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ABSTRACT: The irregular satellites of the giant planets are a class of objects that were probably
captured by their host planets. If they were captured, the mechanism of capture and their origins
are not known. There is no known mechanism that is able to permanently capture a satellite in the
current solar system. Some authors propose different origins, from the Main-Belt of asteroids to
the Trans-Neptunian region. The study of these objects may enlighten how the solar system has
evolved to allow the capture of satellites. In this work we use stellar occultations to study their
properties and identify possible regions of origin for the satellites.

Introduction

When a planet is born from the proto-planetary nebula, it carries
some of the gas and dust from the nebula, which starts to
gravitate around the planet. The agglutination of these materials
may form what is known by satellites. By the conservation of
angular momentum and tidal forces caused by the planet, the
orbits of these satellites will very much be prograde (orbits in
the same direction of the planet’s rotation), almost circular,
close and coplanar with the equator of the planet. In most cases,
they will evolve into a configuration where their rotations will be
tidally locked to their primary, always showing the same face to
the planet, for instance, Earth’s moon, the Galilean moons, Pluto-
Charon, etc. These satellites are classified as "Regular Satellites”.

By contrast, the Giant Planets of the solar system, Jupiter, Saturn,
Uranus and Neptune, have many more satellites that are very
distant, with eccentric, inclined, and, in most cases, retrograde
orbits. Because of their orbital characteristics, they were classified

as “lrregular Satellites”. By 2021 February, 144 irregular satellites
are known, 70 Jovian, 58 Saturnian, 9 Uranian and 7 Neptunian
ones. Compared to Jupiter and Saturn, the low number of Uranian
and Neptunian satellites are probably due to observational bias.

In most cases, these satellites are tiny, with the largest Jovian one,
Himalia, being 150 km in diameter. The following are Elara with
80 km, Pasiphae with 60 km, and the remaining with less than 50
km. The majority of them have sizes in the order of 1-3 km. For
Saturn, Phoebe is 212 km, Albiorix and Siarnaqg with 40 km, and
the remaining smaller than 10 km. The largest known irregular
satellite is Nereid, Neptune satellite, with 350 km.

In Figure 1, we can see the orbital characteristics of the Jovian
satellites. The difference between regular and irregular satellites
is apparent. The regular satellites are concentrated within 0.02
Hill radius from Jupiter, while the irregular ones range from 0.1
to 0.6 Hill radius.

Figure 1. Orbital characteristics of
the Jovian satellites from [T].
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The orbital configurations of irregular satellites are strongly
associated with capture rather than in-situ formation. However,
there is no known dynamical mechanism capable of capturing a
satellite in a stable orbit in the current solar system. If they were
captured, it leaves the questions “What mechanisms are
responsible for their captures?” and “Where do they come from?”
The proposed capture models include Gas Drag [2], where the
gas enveloping the young planet would be responsible for
dissipating the energy of a passing body. Another model, called
Pull-Down Capture [2], states that the increase of a planet's mass
due to accretion would increase its Hill radius and trap temporary
satellites. Both models demand the capture to be made during
the formation of the solar system.

A capture by collision was also proposed by [3] where a collision
within the Hill radius of the planet would disrupt one or both
bodies. Some of the fragment would not have enough energy
to escape the Hill sphere. This model also explains the observed
orbital families observed today (Figure 1). Finally, an N-body
interaction could also result in the capture of a satellite. For
instance, [4] proposed that during the solar system instability,
described by the Nice model, the closest approach between the
outer planets would be enough to capture a large number of
irregular satellites.

[5] showed, through their colours, that the objects of the Himalia
family are similar to C-type asteroids. In the same study, Pasiphae
was identified as similar to C-type asteroids while the other
family members are redder, similar to P- or D-type asteroids. An
inverse situation was found for the Ananke family, where Ananke
is similar to P- or D-type asteroids while the remaining members
are similar to C-type asteroids. Finally, the Carme family was
found having colours similar to Centaurs or TNOs.

The Saturnian irregular satellites are, in general, redder in their
colours. From these, Phoebe was observed by Cassini spacecraft
in a close flyby. The observations showed Phoebe has a density
significantly higher than the regular satellites. With a porosity of
~0.15, its uncompressed density would be similar to Pluto or Triton
[6]. [7] showed, through spectroscopy, that Phoebe’s surface is
composed of material of cometary or outer solar system origin.

These conditions further suggest different origins for the
irregular satellites. To better understand these satellites, trying
to study their origins, captures and evolution, the Rio group has
proposed the observations of stellar occultations by such objects.
With occultations, we may obtain their sizes and albedos with
high accuracy, which will further constrain the orbital families.
For instance, Sinope is sometimes classified as a member of the
Ananke or the Pasiphae family. However, [8] classify Sinope as
the main body of its own family.
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Astrometric Observations and Predictions

The Rio Group has observed irregular satellites since 1992. In [9],
| have published the astrometric positions of these observations
together with observations from the Observatoire de Haute-
Provence and the European Southern Observatory. In total, 6500
positions were obtained. These observations increased by more
than 50% the number of observations used in the previously
known JPL Jovian ephemeris JUP300 [10]. For Nereid, the total
number of observations doubled.

In [11], we generated our ephemeris for the Jovian irregular
satellites, optimised to predict stellar occultations for the next
few years. We used only the observations published in [9] and
integrated them up to 2020. We did not need to use all
observations because we only needed a short-term ephemeris,
and we had observations covering many orbital periods of the
satellites. For the satellite Phoebe, we updated the ephemeris [12]
including our observations.

In the same work, we predicted stellar occultations from 2015 up
to 2020. We identified an important increase in the number of
events for the Saturnian satellites in 2018 (~230 for stars with
V<16.5) and the Jovian satellites in 2019 - 2020 (~350 for stars with
V<16.5 by satellite). This increase was caused by the passage of
the planets in front of the apparent Galactic Plane. For the Uranian
satellites, Caliban and Sycorax, and Neptunian satellite, Nereid, no
relevant occultation was found in the period. Currently, Uranus
and Neptune are crossing a low-density region in the sky.

Stellar Occultations by Phoebe

Although a large number of predictions, the small sizes of the
satellites and the ephemeris error, some times larger than the
satellites’ sizes, made observations challenging. The first observed
stellar occultation by an irregular satellite happened on 2017 July
06, in Japan, by Phoebe, observed by M. Owada and K. Hosoi. It
was a two-chord event. Occultations by Phoebe were the most
likely to be observed due to its more precise ephemeris.

In the year that Phoebe crossed the Galactic Plane, 2018, we
observed four single-chord occultations, being one observed in
Chile (June 19) and three observed in Australia (June 26, July 3
and August 13). The last occultation by Phoebe was observed in
Argentina on 2019 June 7 also a single-chord event.

Because Phoebe already had a 3D shape model obtained from
Cassini observations [13], our goal was to compare the chords
with the model and infer the satellite’s orientation. Using the
orientation parameters from [14], we notice that the nominal
orientation could not match the 2017 chords suggesting an error
in Phoebe’s nominal orientation.

Since the pole coordinates were better determined, the orienta-
tion’s error probably came from the rotational parameters. This






with an equatorial radius of 85 km, considering some chords
detected a crater (Figure 3).

To improve the fitting, we have observed the rotational light
curves of the satellite to obtain a 3D shape that could be matched
to the occultation chords. This is an ongoing project and further
observations are needed.

A fortuitous observation was the stellar occultation by Lysithea.
Lysithea is the fifth largest irregular satellite of Jupiter, with a
diameter of about 42 km. The uncertainty in its ephemeris was also
larger than Elara’s and Pasiphae'’s, for instance. Lysithea belongs
to Himalia's orbital family, and both have similar colours.

The first occultation by Lysithea was a single chord observed in
New Zealand on 2019 August 28. The chord length was 42.2 + 3
km, which confirms the diameter of 42.2 km obtained by [18] using
thermal modelling from NEOWISE observations. The ephemeris
offset obtained was 180 km.

A second occultation by Lysithea was observed in the USA on
2020 August 13. It was also a single chord occultation. For this
satellite, we only managed to obtain some astrometric positions
to improve the ephemeris.

Conclusion

The irregular satellites are an interesting class of objects in the
solar system often forgotten. The study of these objects and their
evolutionary orbits may reveal characteristics of the formation
and evolution of the solar system. Much is yet to be discovered.

The propitious epoch to observe a stellar occultation by these
satellites has passed, but we observed some interesting events.
The ephemeris has been an issue with predictions. The JPL JUP343
[19], which uses [9] observations, has provided underestimated
error bars. For instance, the 2018 May 12 and May 20, Himalia’s
position was supposed to have an uncertainty of 20 mas by [19],
while the observations showed an offset of almost 40 mas.
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Figure 3. Ellipse fit using the chords of the May 12 (blue) and May 20 (green) occultations. The dashed blue and green lines represent the
respective negative chords. The light blue dashed lines show the centre of the predictions. This fit considers a possible crater on the right

side of the plot.
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Figure 4. Histograms of predicted stellar occultations between 2021 and 2040 for the main irregular satellites of Jupiter (Himalia), Saturn

(Phoebe), Uranus (Sycorax) and Neptune (Nereid).

Some astrometric observations and new orbital models made
by the Rio Group have also been made to increase the chances
of observing occultations by these objects in other epochs. For
statistical purposes, we have predicted stellar occultation up to
2040. We have noticed there will still be many events for Jovian
satellites, but not so much for the Saturnian, Uranian and
Neptunian ones.

Figure 4 shows histograms of events predicted using Gaia-DR2
stars with G<16.5 for each planet's main satellites. The Jovian
satellites will cross the central side of the Galactic Plane again in
2031, increasing the number of events. The Saturnian satellites
will cross the far side of the Galactic Plane in 2033, increasing the
chances, but not as much as for Jupiter. For Uranus and Neptune,
the number will remain very low.

For 2021, one of the most interesting events will be of Caliban,
Uranus' satellite, in the USA on September 28. Figure 5 shows
the map of this event, which will be the only event with good
observation circumstances this year. Other occultations by smaller
satellites, like Leda and Ananke (D ~20km), are predicted to
cross Europe, but an ephemeris improvement is needed. These
predictions are made available on the Rio-satellite feed, with a
total of 52 occultations predicted for 12 irregular satellites in the
year 2021.
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Figure 5. Map of the Caliban occultation predicted to happen on
2021 September 28 in the USA. The dashed lines represent the
uncertainty of the ephemeris. We expect to improve the prediction.
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