satellite, providing the simulated light curve. 

 FITTING  L I G H T  C U RV E S  M O D E L S  TO  

BSER  VAT I O N S  C U R  V E S  

he fitting of the light curves involves comparing the observed light
ux ( f i ) with the modeled light flux ( f ′ i ) for each image ( i ) using the
hi-squared method, as presented in equation ( 2 ). 

2 = 

N ∑ 

i= 1 

(
( f i − f ′ i ) 

σ

)2 

. (2) 

here σ was obtained by calculating the standard deviation of the 
bserved light curve in the linear region outside the event. 
The marginal uncertainties for a confidence level of 68 per cent

1 σ ) are determined from the parameters that result in χ2 values less
han χ2 

min + 1. For a good fit, it is expected that χ2 is approximately
qual to the degrees of freedom, which is defined as the difference
etween the number of data points ( N ) and the number of model
arameters ( P = 3). 
Based on the adopted model, a large number of artificial light

urves (about 900 for each event) are generated by varying the values
f each dynamic parameter within a specific range. This range of
 alues re volves around the predicted values for each event according
o the DE440 + JUP365 ephemerides. Subsequently, corrections 
re applied to each light curve in order to find the parameters that
inimize the chi-squared test. This procedure is performed using a 

YTHON code developed by Morgado et al. ( 2019a ). 

 C O N V E RT I N G  PA R A M E T E R S  TO  X A N D  Y 

n our analysis, we obtain values for the impact parameter ( S 0 ),
entral instant ( t 0 ), and relativ e v elocity ( v 0 ), along with their
orresponding offsets ( � S 0 , � t 0 , and �v 0 ) with respect to the
phemerides. Using these results, we can calculate the apparent 
eparation of the satellites in the sky plane following equation ( 3 )
ntroduced by Assafin et al. ( 2009 ). This approach serves as the
heoretical basis for mutual phenomena and mutual approximations 
echniques (Morgado et al. 2016 , 2019b ; Santos-Filho et al. 2019 ). 

( t) = 

√ 

S 2 0 + v 2 0 ( t − t 0 ) 2 . (3) 

On the other hand, we can express them in terms of right ascension
 X = �α · cos ( δ)) and declination ( Y = �δ) following Santos-Filho
t al. ( 2019 ). Here, δ = ( δ1 + δ2 )/2, �α = ( α1 − α2 ), and �δ =
 δ1 − δ2 ), where index 1 refers to the occulting/eclipsing satellite 
, and index 2 to the occulted/eclipsed satellite 2. Ephemeris offsets
an be obtained using equation ( 4 ). Where θ represents the position
ngle of satellite 1 relative to satellite 2 in the plane of the sky (in the
ounterclockwise direction, with zero in the eastward direction), this 
ngle is calculated from the topocentric positions of the satellites. 
dditionally, by convention, the relativ e v elocity ( v 0 ) is defined as
e gativ e/positiv e when it points towards an increase/decrease in θ at
 0 . 

�X = �S 0 cos ( θ ) − �t 0 · v 0 sin ( θ ) 

�Y = �S 0 sin ( θ ) + �t 0 · v 0 cos ( θ ) . 
(4) 

The observed relative positions in X and Y can be calculated from
he kno wn relati ve distances obtained from the ephemerides and the
alues of ( � X , � Y ). The uncertainties in ( X , Y ) are determined from
he errors in t 0 and S 0 . 
MNRAS 526, 6145–6154 (2023) 
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 RESU LTS  O F  2 0 2 1  JUPITER’S  M U T UA L  

H E N O M E NA  

he results of the mutual phenomena of Jupiter from the 2021
ampaign were divided into two subsections. In the first one, we
resented the analyses of the events that involved only the Galilean
atellites. In the second one, we showed the results of the eclipse of
he inner satellite, Thebe. 

.1 Galilean satellite events 

ere we present the results of the events that involved only the
alilean satellites. The individual results for each parameter of

nterest can be seen in Table 4 . Table 5 shows the topocentric results
or the positions X and Y . 

Table 4 presents, in the first three columns, the date, event type,
nd observer, as defined in Tables 1 and 2 . In the following columns,
e show the results for the impact parameters ( S 0 ), central instant

 t 0 ), and relative velocity ( v 0 ). Additionally, the deviations (O–C)
etween the observations and the JPL DE440 + JUP365 ephemerides
re provided. The deviations are represented by � S 0 , � t 0 , and �v 0 .
n the last two columns, we display the number ( N ) of used images
nd the normalized χ2 . At the bottom of the table, the means and
tandard deviations (S. D.) are presented. 

Table 5 , with the first three rows analogous to Table 4 , also presents
he results in terms of topocentric distances X and Y between the pair
f satellites involved in the event (occulting/eclipsing satellite minus
cculted/eclipsed satellite), as well as the uncertainties ( σX , σY ), the
phemeris offsets ( � X , � Y ) and the number of points used to fit the
urves ( N ). The means and standard deviations for the parameters
re provided at the bottom of the table, similarly to Table 4 . 

Fig. 4 displays the plots with curve fitting for each event involving
he Galilean satellites observed during the 2021 campaign. In the top
anel of each plot, the uniform line represents the model, and the
onuniform curve shows the normalized flux. In the lower panel, the
esulting residual from the model’s fit to the observations. 

The albedo ratio between Ganymede and Callisto could not be
etermined for the occultation that occurred on August 9th. This
as because the satellites involved in the occultation were not

ufficiently separated to measure the individual flux from both in the
mages obtained. Therefore, to a v oid a significant loss of precision,
he same albedo ratio values published by Morgado et al. ( 2019a )
ere used, where the albedo ratio between Ganymede and Callisto
as 1.61. 
According to Table 4 , the average errors achieved in our analyses

ere as follows: for the impact parameter, the average error was
.7 mas; for the central instant, we obtained an average error of
bout 4.6 mas; and regarding the relative velocity, the average error
as 0.2 mas s −1 . 
As for the ephemeris offsets, which represent the differences be-

ween the observed and predicted values, we obtained the following
esults: for the impact parameter, the mean offset was −5.6 mas with
 standard deviation of 5.1 mas; for the central instant, the mean
ffset was + 0.8 mas with a standard deviation of 2.21 mas; and for
he relativ e v elocity, the mean offset was + 0.01 mas s −1 with a
tandard deviation of 0.05 mas s −1 . All these values can be found in
able 4 . The accuracy of our analyses was 2.4 mas. 
The error values are consistent with the dispersion of the ephemeris

ffsets, with no mean offsets greater than 1 sigma (1 σ ). Therefore,
e can conclude that the JPL DE440 + JUP365 ephemerides are in
ood agreement with the observations from the 2021 campaign of
utual phenomena of the Galilean satellites, at the level of 5 mas. 
NRAS 526, 6145–6154 (2023) 
.2 Eclipse of Thebe 

n the observations of the mutual phenomena in 2021, we were able to
ecord, using the 1.6 m telescope at the OPD, a rare eclipse between
he satellites Ganymede and the inner satellite Thebe, which occurred
n the early morning of 2021 July 18. Performing astrometry of Thebe
hrough mutual phenomena is a challenging task due to the proximity
f the satellite to Jupiter (with a semimajor axis equi v alent to 3.17
upiter radii), which often causes obstruction due to the scattered
rightness of the planet. 
To o v ercome the mentioned observational problems, the coronog-

aphy technique is commonly applied. This technique has shown
ositive results for performing astrometry of the inner satellites, as
t allows the separation of the satellite from Jupiter’s scattered light
Christou et al. 2010 ; Saquet et al. 2016 ; Robert et al. 2017 ; Morgado
t al. 2019a ). 

Ho we ver, we opted for a different approach and applied a technique
f subtracting Jupiter’s scattered light from the observational data by
onstructing a model of the planet’s scattered flux (see Section 5 ).
his approach was innov ati ve in the analysis of mutual phenomena,
nd the results were very promising, making it feasible and opening
ew avenues for the analysis of mutual phenomena involving
upiter’s inner satellites. 

Note that the first observation of a mutual phenomenon involving
he inner satellite Thebe was reported by Saquet et al. ( 2016 ), who
ublished the results of an eclipse of Thebe by Callisto observed dur-
ng the 2014/2015 campaign. Thanks to our observational efforts and
nalysis approach, we were able to provide the second observation
f a mutual phenomenon involving Thebe. 
The photometry of this data set was also performed using the

RAIA package (Assafin 2011 ). Ho we ver, for this e vent, during the
eduction process, we manually defined the photometric aperture to
chieve the best signal-to-noise ratio. It is worth noting that for these
ata, we do not have a photometric calibrator available (see Table 3 ),
nd therefore, systematic variations in the light curve of this event
re related to changes in the night’s weather conditions. 

The simulations and light curve fitting of the eclipse of Thebe were
onducted following the approach described in Section 5 . Ho we ver,
ue to Thebe’s irregular shape (triaxial diameter of 116 × 98 ×
4 km), in our simulations, we considered the satellite as a sphere
ith a radius of 49.3 km, with an uncertainty of 4 km (Thomas et al.
998 ). This choice does not affect the accuracy of the measurements,
s the relative velocity of the event involving Thebe is about
.5 mas s −1 ( ∼28 km s −1 ), and with a temporal resolution of 5 s in
ur measurements, coupled with the resolution of our observations
 ∼140 km), the real shape of the satellite becomes indistinguishable
rom the approximate shape. 

The results obtained from the observation of the eclipse of Thebe
re compiled in Table 6 . The parameters listed in the first column are:
he central instant t 0 ; the impact parameter S 0 ; the relative velocity
 0 ; the standard deviation σ (O–C); the number N of data points
sed in the fitting; and the value of the minimum chi-squared per
egree of freedom found with the curve fitting. In the second column,
e provide the values predicted by the JPL DE440 + JUP365

phemerides; in the third column, we display the results obtained
rom the curve fitting; and finally, in the fourth column, we present
he offsets between the observations and the ephemerides (O–C). As
efore, the JPL DE440 + JUP365 ephemerides were used in this
nalysis. 

Fig. 5 displays the light curve fitting of Thebe. Similar to plots of
ig. 4 , the upper panel shows the curve representing the observation,
nd the uniform line represents the fitted model. In the lower panel,
he residual of the fit. 
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Table 4. Results of the parameters of interest obtained for the Galileans. 

Date Event Obs. S 0 Error ( S 0 ) t 0 UTC Error ( t 0 ) v 0 Error ( v 0 ) � S 0 � t 0 �v 0 N χ2 

(y/m/d) S 1 xS 2 (mas) (mas) (h:m:s) (s) (mas s −1 ) (mas s −1 ) (mas s −1 ) (mas) (mas) 

21/04/10 3ecl4 OPD 1331.8 3.57 07:30:29.33 1 .06 2.31 0.10 − 3 .48 − 2 .72 + 0 .03 242 0.538 
21/04/11 1ecl2 OPD 295.9 1.25 07:41:37.81 0 .44 7.36 0.22 − 0 .96 − 1 .36 − 0 .10 297 0.811 
21/05/20 1ecl2 OPD 466.9 1.54 07:58:40.32 0 .45 6.31 0.50 + 1 .89 − 0 .15 − 0 .10 169 0.700 
21/06/21 1ecl2 OPD 908.5 10.8 06:14:38.47 0 .92 5.28 0.79 − 10 .81 + 2 .10 + 0 .06 86 0.609 
21/08/09 3ecl2 UTFPR 414.3 3.68 04:13:38.90 6 .45 0.61 0.05 − 11 .60 + 2 .09 + 0 .01 717 0.323 
21/08/09 3ecl2 INPE 413.2 9.17 04:13:43.27 18 .11 0.62 0.05 − 12 .80 + 4 .98 − 0 .02 1645 0.521 
21/08/09 3occ2 OPD 958.3 3.17 06:32:43.79 3 .18 1.21 0.07 − 4 .10 + 0 .44 − 0 .02 172 0.859 
21/08/09 3occ2 UTFPR 958.3 4.46 06:32:44.25 3 .47 1.23 0.08 − 3 .04 + 1 .29 − 0 .01 250 0.741 

Mean – – – 4.70 – 4 .61 – 0.23 − 5 .61 + 0 .83 + 0 .01 – –
S. D. – – – 3.24 – 2 .66 – 0.25 5 .07 2 .21 0 .05 – –

Table 5. Results in X and Y for events among Galileans. 

Date Event Obs. X Y σX σY � X � Y N 

(y/m/d) S 1 xS 2 (mas) (mas) (mas) (mas) (mas) (mas) 

21/04/10 3ecl4 OPD + 444 .3 − 1255 .5 3 .47 2 .57 + 1 .42 − 4 .19 242 
21/04/11 1ecl2 OPD − 97 .6 + 280 .4 3 .47 0 .21 + 0 .96 − 1 .36 297 
21/05/20 1ecl2 OPD + 163 .6 − 437 .3 2 .17 2 .46 + 0 .80 + 1 .72 169 
21/06/21 1ecl2 OPD + 326 .8 − 848 .2 0 .58 11 .83 − 5 .88 − 9 .32 86 
21/08/09 3ecl2 UTFPR − 182 .6 + 397 .7 2 .07 4 .99 − 6 .70 − 9 .70 717 
21/08/09 3ecl2 INPE − 185 .6 + 397 .7 6 .30 12 .92 − 9 .82 − 9 .60 1645 
21/08/09 3occ2 OPD − 402 .8 + 876 .6 2 .26 4 .51 − 2 .12 − 3 .54 172 
21/08/09 3occ2 UTFPR − 402 .7 + 875 .2 2 .02 5 .87 − 2 .46 − 2 .22 250 
Mean – – – – 2 .79 5 .67 − 2 .97 − 4 .77 –
S. D. – – – – 1 .57 4 .21 3 .86 4 .03 –
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The uncertainty achieved for the impact parameter, as indicated 
n Table 6 , reached 2.4 mas. F or the relativ e v elocity, the error was
.1 mas s −1 , and for the central instant, it was 6.7 s mas between the
bserved and predicted values. The offsets were + 4.2 mas for the
mpact parameter, 1.5 mas s −1 for the relativ e v elocity, and 11.6 mas
or the central instant. 

Table 7 displays the results concerning the right ascension ( α)
nd declination ( δ) directions for the positions ( X , Y ). The in-
ormation contained in Table 7 is analogous to that of Table 5 .
t is noteworthy that the errors σX and σY in the topocen-
ric positions were, respectively, 39 mas ( ∼117 km) and 51 mas
 ∼153 km). 

 C O N C L U S I O N  

n this study, we present the results of nine light curves obtained
rom the observation of seven different mutual events of Jupiter in 
021. The observ ed ev ents involv ed the Galilean satellites, and one
articular event included the inner satellite Thebe. The observations 
ere conducted at the OPD and by collaborators in the south and

outh-east regions of Brazil. Telescopes with apertures ranging from 

.20 to 1.60 m were used for the observations. 
The analysis method we employed involves applying simulation 

outines and curve fitting techniques described in Sections 5 and 
 , as published in Morgado et al. ( 2019a ). During our fitting
rocess, we encountered average of fset v alues that are below 1
igma (1 σ ). The minimum average precision obtained for events 
nvolving only the Galilean satellites was 2.8 mas ( ∼8.4 km), as
hown in Table 5 . For the Thebe eclipse, we achieved a minimum
recision of 38.8 mas ( ∼116.7 km). Based on these results, it can be
oncluded that our modelling aligns well with the observational data, 
emonstrating a strong agreement between the model predictions and 
ctual observations. 

The results derived from our analyses, combined with the extensive 
et of observations of this system, are significant for quantifying 
ariations in the orbits and velocities of the satellites. These measure-
ents can be utilized to enhance the uncertainties associated with the

rbits of the Galilean satellites and Jupiter’s inner satellite,– Thebe. 
More precise ephemerides of Jupiter’s satellite orbits, especially 

he Galilean satellites, are crucial for the planning of space missions
imed at this system, as well as the optimization of ongoing missions.
n this context, the Europa Clipper mission, 3 scheduled to launch in
024, and the JUpiter ICy moons Explorer (JUICE) probe, 4 launched 
n 2023 April with an expected arri v al at the Jovian system in 2031,
tand out. Both probes will derive precise space astrometry with 
ies by all Galilean moons, except Io (Fayolle et al. 2023 ). This
urther enhances the importance of our study, as three out of the five
ndependent events here analysed involve Io. 

Furthermore, periodic measurements of the orbits of the Galilean 
atellites enable the study of low-intensity effects that are less 
xplored, such as resonant effects and tidal dissipation (Lainey et al.
009 ). 
Through the observation and data processing techniques men- 

ioned in Sections 2 and 3 , we were able to observe the second
utual phenomenon involving the inner satellite Thebe. This was 
rst reported by Saquet et al. ( 2016 ) based on observations from

he 2014–2015 campaign. This approach is particularly intriguing as 
MNRAS 526, 6145–6154 (2023) 
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M

Figure 4. Fitting of the eight light curves of events between the Galilean satellites. The graph title indicates the satellites, event, date, and observer. The upper 
panel of each figure displays the fitting of the light curves, and the lower panel shows the residuals of the fitting. 
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Table 6. Results of the eclipse of Thebe by Ganymede in 2021. 

Parameters Ephemeris Observed (error) (O–C) 

t 0 (h:m:s) 04:05:18.271 04:05:19.491 (6.883 s) + 11.64 mas 
S 0 (mas) 816.50 820.67 (2.435) + 4.164 
v 0 (mas s −1 ) 8.044 9.547 (1.097) + 1.503 
σ (O–C) – 0.279 –
N – 43.00 –
χ2 – 0.731 –

Note. The time is given in UTC. 

Figure 5. Light curve fit of an eclipse between Ganymede (503) and Thebe 
(514) observed on 1.6 m telescope on OPD in 2021 July 18. 

Table 7. Results in X e Y for the eclipse of Thebe by Ganymede on 2021 
July 18. 

X Y σX σY � X � Y N 

(mas) (mas) (mas) (mas) (mas) (mas) 

+ 301.74 −763.26 38.86 51.06 −9.17 + 8.28 43 
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t paves the way for future studies of mutual phenomena involving 
upiter’s inner satellites or even the ree v aluation of observ ations from
revious campaigns. 
In the context of this work, we encourage the continuous observa- 

ion of mutual phenomena occurring among the moon of giant plan- 
ts. The next mutual phenomena of Jupiter is expected to take place
etween 2026 and 2027, and an observational campaign for these 
vents will be organized for that occasion. Additionally, it’s worth 
mphasizing the significance of observing the 2024–2026 campaign 
or the mutual phenomena of Saturn. After the conclusion of the 
assini mission, the Saturnian system requires new astrometric mea- 

urements to maintain the precision of its satellite ephemerides. Pre- 
ictions for the upcoming mutual phenomena of Jupiter and Saturn 
an be consulted on the IMCCE website (Arlot & Emelyanov 2019 ). 5 
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