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Abstract

In the story of our Solar system, the captured, irregular satellites of the gas giants and the
Jovian Trojan swarms provide key records of the dynamical history. When investigating s-
mall Solar system body populations such as these, we need to accommodate their complex
and diverse dynamical and physical properties, and our incomplete empirical knowledge of
individual objects. To discover more about our Solar system’s small bodies using dynamical
families and their histories, this thesis thus focuses on the use of astrocladistics, a novel tax-
onomic analysis adapted from the biological sciences, the ‘Tree of Life’. The astrocladistical
analyses in this thesis are then combined with n-body simulations of particular dynamical
families, to gain insights as to their origins.

The first population examined in this Thesis comprises the irregular Satellites of the gas
giants, providing a small-scale verification of the use of cladistics for Solar system research
(Paper 1). Two dynamical studies on the Jovian Trojans then follow. The first of these (Paper
2) investigates the escape rate of the Jovian Trojans using large scale n-body simulations, with
a focus on the collisional families in the population. The second Jovian Trojans study (Paper
3) reports the discovery of the first example of a Jovian Trojan dynamical pair. The final work
(Paper 4) included in this thesis uses astrocladistics to examine the JovianTrojan swarms, and
identify a set of new priority targets. The priority target can also help place the targets of the
Lucy mission spacecraft, set to visit in the late 2020s, into a wider context. In overall terms,
this thesis establishes astrocladistics as a tool for analysis of small Solar systembodies, provides
new insights into the history of different dynamical families, and forms a promising basis for
the wider adoption of cladistics in comparative planetology.

Thework that comprises this PhDwas presented, as a whole, in a seminar on 13th of April,
2021. A recording is available.
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1
Introduction

Throughout antiquity, there were five known planets, Mercury, Venus, Mars, Jupiter and
Saturn, named ‘The Wanderers’ for their apparent movement across the sky. With the dis-
covery of Uranus, the first ice giant planet, in 1781 by Sir William Herschel, and four objects,
1 Ceres, 2 Pallas, 3 Juno and 4 Vesta in the early 19th Century (1801-1804) the apparent struc-
ture of the Solar system was starting to become more complex. This complexity increased
in the mid 19th Century, including the discovery of Neptune, the other Solar system ice gi-
ant, in 1843-6. From 1845 to 1900, 448 asteroids, what are now termed ‘small Solar system
bodies’ were discovered. This plethora of new discoveries increased steadily until the advent
of computer-aided photometry in the later part of the 20th century, when the number of
discoveries started to increase exponentially (see North, 2008, for review of these discover-
ies). As of 11thMarch, 2021, there are 1,043,047 small Solar system bodies in theMinor Planet
Center catalogue1.

The small Solar system bodies are the debris left over from the earliest period in its for-
mation. The known objects range in size from meter sized Near Earth objects, through to
several hundred km sized objects, such as 4 Vesta, 624Hektor, 16 Psyche, and the dwarf plan-
ets Pluto, 1 Ceres, Eris, Makemake and Haumea. To date, over a million objects have been

1https://minorplanetcenter.net/
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Figure 1.1: The distribution of objects in the inner six astronomica units (au) of the So ar system, shown in Cartesian
coordinates in the ec iptic coordinate system. The eft pane shows a top‐down, xy view of the system, whi st the
right pane shows a side‐on xz view. The data p otted were taken from the JPL HORIZONS database
https://ssd.jpl.nasa.gov/horizons.cgi, and the positions of the objects are shown at epoch
2000‐01‐01 00 00 00 UT. Inner So ar system showing the individua popu ations, inc uding the Jovian Trojans in
purp e (after Horner et a ., 2020). The various sma body popu ations are co our coded as fo ows the near‐Earth
asteroids (NEAs) in green (with the sub‐popu ations as fo ows Atiras in aquamarine, Atens in chartreuse, Apo os in
sea green and Amors in dark green); Main be t asteroids in b ue, the Hi da asteroids in red, the Jovian Trojans in purp e,
the Centaurs in brown, ong‐period comets in grey, Jupiter fami y comets in o ive and Ha ey‐type comets in cyan. The
ocations of the five innermost p anets (Mercury, Venus, Earth, Mars and Jupiter) are marked in orange, with their
orbits shown in white.

discovered, all clustered into various populations throughout the Solar system, see Figures 1.1
to 1.4. Two of these populations, the Jovian Trojans, and the Irregular satellites of the gas
giants are of particular interest, as they are thought to have been captured to their current
orbits during the chaotic, early days of the Solar system.

Taxonomy is the practice of grouping things into classes. In the context of small Solar
system bodies, the current paradigm includes the dynamical populations (see Horner et al.,
2020, for review), collisional families (see Nesvorný et al., 2015, for review) and a spectral clas-
sification system (themodern Bus-DeMeo systemDeMeo et al., 2015), each explained further
in section 1.4.4. There are some trends that can be seen using the spectral taxonomy across
the Solar system, see Figure 1.5, though this complex area is the one of major interest and
constantly under review (DeMeo and Carry, 2014; DeMeo et al., 2015).

The predominate method for analysis of taxonomy in the biological sciences is Cladistics,
the ‘Tree of Life’. Recently works have expanded the use of this method out into astron-
omy, a new field termed ‘astrocladistics’. This PhD extends the use astrocladistics into the
Planetary sciences for the first time, particularly the small Solar system body populations.
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Figure 1.2: The observed distribution of the sma bodies in the inner So ar system, as a function of their semi‐major
axis, eccentricity, and inc ination. The various sma body popu ations are p otted in different co ours, using the same
co our scheme as for Figure 1.1 The data p otted were taken from the JPL HORIZONS database
https://ssd.jpl.nasa.gov/horizons.cgi.
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Figure 1.3: The distribution of bodies in the So ar system as seen face‐on (xy eft) and edge‐on (xz right), showing the
distribution of objects in Cartesian coordinates in the ec iptic coordinate system. The positions of the objects are
those they occupied at epoch 2000‐01‐01 00 00 00 UT (from Horner et a ., 2020). The data p otted were taken from
the JPL HORIZONS database( https://ssd.jpl.nasa.gov/horizons.cgi). The objects in the inner So ar
system are co oured as in Figure 1.2. Outer So ar system objects are a so co oured according to their c assification.
Centaurs (brown) are shown between Jupiter and Neptune. The Neptune Trojans (orange‐red) can be seen at 30 au,
and the P utinos (deep pink) at 39.5 au, just interior to the objects that make up the c assica Edgeworth‐Kuiper be t
(orchid, between ∼ 40 and 48 au). To higher eccentricities, the Scattered Disc objects (maroon) can be seen spreading
outward in a curved popu ation in the midd e p ot ‐ objects whose perihe ia fa between ∼ 30 and 40 au that move on
eccentric, chaotic orbits. Two cometary popu ations are shown, the Jupiter fami y comets (o ive) and the Ha ey type
comets (cyan).
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Figure 1.4: A p ot of the outer So ar system showing the individua popu ations in semi‐major axis, eccentricity (top)
and inc ination (bottom) space (from Horner et a ., 2020). The data p otted were taken from the JPL HORIZONS
database (https://ssd.jpl.nasa.gov/horizons.cgi). The objects in the inner So ar system are co oured
as in Figures 1.2 outer system as in Figure 1.3.
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Figure 1.5: Distribution of asteroid types under the Bus‐DeMeo spectra taxonomy. From Figure 3 in DeMeo and
Carry (2014).

With a history of other taxonomic methods, these populations form a test case for the gen-
eral expansion of astrocladistics as a tool for comparative planetology. The first population
examined are the Irregular satellites of the gas giants, providing a small population to test
cladistics. The primary focus of this PhD is the Jovian Trojan asteroids, a population several
orders ofmagnitude larger than the satellites. The JovianTrojans are two swarms of asteroids
in Jupiter’s orbit, one leading and one trailing the gas giant. These objects provide a suitably
sized population to extend the use of astrocladistics. The dynamical situation of the Jovian
Trojans has also made traditional classifications systems problematic. In this PhD project, I
use astrocladistics to investigate the classification of Jovian Trojans, and to place the resulting
taxonomy into dynamical context. The combination of tool-sets provides insights into the
history of these objects as well as providing an opportunity to incorporate astrocladistics into
the narrative of the Solar system.

In this first chapter, I present an introduction to the project, including a hypothesis in sec-
tion 1.1 and the scientific questions, with their objectives in section 1.2. The first paper of this
PhD project looks at using astrocladistics to characterise Jovian and Saturnian Irregular satel-
lite system. In section 1.3 I provide an overview of the satellite systems. Section 1.4 describes
the small Solar system body population, the Jovian Trojans. The current state of relevant
physics and dynamics of the Jovian Trojan swarms are also explored in section 1.4.3. I also
look at how the current asteroid taxonomic systems relate to the Jovian Trojans, as well as
their origins. Orbital dynamical methods form part of this work, and they are discussed in
section 1.5. The application of astrocladistics to small Solar system bodies forms amajor com-
ponent of this work. In section 1.6 I explore some of the history of cladistics in the biological
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sciences and its application in astronomy. The astrocladistical methodology is included in
section 1.6.2. I finalise this section with some brief remarks in section 1.7.

1.1 Hypothesis

Astrocladistics can be used to classify small Solar system objects into groups, including the
Jovian Trojans and gas giant Irregular satellites, using incomplete datasets. The dynamical
evolution of these populations can be simulated, giving insight into their long term stability
and origins.

1.2 Research Questions

• How can astrocladistics be used to give insights into the history of Solar system objects?
Cladistics is used by biologists to create the ‘Tree of Life’. The techniquewas originally
developed to incorporate incomplete fossils into the analysis. Traditional astronomy
classification schemes require full, complete data for every object being investigated.
This can become a major problem, as most objects in a given population are poor-
ly characterised, and complete data is only available for a small fraction of them. As
astrocladistics can be used for populations including incomplete data, it means more
objects from a population can be included in a classification. In this PhD project, I use
astrocladistics in an investigation of the satellite systems of the gas giants (Holt et al.,
2016, 2018). Subsequent works in this project, by investigating the Jovian Trojans that
have been observed inwide-field surveys, extends the use of the technique by an orders
of magnitude. Previous investigations have indicated that there are several collisional
families within the Jupiter Trojans (Emery et al., 2015), the results of collisions. One
of the powers of cladistics is that it can analyse a multitude of different characteristics,
particularly in incomplete datasets, allowing us to include dynamics as well as physical
attributes in the analysis. The aim is to investigate the resulting classification that aris-
es out of an astrocladistical analysis of the Jovian Trojans, and how it compares with
existing methods.

• What are the long term dynamics of the Jupiter Trojan families?
Investigating the stability of the known collisional families in the Jovian Trojans
(Nesvorný et al., 2015) can give us insights into the history of the population. Using a
suite of simulations onFawkes, theUSQHighPerformanceComputer (HPC) cluster,
we can simulate how these families evolve over time, givingus insights into their origins
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and relationships. These results are expected to be of particular interest to the Lucy
Mission (Levison et al., 2017), which is to visit the Jovian Trojans in 2025, as one of the
targets, Eurybates is a collisional family member.

• Are their any asteroid pairs in the Jovian Trojans, and what are the implications for
the history of the population?
Asteroid pairs, two objects with a common history, have been discovered in the Main
belt and Hungaria populations (e.g. Pravec et al., 2019). The prevalence of these pairs
informs us about dynamical history of the population. Despite searching in the sub
10au range (Pravec and Vokrouhlický, 2009), no pairs have been discovered in the Jo-
vian Trojan swarms. Due to the unique dynamic environment of the Trojans, in col-
lisional family searches, they require the use of a different proper semi-major axis pa-
rameter. In dynamical investigations of the Trojans, the delta to the semi-major axis of
Jupiter, instead of just the orbital semi-major axis to the Sun, are used. The aim of this
section is to use this alternative parameter to discover if there are any asteroidal pairs
in the Jovian Trojan population.

1.3 Jovian and Saturnian Satellite systems

The two gas giants of the Solar system, Jupiter and Saturn, are host to a large number of
satellites and rings. The satellites of both planets follow a similar progression pattern. The
inner region of each system consists of small icy satellites, with an accompanying ring system
(Thomas et al., 1998; Throop, 2004; Porco et al., 2005; Thomas et al., 2013). Farther out,
there are larger icy/silicate satellites (Thomas, 2010; Deienno et al., 2014). Each of these satel-
lites orbit the gas giant close to the equatorial plane, with minimal inclination, and prograde
motion.

In the outer system, both planets have a series of Irregular satellites, small satellites with
high eccentricities and inclinations (Nesvorný et al., 2003; Sheppard and Jewitt, 2003; Jewitt
and Haghighipour, 2007), many of which have a retrograde orbit far from the host plan-
et. It is thought that these satellites were captured from other populations of small Solar
system bodies (Colombo and Franklin, 1971; Heppenheimer and Porco, 1977; Pollack et al.,
1979; Sheppard and Jewitt, 2003;Nesvorný et al., 2004; Johnson andLunine, 2005;Nesvorný
et al., 2007, 2014). This is in contrast to the inner satellites, which are thought to have accret-
ed in a circumplanetary disk (e.g. Canup and Ward, 2002; Canup, 2010). Such a formation
mechanism is thought to resemble the accretion of planets in a protoplanetary disk around
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a young star (Lissauer, 1987), a conclusion that is supported by the recent discovery of the
TRAPPIST-1 planetary system (Gillon et al., 2016). That system features at least seven Earth-
mass planets orbiting a very lowmass star. While the host star, TRAPPIST-1, is considerably
moremassive than Jupiter it is similar in size, and its seven planets span orbital distances com-
parable to Jupiter’s regular satellite system. Studying and understanding the gas giant systems
in our own Solar system, can therefore provide context for future exploration of low-mass ex-
oplanetary systems.

1.3.1 The Jovian System

Historically,Galilei (1610) discovered the first satellites in the Jovian system, the largeGalilean-
s, Io, Europa, Ganymede and Callisto. Our knowledge of these satellites has increased greatly
in the past few decades, as a result of improved ground-based instrumentation (e.g. Vasund-
hara et al., 2017) and spacecraft flybys (e.g. Smith et al., 1979; Grundy et al., 2007; Greenberg,
2010).

Amalthea, one of the inner set of Jovian satellites, was discovered by Barnard (1892). A few
years later, the first two small Irregular satellites, Himalia (Perrine, 1905) and Elara (Perrine
and Aitken, 1905), were discovered in inclined, prograde orbits. The discovery of Pasiphae
three years later by Melotte and Perrine (1908) is significant as this was only the second satel-
lite in the Solar system to be found on a retrograde orbit, and the first such object found in
the Jovian system. Several other Irregular satellites were discovered in the first half of the 20th
century, Sinope (Nicholson, 1914), Lysithea (Nicholson, 1938), Carme (Nicholson, 1938) and
Ananke (Nicholson, 1951). Leda, another small prograde Irregular, was discovered 20 years
later by Kowal et al. (1975a). Themisto, the first Jovian satellite smaller than 10km to be dis-
covered, was found that same year (Kowal et al., 1975b) and subsequently lost. Themisto was
rediscovered by Sheppard et al. (2000) nearly 20 years later. The Voyager flybys of Jupiter dis-
covered the remaining three inner satellites, Metis (Synnott, 1981), Adrastea (JEWITT et al.,
1979) and Thebe (Synnott, 1980), along with a ring system (Smith et al., 1979). These three
satellites, Amalthea and the ring system, would be imaged again by the Galileo (Ockert-Bell
et al., 1999) and Cassini (Porco et al., 2005) spacecraft during their missions.

The Jovian Irregular satellites orbit the planet with semi-major axes an order ofmagnitude
greater than the Galilean moons, and have large eccentricities and inclinations. In the early
years of the 21st century, extensive surveys were carried out to search for the Jovian Irregular
satellites (Scotti et al., 2000; Sheppard et al., 2001, 2002; Gladman et al., 2003a,b; Sheppard
et al., 2003b; Sheppard andMarsden, 2003; Sheppard et al., 2003a; Sheppard and Jewitt, 2003;
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Sheppard et al., 2004; Sheppard and Marsden, 2004; Beaugé and Nesvorný, 2007; Jacobson
et al., 2011; Sheppard and Williams, 2012; Sheppard et al., 2018). These surveys increased the
number of known Jovian satellites from 14 after Voyager, to the 79 known as of March, 2021.
The inner five Irregular satellites, Leda, Himalia, Lystea, Elara and Dia, have prograde orbits
and have previously been classified into the Himalia group (Nesvorný et al., 2003; Sheppard
and Jewitt, 2003). Themisto andCarpowere proposed as singlemembers of their own group-
s by Sheppard and Jewitt (2003). The remainder of the Irregular satellites have retrograde
orbits. Based on similarities in semi-major axis, inclination and eccentricity, these satellites
have been grouped into families by Sheppard and Jewitt (2003) and Nesvorný et al. (2003),
the product of catastrophic collisions. These dynamical families are typified by their largest
member, Himalia representing the inner prograde satellites, with the retrograde ones being
broken down into the Ananke, Pasiphae and Carme families. Recently, several additional
small Irregular satellites have been discovered (Jacobson et al., 2011; Sheppard and Williams,
2012; Sheppard et al., 2018) which are yet to be named or classified. With the discovery of new
satellites (Scotti et al., 2000; Sheppard et al., 2001; Beaugé andNesvorný, 2007; Jacobson et al.,
2011; Sheppard andWilliams, 2012; Sheppard et al., 2018) and additional information from the
Cassini spacecraft (Porco et al., 2005; Denk andMottola, 2019), a revisitation of the classifica-
tion of the Jovian Irregular satellites (Nesvorný et al., 2003; Sheppard and Jewitt, 2003; Jewitt
and Haghighipour, 2007) is warranted.

1.3.2 The Saturnian System

The Saturnian system is broadly similar to that of Jupiter, but exhibits greater complexity.
One of the most striking features, visible to even the most modest telescope, is Saturn’s ring
system. First observed by Galileo in 1610, it was Huygens (1659) that observed that the ob-
jects surrounding Saturn were in fact rings. The rings themselves are composed of individual
particles, frommicrometer tometer size (Zebker et al., 1985). Embeddedwithin several of the
main rings are a series of smallmoonlets (Tiscareno et al., 2006) and several shepherd satellites
(Showalter, 1991; Porco et al., 2007; Cuzzi et al., 2014). The co-orbitals Janus and Epimetheus
(Yoder et al., 1983, 1989; Nicholson et al., 1992; Treffenstädt et al., 2015; El Moutamid et al.,
2016), and their associated faint ring system (Winter et al., 2016) are unique to the Saturn sys-
tem. Just beyond the Janus/Epimetheus orbit, there is a diffuse G-ring, the source of which
is the satellite Aegaeon (Hedman et al., 2007).

Huygens (1659) also discovered Saturn’s largest satellite, Titan. Earth-based observations
highlighted the methane based atmosphere of Titan (Kuiper, 1944; Karkoschka, 1994), with
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Figure 1.6: Po ar (top row) and side (bottom row) views of the Jovian sate ite system, as of 20th of November, 2020.
The fu system is shown on the eft, on y retrograde sate ites in the center and the centra system on the right. The
co ours represent termino ogy used in traditiona c assification Ama thea inner regu ar fami y (magenta) ; Ga i ean
fami y (b ue); Themisto prograde Irregu ar ( ime); Hima ia prograde Irregu ar fami y (green); Carpo prograde Irregu ar
(spring green); Ananke Irregu ar fami y (orange); Carme Irregu ar fami y (brown); Pasiphae Irregu ar group (red). Data
retrieved from Sheppard database https://sites.google.com/carnegiescience.edu/sheppard/.

further characterization by the Cassini spacecraft (Niemann et al., 2005) andHuygens lander
(Lebreton et al., 2005). The bulk composition of Titan is analogous to that of the other
icy satellites, with an icy shell, subsurface water ocean and silicate core (Hemingway et al.,
2013). There are seven other mid-sized icy satellites, with semi-major axes on a similar order
of magnitude to that of Titan. The five largest, Mimas, Enceladus, Tethys, Dione and Rhea
are large enough to be in hydrostatic equilibrium, and are broadly spherical in shape. All of
the mid-sized satellites are thought to be predominantly composed of water ice, with some
contribution from silicate rock, and may contain subsurface liquid oceans (Matson et al.,
2009; Filacchione et al., 2012). Those satellites closer to Saturn thanTitan,Mimas, Enceladus,
Tethys, Dione and Rhea, are embedded in the E-ring (Feibelman, 1967; Baum et al., 1981;
Hillier et al., 2007; Hedman et al., 2012). The Cassini mission identified the source of this
ring as the southern cryo-plumes of Enceladus (Spahn et al., 2006).

In addition to the larger icy satellites, there are four small Trojan satellites (Porco et al.,
2005), situated at the leading and trailing Lagrange points, 60◦ahead or behind the parent
satellites in their orbit. Tethys has Telesto and Calypso as Trojan satellites, while Helene and
Polydeuces are Trojan satellites of Dione. So far, these Trojan satellites are unique to the
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Saturnian system.
Between the orbits of Mimas and Enceladus, there are the Alkyonides, Methone, Anthe

and Pallene, recently discovered by the Cassini spacecraft (Porco et al., 2005). Each of the
Alkyonides have their own faint ring arcs (Hedman et al., 2009) comprised of similarmaterial
to the satellite. Dynamicalmodellingby Sun et al. (2017) supports the theory ofHedman et al.
(2009), that the parent satellite is the source of the rings.

In theouter Saturnian system there are a largenumber of smaller Irregular satellites, with 58
known as of March 2020. The first of these Irregular satellites to be discovered was Phoebe,
which was the first planetary satellite to be discovered photographically (Pickering, 1899).
Phoebe was also the second satellite, after Triton, a large satellite of Neptune (Lassell, 1849),
to be discoveredmoving on a retrograde orbit (Pickering, 1905; Ross, 1905). Phoebe is the best
studied gas giant Irregular satellite and the only one for which high quality in-situ spacecraft
observations have been obtained (Clark et al., 2005). Recently, a large outer ring associated
with Phoebe and the other Irregular satellites has been discovered (Verbiscer et al., 2009). It
has been suggested that Phoebe may have originated in the Edgeworth-Kuiper Belt and cap-
tured into orbit around Saturn (Johnson and Lunine, 2005). The other Saturnian Irregular
satellites were discovered in extensive surveys during the early 21st century (Gladman et al.,
2001; Sheppard et al., 2003a; Jewitt et al., 2005; Sheppard et al., 2006, 2007). Due to the small
size of the majority of these satellites, only their orbital information is available.

There are 11 prograde and 47 retrograde outer satellites as ofMarch 2021, ofwhich attempts
have been made to place into collisional families based on dynamical (Gladman et al., 2001;
Jewitt andHaghighipour, 2007; Turrini et al., 2008) and photometric (Grav et al., 2003;Grav
and Bauer, 2007) information. In the traditional naming convention (Grav et al., 2003), the
Inuit family, Ijiraq, Kiviuq, Paaliaq, Siarnaq and Tarqeq, are small prograde satellites, whose
inclination is between 45◦and 50◦. The Gallic family, Albiorix, Bebhionn, Erriapus and Tar-
vos, is a similar, prograde group, but with inclinations between 35◦and 40◦. The retrograde
satellites are all grouped into the Norse family, including Phoebe. There is a possibility that
the Norse family could be further split into subfamilies, based on photometric studies (Grav
et al., 2003;Grav andBauer, 2007). The convention of using names from respectivemytholo-
gies for the satellite clusters (Jewitt and Haghighipour, 2007), has become the default stan-
dard for the Irregular satellite families of Saturn. After these initial clusterings, a new set of
20 Irregular satellites were discovered, see section 2.1.1 for discussion on how these fit into the
taxonomy
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Figure 1.7: Po ar (top row) and side (bottom row) views of the Saturnian sate ite system, as of 20th of November,
2020. The fu system is shown on the eft, on y retrograde sate ites in the center and the centra system on the right.
co ours represent termino ogy used in traditiona c assification Main ring group, with associated shepherd sate ites
(purp e); Mid‐sized icy sate ites and Titan (dark b ue); Trojan sate ites (stee b ue); A kanoids and associated rings
(deep sky b ue); ‘Inuit prograde Irregu ar fami y (dark green); ‘Ga ic prograde Irregu ar fami y (dark orange); ‘Norse
retrograde Irregu ar fami y (dark red). Rings are shown in grey. Data retrieved from Sheppard database
https://sites.google.com/carnegiescience.edu/sheppard/

1.3.3 Formation Theories

The purpose of taxonomy and classification, beyond simple grouping, is to investigate the
origin of objects. The origin of the Irregular satellites is a topic of ongoing study (as reviewed
in, Jewitt andHaghighipour, 2007;Nesvorný et al., 2014; Brozović and Jacobson, 2017). Here
I present an overview for context. There are three main theories for the formation of the
Jovian satellites: formation via disk accretion (Canup and Ward, 2002); capture via nebula
drag (Pollack et al., 1979); or via dynamical capture (Nesvorný et al., 2003, 2007, 2014). In
scenarios where satellites are captured, either by nebula drag or dynamical means, the idea
is that those objects formed elsewhere in the Solar system, and were captured from unstable
orbits crossing those of the giant planet host.

The disk accretion theory has generally been accepted as the mechanism for the formation
of the inner prograde satellites of Jupiter (Canup and Ward, 2002). The satellites form from
dust surrounding proto-Jupiter in a process analogous to the formation of planets around a
star (Lissauer, 1987). This surrounding diskwouldhave lain in the equatorial plane of Jupiter,
with material being accreted to the planet itself through the disk. This would explain both
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the prograde, coplanar orbits of the regular satellites and their near circular orbits.
The second theory requires satellites to be captured in the original Jovian nebula (Pollack

et al., 1979; Ćuk and Burns, 2004). Before it coalesced into a planet, Jupiter is proposed to
have had a greater radius, and lower density than now. There was a ‘nebula’ surrounding
this proto-Jupiter. As other pieces of Solar system debris crossed into the Hill sphere of this
nebula, they would be slowed down by friction and be captured as a satellite. Related to this
is the concept of a pull down mechanism (Heppenheimer and Porco, 1977). As a gas giant
increases in mass from accretion (Pollack et al., 1996), the size of the Hill sphere increases. As
a subsequent effect, small Solar system bodies can possibly be captured as Irregular satellites.

Dynamical capture can explain the retrogradeorbits of the Jovian satellites (Nesvorný et al.,
2003). The Hill sphere denotes the region where the gravitational pull from a planet domi-
nates over the gravitational influence of other objects, and thus is the theoretical maximum
distance that a stable satellite could exist. Although Agnor and Hamilton (2006) demon-
strate that it would be possible to capture an Irregular satellite in a binary-planet gravitational
encounter, a four body system, the theory (Nesvorný et al., 2003, 2007) states that is it impos-
sible for a satellite to be captured in a three body system (Sun, planet and satellite), without
some form of disruption, or non gravitational effect. The Nice model of the Solar system
(Tsiganis et al., 2005a; Nesvorný et al., 2007, 2014) has a fourth body interaction placing the
satellite into a stable orbit inside the Hill sphere of the gas giant. More recently the Nice
model was updated to include a fifth giant planet (Nesvorný andMorbidelli, 2012). This up-
dated theory has the new planet interacting with Jupiter and allowing for the capture of the
satellites, before the fifth giant planet is ejected from the Solar system. Collisions between
objects could also play a part in the dynamical capture of the Irregular satellites (Colombo
and Franklin, 1971).

The formation of the Saturnian system, and indeed the other satellite systems of the gas
giants, are thought to be similarly complex. The inner satellites are possibly formed from
accretion within the ring system (Charnoz et al., 2010) or from the breakup of a large, lost
satellite (Canup, 2010). Modelling of the Saturnian system by Salmon and Canup (2017) has
shown that the mid-sized satellites could have formed from a large ice-dominated ring, with
contamination of cometary material during the Late Heavy Bombardment, delivering the
requisite silicate rock. Being the largest satellite in the Saturnian system, Titan is thought
to have formed from accretion of proto-satellites (Asphaug and Reufer, 2013). The Saturni-
an Irregular satellites are predicted to be captured objects (Jewitt and Haghighipour, 2007),
though their origins are still in dispute. Collisions are thought to have played a part in the
capture of the Irregular satellites of Saturn (Turrini et al., 2009). The cratering data provided
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by the Cassini spacecraft (Giese et al., 2006) supports this hypothesis.

1.4 Jovian Trojans

The JovianTrojans are two swarmsof small Solar systembodies located at theLagrangepoints
of Jupiter, 60◦ ahead (L4) and behind (L5) in the gas giant’s orbit, see Figure 1.2 and Figure
1.8. Each swarm is named after the characters of the epic Greek poems that detail the Trojan
war, The Iliad and The Odyssey (Homer). The leading swarm in the L4 position, are named
after Greek figures in the poems (Nicholson, 1961). The trailing L5 members are named for
theTrojans. Due to no early adherence to this system there are two exceptions to this nomen-
clature. 624Hector, named for the Trojan prince, is in the L4 Greek swarm. Also, 617 Patro-
clus, whose namesake is Greek, is in the L5 Trojan swarm. To date, there have been a reported
9072 Jovian Trojans discovered2. The majority of these asteroids are small, with most being
less than 100km in diameter, see Figure 1.9 a. The only Jovian Trojan with a diameter larger
than 150km, is the contact binary 624 Hektor at approximately 250km (Marchis et al., 2014),
which also has a confirmed satellite (Marchis et al., 2014). More recently, a satellite has also
been confirmed around 3548 Eurybates (Noll et al., 2020a).

1.4.1 Origins

The origins of the Jovian Trojans are a complex issue, that inform us on the dynamical situ-
ation in the early Solar system. The interesting dynamics of the population, being relatively
stable (e.g. Emery et al., 2015; Di Sisto et al., 2014; Nesvorný, 2018; Di Sisto et al., 2019; Holt
et al., 2020a), and having high inclinations place unique constraints on theories of early Solar
system history.

Historically, the relevance of the Trojans to early Solar system formation went unrecog-
nised (Wyse, 1938) though this is mainly due to limitations in the number discovered. As
more were discovered, the initial formation theory was that the Trojans formed in the same
location as Jupiter (Nicholson, 1961; Rabe, 1968), with a potential link to the Jovian Irregular
satellites (Hunter, 1967a,b). For the next few decades, several theories were proposed, namely
that they were captured at the Lagrange points via the Yarkovsky effect or gas drag (Yoder,
1979; Peale, 1993; Kary and Lissauer, 1995), fragment injection from colliding planetesimals
(Shoemaker et al., 1989) and the growth of a proto-Jupiter (Shoemaker et al., 1989). The issue
is, that none of these scenarios reproduce the large inclinations of the Jovian Trojans, which

2Includes potentially transient objects, 5651 in L4, 3421 in L5. As of Dec. 8, 2020. Minor Planet Center
https://www.minorplanetcenter.net/iau/lists/JupiterTrojans.html
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Figure 1.8: Distribution of the Jovian Trojans after Horner et a . (2020). The upper pane s show the positions of the
Trojans re ative to the p anets on 01‐01‐2000 00 00 in XY ( eft) and XZ (right) p anes of the ec iptic coordinate system.
The ower pane s show the Trojans in semi‐major axis vs inc ination space ( eft) and semi‐major axis vs eccentricity
space (right). A data from NASA HORIZONS (Giorgini et a ., 1996), access on 13th October, 2020. Purp e points are
initia y stab e objects, from the AstDyS (Knežević and Mi ani, 2017) dataset. Grey points are transient objects.
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(a) Size Distribution
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(b) Cumu ative Discoveries

Figure 1.9: Size‐frequency distribution ( eft) and cumu ative discoveries (right) of the Jovian Trojan asteroids. The so id
ine shows the distribution for the popu ation as a who e, whi st the ong‐dash ine shows the distribution among
members of the eading L4 swarm, and the dotted ine shows the distribution for the trai ing L5 swarm. Data from
NASA HORIZONS, as of 19th August 2019. Vertica grey, dashed ine indicates observationa comp eteness (Emery
et a ., 2015). The grey ine shows the estimated comp ete size distribution (Nesvorný, 2018).

even at the time was an observed feature of the population (Nicholson, 1961; Marzari et al.,
2002). This feature of the population was one of the indications that the population did not
form in their current orbits.

Given the dynamical situation of the Jovian Trojans, it is now well recognised that they
did not form in their current orbits, but are thought to have been captured during a period
of instability in the early Solar system (Morbidelli et al., 2005; Lykawka and Horner, 2010;
Nesvorný et al., 2013). The specifics of the Trojan population, the high inclinations and spec-
tral taxonomy (see section 1.4.4) linking to the outer Solar system, form constraints on this
early Solar system history.

One leading theory to explain the capture of the Jovian Trojans is the proposed period of
instability in the early Solar system (Nesvorný et al., 2013), the Nice model (Tsiganis et al.,
2005a;Morbidelli, 2010; Levison et al., 2011; Nesvorný andMorbidelli, 2012). TheNicemod-
el invokes a period of instability triggered by the slow migration of Jupiter and Saturn, in
response to their interactions with the debris left behind fromplanet formation. This second
instability occurs after an early migration, the ‘Grand Tack’ (Walsh et al., 2011). Eventual-
ly, the later migration drove the two giant planets into an unstable architecture, leading to a
period of chaotic evolution for objects throughout the Solar system. During that period of
instability, any primordial JovianTrojanswould also have been destabilised, and ejected from
the Solar system. As a result, some of the debris being flung around the system by themigrat-
ing giant planets would have experienced temporary capture to the Jovian Trojan swarms.
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As Jupiter and Saturn migrated away from the location of the instability, the Jovian Trojan
clouds would have become stable once again, freezing in place those temporarily captured
Trojans, making their capture permanent.

More recently, it has been suggested that the required instability in the outer Solar system
mayhave been triggered by the ejection of a fifth giant planet (Nesvorný andMorbidelli, 2012;
Deienno et al., 2017) from the Solar system. This scenario has become known as the Jumping-
Jupiter model, and has been invoked to explain a number of peculiarities in the distribution
of Solar system small bodies, including the origin of the JovianTrojans and the Irregular satel-
lites (Nesvorný et al., 2007, 2014), as shown inFigure 1.10. Thismodel is consistentwithWong
and Brown (2016), who use the colour ratios of the objects in the populations to propose a
hypothesis for a common origin between the Trojans and the Edgeworth-Kuiper belt object-
s (EKBOs). This model is also supported by compositional analysis across the small body
populations (DeMeo and Carry, 2014).

An alternative to the scenarios painted above proposes instead that the Trojans were cap-
tured from the same region of the Solar system’s protoplanetary disc as Jupiter, and were
both captured and transported during the planet’s proposed inward migration (Pirani et al.,
2019a). A update to this in-situ transport model (Pirani et al., 2019b) explains the observed
excitation in the orbital inclinations of the JovianTrojans, which is a natural byproduct of the
chaotic evolution proposed in the Nice and Jumping-Jupiter models (Nesvorný et al., 2013),
by invoking mixing in the Jovian feeding region. Therefore, the observed inclinations are
considered to be primordial in these simulations, and are preserved during transportation as
Jupiter migrates. In contrast to the idea that the captured Trojans formed on inclined orbits,
earlier studies of smooth, non-chaotic migration (e.g. Lykawka and Horner, 2010) showed
that Jupiter could capture a significant population of Trojans. Lykawka and Horner (2010)
also indicate a link between the Centaur population and the Jovian Trojans, though this is
disputed by Jewitt (2018) due to differences in the colour distributions.

The common feature of all of the proposed models, however, is that the capture of the
Jovian Trojans occurred during the Solar system’s youth (Emery et al., 2015). These compet-
ing theories for the origins of the Trojans highlight the importance of the population in our
understanding of the early Solar system.
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Figure 1.10: After DeMeo and Carry (2014), showing some major components of the dynamica history of sma
bodies in the So ar system based on mode s (Tsiganis et a ., 2005a; Morbide i et a ., 2005; Wa sh et a ., 2011). These
mode s may not represent the actua history of the So ar system, but are possib e histories. They contain periods of
radia mixing, mass remova and p anet migration — u timate y arriving at the current distribution of p anets and
sma ‐body popu ations.
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1.4.2 Observations

1.4.2.1 History

The first accepted discovery of a Trojan asteroid was that of 588 Achilles byWolf (1907) at the
Heidelberg Observatory. Several more Trojan asteroids, 617 Patroclus (Heinrich, 1907), 624
Hektor (Strömgren, 1908; Kopff, 1909), 659 Nestor (Ebell, 1909; Kopff, 1909), and 884 Pria-
mus (Wilkens, 1918) were also discovered at the start of the 20th century by the same group
at theHeidelberg Observatory (Nicholson, 1961). Over the next several decades, several more
Trojans, were discovered by Karl Reinmuth in Heidelberg (Slyusarev and Belskaya, 2014).
With the advent of the photometry, the number of Trojan asteroid discoveries increased dra-
matically, see Figure 1.9.

1.4.2.2 Colours

There are several studies that have looked at the colours of the Jovian Trojans (Emery and
Brown, 2003; Dotto et al., 2006). Initial observations were limited in number, totaling less
than 100objects in the infrared (Emery andBrown, 2003; Emery et al., 2006, 2011), visual (For-
nasier et al., 2004;Dotto et al., 2006; Fornasier et al., 2007) and broadbandUBVRI (Karlsson
et al., 2009).

Amongst these surveys, bimodality has been suggested amongst the Trojans, with red and
less red groups being observed (Emery et al., 2011;Wong et al., 2014). Larger surveys conduced
with Wide-field Infrared Survey Explorer (WISE) (Grav et al., 2012), Sloan Digital Sky Sur-
vey (SDSS) (Roig et al., 2008; Ryan et al., 2017) and Subaru (Wong and Brown, 2015) have
confirmed this bimodality. Wong and Brown (2016) use location dependent volatile loss and
subsequent capture to explain the different spectra seen. This hypothesis also explains the
bimodality seen in the Edgeworth-Kuiper belt object (EKBO) population, and that suggests
the two populations had a possible common origin. With only a small fraction of theTrojans
observed in the surveys, confirmation of this hypothesis requires a larger sample-set, one that
will be provided by the Vera Rubin Observatory, Legacy Survey of Space and Time (LSST),
which is expected to see first light in 2023.

With the current generation of large ground-based facilities and space telescopes, recent
years have seen a significant increase in the numbers of Trojans being observed and given
preliminary classifications. Grav et al. (2012) observed 557 Trojans at infrared wavelengths,
using two WISE filters. In doing so, they confirmed the prevalence of D-types in the Trojan
population, with such asteroids dominating both the L4 and L5 swarms, independent of
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the size of the Trojans studied (Grav et al., 2011). In the visual five-band SDSS catalogue
(Carvano et al., 2010; Hasselmann et al., 2012), a total of 461 Trojans have been classified.
Unlike previous surveys, the catalogue includes a measure of the confidence in the assigned
taxonomy. Of the 461 objects in the SDSS dataset, only 106 have significantly high confidence
value to be considered valid classifications. For more details on the taxonomy of the Trojans,
see section 1.4.4.

1.4.2.3 Spacecraft observations

To date, no spacecraft has conducted in-situ observations of the JovianTrojans. ANASAdis-
covery classmission,Lucy, is set to visit at least six JovianTrojans between 2025 and 2033. One
of the justifications for this mission is the diversity of asteroid classes found in the population
(Levison et al., 2017). The first object, 3548 Eurybates (1973 SO) is the remnant of a large col-
lisional family (Brož and Rozehnal, 2011; Nesvorný et al., 2015), and a well established C-type
(Fornasier et al., 2007). The second target in the L4 swarm, 15094 Polymele (1999 WB2), is
one of the smaller objects. It is thought to be a ‘P’-type, this has not been confirmed in any of
the current generation of surveys. Though also a small target, 11351 Leucus (1997 TS25), is a
D-type (Fornasier et al., 2007), similar to the majority of the Trojans. The next object, 21900
Orus (1999VQ10), is also a preliminaryD-type. The final two targets are in the L5 swarm, the
617 Patroclus (1906 VY)/Menoetius binary (Marchis et al., 2006). Even in the early surveys,
the binary was identified as a ‘P’-type (Tholen, 1989).

1.4.3 Physics

In this section I introduce several of the physical concepts related to this PhD project. The
dynamics of the Jovian Trojans are dominated by their motion around Lagrange points, ex-
plained in section 1.4.3.1. The Yarkovsky effect, a non-gravitational force, while minimal at
the Jovian Trojans, is explained in section 1.5.2.

1.4.3.1 Lagrange points

In classical Newtonian physics, the calculation of the forces (F ) between two bodies (Kepler,
1609; Newton, 1687; DePater and Lissauer, 2010) is relatively straightforward and is repre-
sented in Equation 1.1, where G is the gravitational constant (6.67408 × 10−11 m3kg−1s−2),
M is themass of the particles (in kilograms) andR is the relative distance between the centres
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of the two masses, in meters.

F = G
M1M2

R2
(1.1)

The motion of objects under their mutual gravitational pull can be perfectly calculated
based on this simple relationship when there are only two objects in a system, but once you
add a third object, themotion becomes non-integrable, and no simple analytical solution can
be found, though it can be numerically calculated. This issue is known as the Three Body
Problem.

A partial solution to the Three Body Problemwas introduced by Euler and Lagrange (Eu-
ler, 1767; Lagrange, 1772), where the third particle has comparatively low mass, and is thus
consideredmass-less, as to not affect the orbits of the other twoparticles. Euler andLagrange’s
solution revealed that, within the restricted three-body problem, there were five locations, in
a co-rotating reference frame, at which the low-mass particle could be in equilibrium, col-
lectively called Lagrange points. These points are graphically represented in Figure 1.11, with
lines of equal gravitational potential shown in the right-hand diagram. As can be seen in
Figure 1.11b, L1, L2 and L3 are saddle points, small areas of temporary stability, thoughmini-
mal perturbations could destabilise a particle onto a potentially chaotic orbit. The other two
Lagrange points, L4 and L5, are the main focus of this study. In these locations, due to be-
ing areas of minimal slope in gravitational potential, an object can remain in a larger area of
general stability for long time scales. In a co-rotating frame with the second massive object,
these orbits appear as ’tadpole’ orbits around the L4 and L5 Lagrange points. It is in these
gravitational potential plateaus that we find the Jovian and Neptunian Trojan populations.

The Trojans are never exactly at the host Lagrange point, and librate in ’tadpole’ orbits
around it. As the Jovian Trojans orbit the Sun, their orbital rate, relative to Jupiter, changes.
This is due to the interactions between the Jovian Trojan, Jupiter and the Sun. If a L4 Trojan
starts at a point just inside the orbit of Jupiter, due to the laws of angularmomentum, it orbits
the Sun faster. As it moves ahead of Jupiter, Jupiter’s mass starts to slow it’s momentum. The
drop will eventually cause it to increase to a semi-major axis outside that of Jupiter, with
a lower relative velocity. This lower angular momentum causes the Trojan to approch the
relative position of Jupiter. As it does so, the object is pulled into a lower orbit, for the cycle
to start again. A graphical representation of this is shown in Figure 1.11A. Another way to
consider this is that the Trojan orbits at an equal gravitational potential, as shown in Figure
1.11B. A trailing L5 Trojan would act in a similar, but reversed manner. Collectivity these are
called tadpole orbits. It is this mechanism that causes the oscillating elements of 624 Hektor
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(a) A Diagrammatic Lagrange (b) B Gravitationa potentia

Figure 1.11: A Diagrammatic representation of ibations in the Sun‐Jupiter system. The reference frame is ocked to
the orbit of Jupiter, with arrows depicting the re ative direction of trave . Lagrange points are indicated with a sma
circ e. ‘Tadpo e orbits at the L4 and L5 points are in b ue. The ‘Horseshoe orbit is green. Adapted from (DePater and
Lissauer, 2010).B Gravitationa potentia of a three body system. After (Horner and Lykawka, 2011)

.

seen in Figure 1.12. A further semi-stable libration orbit, a horseshoe orbit, connects the L4
and L5 points through the L3. These horseshoe co-orbitals are much less stable than the
L4 and L5 Trojans (e.g. Mikkola and Innanen, 1992; Zhou et al., 2019; Liberato and Winter,
2020). Though there is parameter space near Earth’s orbit that could be stable for the life of
the Solar system, these are ruled out due to the influence of the Yarkovsky effect (Zhou et al.,
2019), see Section 1.4.3.2. As of July 2020, there have only 18 Earth co-orbitals discovered in
horseshoe orbits (Christou and Asher, 2011; de la Fuente Marcos and de la Fuente Marcos,
2016; Kaplan and Cengiz, 2020), and none around other planets, excluding the unique co-
orbital dynamics of Janus and Epimetheus (Yoder et al., 1983; Nicholson et al., 1992), two
satellites of Saturn.

1.4.3.2 Yarkovsky effect

The diurnal Yarkovsky effect involves the absorption and re-emission of photons on an or-
bital body. Photons of light from the Sun hit an object and are absorbed, and are not imme-
diately re-emitted. As the object is rotating, it will have rotated slightly before the photon’s
re-emission, and thus the infrared radiation of the photon happens at a different angle to the
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(a) Semi‐major axis (b) Eccentricity

(c) Inc ination (d) Po ar

Figure 1.12: REBOUND simu ation of the Jovian Trojan 624 Hektor as a mass‐ ess partic e showing semi‐major axis (a),
eccentricity (e) and inc ination progression over 1×106 years. The ocation of 624 Hektor, in a rotating reference
frame with Jupiter, is a so shown (po ar). Simu ations were run with WHFAST integrator. The Sun, Jupiter, Saturn,
Uranus and Neptune were inc uded as partic es with mass. The integration time‐step was set to 0.3954 yr, or 1/30
the orbita period of Jupiter (Barnes and Quinn, 2004).
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absorption. The result of this, on the scale of the whole object, is that the surface is heated by
the insolation, causing the surface on the Sun-facing side to bewarmer than the surface facing
away from our star. As a result of the thermal inertia of the surface of the object, the hottest
point on the asteroid will not be exactly at the sub-Solar point, but will instead be displaced
somewhat by the object’s rotation. The result of this process produces a small net force on
the object. In a prograde rotator, the force has a additive affect in the orbital direction, cre-
ating a net increase in orbital rate (Bottke et al., 2006). The consequence of this small force
is an increase in semi-major axis over time. For a retrograde rotator, the result is a decrease in
orbital momentum, resulting in a decrease in semi-major axis. The magnitude of the force
depends upon how close a body is to the Sun, the obliquity of the body’s spin axis with re-
spect to the orbital plane, and the body’s thermophysical characteristics (Bottke et al., 2006).
Mathematically, this is represented in Equation 1.2.(

da

dt

)
diurnal

= −8
9

αΦ

n
W (R′

ω,Θω) cos γ (1.2)

which includes correction for the obliquity of the spin axis (cos γ), the albedo-factor (α =
1 − A, where A is Bond Albedo) and the orbital mean motion (n). The radiative pressure
coefficient (Φ, Equation 1.3) is dependent upon the radius of the object (R) and the Solar
radiation flux (F ), with corrections for the mass of the body (m) and the speed of light (c).

Φ =
πR2F

(mc)
(1.3)

The Stefan-Boltzmann constant (α = 1−A) comprises the bond albedo of the object (A).
The thermal component of Equation 1.2, (W (R′

ω,Θω)) is dependent on the radius scaled for
penetrative depth (R′

ω = R/lv) and the thermal parameter (Θω). The thermal parameter
(Θω) is to account for the thermal properties of the body.

The area-to-mass ratio of the object has a major affect on the strength of the Yarkovsky
effect. A large object has a small area-to-mass ratio, reducing the effect of such a small force. If
an object is too small, the thermal gradient over the object lessens and the radiative difference
becomes minimal. It is generally accepted that the size range where the diurnal Yarkovsky
effect has themost influence is between ameter and approximately 10km (Bottke et al., 2006)
for theMain belt asteroids. There are some known JovianTrojans in this size range (Slyusarev
and Belskaya, 2014), though the size-frequency distribution is incomplete below 10km, see
Figure 1.9.

The diurnal Yarkovsky effect has been directly detected in the Near Earth Object popula-
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tion (Chesley, 2003; Farnocchia et al., 2013). The effect has also been studied in theMain belt
asteroid families (Bottke et al., 2001; Nesvorný and Bottke, 2004). One of the major science
goals of the OSIRIS-REx mission to 101955 Bennu, a ∼0.5 km diameter NEO is to measure
the in-situ Yarkovsky effect (Lauretta et al., 2011). The spacecraft arrived at 101955 Bennu in
August 2018, and observations (Hergenrother et al., 2019) confirm the predicted affect (Deo
and Kushvah, 2017).

In addition to the diurnal Yarkovsky effect, a seasonal effect has been described (Bottke
et al., 2006). Equation 1.4 shows how this relates to the change in semi-major axis. Unlike
the diurnal Yarkovsky effect, the seasonal effect can only slow the object. This effect is much
smaller, and may not play a part in the orbital evolution of the Jovian Trojans.(

da

dt

)
seasonal

=
4

9

αΦ

n
W (Rn,Θn) sin2 γ (1.4)

The Yarkovsky-O’Keefe-Radzievskii-Paddack (YORP) effect (Rubincam, 2000) is related
to the Yarkovsky effect, but affects the spin rate of the object. This in turn could affect the
overall all Yarkovsky effect, if considered over long time periods (Bottke et al., 2006; Gol-
ubov and Scheeres, 2019). In a study of the YORP effect onMain belt families, Vokrouhlický
et al. (2006) found on shorter time scales, <50 Mya, the YORP spin rate alteration was not
enough to affect the Yarkovksy effect on the members. This is possibly due to ‘YORP cycles’
(Vokrouhlický and Čapek, 2002; Bottke et al., 2006), where an object spins up, sheds mass,
forms a binary and starts the cycle anew, which are thought occur on the scale of millions to
hundreds of millions of years (Rubincam, 2000; Bottke et al., 2006).

The Yarkovsky, and the related YORP, effects have mainly been studied in the context
of Main belt asteroids (Bottke et al., 2006). As the Yarkovsky effect is proportional to the
distance from the Sun, it is thought to be a major factor in the stabilisation of the Martian
Trojans (Ćuk et al., 2015). Objects in 2:1 resonance with Jupiter, near the Hecuba gap, one
of the largest Kirkwood gaps (Roig et al., 2002) are thought to have instabilities caused by
the Yarkovsky effect (Brož et al., 2005). In the Jovian Trojan swarms, Wang and Hou (2017)
have modeled Jovian Trojans with and without a simplified version of the Yarkovsky system,
mainly dealingwith small bodies<100m. They found that someof the smaller JupiterTrojans
experience the Yarkovsky effect, which may move them onto chaotic orbits and eventually
eject them from the population. The study byWang andHou (2017) uses a simplistic model
and theoretical Trojans. A more detailed study investigating the physical parameters of the
Trojan (Hellmich et al., 2019), found that the Yarkovsky affect is not that relevant to escape
analysis for Trojans over 1 km in size.

26



1.4.4 Small Body Taxonomy

There are several tools used in current asteroid taxonomy, and which have been used in the
classification of the JovianTrojans. The first broad taxonomy is a spectral classification, based
on broad band colours. The other two methods, Multivariate Hierarchical Classification
(MHC) and Yarkovsky drift, are related to the search for collisional families and determin-
ing their age.

1.4.4.1 Spectral Classification

In spectral taxonomy, the current paradigm uses spectral slopes to classify the asteroids, re-
gardless of location, into groups and types (Tholen, 1984; Bus, 2002; DeMeo et al., 2009).
This formof classification startedwithbroadband eight colour spectra of 978 asteroids,main-
ly from the Main belt (Tholen, 1984). In the initial classification scheme, there were 14 aster-
oidal types, including three larger groupings. TheC-group (B, F,G andC types) are generally
dark, carbonaceous asteroids. The S-types are primarily composed of Silicates. The X-group
(mostly M-type with E and P differing in albedo) are metallic. Six smaller types (A, D, T, Q
R and V) form the remainder of the original ‘Tholin’ classification.

Bus (2002) used the Small Main-belt Spectroscopic Survey (SMASS) to extend and con-
solidate the taxonomy to 1447 asteroids with higher precession. The higher resolution also i-
dentified several additional types. An extension into the near-infrared byDeMeo et al. (2009)
produced the modern spectral taxonomy. The three broad groups remain, C-complex (Car-
bonaceus objects, B-type, C-type, and Cg, Ch, Cgh, Cb transitional types), S-complex (Silica-
ceous objects, A-type, Q-type, R-type, K-type, L-type, S-type, and Sa, Sq, Sr, Sv transitional
types) and X-complex (Metallic objects, X-type and Xe, Xc, and Xk transitional types). In
addition to these three broad groups, several additional types are included in the classification
scheme, to account for particularly peculiar objects (T-type,D-type,O-type andV-type). Fig-
ure 1.13 shows the spectral features of each type in the modern Bus-DeMeo taxonomy. In the
literature, there is often reference to M-type and P-type asteroids, a legacy from the (Tholen,
1984) taxonomy. These two classes have been merged into the X-complex of DeMeo et al.
(2009). For this project, I follow the taxonomy of DeMeo et al. (2009), with notes on dis-
crepancies where appropriate.

With regards to the Jovian Trojans, part of the difficulty lies in the limited number num-
ber of objects that are present in spectral catalogues. Taking data from each data-set (Tholen,
1989; Bendjoya et al., 2004; Fornasier et al., 2004, 2007; Lazzaro et al., 2004), including those
Trojans classified in the SDSS catalogue with a confidence score of greater than 50 (Hassel-
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Figure 1.13: Modern Bus‐DeMeo spectra taxonomy of asteroids (DeMeo et a ., 2009). Spectra are shown from
approximate y 0.45 /mu m to 2.45 /mu m. Each spectrum is indicative of a taxonomic c ass. Each comp ex
approximates to broad compositiona differences, S‐comp ex (si icaceous objects), C‐comp ex (carbonaceous objects)
and X‐comp ex (meta ic objects).

mann et al., 2012), there is a canonical set of 214 Trojans that are classified under the Bus-
DeMeo taxonomy. This represents less than 4 per cent of the population, and is biased to-
wards larger objects. It is still valuable to use this spectral taxonomy, however, as it can inform
on some general trends in the population. As other authors have noted (Grav et al., 2012;Has-
selmann et al., 2012; Emery et al., 2015; DeMeo and Carry, 2013), 72.2 per cent of the Jovian
Trojans are classified as D-type, which is a much higher fraction than is seen in the Main belt
(DeMeo et al., 2015; DeMeo and Carry, 2013; DeMeo et al., 2014) and in theHilda (Wong and
Brown, 2017) populations. This is consistent with the dynamical modelling, as the D-types
are thought to have formed in the outer Solar system (Morbidelli et al., 2005; Levison et al.,
2009) and those found in the Main belt are interlopers (DeMeo et al., 2014). The remainder
of the Trojans classified to date in the canonical set are split between the C-types (10.8 per
cent) and X-types (16.5 per cent). The diversity of asteroid spectral types in the Jovian Trojan
swarm is indicative of diverse origins for the group and is part of the justification for the Lucy
mission (Levison et al., 2017).
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1.4.4.2 Multivariate Hierarchical Classification

The Hierarchical Clustering Method (HCM, Zappala et al., 1990) has been applied to the
proper elements (semi-major axis, eccentricity and inclination) of the Jovian Trojan swarm
members (Milani, 1993; Beauge and Roig, 2001), resulting in the identification of several col-
lisional families. This method of clustering uses Gauss equations to find clusters in n param-
eter space (Zappala et al., 1990), see section 1.6.4 for further details. Beauge and Roig (2001)
use Fourier transformed proper elements, to account for libations present in the Jovian Tro-
jan Dynamics. The rationale behind these calculations is that the dispersal velocities of the
clusters would be similar to the escape velocities of the parent body. The unique dynamical
situation of the Jovian Trojan asteroids makes the identification of dynamical families using
the traditional HCM difficult. Despite the challenges involved in such analysis, such meth-
ods have suggested the presence of several dynamical families (Beauge and Roig, 2001) in the
Jovian Trojans. Initial imaging surveys suggest that there is a spectral commonality to these
dynamical families (Fornasier et al., 2007). More recent observational data has brought this
into question (Roig et al., 2008), with a heterogeneity being seen in the spectra of the identi-
fied families. More modern dynamical analysis of the Jovian Trojans has identified a total of
six families (Brož and Rozehnal, 2011; Emery et al., 2015; Vinogradova, 2015; Nesvorný et al.,
2015; Rozehnal et al., 2016), see Table 1.1. Rozehnal et al. (2016) offer an expansion to the
HCM developed by Zappala et al. (1990). This new ‘randombox’ method uses Monte Carlo
simulations to gain statistics on the probability that the identified clusters are random in pa-
rameter space. While this new method adds a significance rating to the dynamical clustering
seen in HCM, it still suffers from many of the same limitations, namely the requirement for
complete datasets. Work has also been undertaken incorporating the known colours (Parker
et al., 2008) and albedoes (Carruba et al., 2013) of theMain belt asteroids (Milani et al., 2014)
into the classical method, though this reduces the dataset. From these methods, a canonical
set of 317 family members, based on Nesvorný et al. (2015) can be generated.

1.4.4.3 Yarkovsky Drift

In recent years, a number of studies have shown that drift of collisional fragments under
the influence of the Yarkovsky effect can be used to improve the identification of ancestral
dynamical families amongst the Main belt asteroids. These studies use Yarkovsky drift, the
size dependentdrift patterndue to theYarkovsky effect, see section 1.4.3.2, to identify ancestral
dynamic families in Main belt asteroids (Walsh et al., 2013; Bolin et al., 2017, 2018; Deienno
et al., 2020). The Yarkovsky drift uses the size dependence of the Yarkovsky effect, to identify
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Family Designation Nmembers Location Method Ref.

Eurybates 218 L4 MHC, RB 1, 2, 3
Hektor 12 L4 MHC, RB 2, 3
1996 RJ 7 L4 MHC, RB 2, 3
Arkesilaos 37 L4 RB 3
Ennomos 30 L5 RB 3
2001 UV209 6 L5 RB 3

Table 1.1: Dynamica fami ies identified in the Jovian Trojan swam using Mu tivariate Hierarchica C ustering (MHC)
and Random Box (RB). Number of member objects (Nmembers) are taken from the canonica set in Nesvorný et a .
(2015). References 1 Brož and Rozehna (2011), 2 Vinogradova (2015), 3 Rozehna et a . (2016)

these families in semi-major axis (a) vs size (diameter, d−1, or absolute magnitude, H ) space.
A dynamical family created from a single event, would create a ‘V-shape’ due to Yarkovsky
drift. The initial point of the V is dependent upon the amount of Yarkovsky drift that has
occurred. The sides of the V-shape are dependent on the maximum Yarkovsky drift rate and
the time since the disruption, as shown in Figure 1.14.

This technique, while useful in the Main belt, is less effective for the Jovian Trojans. This
is due to the dependence of the Yarkovsky effect on the Solar flux, see equations 1.3 and 1.2.
At the 5.2 au mean semi-major axis of the Jovian Trojans, the mean Yarkovsky effect is min-
imal, see Equation 1.9, particularly for Trojans over 1km in diameter (Wang and Hou, 2017;
Hellmich et al., 2019). For these reasons, this technique has not been applied to the Jovian
Trojan populations. In Figure 1.15, I have plotted the Eurybates and Ennomos families a-
gainst the background population, in semi-major axis and absolute magnitude (H ) space.
These families were chosen as the largest in their respective swarms. What can be seen in
Figure 1.15, is that, in this space, the families are indistinguishable from the background Tro-
jans. Given that the age of the Eurybates family has been calculated to be approximately
1.045 ± 0.364 × 109 years (Holt et al., 2020a), the shape would be similar to the 1 Gya panel
in figure 3 of Deienno et al. (2020), reproduced in Figure 1.14.

1.5 Orbital Dynamics

Several of the papers that comprise this PhD thesis investigate the dynamics of the collisional
families and the Trojan population as a whole. One current theory is that these objects were
captured during a period of instability among the gas giants (Nesvorný et al., 2013), though
this is still contentious, see section 1.4.1. There are several studies of the stability of the Jo-
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Figure 1.14: Yarkovsky drift shown for a synthetic fami y in the Main asteroid be t. Figure 3 in Deienno et a . (2020).

vian Trojans (Levison et al., 1997; Tsiganis et al., 2005b; Robutel et al., 2005; Lykawka and
Horner, 2010; Horner et al., 2012; Di Sisto et al., 2014, 2019). These studies consider the aster-
oid swarm as a whole, regardless of family. They also only consider the numbered asteroids,
with the largest study that of Di Sisto et al. (2014), numbering 2972 objects. In paper 2 (Holt
et al., 2020a), I model the provisionally stable objects found in the AstDyS database, 5553 Jo-
vianTrojans as of June, 2017 (Knežević andMilani, 2017), roughly double that of the previous
largest investigation. Rozehnal et al. (2016) considered theHektor family as a case for dynam-
ical modelling of a Jovian Trojan Family. Their work showed that the dynamics of a specific
family can be modeled. In this PhD, I focus on the families of the Jovian Trojans and the
dynamical work considers individual objects, within the context of the collisional families.
Recentmodelling (Lykawka andHorner, 2010; Horner et al., 2012) has suggested that at least
some of the Jovian Trojans are dynamically unstable on hundred-million year time scales.

1.5.1 n-body simulations

REBOUND (Rein and Liu, 2012) is the main software used for the dynamical aspects of the
project. REBOUND is an n-body simulator, encoded in C, with a Python interpreter, that is
able to be parallelised for improved performance on the USQ Fawkes HPC cluster. Prelim-
inary local testing, and post-process visualisation, were conducted locally on a Xeon based
computer system.
REBOUND uses symplectic integrators to solve the n-body problem. Specifically, WHFAST is

used in this project (Rein and Tamayo, 2015). The WHFAST symplectic integrator is based on
Wisdom-Holmanmapping system (Wisdom andHolman, 1991), similar to SWIFT (Levison
and Duncan, 1994) and Symplectic Massive Body Algorithm (SyMBA Duncan et al., 1998).
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Figure 1.15: Eurybates and Ennomos fami ies in proper semi‐major axis (SMA) and abso ute magnitude space (H mag.)
space.

In these system, the Keplarian integrators (HKepler)are separated out from other interactions
(HInter.), as expressed in Equation 1.5, with theHamiltonian (H ) denoting the energy in the
particle in the system. The system uses Jacobi coordinates. In this, r′0 points to the center of
the system, p′0 is the totalmomentumandm′

0 is the totalmass. The coodinator r′i is relative to
the center ofmass of all particles interior to the ith particle (Ri−1). In the sameway the Jacobi
mass (m′

i) is the reduced mass ofmi and that internal to the particle. The Jacobi momentum
(p′i) is the product of these two factors (p′i = mir

′
i). A reminder that G is the gravitational

constant (6.67408 × 10−11 m3kg−1s−2), and denotes the units used (m, kg, s), though these
may be changed within REBOUND. Generally, I use the units astronomical units (au), Solar
Mass (M⊙) and years (yr) for the simulations.

H = H0 +HKepler +HInter. (1.5)

The components of the equation are each as follows:

H0 =
p
′2
0

2m′
0

(1.6)

Equation 1.6 denotes the momentum of the central particle, in this case the Sun. Though
not relevant to my investigation, Wisdom and Holman (1991) include it in order integrate
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without any restriction to reference frame.

HKepler =
N−1∑
i=1

p
′2
i

2m′
i

−
N−1∑
i=1

Gm′
iMi

|r′i |
(1.7)

The Keplerian component of the Hamiltonian (HKepler) is calculated using equation 1.7.
This component of the integrator regulates the orbits of the particles around a central mass,
in my simulations the Sun. This set of equations, is only based on the central mass and the
particle, making this a two-body problem and easily calculated.

HInter. =
N−1∑
i=1

Gm′
iMi

|r′i |
−

N−1∑
i=0

N−1∑
j=i+1

Gm′
imj

|ri − rj |
(1.8)

Equation 1.8 deals with the interactions between the particle and other masses in the sys-
tem. The symplectic integration happens as an additive force applied to the original Keplar-
ian component (HKepler). Additional iterations of particles with mass add more complexity
to the system. For this case, I use the major components of the Solar system (Sun, Jupiter,
Saturn, Uranus and Neptune) as particles with their relative mass, as given by the REBOUND
system (hard coded by Jon Giorgini; updated 10May 2015). The Jovian Trojans are treated as
massless particles, and replicated using the uncertainties in the HORIZONS database (Giorgini
et al., 1996).

While the WHFAST integrator can handle dynamical interaction at a distance, it is less ac-
curate for close encounters with the planets. In these instances a higher order integrator,
one that accounts for more integration factors, is required. The issue with this is that it is
more computationally expensive. Within the REBOUND package, such encounters are mod-
elled using the IAS15 integrator (Rein and Spiegel, 2015), which is based on Gauss– Radau
integration scheme (Everhart, 1985). The IAS15 integrator uses an adaptive timestep to ef-
fectively evaluate these close encounters. In order to use both types of integrators, hybrid
systems have been developed. One of the other most commonly used hybrid integrators, is
MERCURY (Chambers, 1999), which is written in Fortran. Within the REBOUND environment,
the hybrid integrator is MECURIUS (Rein et al., 2019). This new integrator offers improve-
ments in the switching algorithm, maintaining accuracy, with performance enhancements.
Within this PhD program, MECURIUS was not released in time for Holt et al. (2018), where
WHFASTwas used. In two of the coauthor projects, Bolin et al. (2020) and Bolin et al. (2021),
I use the new MECURIUS integrator, and will do so in future works.
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1.5.2 Yarkovsky effect

The Yarkovsky effect is a non-gravitational force that acts on small Solar system bodies. The
premise of the effect is that the thermal reemission of photons of light causes an asymmetric
force on the object. The theoretical basis for theYarkovsky effect is presented in section 1.4.3.2.
Unfortunately, many of the parameters that are required for a full characterisation of the

Yarkovsky effect are simply not known for the Jovian Trojans. An approximation of the
da

dt
effect can be derived frombetter estimates conducted on theMainbelt asteroids (Bottke et al.,

2006). Using an approximate order ofmagnitude
da

dt
of 10−5 auMya−1 for a 10kmMain belt

object (Bottke et al., 2006), and values for the semi-major axis (5.2 au), density (0.8gcm−3,
Marchis et al., 2006), and albedo (0.07, Grav et al., 2012), I derive an approximate dependence

of
da

dt
on the diameter (D km) and obliquity γ that is shown in Equation 1.9. See appendix

A.1.1 for calculations. (
da

dt

)
JT

= 4.273 × 10−11 auy−1
(
1km
D

)
cos γ (1.9)

With the diameter available for many of the Jovian Trojans (Giorgini et al., 1996), the is-
sue then becomes the obliquity γ. Barucci et al. (2002) report on eight Jupiter Trojans with
known obliquities, but do not give any details other than to say that they have a random
distribution. Thus the obliquity may have to be investigated as part of this project, starting
with a mean value (71.44◦, see calculations in appendix A.1.2), and possibly continuing with
randomly distributed values. From these equations, it can be seen that the Yarkovsky effect is
minimal at the semi-major axis of the JovianTrojans (5.2 au). Several studies (Wang andHou,
2017; Hellmich et al., 2019) have modeled the Jovian Trojans, considering the Yarkovsky ef-
fect. They show that the effect is minimal, to the point of irrelevance, for any objects larger
than approximately 1 km. To date (Nov. 2020), the smallest known Jovian Trojan is estimat-
ed at around 4 km. For the long term simulations, I therefore did not need to include the
Yarkovsky effect.

Even though the Yarkosky effect has minimal affect on the Jovain population, it can stil-
l perturb individual objects. In the investigation into the Jovian Trojan pairs, particularly
into the timing of the (258656) 2002 ES76–2013 CC41 pair, these small perturbations be-
come important. As in Vokrouhlický and Nesvorný (2008), we can approximate thermal
accelerations using a simple transverse component with themagnitude inversely proportion-
al to the square of the heliocentric distance. The magnitude of this acceleration is adjusted
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such that the resulting change in the semi-major axis (da/dt) matches predictions from the
theoretical formulation of Yarkovsky effect (see also Farnocchia et al., 2013, where a classical
formalism used in cometary dynamics was adopted). In order to estimate plausible da/dt
values, I use a simple approach describing the diurnal Yarkovsky effect for a spherical body
on a circular heliocentric orbit, presented in Vokrouhlický (1998). I use the following set of
physical parameters: the surface thermal conductivity K ≃ 0.01 − 0.03 W m−1 K−1, the
surface thermal inertia Γ ≃ 100 − 200 J m−2 s−1/2 K−1 (for both see Delbó et al., 2015),
the bulk density ρ ≃ 1.5 g cm−3 (e.g., Carry, 2012), rotation period P ≃ 100 − 500 hr,
and size D ≃ 7 km. The maximum semi-major axis drift rate at zero obliquity is then
(da/dt)max ≃ (0.15 ± 0.07) × 10−4 au Myr−1.

1.5.3 Proper elements

The three main orbital characteristics of any dynamical object are the semi-major axis (a),
eccentricity (e) and inclination (i). These three characteristics osculate in the Jovian Trojans
(as shown in Figure 1.12), and thus need to be reduced to a single parameter. This reduction
is the creation of the Proper elements. The method (Milani, 1993; Beauge and Roig, 2001)
requires the use of oscillating elements, generated from short-term integrations, generally
1 × 107 years, though shorter simulations may be used for inner-Solar system objects, being
passed through a Fourier transformation analysis (Šidlichovský and Nesvorný, 1996). The
Fourier transformation collapses down the oscillations into usable, single value for each of
the orbital parameters.

For the semi-major axis of the Jovian Trojans, the value is generally very close to that of
Jupiter, approximately 5.2 au. In order to examine the nuances in this parameter space, the
difference in the oscillating semi-major axis of the Trojan to that of Jupiter is used, the delta
semi-major axis (da). The proper delta semi-major axis (dap) can then be calculated for each
individual Trojan, using the Fourier transformations (Šidlichovský and Nesvorný, 1996).

The eccentricity and inclination proper elements require some additional processing be-
fore the Fourier transformations are applied. The elements (eccentricity: ex, ey; inclination:
ix, iy) are broken into x and y components, to account for the longitude of the ascending
node (Ω) and argument of periapsis (ω), see equations 1.10 to 1.13. These values can then be
used as inputed into the aforementioned Fourier transformation process (Šidlichovský and
Nesvorný, 1996).

ex = e × cosω (1.10)
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Jupiter Saturn Uranus Neptune
1 × 105 years
Eccentricity Frequencies: 4.07 238.8 -0.08 1.38
Sine Inclination Frequencies: -1.47 3.2 13.31 -0.27
1 × 106 years
Eccentricity Frequencies: 4.17 28.25 11.62 0.9
Sine Inclination Frequencies: 0.03 -26.34 -0.28 -0.15
1 × 107 years
Eccentricity Frequencies: 4.25 28.25 3.09 0.67
Sine Inclination Frequencies: -26.34 -0.69 -2.99 -0.53

Table 1.2: P aneatry frequencies used in Fourier Transform ana ysis. Ca cu ated for individua integration times using
REBOUND WHFAST (Rein and Tamayo, 2015), with a timestep of 0.3954 years and 1024 outputs. Ana ysed using the
technique presented in Šid ichovský and Nesvorný (1996).

ey = e × sinω (1.11)

ix = e × cosΩ (1.12)

iy = e × sinΩ (1.13)

The resulting output of the Fourier transformation, for eccentricity and inclination space,
have perturbations from the four giant planets. The amplitude from these frequencies (Table
1.2) needs to be excluded to get the true proper element.

Several databases of asteroid proper elements already exist. The most commonly used
is theAstDySdatabase (https://newton.spacedys.com/astdys/index.php?pc=5),
maintainedby theUniversity ofPisa andSpaceDYS, both in Italy. For the generationof prop-
er elements for the Trojans, AstDyS use the method described in Beauge and Roig (2001), to
four significant figures. The latestAstDyS JovianTrojan dataset (Knežević andMilani, 2017),
contains proper elements for 5553 Jovian Trojans as of June 2017. In Holt et al. (2020a), I use
this as a set of initially ‘stable’ Trojans. Brož and Rozehnal (2011), in their exploration of the
families of Jovian Trojans, also generated a dataset (https://sirrah.troja.mff.cuni.
cz/~mira/mp/) of 4143 Trojans, that correlates well with the AstDyS dataset of the time.
For the investigation into the Jovian Trojan Pairs (Holt et al., 2020b), I used a similarmethod
to generate a detailed proper element set of 7328 Jovian Trojans, as of April 2020. There are
twomajor advantages of generating our own dataset. The first difference with this set, is that
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it uses 16 decimal places, rather than the four used in AstDyS, allowing for a more accurate
characterisation of the pairs. The second difference is a search in the 1775 Trojans discovered
in the intervening two years, though no pairs were discovered in the additional sub-set.

1.5.4 Asteroid Pairs

The discovery of asteroid pairs, two objects sharing a very similar heliocentric orbit, recently
brought yet another piece of evidence into themosaic of small Solar system bodies’ evolution
on short timescales (e.g., Vokrouhlický andNesvorný, 2008). Examples of these couples have
been found in theMain belt andHungaria populations (Vokrouhlický and Nesvorný, 2008;
Pravec andVokrouhlický, 2009; Rozek et al., 2011; Pravec et al., 2019). The similarity between
the heliocentric orbits of the two members of an identified asteroid pair hints at a common
and recent origin for theobjects, thatmost likely involves their gentle separation fromaparent
object. Indeed, backward orbital propagation of heliocentric state vectors of the components
in many pairs has allowed researchers to directly investigate the possibility of their past low-
velocity and small-distance approach (see Vokrouhlický et al., 2017, for the most outstanding
example discovered so far).

The well-documented cases of pairs among asteroids identified to date all feature separa-
tion ages of less than a million years. Vokrouhlický and Nesvorný (2008) speculated about
three processes that could have led to the formation of those pairs: (i) collisional break-up of
a single parent object, (ii) rotational fission of such an object driven by radiation torques, and
(iii) instability and separation of the components of a binary system. Whilst each of these pos-
sibilities can explain the origin of asteroid pairs, with some being more likely than others for
individual pair cases, evidence has been found that the majority of currently identified pairs
were probably formed through the rotational fission of their parent object (e.g., Pravec et al.,
2010, 2019). It is worth noting that Main belt binaries in the same size category (i.e.,with pri-
mary diameters of one to a few kilometers), are also believed to be primarily formed through
the rotational fission of their parent body (e.g., Pravec andHarris, 2007; Margot et al., 2015).
This is an interesting population-scale result that informs us about a leading dynamical pro-
cess for few-km size asteroids in the Main belt. It would certainly be desirable to extend this
knowledge to other populations of small Solar system bodies.

Attempts to detect orbital pairs in other populations have, to date, either failed or were
not strictly convincing. For instance, the orbital evolution of bodies in the near-Earth popu-
lation is very fast and chaotic and, at the same time, the number of known objects is limited
(see, e.g., Moskovitz et al., 2019, and references therein). Searches in populations beyond the

37



Main belt were not successful for a variety of reasons. Whilst dynamical chaos could also be
relevant, a more important factor concerns the smallest size of bodies found at larger distance
from the Sun. The smallest bodies found in Cybele zone, located between the 2:1 and 5:3 Jo-
vian resonances, and amongst the Hildas or Jovian Trojans, are about an order of magnitude
larger than the smallest known asteroids in the innerMain belt or the Hungarias (e.g. Emery
et al., 2015). The proposed pair-formation processes have a characteristic timescale that rapid-
ly increases as a function of parent body size. For that reason, it is no surprise that, to date,
no recently formed (≤ 1My) traditional pairs sharing the same heliocentric orbit have been
detected beyond theMain belt. If any pairs do exist in these distant small-body populations,
they should be revealed by their tight configuration in proper element space and long-term
backward orbital propagation, if the stability in that particular zone of orbital phase space
allows. With that guideline in mind, I focus here on the Jovian Trojan population. The leap
to the Trojan population might appear to contradict the logical steps of gradually extending
our knowledge of Main belt pairs by searches among the Cybele or Hilda populations first.
However, I argue that the case of possible Jovian Trojan pairs is actually more interesting
because of that population’s entirely different origin.

The discovery of asteroid pairs was a direct by-product of a search for very young asteroid
families (see Nesvorný, 2006; Nesvorný and Vokrouhlický, 2006). As a result, the primary
ambition was to find pairs that formed recently, within the last Myr, amongst the Main belt
and Hungaria populations. In fact, the necessity for proven pairs to be young is essentially
related to the method that allows their identification.

Just like collisional families, asteroid pairs are identified as a result of the similarity of their
heliocentric orbits. The search for classical collisional families has traditionally been per-
formed using clustering techniques in proper orbital element space, examining the proper
semi-major axis aP, eccentricity eP and the sine of proper inclination sin IP (see, e.g.,Nesvorný
et al., 2015, for review). The use of the proper elements allows us, with some care, to search
for both young and old families. This is because the proper elements are believed to be stable
overmuch longer timescales than other types of orbital elements, such as osculating ormean,
ideally on a timescale reaching hundreds of Myrs or Gyrs.

There are, however, limitations to this method. In the case of very old families, problems
arise from instability of the proper orbital elements and the incompleteness of the dynamical
model used to derive the proper elements. Adifferent problemoccurs for very young families.
The issue has to do with the huge increase in the number of small-body objects discovered
over the past decades. Despite the fact that the very young families and asteroid pairs must
have very close values of the proper orbital elements, it is difficult to statistically discern them
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from random fluctuations of background asteroids. Both occur at the same orbital distance
in proper element space.

This fundamental obstacle arises due to the low dimensionality of proper element space,
which consists of just three independent variables. In order to separate very young aster-
oid families and asteroid pairs from the random fluctuations of the background population,
Nesvorný andVokrouhlický (2006) andVokrouhlický andNesvorný (2008) realized that this
problem can be overcome if the search is conducted in a higher-dimensional space. As a re-
sult, they used the five-dimensional space of the osculating orbital elements, neglecting just
the mean longitude. The mean orbital elements are also suitable alternative parameters for
such an analysis (e.g., Rozek et al., 2011). In order to effectively use the two extra dimensions,
the searched structures must also be clustered in secular angles, the longitudes of ascending
node and perihelion. This is perfectly justified for very young families and pairs that are ex-
pected to have separated at very low velocities.

Previous searches for these young structures in the space of osculating or mean orbital
elements proved theusefulness of themethod, provided the ageof thepairwas less than about
one Myr. Asteroid pairs clearly exist that formed earlier than this limit, but the differential
precession of their secular angles result in them becoming effectively randomized, which in
turn, render the identification procedure described above ineffective. A key point here is
that the population ofMain belt asteroids is currently known to very small sizes, with objects
detectedwith diameters of one kilometer, or even smaller. The proposed formation processes
for very young families and pairs are expected to generate enough pairs within the last Myr
that, even after accounting for discovery biases, we still have some of them in our catalogs.

Despite their importance as a source of information on the Solar system’s past evolution,
the fact that the Jovian Trojans are markedly farther from Earth than theMain Belt has made
them significantly more challenging targets for study. As a result, our knowledge of the colli-
sional history, binarity, and the presence/absence of pairs in the Trojan population remains
far smaller than our knowledge of the Main belt (e.g. Margot et al., 2015). In fact, to date, no
confirmed Trojan pairs have been discovered, and the true level of binarity in the population
remains to be uncovered. The most famous confirmed binary in the Trojan population is
(617) Patroclus, accompanied by a nearly equal size satellite Menoetius (both in the 100 km
range; e.g., Marchis et al., 2006; Buie et al., 2015). The Patroclus-Menoetius system is fully
evolved into a doubly synchronous spin-orbit configuration (see Davis and Scheeres, 2020,
and references therein), and represents an example of the kind of binary systems which are
expected to be common among the Trojans. A number of such binaries, comprising two
components of almost equal size, have been found amongst the large trans-Neptunian ob-
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jects (e.g. Noll et al., 2020b). This comparison is of particular interest, given that the Patro-
clus system was, in all likelihood, implanted to the Trojan region from the trans-Neptunian
region source zone (e.g., Nesvorný et al., 2018). It seems likely that the Patroclus system rep-
resents the closest example of an Edgeworth-Kuiper belt binary system. Further information
on the Patroclus system will become available in the coming decades, as the binary is a target
for flyby in 2033 by theLucy spacecraft (e.g., Levison et al., 2017). Similar smaller-scale systems
maywell exist among theTrojan population , but their abundance is uncertain. Observation-
ally, such small-scale binaries remain beyond our detection, and theoretical models of their
survival depend on a number of unknown parameters (e.g., Nesvorný et al., 2018; Noll et al.,
2020b; Nesvorný and Vokrouhlický, 2019). The existence of Trojan binaries is interesting by
itself, but in the context of this work, it is worth noting that, if such binaries exist, they likely
serve as a feeding cradle for a population of Trojan pairs.

Following this logic, if the population of pairs among the Trojans can become known and
well characterized, such that their dominant formation process is understood, that would in
turn prove to be a source of new information about Trojan binaries. Milani (1993) in his pio-
neeringwork on JovianTrojan orbital architecture noted a case of the L4-swarmobjects (1583)
Antilochus and (3801) Thrasymedes. Their suspicious orbital proximity led theMilani (1993)
to suggest that they may constitute a genetically related pair of bodies. A viable formation
process would be through the instability and dissociation of a former binary. Unfortunate-
ly, the Antilochus–Thrasymedes interesting configuration has not since been revisited, nor
further studied in a more detail.

1.6 Cladistics

The vast majority of work in cladistics, which is also known as phylogenetic systematics, has
been undertaken in the biological sciences. The premise of the method is that characteristics
are inherited through descent. From this, it may be inferred that organismswith similar char-
acteristics are related to one another. Themost well recognized use of themethod is to create
the ‘Tree of Life’ (e.g. Darwin, 1859; Hennig, 1965; Hug et al., 2016). Any reference to new
living species (e.g. Van Dung et al., 1993; Ričan et al., 2011; Kvist et al., 2014) or interpretation
of a fossil (e.g. Salisbury et al., 2006; Smith et al., 2017; Aria and Caron, 2017) uses cladistics
to examine the relationships between organisms. Cladistics is therefore used as a method to
investigate the common origins of life, and how different species are related to one another.
The advantage of cladistics over other analytical techniques is the use of multiple character-
istics, including those that are unknown in some objects. This allows for more detailed and

40



hierarchical relationships to be inferred, without truncating the dataset. While cladistics can
account for unknown characteristics, the more that is known about an object, the more con-
fidence that can be placed in the analysis. A reduction in missing data would also decrease
the number of equally parsimonious trees produced during the analysis. A description of the
method, and how it is to be applied in this project is discussed in section 1.6.2.

1.6.1 History

Historically, the investigation into relationships between different organisms reaches back to
Darwin (1859). With early attempts at systematically applying cladistics in the early 20th cen-
tury (Mitchell, 1901; Tillyard, 1926; Zimmermann and Schultz, 1931), the modern discipline
started in the late 20th century. Hennig (1965) is regarded as the first to propose ‘phylogenet-
ic systematics’, what would become modern cladistical analysis. The technique was quickly
adopted by the biological community and used to analyse every form of life, from bacteri-
a (e.g. Olsen et al., 1994) to Dinosauria (e.g. Bakker and Galton, 1974) and even our own
ancestors (e.g. Chamberlain and Wood, 1987). During this era, and still with modern fossil
cladistical analysis, physical characteristics are used in the cladistical analysis. With the advent
ofmore powerful computing in the later years of the 20th century, the use of DNA led to the
expansion into molecular cladistics (Suárez-Díaz and Anaya-Muñoz, 2008). As computing
power improves, larger datasets can be examined, and our understanding of the ‘Tree of Life’
improves (Hug et al., 2016). For a detailed examination of the history of cladistics, I refer the
interested reader to Hamilton (2014).

Themethodologyof this PhDproject is to comprise twomain areas of investigation, cladis-
tics and dynamics. In section 1.6.2, I provide details on the Cladistical methodology and how
it relates to other taxonomic tools. Section 1.6.3 describes the specifics of astrocladistics, how
cladistics can be applied to an astronomical context. As part of the analsysis of the result-
s of astrocladistics, I also describe a previously derived method, the Hierarchical Clustering
Method (HCM), and how it can be applied to the results of the astrocladistical analysis.

1.6.2 Cladistical Methodology

The cladistical methodology, as pioneered by Hennig (1965), involves a sequence of steps to
find the most parsimonious tree. This concept of parsimony, that the simplest explanation
is the most likely to have occurred, is at the heart of the method. The method searches for
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a dendratic tree with the least number of changes to explain the configuration. This tree is
then a hypothesis for the relationships between the objects of interest.

The first stage of themethodology beginswith the creation of a taxon-charactermatrix, in-
cluding taxa, the object that you are interested in, and an outgroup, a related object, though
outside your group of interest. In the Astrocladistical context, I have used two different ob-
jects as an ourgroup. In paper 1 (Holt et al., 2018), I use the Sun as an outgroup. For astro-
cladistics of the Jovian Trojans (Holt et al., 2021), the dynamics make selection of the out-
groupmore difficult, as there is no true ancestral state fromwhich ingroup characteristics are
derived. As such a fictitious outgroup object is created, with a base 0 for each of the character-
istics. The function of this outgroup is to root the trees. In the context of biological cladistics,
a related clade, but one that is outside the group of interest, is selected as the outgroup (Far-
ris, 1982). In doing this, the outgroup sets the base character state for each characteristic. For
astrocladistics of the Trojans, the dynamics make selection of the outgroup more difficult, as
there is no true ancestral state from which ingroup characteristics are derived. For the syn-
thetic outgroup created for this study, the dynamical characteristics are set close to 0 in proper
∆ semi-major axis (∆ap), eccentricity (ep) and sine inclination (sinip). The calculated mean
libration values would be at the closest approach to Jupiter (56.42◦and 285.72◦for the L4and
L5swarms respectively), with low libration amplitudes (L4: 4.044◦, L5: 2.73◦). These values
represent a very stable area of the parameter space. In terms of albedo (L4: 0.024, L5: 0.031)
and colours, the object would be very dark, and have a featureless spectrum. Based on these
parameters the ougroup served the purpose of rooting each consensus tree without being
too close and considered part of the ingroups, or too far away so that the relationship to the
populations of interest were lost.

An example of a simple matrix is shown in Figure 1.16, with more details in section 1.6.2.1.
Thismatrix is thenusedbyTree analysis using New Technology (TNT) 1.5 (Golobof-
f et al., 2008; Goloboff and Catalano, 2016), to generate a number of equally parsimonious
trees, that form the basis of the final consensus tree (Margush and McMorris, 1981), detailed
in section 1.6.2.2. This process is shown in graphical form in Figure 1.17.

1.6.2.1 Taxon-character Matrix

The cladisitcal methodology begins with the creation of a taxon-character matrix. Each ma-
trix is a 2-d array, with the taxa, the objects of interest, in the rows, and each characteristic
in the columns. The taxa used in this study are either the gas giant satellites or the Jovian
Trojans (Holt et al., 2021). The orbital, physical and compositional properties, including the
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wide-band survey colours, of the satellites or Jovian Trojan are used as characteristics, see sec-
tion 1.6.3.1. For a given taxa, each corresponding characteristic is defined as a numerical state,
usually a 0 or 1, though multiple, discrete states may be used. A 0 numerical state is used to
indicate the original or ‘base’ state. An outgroup, or a taxa outside the area of interest, is used
to dictate the 0 base state of a characteristic. An unknown character state can be accounted
for, with a question mark (?). This taxon-character matrix is created using the Mesquite
software package (Maddison and Maddison, 2017).

1.6.2.2 Tree Search

A set of phylogenetic trees are subsequently created from the Mesquite taxon-character
matrix, using Tree analysis using New Technology (TNT) 1.5 (Goloboff et al., 2008;
Goloboff and Catalano, 2016), via the Zephyr Mesquite package (Maddison and Maddi-
son, 2015). The trees are created on the concept of maximum parsimony (Maddison et al.,
1984), that the tree with the shortest lengths, the smallest number of changes, is most likely
to show the true relationships (Camin and Sokal, 1965).

Some examples of basic trees are shown in Figure 1.16. I use these to explain some of the ter-
minology of cladistics. The tree shown in B is the most parsimonious, with the least number
of changes, five. Each node is shown as an Ancestral state (A1, A2 and A3).

A change between nodes, for example A2 and T1 in Figure 1.16B, can be mathematically
expressed (after Camin and Sokal, 1965) as:

d(A2, T1) =
∑
i

��X(A2, i) − X(T1, i)
�� (1.14)

whereX(A2, i) is the character state (i) matrix (X ) for the node (A2). The Tree length is then
taken as the sum of the changes between nodes:

L(N, f ) =
∑
n,p

d(n, f (n)) (1.15)

Between ancestral state 1 (A1) and A2, there would be two changes, in characteristic 1 (C1)
and C2. Between A2 and A3, there could be a further two changes (C3 and C4), but as the
C3 is unknown in Taxon 3, this is only a single change in C4. Between A3 and T3 there is
a change in C3 (from the assumption that there is no change in an unknown characteristic)
and in C5. This gives a total of five changes, or a tree length of five. In tree C, there is another
example, that is less parsimonious. A1 to A2 has three changes (C1, C2, C4). There is one
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change between A2 and A3 (C3 to state 1), and then two reversals between A3 and T1 (C3 and
C4 back to 0), and T3 changes to state 1 in C5. This means that the tree has a length of seven,
two greater than the one shown in Figure 1.16 B. An interesting feature of the trees is that each
node is symmetric, so tree D in Figure 1.16 is an isomorph of tree B.

This system, while cumbersome to compute manually, is well suited to computational al-
gorithms (Farris, 1970). For the works in this thesis, I use the modern TNT 1.5 (Goloboff,
1993, 1996). TNT uses a method of indirect tree length estimation (Goloboff, 1993, 1996), in
its heuristic search for trees with the smallest length. TNT starts the drift algorithm (Goloboff,
1996) search by generating 100Wagner trees (Farris, 1970), with 10 drifting trees per replicate.
This drift algorithm randomly swaps terminal taxa to try to find the requested number of
starting trees. These starting trees are then checked using a Tree bisection and reconnection
(TBR) algorithm (Goloboff, 1996) to generate a block of equally parsimonious trees. The T-
BR algorithm takes the starting trees, and swaps branches to try find sets with smaller lengths.
In this way, very large sets of trees can be tested.

Ideally, all equally parsimonious trees would be stored, but this is computationally pro-
hibitive. For this analysis, 10000 equally parsimonious trees are requested from TNT, to create
the tree block. Once a tree block has been generated and imported into Mesquite (Maddi-
son and Maddison, 2017) for analysis, a 0.5 majority-rules consensus tree can be constructed
using the a well established algorithm (Margush and McMorris, 1981). This tree is generated
as a consensus of the block, with a tree branch being preserved if it is present in the majority
of the trees. The resulting branching taxonomic tree is then a hypothesis for the relations
between taxa.

1.6.2.3 Tree statistics

I can assess how accurately a tree represents the true relationships between taxa. The num-
ber of steps it takes to create a tree is called the tree length. A smaller tree length indicates a
more likely tree, as it is more parsimonious. Tree length estimation algorithms (Farris, 1970)
continue to be improved, and are fully explored in a modern context by Goloboff (2015). T-
wo other tree metrics, the consistency and retention indices, are a measure of homoplasy, or
the independent loss or gain of a characteristic (Givnish and Sytsma, 1997). High amounts
of homoplasy in a tree is indicative of random events, rather than the desired relationships
between taxa (Brandley et al., 2009). Mathematically, homoplasy can be represented by the
consistency index (CI) of a tree, (Equation (1.16, reproduced from Kluge and Farris, 1969)
and is related to the minimum number of changes (M) and the number of changes on the
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tree actually observed (S).

CI = M/S (1.16)

A tree with no homoplasy would have a consistency index of 1. One of the criticisms of
the consistency index is that it shows a negative correlation with the number of taxa and
characteristics (Archie, 1989; Naylor and Kraus, 1995). In order to combat the issues with
the consistency index, a new measure of homoplasy, the retention index, was created (Farris,
1989). The retention index (RI ; Farris, 1989) introduces the maximum number of changes
(G) required into equation (1.17).

RI =
G −M

G − S
(1.17)

Aswith the consistency index, a treewith a retention index of 1 indicates a perfectly reliable
tree. Both of these metrics show how confidently the tree represents the most plausible rela-
tionships between taxa. Values closer to 1 of both the consistency and retention indices indi-
cate that the tree represents the true relationships between taxa (Sanderson and Donoghue,
1989). For a detailed examination of the mathematics behind the algorithms and statistics
used in cladistical analysis, I direct the interested reader to Gascuel (2005).

In my investigation of the Jupiter and Saturn satellite systems (Holt et al., 2016), I used
the Mesquite (Maddison and Maddison, 2017) and TNT (Goloboff et al., 2008; Goloboff
and Catalano, 2016) software packages, as described above. In order to investigate the param-
eter set, due to computation restrictions, a subset of the Jovian Trojans is required. Proper
parameters are available through the JPL Small-body database (Giorgini et al., 1996) for all
known Jovian Trojan asteroids. The subset is the intersect of albedo available from WISE
(Grav et al., 2012), and the spin periods from Asteroid Lightcurve database (Warner et al.,
2009). The subset is also to include colour indices from Sloan Digital Sky Survey Moving
Object Catalogue (Szabo et al., 2007) and compositional information, where available. The
subset includes all six Trojan targets of the Lucy spacecraft, as well as representatives from the
known dynamical families (Brož and Rozehnal, 2011; Emery et al., 2015; Nesvorný et al., 2015;
Vinogradova, 2015; Rozehnal et al., 2016).

1.6.3 Astrocladistics

In astronomy/astrophysics, astrocladistics has been used to look at the relationships between
stars (Fraix-Burnet and Davoust, 2015; Jofré et al., 2017), gamma-ray bursts (Cardone and
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Fraix-Burnet, 2013), globular clusters (Fraix-Burnet et al., 2009) and galaxies (Fraix-Burnet
et al., 2006, 2010, 2012, 2015). These works, along with my own work on the Jovian and Sat-
urnian satellites (Holt et al., 2016, 2018), form a body of work in the new field of ‘astrocladis-
tics’ (Fraix-Burnet et al., 2015). There are good reasons to believe that cladistics can provide
sensible groupings in a planetary science context. Objects that have similar formationmecha-
nisms should have comparable characteristics. Daughter objects that are formed by breaking
pieces off a larger object should also have similar characteristics. The advantage of thismethod
over other multivariate analysis systems is the inclusion of a larger number of characteristics,
enabling us to infer more detailed relationships. The work on the satellites of the gas giants
(Holt et al., 2018) is the first to use the technique in a planetary science context. Extending the
technique by investigating the Jovian Trojan asteroids, a population several orders of magni-
tude larger than each of the satellite systems, improves the validity of cladistics in a planetary
science context (Holt et al., 2021).

1.6.3.1 Characteristics

The characteristics used in astrocladistical analysis can be broken into three broad categories:
orbital, physical and compositional parameters, as I initially used in the analysis of the satellite
systems. I used the characteristics originally in (Holt et al., 2018) as a point for comparison.
Additional characteristics are to be used to improve the dataset before expansion on to the
full JovianTrojans dataset (Holt et al., 2021). All numerical states are considered having equal
weight. The discrete character sets are unordered. Any continuous characteristics are broken
intobins, as cladistical analysis requires discrete characteristics. I developed aPythonprogram
to establish the binning of continuous characteristics. Each characteristic is binned indepen-
dently of each other. The aforementioned Python program iterates the number of bins until
a linear regression model between binned and unbinned sets achieves a coefficient of deter-
mination (R2) score of> 0.99. This is calculated using the stats package in SciPy (Jones et al.,
2015). Each character set haves a different number of bins,R2 score, and delimiters. All char-
acteristics are binned in a linear fashion, with the majority increasing in progression. The
exception to the linear increase is the density character set, with a reversed profile. All of the
continuous, binned characteristic sets are ordered, as used by Fraix-Burnet et al. (2006).

The first broad category includes the five orbital characteristics. Objects with similar or-
bital characteristics could be the result of a recent breakup, and form the basis ofMultivariate
Hierarchical Clustering (Zappala et al., 1990), see section 1.4.4.2. In the satellite systems, this
is relatively straight forward, using the semi-major axis in km, eccentricity and inclinations of
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the objects. Due to the unique dynamics of the Jovian Trojans, the instantaneous osculating
orbital elements can not be used for taxonomic proposes (e.g., Beauge and Roig, 2001; Brož
and Rozehnal, 2011). The AstDyS database (Knežević and Milani, 2017) provides a set of ro-
bust proper elements, in semi-major axis, eccentricity and inclination, for the Jovian Trojans.
By moving from an instantaneous value for the object orbit to one that has beenmodified to
take account of the periodic motion of the Trojans around the Lagrange points, these proper
elements provide a much more accurate insight into a given object’s provenance. Two ob-
jects with a common origin would be expected, in the absence of anymajor chaotic scattering
events, to have similar proper elements, but might, at any given instant, be at a different part
of their libration cycle, and hence have markedly different osculating elements. These prop-
er elements can therefore, unlike the osculating elements, inform us about long term orbital
relationships in the population. In addition to the proper elements obtained from AstDyS,
I also include information on the libration of the Jovian Trojans around their host Lagrange
point. To obtain these libration values, I performed 1 × 104 year integrations of the orbital
evolution of the Trojans under the influence of the Sun and four giant planets, using the
REBOUND WHFAST integrator (Rein and Liu, 2012). For these integrations, I used a timestep
of 0.3954 years, and wrote out the instantaneous orbital elements of all objects simulated ev-
ery 10 years. From these, I am able to calculate the amplitude of libration, as well as the mean
angle in the Jovian reference frame.

The second category used to construct the matrix consists of two initial continuous physi-
cal characteristics, density and visual geometric albedo. Both of these characteristics would be
passed down to daughter objects, during a breakup event. Similar physical properties would
also be suggestive of analogous formation scenarios. I chose to not includemass, or any prop-
erties related tomass, as characters in the analysis. The inclusion of these characteristics could
hide any relationships between amassive object and any daughter objects, as the result of col-
lisions.

The third category, used specifically in the satellite study (Holt et al., 2018), describes the
discrete compositional characteristics and details the presence or absence of 31 different chem-
ical species. As with the physical characteristics, compositional characteristics can be passed
down to daughter objects from a breakup event, or suggest similar formation scenarios. In
order to account for any positional bias, the fundamental state, solid, liquid, gas or plasma
was not considered. In the initial analysis, I make no distinction between surface, bulk and
trace compositions. This is to account for the potential of daughter objects to have their bulk
composition comprised of surface material from the parent. I compare the inclusion of this
information as an additional investigation. The majority of chemical species have absence as
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a base state (0), and presence as the derived (1). The exception are the first three molecules,
elemental hydrogen (eH), hydrogen (H2) and helium (He), all of which are found in the
Sun. As the Sun is the designated outgroup, the base state (0) indicates the presence of these
species. With the exception of elemental hydrogen, the remaining single element species are
those found in compounds. The spectroscopy of an object often only reports on the presence
of an ion, as opposed to a full chemical analysis. As more detailed analysis becomes available,
characters may be added to the matrix. Several chemical species are used in this particular
matrix which are either not present in any of the asteroids or unknown. These are included
for future comparisons with other orbital bodies. The specific details of the compositions
are shown in Holt et al. (2018).

The issue with using specific chemical presence as a characteristic is that this requires de-
tailed spectral analysis, which is only currently available for two Jovian Trojans, 624 Hektor
(1907XM) (Marchis et al., 2014; Perna et al., 2018) and911Agamemnon (1919FD) (Perna et al.,
2018), although it is likely that this situation will change in the coming decade as a result of
both the Lucy mission and observations with the James Webb Space Telescope. As a proxy for
composition, broadband colours can be used in astrocladistics, as has been undertaken by
Fraix-Burnet et al. (2010) in their studies of galaxies. Several of the Jovian Trojans have been
imaged by large all-sky surveys, with data available from the SloaneDigital Sky Survey (SDSS)
(Szabo et al., 2007), the Wide-field Infrared Survey Explorer (WISE) (Grav et al., 2012), Ga-
ia DR2 (Spoto et al., 2018) and the Moving Objects from VISTA Survey (MOVIS) (Popescu
et al., 2016). The wide range of wavelengths represented by these datasets are shown in Fig.
1.18. I use the ratio of colours in these surveys as characteristics in the analysis (Holt et al.,
2021), in addition to the dynamical dataset described above. In total, combining the dynam-
ical and observational data, this results in a maximum of 17 characteristics being included for
each Trojan studied in this work.

1.6.4 Hierarchical Clustering Method

In the Astrocladistics works (Paper 1 and Paper 4 Holt et al., 2018, 2021), I use the inverse
Gauss equations (as used by Zappala et al., 1990; Morbidelli et al., 1995; Zappala et al., 1996;
Beauge andRoig, 2001;Nesvorný et al., 2002b, 2003, 2004;Ragozzine andBrown, 2007;Tur-
rini et al., 2008;Michel et al., 2011; Carruba andNesvorný, 2016), equations 1.18, 1.19 and 1.20,
substituted into Equation 1.21, to test the dispersal velocities of the clusters found through
cladistics. This methodology forms the basis of the Hierarchical Clustering method (HCM)
discussed in section 1.4.4. δa, δe and δi are the difference between the individual asteroids
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δVd =
√
δV 2

T + δV 2
R + δV 2

W (1.21)

1.6.4.1 Limitations of the Hierarchical Clustering Method

The disadvantage of this system is that it only identifies recent family breakups, with the vast
majority of the asteroids considered ‘background’. Another issue with HCM is the issue of
‘chaining’ where families are identified, with interlopers included due to near proximity in
phase space. This can be mitigated by the inclusion of colours (Parker et al., 2008), albe-
do (Carruba et al., 2013) and by incorporating taxonomy into the pipeline (Radović et al.,
2017). Though these methods do improve some of the faults identified in HCM, they still
suffer from the limitations inherent in the method. In order to use the HCM, a complete
parameter space is required. This restricts the dataset in one of two ways, due to the limit-
ed information available for most small Solar system bodies. Either the parameters need to
be restricted, usually down to just their proper elements, or the dataset is restricted down
to those objects where a large amount of information is known. For example, Carruba et al.
(2013) used a subset of only 11,609Main belt asteroids, out of the approximately 60,000 avail-
able in the Sloan Digital Sky survey (SDSS) (Ivezić et al., 2002), 100,000 from theWide-field
Infrared Survey Explorer (WISE) (Masiero et al., 2011) and over 400,000 for which proper el-
ements were available at the time. Cladistics is able to use all information available to examine
relationships between objects, irrespective of the level of study. The Hierarchical Clustering
Method remains useful in this project as a method of verifying and commenting on the age
of the clusters identified by the Cladisical methodology. The rationale for this is that cluster-
s with low dispersal velocities could indicate recent breakups, with larger velocities possibly
indicating disruptions.

1.7 Concluding remarks

In this chapter, I have provided an overviewof the objects of interest, the Irregular satellites of
the gas giant planets, and the Jovian Trojans. Both of these populations have similar origins,
and are important in our understanding of early Solar system formation.

In order to investigate these populations further, I use two complimentary methodolo-
gies. Astrocladistics is a novel technique, based on cladistics, a biological method used to
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create ‘the tree of life’. The method makes use of the limited datasets in the satellite systems
of the gas giants (Paper 1 Holt et al., 2018) and the Jovian Trojans (Paper 4 Holt et al., 2021))
to investigate the relationships within the populations. I also use n-body simulations to look
at the dynamical evolution of collisional families (Paper 2, Holt et al., 2020a) as well as look-
ing for asteroid pairs in the population (Paper 3, Holt et al., 2020b). The four papers, and
their peripheral presentations, form the core of this thesis, though there are several additional
works outlined in chapter 6, including coauthor projects. Combined, these works improve
our understanding of these small body populations, and bring astrocladistics into the context
of Solar system research.
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2
Paper 1 - Cladistical Analysis of the Jovian

and Saturnian Satellite Systems

This is the first paper published in my PhD project, Holt et al. (2018). This work presents
the first time that cladistics has been tried in a planetary science context. Currently (May,
2021), this paper has 9 citations on the ADS: https://ui.adsabs.harvard.edu/abs/
2018ApJ...859...97H/abstract.

2.1 Abstract

Jupiter and Saturn each have complex systems of satellites and rings. These satellites can be
classified into dynamical groups, implying similar formation scenarios. Recently, a larger
number of additional irregular satellites have been discovered around both gas giants that
have yet to be classified. The aim of this paper is to examine the relationships between the
satellites and rings of the gas giants, using an analytical technique called cladistics. Cladistic-
s is traditionally used to examine relationships between living organisms, the “tree of life.”
In this work, we perform the first cladistical study of objects in a planetary science context.
Our method uses the orbital, physical, and compositional characteristics of satellites to clas-
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sify the objects in the Jovian and Saturnian systems. We find that the major relationships
between the satellites in the two systems, such as families, as presented in previous studies,
are broadly preserved. In addition, based on our analysis of the Jovian system, we identify
a new retrograde irregular family, the Iocaste family, and suggest that the Phoebe family of
the Saturnian system can be further divided into two subfamilies. We also propose that the
Saturnian irregular families be renamed, to be consistent with the convention used in Jovian
families. Using cladistics, we are also able to assign the new unclassified irregular satellites
into families. Taken together, the results of this study demonstrate the potential use of the
cladistical technique in the investigation of relationships between orbital bodies.

2.1.1 New Satellites

After the publication of this paper, additional satellites around the giant planets have been
discovered. In 2018, just after publication of Holt et al. (2018), an additional 13 objects were
reportedby Sheppard et al. (2018), presented inTable 2.1. In the Irregular satellites, nine of the
objects are in taxonomic agreement betweenHolt et al. (2018) and Sheppard et al. (2018); four
are in the Ananke subfamily (S/2016 J1, S/2017 J3, S/2017 J7, S/2017 J9), three in the Carme
subfamily (S/2017 J2, S/2017 J5, S/2017 J8) and two (Pandia, S/2017 J4 and Ersa S/2018 J1)
in the Himalia family. The two new members placed in the Pasiphae family (S/2017 J1 and
S/2017 J6) by Sheppard et al. (2018) are most likely in the Iocvaste or Pasiphae subfamilies.
Valetudo S/2016 J2 is also placed in the Himalia family, though Sheppard et al. (2018) placed
the object in it’s own family.

Even more recently, 20 new satellites of Saturn have been discovered by the same team1.
Twoof the objects (S/2004 S29 and S/2004 S31) are both clearly in the prograde ‘Inuit’ group,
our Siarnaq family. S/2004 S24 poses an interesting problem. It is a prograde object that has
a semi-major axis similar to that of the retrograde objects. In terms of inclination, the object
matches the Gallic/Albiroix family, though the eccentricity and semi-major axis are smaller
and larger respectively. Apart from the prograde motion, s/2004 S24 could belong in the
Aegir subfamily, though it is more likely to be a dynamically altered prograde orbiter, than
the remnant of a retrograde family, somehow altered to to a prograde orbit. The remaining 17
objects can be split into the Aegir (S/2004 S39, S/2004 S30, S/2004 S27, S/2004 S28, S/2004
S26, S/2004 S35, S/2004 S20) and Ymir (S/2004 S22, S/2004 S32, S/2004 S34, S/2004 S21,
S/2004 S38, S/2004 S23, S/2004 S33, S/2004 S25, S/2004 S37, S/2004 S36) subfamilies of the
Pheobe retrograde family.

1https://sites.google.com/carnegiescience.edu/sheppard/home/newsaturnmoons2019
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Name a(km) i e taxt taxac
Jupiter
Ersa S/2018 J1 11483000 30.61◦ 0.094 Himalia Himalia family
Pandia S/2017 J4 11525000 28.15◦ 0.18 Himalia Himalia family
Valetudo S/2016 J2 18980000 34◦ 0.222 Valetudo Himalia family
S/2017 J7 20627000 143.4◦ 0.215 Ananke Ananke subfamily
S/2016 J1 20650845 139.8◦ 0.141 Ananke Ananke subfamily
S/2017 J3 20694000 147.9◦ 0.148 Ananke Ananke subfamily
S/2017 J9 21487000 152.7◦ 0.229 Ananke Ananke subfamily
S/2017 J6 22455000 155.2◦ 0.557 Pasiphae Iocaste or Pasiphae family
S/2017 J5 23232000 164.3◦ 0.284 Carme Carme subfamily
S/2017 J8 23232700 164.7◦ 0.312 Carme Carme subfamily
S/2017 J2 23303000 166.4◦ 0.236 Carme Carme subfamily
S/2017 J1 23547105 149.2◦ 0.397 Pasiphae Iocaste or Pasiphae family
Saturn
S/2004 S37 16003300 164◦ 0.506 Norse Ymir subfamily
S/2004 S31 17402800 48.11◦ 0.242 Inuit Siarnaq family
S/2004 S29 17470700 44.43◦ 0.472 Inuit Siarnaq family
S/2004 S20 19211000 163.1◦ 0.204 Norse Aegir subfamily
S/2004 S27 19776700 167.1◦ 0.12 Norse Aegir subfamily
S/2004 S22 20379900 177.4◦ 0.257 Norse Ymir subfamily
S/2004 S30 20424000 156.3◦ 0.113 Norse Aegir subfamily
S/2004 S25 20544500 173.3◦ 0.457 Norse Ymir subfamily
S/2004 S23 21427000 177.7◦ 0.399 Norse Ymir subfamily
S/2004 S32 21564200 158.5◦ 0.262 Norse Ymir subfamily
S/2004 S28 21791300 171◦ 0.133 Norse Aegir subfamily
S/2004 S35 21953200 176.4◦ 0.182 Norse Aegir subfamily
S/2004 S39 22790400 167.6◦ 0.081 Norse Aegir subfamily
S/2004 S38 23006200 155◦ 0.381 Norse Ymir subfamily
S/2004 S24 23231300 36.78◦ 0.049 Prograde Unknown
S/2004 S36 23698700 147.6◦ 0.667 Norse Ymir subfamily
S/2004 S33 23764800 161.5◦ 0.417 Norse Ymir subfamily
S/2004 S21 23810400 154.6◦ 0.312 Norse Ymir subfamily
S/2004 S34 24358900 165.7◦ 0.267 Norse Ymir subfamily
S/2004 S26 26737800 171.3◦ 0.148 Norse Aegir subfamily

Table 2.1: New y discovered sate ites of Jupiter and Saturn. Shown are a(km) Semi‐major axis from p anet in km;
i(deg) inc ination in degrees; e eccentricity taxt traditiona taxonomy (Jewitt and Haghighipour, 2007; Sheppard
et a ., 2018); taxac astroc adistica taxonomy (Ho t et a ., 2018).
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2.2 Associated Presentations and Publications

There is aGithub repository associatedwith this paper: https://github.com/TimHoltastro/
Holt-et-al-2018-Satelite-cladistics

2.2.1 Oct. 2017: DPS 49 - Oral presentation

Investigating the origins of the Irregular satellites using Cladistics
Holt, Timothy;Horner, Jonti; Tylor, Christopher; Nesvorny,David; Brown, Adrian; Carter,
Brad
Abstract
The irregular satellites of Jupiter and Saturn are thought to be objects captured during a pe-
riod of instability in the early solar system. However, the precise origins of these small bodies
remain elusive. We use cladistics, a technique traditionally used by biologists, to help con-
strain the origins of these bodies. Our research contributes to a growing body of work that
uses cladistics in astronomy, collectively called astrocladistics. We present one of the first in-
stances of cladistics being used in a planetary science context. The analysis uses physical and
compositional characteristics of three prograde Jovian irregular satellites (Themisto, Leda &
Himalia), five retrograde Jovian irregular satellites (Ananke, Carme, Pasiphae, Sinope &Cal-
lirrhoe), alongwithPhoebe, a retrograde irregular satellite of Saturn, and several other regular
Jovian and Saturnian satellites. Each of these members are representatives of their respective
taxonomic groups. The irregular satellites are compared with other well-studied solar system
bodies, including satellites, terrestrial planets, main belt asteroids, comets, andminor planet-
s. We find that the Jovian irregular satellites cluster with asteroids and Ceres. The Saturnian
satellites studied here are found to form an association with the comets, adding to the narra-
tive of exchange between the outer solar system and Saturnian orbital space. Both of these
results demonstrate the utility of cladistics as an analysis tool for the planetary sciences.
Publication: American Astronomical Society, DPS meeting 49, id.511.03
Pub Date: October 2017

57





Galileo (Ockert Bell et al. 1999) and Cassini (Porco et al.
2005) spacecraft during their missions.

The irregular Jovian satellites orbit the planet with semimajor
axes an order of magnitude greater than the Galilean moons, and
have large eccentricities and inclinations. In the early years of the
21st century, extensive surveys were carried out to search for the
Jovian irregular satellites (Scotti et al. 2000; Sheppard
et al. 2001, 2002, 2003b, 2004; Gladman et al. 2003a, 2003b;
Sheppard & Jewitt 2003; Sheppard & Marsden 2003a, 2003b,
2004; Beaugé & Nesvorný 2007; Jacobson et al. 2011; Sheppard
& Williams 2012). These surveys increased the number of known
Jovian satellites from 14 after Voyager to the 67 known today. The
inner five irregular satellites, Leda, Himalia, Lystea, Elara and Dia,
have prograde orbits and have previously been classified into the
Himalia group (Nesvorný et al. 2003; Sheppard & Jewitt 2003).
Themisto and Carpo were proposed as single members of their
own groups by Sheppard & Jewitt (2003). The remainder of the
irregular satellites have retrograde orbits. Based on similarities in
semimajor axis, inclination, and eccentricity, these satellites have
been grouped into families by Sheppard & Jewitt (2003) and
Nesvorný et al. (2003). These dynamical families are typified by
their largest member, Himalia, representing the inner prograde
satellites, with the retrograde ones being broken down into the
Ananke, Pasiphae, and Carme families. Recently, several
additional small irregular satellites have been discovered (Jacobson
et al. 2011; Sheppard & Williams 2012), which are yet to be
named or classified. With the discovery of new satellites (Scotti
et al. 2000; Sheppard et al. 2001; Beaugé & Nesvorný 2007;
Jacobson et al. 2011; Sheppard & Williams 2012) and additional
information from the Cassini spacecraft (Porco et al. 2005), a
revisitation of the classification of the Jovian irregular satellites
(Nesvorný et al. 2003; Sheppard & Jewitt 2003; Jewitt &
Haghighipour 2007) is warranted.

1.2. The Saturnian System

The Saturnian system is broadly similar to that of Jupiter, but
exhibits greater complexity. One of the most striking features,
visible to even the most modest telescope, is Saturn’s ring
system. First observed by Galileo in 1610, it was Huygens
(1659) that observed that the objects surrounding Saturn were
in fact rings. The rings themselves are composed of individual
particles, from micrometer to meter size (Zebker et al. 1985).
Embedded within several of the main rings are a series of small
moonlets (Tiscareno et al. 2006) and several shepherd satellites
(Showalter 1991; Porco et al. 2007; Cuzzi et al. 2014). The co
orbitals Janus and Epimetheus (Yoder et al. 1983, 1989;
Nicholson et al. 1992; Treffenstädt et al. 2015; El Moutamid
et al. 2016), and their associated faint ring system (Winter
et al. 2016) are unique to the Saturn system. Just beyond the
Janus/Epimetheus orbit, there is a diffuse G ring, the source of
which is the satellite Aegaeon (Hedman et al. 2007b).

Huygens (1659) also discovered Saturn’s largest satellite,
Titan. Earth based observations highlighted the methane based
atmosphere of Titan (Kuiper 1944; Karkoschka 1994), with
further characterization by the Cassini spacecraft (Niemann
et al. 2005) and Huygens lander (Lebreton et al. 2005). The
bulk composition of Titan is analogous to that of the other icy
satellites, with an icy shell, subsurface water ocean, and silicate
core (Hemingway et al. 2013). There are seven other mid sized
icy satellites, with semimajor axes on a similar order of
magnitude to that of Titan. The five largest, Mimas, Enceladus,

Tethys, Dione, and Rhea, are large enough to be in hydrostatic
equilibrium. All of the mid sized satellites are thought to be
predominantly composed of water ice, with some contribution
from silicate rock, and may contain subsurface liquid oceans
(Matson et al. 2009; Filacchione et al. 2012). Those satellites
closer to Saturn than Titan, Mimas, Enceladus, Tethys, Dione,
and Rhea are embedded in the E ring (Feibelman 1967; Baum
et al. 1981; Hillier et al. 2007; Hedman et al. 2012). The
Cassini mission identified the source of this ring as the
southern cryo plumes of Enceladus (Spahn et al. 2006).
In addition to the larger icy satellites, there are four small

Trojan satellites (Porco et al. 2005), situated at the leading and
trailing Lagrange points, 60° ahead or behind the parent
satellites in their orbit. Tethys has Telesto and Calypso as
Trojan satellites, while Helene and Polydeuces are Trojan
satellites of Dione. So far, these Trojan satellites are unique to
the Saturnian system. Between the orbits of Mimas and
Enceladus, there are the Alkyonides, Methone, Anthe, and
Pallene, recently discovered by the Cassini spacecraft (Porco
et al. 2005). All of the Alkyonides have their own faint ring
arcs (Hedman et al. 2009) composed of similar material to
the satellite. Dynamical modeling by Sun et al. (2017) supports
the theory of Hedman et al. (2009) that the parent satellite is the
source of the rings.
In the outer Saturnian system there are a large number of

smaller irregular satellites, with 38 known to date. The first of
these irregular satellites to be discovered was Phoebe, which
was the first planetary satellite to be discovered photographi
cally (Pickering 1899). Phoebe was also the first satellite to be
discovered moving on a retrograde orbit (Pickering 1905;
Ross 1905). Phoebe is the best studied irregular satellite and the
only one for which in situ observations have been obtained
(Clark et al. 2005). Recently, a large outer ring associated with
Phoebe and the other irregular satellites has been discovered
(Verbiscer et al. 2009). It has been suggested that Phoebe may
have originated in the Edgeworth Kuiper Belt and captured
into orbit around Saturn (Johnson & Lunine 2005). The other
Saturnian irregular satellites were discovered in extensive
surveys during the early 21st century (Gladman et al. 2001;
Sheppard et al. 2003a, 2006b, 2007; Jewitt et al. 2005). Due to
the small size of the majority of these satellites, only their
orbital information is available. There are 9 prograde and 29
retrograde outer satellites, of which attempts have been made to
place into families based on dynamical (Gladman et al. 2001;
Jewitt & Haghighipour 2007; Turrini et al. 2008) and
photometric (Grav et al. 2003; Grav & Bauer 2007) informa
tion. In the traditional naming convention (Grav et al. 2003),
the Inuit family, Ijiraq, Kiviuq, Paaliaq, Siarnaq, and Tarqeq
are small prograde satellites, whose inclination is between 45°
and 50°. The Gallic family, Albiorix, Bebhionn, Erriapus, and
Tarvos, is a similar, prograde group, but with inclinations
between 35° and 40°. The retrograde satellites are all grouped
into the Norse family, including Phoebe. There is a possibility
that the Norse family could be further split into subfamilies,
based on photometric studies (Grav et al. 2003; Grav & Bauer
2007). The convention of using names from respective
mythologies for the satellite clusters (Jewitt & Haghighipour
2007) has become the default standard for the irregular satellite
families of Saturn.
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1.3. Formation Theories

The purpose of taxonomy and classification, beyond simple
grouping, is to investigate the origin of objects. The origin of
the irregular satellites is a major topic of ongoing study
(Nesvorný & Morbidelli 2012; Nesvorný et al. 2014). Here we
present an overview for context. There are three main theories
in the formation of the Jovian satellites: formation via disk
accretion (Canup & Ward 2002), via nebula drag (Pollack et al.
1979), or via dynamic capture (Nesvorný et al. 2003, 2007).
The satellites that are captured, either by nebula drag or
through dynamical means, are thought to be from Solar system
debris, such as asteroids and comets.

The disk accretion theory has generally been accepted as the
mechanism for the formation of the inner prograde satellites of
Jupiter (Canup & Ward 2002). The satellites form from dust
surrounding proto Jupiter in a process analogous to the
formation of planets around a star (Lissauer 1987). This
surrounding disk would have lain in the equatorial plane of
Jupiter, with material being accreted to the planet itself through
the disk. This would explain both the prograde, coplanar orbits
of the regular satellites and their near circular orbits.

The second theory requires satellites to be captured in the
original Jovian nebula (Pollack et al. 1979; Ćuk & Burns
2004). Before it coalesced into a planet, Jupiter is proposed to
have had a greater radius, and lower density than now. There
was a “nebula” surrounding this proto Jupiter. As other pieces
of Solar system debris crossed into the Hill sphere of this
nebula, they would be slowed down by friction and be captured
as a satellite. Related to this is the concept of a pull down
mechanism (Heppenheimer & Porco 1977). As a gas giant
increases in mass from accretion (Pollack et al. 1996), the hills
sphere increases. As a subsequent effect, small Solar system
bodies can possibly be captured as irregular satellites.

Dynamical capture can explain the retrograde orbits of the
Jovian satellites (Nesvorný et al. 2003). The Hill sphere of a
planet dictates the limit of its gravitational influence over other
bodies. The theory (Nesvorný et al. 2003, 2007) states that is it
impossible for a satellite to be captured in a three body system
(Sun, planet and satellite). The Nice model of the Solar system
(Tsiganis et al. 2005; Nesvorný et al. 2007, 2014) has a fourth
body interaction placing the satellite into a stable orbit inside
the Hill sphere of the gas giant. Recently the Nice model was
updated to include a fifth giant planet (Nesvorný & Morbidelli
2012). This updated theory has the new planet interacting with
Jupiter and allowing for the capture of the satellites, before the
fifth giant planet is ejected from the Solar system. Collisions
between objects could also play a part in the dynamical capture
of the irregular satellites (Colombo & Franklin 1971).

The formation of the Saturnian satellite system is thought to
be similarly complex. The inner satellites are possibly formed
from accretion within the ring system (Charnoz et al. 2010) or
from the breakup of a large, lost satellite (Canup 2010).
Modeling of the Saturnian system by Salmon & Canup (2017)
has shown that the mid sized satellites could have formed from
a large ice dominated ring, with contamination of cometary
material during the Late Heavy Bombardment, delivering the
requisite silicate rock. Being the largest satellite in the
Saturnian system, Titan is thought to have formed from
accretion of proto satellites (Asphaug & Reufer 2013). The
Saturnian irregular satellites are predicted to be captured
objects (Jewitt & Haghighipour 2007), though their origins are
still in dispute. Collisions are thought to have played a part in

the capture of the irregular satellites of Saturn (Turrini et al.
2009). The cratering data provided by the Cassini spacecraft
(Giese et al. 2006) supports this hypothesis.

1.4. This Project

With the discovery of several new irregular satellites (Scotti
et al. 2000; Gladman et al. 2001, 2003a, 2003b; Sheppard
et al. 2001, 2002, 2003a, 2003b, 2006b, 2007, 2004; Sheppard &
Marsden 2003a, 2003b; Sheppard & Jewitt 2003; Sheppard &
Marsden 2004; Jewitt et al. 2005; Jacobson et al. 2011; Sheppard
& Williams 2012), along with the detailed examination of the
Jovian and Saturnian system by the Cassini spacecraft (Brown
et al. 2003; Porco et al. 2005, 2006; Cooper et al. 2006; Giese
et al. 2006; Spahn et al. 2006; Filacchione et al. 2007, 2010, 2014,
2016, 2012; Nicholson et al. 2008; Matson et al. 2009; Buratti
et al. 2010; Thomas 2010; Tosi et al. 2010; Clark et al. 2012;
Spitale & Tiscareno 2012; Hirtzig et al. 2013; Brown 2014), there
is an opportunity to revisit the classification of the satellite systems
of the gas giants. We apply a technique called cladistics to
characteristics of the Jovian and Saturnian satellites, in order to
examine the relationships between objects in the systems. The
purpose of this is twofold. First, due to their well established
classification systems, the Jovian and Saturnian satellite systems
offer an opportunity to test the cladistical technique in a planetary
science context. This project is an extension of Holt et al. (2016),
and together they form the first use of cladistics for planetary
bodies. The second aim of the project is to classify recently
discovered satellites, as well as providing context for future work.
In Section 2, we introduce the cladistical technique, and how

it is used in this paper. The resulting taxonomic trees for the
Jovian and Saturnian systems, along with their implications for
the taxonomy of the satellites, are presented in Sections 3.1
and 3.2, respectively. Section 4 discusses the implications of
cladistics in a planetary science context, along with some
remarks on origins of the gas giant satellites and possible
future work.

2. Methods

In this section, we present an overview of the cladistical
method and how it is applied to the Jovian and Saturnian
satellite systems. Following a general overview of cladistics,
the section progresses into the specifics of this study, including
characteristics used in the paper. The section concludes with an
explanation on the specific matrices of the Jovian and Saturnian
satellites and how they are applied to the cladistical method.

2.1. Cladistics

Cladistics is an analytical technique, originally developed to
examine the relationships between living organisms (Hennig
1965). A clade is the term used for a cluster of objects, or taxa,
that are related to each other at some level. In astronomy/
astrophysics, the technique has been used to look at the
relationships among stars (Fraix Burnet & Davoust 2015; Jofré
et al. 2017), gamma ray bursts (Cardone & Fraix Burnet 2013),
globular clusters (Fraix Burnet et al. 2009), and galaxies
(Fraix Burnet et al. 2006, 2010, 2012, 2015). These works,
along with this study, form a body of work in the new field of
“Astrocladistics” (Fraix Burnet et al. 2015). There are good
reasons to believe that cladistics can provide sensible groupings
in a planetary science context. Objects that have similar
formation mechanisms should have comparable characteristics.
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Daughter objects that are formed by breaking pieces off a larger
object should also have similar characteristics. The advantage
of this method over other multivariate analysis systems is the
inclusion of a larger number of characteristics, enabling us to
infer more detailed relationships.

The vast majority of work in cladistics and phylogenetics has
been undertaken in the biological and paleontological sciences.
Biologists and paleontologists use cladistics as a method to
investigate the common origins, or “tree of life” (Darwin 1859;
Hennig 1965; Hug et al. 2016), and how different species are
related to one another (e.g., Van Dung et al. 1993; Salisbury
et al. 2006; Říčan et al. 2011; Aria & Caron 2017; Smith et al.
2017). Historically, the investigation into relationships between
different organisms reaches back to Darwin (1859). Early
attempts at using tree analysis techniques occurred in the early
20th century (Mitchell 1901; Tillyard 1926; Zimmermann &
Schultz 1931). Hennig (1965) is regarded as one of the first to
propose “phylogenetic systematics,” the technique that would
become modern cladistical/phylogenetic analysis. The techni
que was quickly adopted by the biological community and used
to analyze every form of life, from bacteria (e.g., Olsen et al.
1994) to Dinosauria (e.g., Bakker & Galton 1974) and our own
ancestors (e.g., Chamberlain & Wood 1987). Recently the use
of DNA led to the expansion of the technique to become
molecular phylogenetics (Suárez Díaz & Anaya Muñoz 2008).
As computing power improves, larger data sets can be
examined, and our understanding of the tree of life improves
(Hug et al. 2016). For a detailed examination of the history of
cladistics and pyholgenetics, we refer the interested reader to
Hamilton (2014).
The cladisitcal methodology begins with the creation of a

taxon character matrix. Each matrix is a 2D array, with the
taxa, the objects of interest, in the rows, and each characteristic
in the columns. The taxa used in this study are the rings and
satellites of the Jovian and Saturnian Systems. The orbital,
physical and compositional properties of the rings and satellites
are used as characteristics (see Section 2.2). For a given taxa,
each corresponding characteristic is defined as a numerical
state, usually a 0 or 1, though multiple, discrete states may be
used. A 0 numerical state is used to indicate the original or
“base” state. An outgroup, or a taxa outside the area of interest,
is used to dictate the 0 base state of a characteristic. For this
study, we use the Sun as an outgroup. An unknown character
state can be accounted for with a question mark (?). This taxon
character matrix is created using the Mesquite software
package (Maddison & Maddison 2017).
A set of phylogenetic trees are subsequently created from the

Mesquite taxon character matrix, with Tree analysis using New
Technology (TNT) 1.5 (Goloboff et al. 2008; Goloboff &
Catalano 2016), via the Zephyr Mesquite package (Maddison
& Maddison 2015). The trees are created on the concept of
maximum parsimony (Maddison et al. 1984) that the tree
with the shortest lengths, the smallest number of changes, is
most likely to show the true relationships. TNT uses a method
of indirect tree length estimation (Goloboff 1994, 1996) in its
heuristic search for trees with the smallest length. TNT starts
the drift algorithm (Goloboff 1996) search by generating 100
Wagner trees (Farris 1970), with 10 drifting trees per replicate.
These starting trees are then checked, using a tree bisection and
reconnection algorithm (Goloboff 1996), to generate a block of
equally parsimonious trees. Closely related taxa are grouped

together in the tree. Ideally, all equally parsimonious trees
would be stored, but this is computationally prohibitive. For
this analysis, 10,000 equally parsimonious trees are requested
from TNT, to create the tree block. Once a tree block has been
generated and imported into Mesquite (Maddison & Maddison
2017) for analysis, a 0.5 majority rules consensus tree can be
constructed using a well established algorithm (Margush &
McMorris 1981). This tree is generated as a consensus of the
block, with a tree branch being preserved if it is present in the
majority of the trees. The resulting branching taxonomic tree is
then a hypothesis for the relations between taxa, the satellites,
and rings of the gas giants.
We can assess how accurately a tree represents true

relationships between taxa. The number of steps it takes to
create a tree is call the tree length. A smaller tree length implies
a more likely tree, as it is more parsimonious. Tree length
estimation algorithms (Farris 1970) continue to be improved,
and are fully explored in a modern context by Goloboff (2015).
Two other tree metrics, the consistency and retention indices,
are a measure of homoplasy, or the independent loss or gain of
a characteristic (Givnish & Sytsma 1997). High amounts of
homoplasy in a tree are suggestive of random events, rather
than the desired relationships between taxa (Brandley et al.
2009). Mathematically, homoplasy can be represented by the
consistency index (CI) of a tree (Equation (1), Kluge & Farris
1969) and is related to the minimum number of changes (M)
and the number of changes on the tree actually observed (S):

M SCI . 1= ( )

A tree with no homoplasy would have a consistency index of 1.
One of the criticisms of the consistency index is that it shows a
negative correlation with the number of taxa and characteristics
(Archie 1989; Naylor & Kraus 1995). In order to combat the
issues with the consistency index, a new measure of
homoplasy, the retention index, was created (Farris 1989).
The retention index (RI; Farris 1989) introduces the maximum
number of changes (G) required into Equation (2):

G M

G S
RI . 2=

-
-

( )

As with the consistency index, a tree with a retention index
of 1 indicates a perfectly reliable tree. Both of these metrics
show how confidently the tree represents the most plausible
relationships between taxa. Values closer to 1 of both the
consistency and retention indices indicate that the tree
represents the true relationships between taxa (Sanderson &
Donoghue 1989). For a detailed examination of the mathe
matics behind the algorithms and statistics used in cladistical
analysis, we direct the interested reader to Gascuel (2005).
A traditional form of multivariate hierarchical clustering is

used in the detection of asteroid collisional families (Zappala
et al. 1990, 1994). This method of clustering uses Gauss
equations to find clusters in a parameter space, typically using
semimajor axis, eccentricity, and inclination (Zappala et al.
1990). Work has also been undertaken incorporating the known
colors (Parker et al. 2008) and albedo (Carruba et al. 2013) of the
asteroids (Milani et al. 2014) into the classical method, though
this reduces the data set significantly. The classical method of
multivariate hierarchical clustering was used by (Nesvorný et al.
2003) to identify the Jovian irregular satellite families. Turrini
et al. (2008) expanded the classical method into the Saturnian
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irregular satellites, and utilized the Gauss equations, solved for
velocities, in a similar way to Nesvorný et al. (2003) to verify the
families found, using semimajor axis (a), eccentricity (e), and
inclination (i) of the satellites. The rational behind these
calculations is that the dispersal velocities of the clusters would
be similar to the escape velocities of the parent body. In this work
we use the inverse Gauss equations, Equations (3) (5),
substituted into Equation (6), to test the dispersal velocities
of the clusters found through cladistics. δa, δe, and δi are the
respective differences between the individual satellites and
the reference object. ar, er, ir, and orbital frequency (nr)
are parameters of the reference object. In this case, the reference
object is taken as the largest member of the cluster. The true
anomaly ( f ) and perihelion argument (w + f ) at the time of
disruption are unknown. Only in special cases (e.g., for young
asteroid families; Nesvorný et al. 2002) can the values of ( f ) and
(w + f ) be inferred from observations. In this work we adopt
f = 90° and ( f + w) = 45°, respectively, as reasonable assump
tions. Previous works by Nesvorný et al. (2003) and Turrini et al.
(2008) using this method do not specify the true anomaly ( f ) and
perihelion argument (w + f ) used, nor the central reference point,
making any comparisons between them and this work relative
rather than absolute. The final δVd for the cluster is composed of
the velocities in the direction of orbital motion (δVT), the radial
direction (δVR), and perpendicular to the orbital plane (δVW):
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Cladistics offers a fundamental advantage over this primarily
dynamics based clustering, via the incorporation of unknown
values. Classical multivariate hierarchical clustering (Zappala
et al. 1990) requires the use of a complete data set, and as such
a choice is required. The parameters are either restricted to only
known dynamical elements, or the data set is reduced to well
studied objects. Cladistical analysis can incorporate objects
with large amounts of unknown information, originally fossil
organisms (Cobbett et al. 2007), without a reduction in the
number of parameters.

2.2. Characteristics

We define 38 characteristics that can be broken into three
broad categories: orbital, physical, and compositional para
meters. All numerical states are considered to have equal
weight. The discrete character sets are unordered. Any
continuous characteristics are broken into bins, as cladistical
analysis requires discrete characteristics. We developed a
Python program to establish the binning of continuous
characteristics. The pandas Cut module (McKinney 2010) is
used to create the bins. Characteristics are binned independent
of each other and for each of the Jovian and Saturnian systems.

The aforementioned Python program iterates the number of
bins until a linear regression model between binned and
unbinned sets achieves a coefficient of determination (r2) score
of >0.99. This is calculated using the stats package in SciPy
(Jones et al. 2001). Thus each character set will have a different
number of bins, r2 score, and delimiters. All characteristics are
binned in a linear fashion, with the majority increasing in
progression. The exception to the linear increase is the density
character set, with a reversed profile. All of the continuous,
binned characteristic sets are ordered, as used by Fraix Burnet
et al. (2006). A full list of the characteristics used, the r2 score
for each of the binned characteristics, along with the delimiters
are listed in Appendix A.
The first broad category includes the five orbital characteristics

(Appendix A.1). This category is composed of two discrete
characteristics: presence in orbit around the gas giant and
prograde or retrograde orbit. The three remaining characteristics
semimajor axis (a), orbital inclination (i), and eccentricity (e)

are continuous and require binning using the aforementioned
Python program.
The second category used to construct the matrix consists of

two continuous physical characteristics, density, and visual
geometric albedo (Appendix A.2). We chose to not include
mass, or any properties related to mass, as characters in the
analysis. The inclusion of these characteristics could hide any
relationships between a massive object and any daughter
objects, as the result of collisions.
The third category describes the discrete compositional

characteristics and details the presence or absence of 31
different chemical species (Appendix A.3). In order to account
for any positional bias, the fundamental state, solid, liquid, gas,
or plasma was not considered. In this analysis, we make no
distinction between surface, bulk, and trace compositions. This
is to account for the potential of daughter objects to have their
bulk composition comprising surface material from the parent.
The majority of compounds have absence as a base state (0)
and presence as the derived (1). The exceptions are the first
three molecules elemental hydrogen (eH), hydrogen (H2),
and helium (He) all of which are found in the Sun. As the Sun
is the designated outgroup, the base state (0) indicates the
presence of these species. With the exception of elemental
hydrogen, the remaining single element species are those found
in compounds. The spectroscopy of an object often only reports
on the presence of an ion, as opposed to a full chemical
analysis. As more detailed analysis becomes available,
characters may be added to the matrix. Several chemical
species are used in this particular matrix that are either not
present in any of the satellites or unknown. These are included
for future comparisons with other orbital bodies.

2.3. Matrices

The Jovian taxon character matrix holds 68 taxa consisting of
the Sun (outgroup), 4 inner satellites, the main ring, 4 Galilean
satellites, and 59 irregular satellites. Appendix B (Table 3) contains
the matrix, along with the references used in its construction.
The Saturnian matrix, presented in Appendix C (Table 4), is

created with 76 taxa. These taxa are the Sun (outgroup), 6 main
rings, 9 inner small satellites, 4 minor rings, 8 large icy satellites,
4 Trojan satellites, 3 Alkynoids and their associated rings, and
the 38 irregular satellites. The references used in the construction
of the Saturnian matrix are located in Appendix C. Both
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matricies use the same characteristics, as discussed in
Section 2.2, and are available in machine readable format.

3. Results

In this section we present the resulting taxonomic trees from
the analysis of the Jovian and Saturnian satellites. The
taxonomic trees are used to form the systematic classification
of the Jovian (Table 1) and Saturnian (Table 2) satellite
systems. Using inverse Gauss equations (Zappala et al. 1990),
in a similar method to Nesvorný et al. (2003) and Turrini et al.
(2008), we show in Tables 1 and 2 dispersal velocities (δV ) for
each of the taxonomic groups where a single origin object is
hypothesized namely the irregular satellites. For these
calculations we assume the largest representative of the cluster
as the origin point. See Section 2.1 for further discussion.

3.1. Jovian Taxonomy

The results of the cladistical analysis of the individual Jovian
satellites are shown in Figure 1. This 0.5 majority rules
consensus tree has a tree length score of 128, with a consistency
index of 0.46 and a retention index of 0.85. The low value of the
consistency index is possibly due to the mixed use of ordered,
multi state, continuous characteristics and bi modal composi
tional characteristics (Farris 1990). The high retention index
suggests that the consensus tree is robust and demonstrates the
most likely relationships between the satellites.

As can be seen in the Jovian taxonomic tree in Figure 1, the
satellites cluster into clades resembling the taxonomy proposed
by Nesvorný et al. (2003) and Sheppard & Jewitt (2003). The
irregular satellites are a separate cluster to the prograde regular
satellites.

We maintain the closest family to Jupiter, the Amalthea
family, as a valid taxonomic cluster. The dispersal velocity is
very large and may suggest that the Amalthea family did not
form from a single object. This family, along with Jupiter’s
main ring, is associated with the well known Galilean family.

In the analysis, we maintain the “irregular” satellite group. The
Himalia family clusters with the retrograde satellites, separate to
the other prograde satellites. The Himalia family has relatively
low inclinations in comparison with the Jovian retrograde
satellites, and their high eccentricity could be explained by
disruptions (Christou 2005). The small satellites Themisto and
Carpo cluster together with the other prograde satellites in the
Himalia family. We propose that Themisto and Carpo be
included in the Himalia family, as they are the sole members of
the groups proposed by Sheppard & Jewitt (2003), and show
similar orbital characteristics. The large mean dispersal velocity
calculated for the Himalia family (see Table 1) was also noticed
by Nesvorný et al. (2003) for the Prograde satellites. The large
mean dispersal velocity is due to the dispersal velocities of
Themisto and Carpo. Without including these members, the
mean dispersal velocity for the classical Himalia family is
154.6 ± 72.5 m s−1, close to the escape velocity of Himalia
(121.14m s−1). This dispersal velocity of the classical Himalia
family was explained via gravitational scattering from Himalia by
Christou (2005). Disruption and scattering could also be used to
explain the large dispersal velocities of Themisto and Carpo,
though further modeling is required.

The term “irregular” is maintained through the retrograde
family for consistency with the literature (Nesvorný et al. 2003,
2004; Sheppard & Jewitt 2003; Beaugé & Nesvorný 2007;

Jewitt & Haghighipour 2007). The retrograde irregular satellites
are a separate but related cluster to the Himalia, prograde
irregulars. The broad classifications introduced by Sheppard &
Jewitt (2003) and Nesvorný et al. (2003) are preserved, though
the Ananke/Carme family is unresolved and may be split into
subfamilies. Separating out the traditional families (Nesvorný
et al. 2003; Sheppard & Jewitt 2003; see colors in Figure 1)
gives smaller dispersal velocities. The traditional Ananke
(escape velocity (eV) 23.10 m s−1) family has a δV of
61.0 ± 45.6m s−1, traditional Carme (eV 29.83 m s−1) has
36.2 ± 13.1m s−1, and a created Sinope (eV 27.62 m s−1)
family has 323.9 ± 97.3m s−1. These are smaller than the δV of
our unresolved Ananke/Carme Family (457.2 ± 445.7 m s−1;
see Table 1). Nesvorný et al. (2003) used similar small δV values
to establish the Ananke and Carme dynamical families. The
dynamical situation could be explained through a more recent
capture and breakup event for Ananke, Carme, and Sinope that
disrupted the ancestral irregular satellites. The identified Iocaste
and Pasiphae families also have large dispersal velocities,
suggestive of disruptions. Following the nomenclature of
Sheppard & Jewitt (2003), each of the families and subfamilies
are represented by the name of the largest contained satellite.
Satellites within families are related by their retrograde orbit,
high inclinations, and eccentricities. In addition to their linked
orbital characteristics, the satellites of the retrograde irregular
group all show a low albedo (Beaugé & Nesvorný 2007).
The Ananke subfamily is tightly constrained in its orbital

characteristics, with a small dispersal velocity. While the
characteristics listed in Table 1 would preclude them from being
included in the Pasiphae family, their clustering around a
common semimajor axis, inclination, and eccentricity suggest
that they are a distinct young dynamical family. The members
we include in the Ananke family for this analysis are all
historical members of the family (Jewitt & Haghighipour 2007).
Some of the satellites that have been historically included in the
Ananke family (Jewitt & Haghighipour 2007) are moved to
other families. We do not add any new satellites to this family.
The orbital characteristics of the Carme subfamily are tightly

constrained. Satellites in this family orbit further from Jupiter,
with higher orbital inclinations, but similar eccentricities to the
Ananke family. As with the Ananke family, it is the highly
constrained orbital characteristics and low mean dispersal velocity
that justify the classification of this traditional family (Jewitt &
Haghighipour 2007). According to the tree presented in Figure 1,
there is a continuum between the Ananke and Carme families.
However, differences in orbital characteristics, broken down in
Table 1, distinguish both of these families from each other.
A new cluster, the Iocaste family, is defined as shown in

Figure 1 and Table 1. The semimajor axis of this family spans
most of the orbital space where irregular satellites have been
discovered. The lower eccentricities and albedo are used to
separate this family from the Pasiphae family. As with the
Passiphae family, the Iocaste family has a high mean dispersal
velocity (510.2 ± 303.3 compared with a escape velocity of
3.16 m s−1), suggestive of disruptions taking place at some
point since the breakup of the original object (Christou 2005).
Iocaste, being the largest member of this family, is proposed as
the representative object. Also included are several members
that have been previously included in other families (Jewitt &
Haghighipour 2007), along with new unnamed satellites. For
full details on included satellites and the descriptive properties
of the family, see Table 1.
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Table 1
Jovian Satellite Systematic Classification

Taxonomy Members Orbit Semimajor Axis Inclination Eccentricity Density Albedo Composition Velocity (δV ) References
(km) (kg m 3) (m s 1)

Amalthea
family

Thebe, Amalthea, Metis, and
Adrastea

Prograde <3.0 × 105 <0°. 02 <2° <900 <0.1 Predominately water ice
and silicates

3570.4 ± 491.8 1

Galilean family Io, Ganymede, Europa, and Callisto Prograde 4.0 × 105–2.0 × 106 <0°. 5 <0.01 >1800 >0.18 Water ice and silicates
dominate; presence of
SO2; other chemical
species present.

L 2

Jovian irregular
satellite
group

Himalia family Leda, Elara, Lyithea, Himalia, and
Themisto

Prograde 7.5 × 106–1.8 × 106 25°–55° 0.1–0.3 L <0.1 Silicate-based 623.8 ± 750.3 3, 4

Ananke/Carme
family

S/2003 J3, S/2003 J9, Ananke
subfamily, Carme subfamily, and
Sinope subfamily

Retrograde 1.88 × 107–2.5 × 107 143°–166° 0.2–0.4 L <0.07 L 457.2 ± 445.7 3, 4

Ananke
subfamily

Euanthe, Thyone, Mneme, Harpa-
lyke, Praxidike, Thelxinoe, and
Ananke

Retrograde 2.0 × 107–2.15 × 107 145°–152° 0.2–0.25 L <0.07 L 61.0 ± 45.6 3, 4

Carme
subfamily

Arche, Pasithee, Chaldene, Isonoe,
Kale, Aitne, Erinome, Taygete,
Carme, Kalyke, Eukelade, and
Kallichore

Retrograde 2.2 × 107–2.4 × 107 164°–166° 0.24–0.27 L <0.07 L 36.1 ± 13.1 3, 4

Sinope
subfamily

Eurydome, Autonoe, Sinope, and
Callirrhoe

Retrograde 2.2 × 107–2.42 × 107 147°–159° 0.27–0.35 L <0.06 L 323.9 ± 97.3

Iocaste family Euporie, S/2003 J18, Hermippe,
Helike, Iocaste, S/2003 J15,
Herse, S/2003 J4, Aoede, S/
2003 J5, and S/2003 J10

Retrograde 1.9 × 107–2.5 × 107 140°–165° 0.1–0.45 L <0.05 L 510.2 ± 303.3

Pasiphae family S/2003 J12, S/2011 J1, S/2010 J2,
S/2003 J19, S/2010 J1, S/2011
J2, Sponde, Pasiphae, Megaclite,
Hegemone, S/2003 J23, Cyllene,
Kore, and S/2003 J2

Retrograde 1.9 × 107–2.9 × 107 145°–164° 0.30–0.421 L <0.1 L 412.3 ± 224.5 3, 4

References. (1) Barnard (1892), (2) Galilei (1610), (3) Nesvorný et al. (2003), (4) Sheppard & Jewitt (2003).
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Table 2
Saturnian Satellite Systematic Classification

Taxonomy Members Orbit Semimajor Axis Inclination Eccentricity Density Albedo Composition Velocity (δV ) References
(km) (kg m 3) (m s 1)

Saturnian inner
system group,
main ring and
icy satellites

Atlas, Janus, Epimetheus, Pro-
metheus, Janus/Epimetheus
ring, G-ring, D-ring, Pan,
Aegaeon, S/2009 S1, F-ring,
B-ring, Cassini division,
C-ring, Daphnis and A-ring.
Possible members: Telesto,
Calypso, Methone ring arc,
Anthe ring arc, Pallene ring
arc, Methone, Anthe, Pal-
lene, Polydeuces Mimas,
Tethys, Enceladus family,
Hyperion, Titan, and Iape-
tus; see Section 3.2 for
discussion.

Prograde <4.0 × 106 <15° <0.03 550–1900 0.1–1 Composition of water ice
with silicates and pre-
sence of CO2. Other
chemical species may be
present.

L 1, 2

Enceladus family E-ring, Enceladus, Rhea,
Dione, and Helene

Prograde 1.8 × 105–5.3 × 105 <0°. 5 0 1200–1700 >0.7 Complex composition,
predominately water ice
and silicates, with
hydrocarbons and CO2

present

L

Saturnian irre-
gular satellite
group

Albiorix family Bebhionn, Erriapus, Albiorix,
and Tarvos

Prograde 1.6 × 107–1.8 × 107 30°–40° 0.4–0.6 L <0.1 L 80.9 ± 1.6 3, 4, 5

Siarnaq family Tarqeq, Kiviuq, Ijiraq, Paaliaq,
and Siarnaq

Prograde 1.1 × 107–1.9 × 107 40°–50° 0.1–0.4 L <0.1 L 266.8 ± 60.0 3, 4, 5

Phoebe family Phoebe ring, Phoebe, Fenrir,
Loge, Aegir subfamily, and
Ymir subfamily

Retrograde 1.1 × 107–2.51 × 107 >145° >0.1 L <0.1 L 763.3 ± 259.0 3, 4, 5

Aegir subfamily S/2007 S2, Mundilfari, Jarn-
saxa, S/2006 S1, Bergelmir,
Suttungr, Farbauti, S/2007
S3, Aegir, and Fornjot

Retrograde 1.6 × 107–2.51 × 107 >150° 0.1–0.25 L L L 295.1 ± 125.0 5

Ymir subfamily Skathi, Skoll, Greip, Hyrrok-
kin, S/2004 S13, S/2004
S17, Narvi, S/2004 S12, S/
2004 S07, Hati, Bestla,
Thrymr, S/2006 S3, Kari,
Surtur, and Ymir

Retrograde 1.55 × 107–2.30 × 107 >145° 0.25–0.6 L <0.1 L 497.5 ± 247.7 5

References. (1) Huygens (1659), (2) Cassini (1673, 1686), (3) Nesvorný et al. (2003), (4) Sheppard & Jewitt (2003), (5) Turrini et al. (2008).
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The Pasiphae family shows a broad range of orbital
characteristics that, along with the large dispersal velocity
(412.3 ± 224.5 compared with an escape velocity of
47.16 m s−1), are suggestive of disruptions during the family’s

lifetime (Christou 2005). The Pasiphae family has a broad
range of semimajor axes and inclinations, with the Pasiphae
family orbiting further from Jupiter and having larger
eccentricities on average than the new Iocaste family (see

Figure 1. Majority consensus taxonomic tree of objects in the Jovian system. This tree has a tree length score of 128, with a consistency index of 0.46 and a retention
index of 0.85. Numbers indicate the frequency of the node in the 10,000 most parsimonious tree block. Colors represent the terminology used in traditional
classification: Amalthea inner regular family, Galilean family, Themisto prograde irregular, Himalia prograde irregular family, Carpo prograde irregular, Ananke
irregular family, Carme irregular family, Pasiphae irregular group, and unnamed and unclassified. Proposed groups and families are shown on the right.
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Table 1). A Pasiphae subfamily (see Figure 1), with a δV of
230.1 ± 174.3 m s−1, can be identified. This may imply a
secondary, more recent breakup from Pasiphae. In addition,
many of the unnamed satellites from recent observations
(Gladman et al. 2003a, 2003b; Sheppard et al. 2003b, 2003a,
2004; Sheppard & Marsden 2003a, 2003b, 2004; Jacobson
et al. 2011; Sheppard & Williams 2012) are associated with this
family; see Table 1 and Figure 1 for a complete list.

3.2. Saturnian Taxonomy

Cladistical analysis of the Saturnian system yields the 0.5
majority rules consensus tree (Figure 2), constructed from the
10,000 parsimonious trees, with a tree length score of 186. The
tree has a consistency index of 0.30 and a retention index of
0.81. The consistency index of the Saturnian tree is lower than
that of the Jovian tree, though this could be due to the number
of taxa used (Sanderson & Donoghue 1989). As with the
Jovian tree, this low consistency index could be due to the
mixed character states. This effect is to be explored further in a
future paper. The high retention index indicates that the tree is
suggestive of the true relationships (Farris 1989).
The tree shown in Figure 2 highlights the diversity of

structures found in the orbit of Saturn. Satellites cluster into two
main grouping around Saturn: the Inner group, comprised of
rings and icy satellites, and the Irregular satellite group (see
Table 2 for members and diagnostic properties of each clade).
While the traditional classification nomenclature (Nesvorný et al.
2003; Sheppard & Jewitt 2003; Jewitt & Haghighipour 2007) is
broadly conserved, several discrepancies require discussion.
Table 2 shows our new taxonomy, along with included members
of the families and their descriptive properties.

The Main ring and Icy satellite group form an unresolved,
inner system group. This group includes the Saturnian ring
system, the Alkynoids and their associated ring arcs, as well as
the larger Icy satellites and their Trojans. We have confirmed
the recently discovered S/2009 S1 (Spitale & Tiscareno 2012)
is part of this group due to its orbital characteristics. Within this
large group, there is the resolved Enceladus family.
Our results suggest the traditionally classified Alkyonides,

Methone, Anthe, and Pallene, along with their associated rings,
are not clustered with the the Enceladus family, as would be
expected by their orbital location, between Mimas and Enceladus,
within the E ring. Due to their bulk water ice composition, the
Alkynoides associate with the Main ring objects (see Figure 2).
The low density and mid range albedo of Pallene and Methone
(Hedman et al. 2009) suggest that the association with the Main
ring group is genuine. The dynamic resonances of both Methone
and Anthe (Callegari & Yokoyama 2010) imply that these
objects were captured, rather than forming in situ. As there is
very little known about the composition of these objects, beyond
their bulk water ice composition (Hedman et al. 2009), further
study and dynamical modeling of the capture process is required
to resolve their true origins.

Like the Alkynoids, the Trojan satellites of Tethys, Calypso,
and Telesto also form an association with the main rings.
The reason for this could be that Calypso and Telesto, like the
Alkynoids, are also possible captured main ring objects. The
capture dynamics could be similar to that of the Jovian Trojan
asteroids (Morbidelli et al. 2005; Lykawka & Horner 2010;
Nesvorný et al. 2013). Both the Tethys Trojans (Buratti et al.
2010) and main ring objects are chiefly composed of water ice,

implying a common origin. The bulk composition of Tethys is
also prominently water ice (Buratti et al. 2010), with a very small
fraction of silicates. Trojans may instead have formed from the
same material as Tethys itself, either during accretion (Charnoz
et al. 2011) or in the same orbit from a large debris disk (Canup
2010). As Tethys is also in the unresolved Main ring and Satellite
group, we cannot differentiate between the two scenarios. Further
compositional information about the Tethys Trojans could shed
light on this issue. Polydeuces, a Trojan of Dione, also forms an
association with the Main ring group in our analysis. This could
be due to overemphasis on orbital and physical characteristics,
since the bulk composition of Polydeauces is unknown (Thomas
et al. 2013). Helene, the more well studied Trojan of Dione
(Thomas et al. 2013), is well within the Enceladus Family. Helene
and Dione are closely associated in our analysis, implying that
Helene is a daughter object of Dione.
The outer icy satellites, Titan, Hyperion, and Iapetus, do not

form a single cluster, and are therefore not considered a valid
taxonomic group. They are associated with the Main ring and
Icy satellite group. The Enceladus family is formed by the
known association of the E ring, Enceladus, and Icy satellites
(Verbiscer et al. 2007), which is mainly due to the detection of
volatile chemicals, such as NH3, CH4, and other hydrocarbons.
Plumes from Enceleadus containing these chemicals (Porco
et al. 2006), thought to be representative of the subcrust ocean
(Porco et al. 2006), are the source of the E ring (Spahn
et al. 2006). Titan itself also has an abundance of these volatiles
(Hirtzig et al. 2013), implying a possible association between
the Icy satellites of Saturn that remains unresolved in our
analysis. Material from the outer satellites, particularly Pheobe
and its associated ring (Tosi et al. 2010; Tamayo et al. 2011), is
thought to play a role in the observed hemispherical dichotomy
on Iapetus (Tosi et al. 2010). In Figure 2, Iapetus is unresolved
in the Main ring and Icy satellite group.
The irregular satellites form a major cluster with each other

separate from the inner Saturnian system, and are therefore
collected under the Irregular satellite group. Along with their high
inclinations, eccentricities, and semimajor axes, the Irregular
satellite group is characterized by a dark albedo, comparative to
the other objects in the Saturnian system. We follow the naming
convention introduced with the Jovian satellites (Section 3.1),
where each irregular satellite family is represented by the largest
member (Jewitt & Haghighipour 2007). We therefore rename the
classical Inuit group (Blunck 2010) as the Siarnaq family and the
Gallic group (Blunck 2010) as the Albiorix family. Though this
does change the formal name of the clusters, we encourage the
discoverers of the unnamed satellites (Gladman et al. 2001;
Sheppard et al. 2003a, 2006b, 2007; Jewitt et al. 2005) and any
future discoveries that are placed in these groups, to follow IAU
convention and use names from Inuit and Gallic mythology for
satellites in the Siarnaq and Albiorix families, respectively. As in
Turrini et al. (2008), the Albiorix family is distinct and has a low
mean dispersal velocity (δV ). The Siarnaq family has a higher δV,
again suggestive of disruptions (Christou 2005). The mean δV of
all prograde satellites is 364.8 ± 114.9m s−1, only slightly higher
than that of the Siarnaq family (Turrini et al. 2008). This could
imply a disruption scenario, with a more recent capture of the
Albiorix family parent body disrupting the older Siarnaq family.
Our cladistical analysis supports this scenario, as the Siarnaq
family shows a more branching structure than the Albiorix family.
Further compositional information about these bodies, as well as
dynamical modeling, could resolve this complex situation. In our
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Figure 2. Majority Consensus taxonomic tree of objects in the Saturnian system. The tree has a consistency index of 0.30 and a retention index of 0.81. Numbers
indicate frequency of the node in the 10,000 most parsimonious tree block. Colors represent terminology used in classical classification: the main ring group, with
associated shepherd satellites; mid sized icy satellites and Titan; Trojan satellites; alkanoids and associated rings; “Inuit” prograde irregular family; “Gallic” prograde
irregular family; “Norse” retrograde irregular family; and unnamed and unclassified. Proposed groups and families are shown to the right.
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analysis, we separate out the retrograde irregular satellites,
including Phoebe, from the prograde irregular satellites. In
previous taxonomy, this group has been classified as the “Norse”
group (Blunck 2010). In our revised nomenclature, this group
should be termed the Phoebe family. We further separate out two
clades, distinct from Phoebe and its associated ring. The first clade,
the unresolved Aegir subfamily (previously identified as the
S/2004 S10 group in Turrini et al. 2008), is characterized as
having, on average, orbits further from Saturn, with low
eccentricities and higher inclinations. The second clade is the
Ymir subfamily and is categorized, on average, by being closer to
Saturn, but with high eccentricities. This subfamily shows a
branching structure and may be further split (Grav & Bauer 2007).
This family was also identified by Turrini et al. (2008). We identify
an association between Fenrir and Loge, with a low dispersal
velocity (δV = 114.4m s−1), suggestive of a recent breakup. The
high dispersal velocity (δV ) of the Phoebe family is due to
the selection of Phoebe as a reference point. If Phoebe and the
associated ring are removed from the family, and Ymir (with
an escape velocity of 8.56m s−1) is selected as the reference
object, the δV is halved from 763.3 ± 259.0m s−1 to 439.9 ±
215.1m s−1. The satellite with the lowest δV to Phoebe is S/2007
S2, with δV = 248.0m s−1, still significantly larger than the escape
velocity of Phoebe (100.8m s−1). Turrini et al. (2008) also found a
dynamical separation between Phoebe and the other retrograde
satellites. This is supportive of the narrative that Phoebe has a
different origin than the other retrograde irregular satellites of
Saturn (Turrini et al. 2008). The high δV among all the subfamilies
shows that a complex dynamical situation is present in the
Saturnian irregular satellites. Phoebe has been shown to clear its
orbital parameter space (Turrini et al. 2008), which could have had
a major disruptive effect on those remaining satellites (Turrini et al.
2008). The similarities between our analysis and that of Turrini
et al. (2008) further validate cladistics as a method suitable for
applications in Solar system astronomy. The addition of detailed
compositional information from the other irregular satellites to an
updated cladistical analysis could solve some of the minor
discrepancies found between this analysis and that of Turrini
et al. (2008).

We assign the currently unnamed irregular satellites to each
of the subfamilies. S/2006 S1, S/2007 S2, and S/2007 S3 are
part of the Aegir subfamily. We include S/2004 S13, S/2004
S17, S/2004 S12, S/2006 S3, and S/2007 S7 in the Ymir
subfamily. See Table 2 for a full list of members in each
subfamily. As with the Albiorix and Siarnaq families, we
encourage discoverers of new satellites that fall within the
Phoebe family to follow the Norse mythological naming
convention as set by the IAU.

4. Discussion

In this study we have shown, using the Jovian and Saturnian
satellite systems, that cladistics can be used in a planetary science
context. We have ensured that the technique is objective by
statistically creating bins for characteristics that are continuous in
nature (see Section 2.2). By thus ensuring the objectivity of our
analysis, we increase the confidence that cladistics is a valid
technique that can be applied in the planetary sciences. Our results
largely support the traditional classifications used in both the
Jovian and Saturnian systems. However, the power of cladistics is
shown in the ease of classifying new satellites, as well as
identifying substructures within larger clusters. Cladistics also
offers a method of analysis where limited information is available.

In our study we have examined well studied satellites, as well as
those where only dynamical information is available. In traditional
methods of analysis, either only dynamical information is
considered, or the data set is truncated in favor of more well
studied bodies. Cladistics offers a method that can incorporate as
much information about an object as is available, while accounting
for any unknown characteristics. As more detailed information
becomes available, either of known or newly discovered satellites,
cladistics offers a systematic method for inclusion or revision of
the classification system.
The relationships that we noted between the satellites suggest

common formation scenarios within the clusters. The prograde,
inner families of Jupiter are the products of accretion from a
circumplanetary disk (Canup & Ward 2002). The association of
the Amalthea and Galilean families, along with the Main ring of
Jupiter, in our analysis supports this hypothesis. Clustering of the
Himalia family with other “irregular” satellites implies a capture
scenario. The prograde nature of the Himalia family is possibly
explained via a nebula drag capture mechanism (Ćuk & Burns
2004). Further modeling of the Himalia family is required to
ascertain their true origins, particularly in light of the Jovian pebble
formation hypothesis that may not include an extended nebula
(Levison et al. 2015).
With the proposal that Sinope forms its own subfamily, each

Jovian irregular satellite subfamily contains only a single large
satellite. This strengthens the hypothesis that each of the
families represents a capture event and subsequent breakup
(Nesvorný et al. 2007) of an object external to the Jovian
system. Two of the subfamiles, the Pasiphae and Sinope
subfamiles, show a broad range of orbital characteristics and
larger dispersal velocities. The other two, the Ananke and
Carme subfamiles, show much more constrained characteristics
and smaller dispersal velocities. This dichotomy between the
two types of subfamiles, broad versus constrained, could imply
at least two capture events, with the earlier Pasiphae and
Sinope families being disrupted by later Ananke and Carme
captures. The Iocaste family does not contain a large progenitor
satellite, but has high dispersal velocities. This is suggestive of
a possible ejection scenario. An alternative hypothesis is that
the capture events happen simultaneously, but there were
multiple disruption events. Both scenarios are supported by the
dichotomy in dispersal velocities. Future analysis and simula
tions into the origins of the irregular satellites could help
determine which theory is more probable.
As with the Jovian satellites, there are multiple origins for

the origin of the Saturnian rings and satellites. The results from
our analysis support a growing body of work showing the
complexity of formation scenarios in the Saturnian system. The
rings themselves possibly formed after the breakup of an inner
icy satellite (Canup 2010).
The unresolved nature of the inner Saturnian system shows a

complexity of formation scenarios. The main ring satellites, along
with the Alkyonides and Tethys Trojans, possibly formed via
accretion from the current ring system (Charnoz et al. 2010). The
Alkynoides and Tethys Trojans are then secondarily captured in
their current orbits. The major icy satellites, those in the E ring and
outer satellites, probably formed in an accretion scenario, with
delivery of the silicate from the outer system (Salmon &
Canup 2017). Titan could be secondarily derived from multiple
subsatellites that formed in the same disk (Asphaug & Reufer
2013). The volatiles are delivered from comets, with at least one,
Phoebe, being captured in orbit. The size of Phoebe is not
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traditionally associated with comet nuclei, but at least one comet,
C/2002 VQ94, with a similar 100 km diameter has been observed
(Korsun et al. 2014). The irregular satellite families and subfamiles
form from collisional breakup events (Nesvorný et al. 2004)
resulting from the captured comet nuclei. The large dispersal
velocities of the subfamilies imply that this capture and disruption
process is complex and requires detailed modeling.

We have shown that cladistics can be used in the
classification of the Jovian and Saturnian satellite systems.
Consequently, several related studies may be attempted in the
future. Uranus and Neptune have similarly complex satellite
systems as those of Jupiter and Saturn (Jewitt & Haghighipour
2007). These satellite systems could also be classified using
cladistics, particularly the irregular satellites. Such a study is
hampered by a lack of completeness in the irregular satellite
data set (Sheppard et al. 2005, 2006a), but may become
practical as observational technology improves and the
hypothesized small irregular satellites are discovered. Cladis
tics could be used to further investigate the origins of the
irregular satellites of Saturn and Jupiter. As the irregular
satellites are thought to be captured bodies (e.g., Nesvorný
et al. 2007), the question becomes from which small body
population they originated. Comparisons between the well
studied irregular satellites and other Solar system bodies could
help constrain the origins of these satellites.

5. Conclusions

We have shown that the new application of cladistics on the
Jovian and Saturnian satellite systems is valid for investigating
the relationships between orbital bodies. In the Jovian system, the
traditional classification categories (Nesvorný et al. 2003; Sheppard
& Jewitt 2003; Jewitt & Haghighipour 2007) are preserved. We
support the hypothesis put forward by Nesvorný et al. (2007) that
each Jovian irregular satellite family can be represented by the
largest member, and that each family comprises the remnants of a
dynamical capture event and subsequent breakup. We can also
assign recently discovered, as yet unnamed, satellites to each of
their respective Jovian families. Cladistical analysis of the
Saturnian system broadly preserves the traditional classifications
(Nesvorný et al. 2003; Sheppard & Jewitt 2003; Jewitt &
Haghighipour 2007; Turrini et al. 2008), strengthening the validity
of the cladistical method. In the Phoebe family of retrograde,
irregular satellites, we assign two subfamilies similar to those
found by Turrini et al. (2008). We rename the classical

mythological designations for the Saturnian irregular satellites, to
represent the largest member of the subfamily, in order to be
consistent with the Jovian naming convention. Newly discovered,
unnamed Saturnian satellites are easily assigned to various
subfamiles. Through the application of the technique to the Jovian
and Saturnian systems, we show that cladistics can be used as a
valuable tool in a planetary science context, providing a systematic
method for future classification.
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Appendix A
List of Characteristics

Below you will find a list of characters used in the creation
of the Jovian (Appendix B) and Saturnian (Appendix C)
satellite matrices. See Section 2.2 for a full discussion.

A.1. Orbital Characteristics

1. In orbit around the gas giant (Orb): no (0); yes (1)
2. Revolution (Rev): Prograde revolution(0); Retrograde

revolution (1)
3. Semimajor axis(a):

(i) Jovian: r2:0.990 Bin delimiters 0 km (0);
3.67892625 × 106 km (1); 7.2348525 × 106 km (2);
1.079077875 × 107 km (3); 1.4346705 × 107 km (4);
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1.790263125 × 107 km (5); 2.14585575 × 107 km (6);
2.501448375 × 107 km (7)

(ii) Saturnian: r2:0.991 Bin delimiters: 0 km (0);
3.644200 × 106 km (1); 7.221500 × 106 km (2);
1.0798800 × 107 km (3); 1.4376100 × 107 km (4);
1.7953400 × 107 km (5); 2.1530700 × 107 km (5)

4. Orbital inclination to the plane(i):
(i) Jovian: r2:0.990 Bin delimiters: 0° (0); 16°.55 (1);

33°.1 (2); 49°.65 (3); 66°.2 (4); 82°.75 (5); 99°.3 (6);
115°.85 (7); 132°.4 (8); 148°.95 (9)

(ii) Saturnian: r2:0.993 Bin delimiters: 0° (0); 29°.97 (1);
59°.93 (2); 89°.9 (3); 119°.87 (4); 149°.83 (5)

5. Orbital eccentricity(e):
(i) Jovian: r2:0.99 Bin delimiters: 0(0); 0.036 (1); 0.072

(2); 0.108 (3); 0.144 (4); 0.18 (5); 0.216 (6); 0.252 (7);
0.288 (8); 0.324 (9); 0.36 (10); 0.396 (11)

(ii) Saturnian: r2:0.993 Bin delimiters: 0 (0); 0.064 (1);
0.129 (2); 0.193 (3); 0.258 (4); 0.322 (5); 0.387 (6);
0.451 (7); 0.515 (8); 0.58 (9)

A.2. Physical Characteristics

1. Density:
(i) Jovian: r2:0.996 Bin delimiters: 3084.5 kg m−3 (0);

2639 kg m−3 (1); 2193.5 kg m−3 (2); 1748 kg m−3 (3);
1302.5 kg m−3 (4); 854.3 kg m−3 (5)

(ii) Saturnian: r2:99.2 Bin delimiters: 1880 kgm−3 (0);
1713.6 kgm−3 (1); 1547.3 kgm−3 (2); 1380.9 kgm−3

(3); 1214.5 kgm−3 (4); 1048.2 kgm−3 (5); 881.8 kgm−3

(6); 715.4 kgm−3 (7); 549.1 kgm−3 (8); 382.7 kgm−3

(9); 216.3 kgm−3 (10); 48.2 kgm−3 (11)
2. Visual geometric albedo:

(i) Jovian: r2:0.991 Bin delimiters: 0 (0); 0.09 (1); 0.16
(2); 0.24 (3); 0.31 (4); 0.38 (5); 0.46 (6); 0.53 (7); 0.60
(8); 0.68 (9)

(ii) Saturnian: r2:0.991 Bin delimiters: 0 (0); 0.13 (1);
0.26 (2); 0.38 (3); 0.51 (4); 0.63 (5); 0.75 (6); 0.87 (7)

A.3. Compositional Characteristics

1. Elemental Hydrogen (eH) Presence (0); Absence (1)
2. Hydrogen (H2) Presence (0); Absence (1)
3. Helium (He) Presence (0); Absence (1)
4. Oxygen (O2) Absence (0); Presence (1)
5. Ozone (O3) Absence (0); Presence (1)
6. Sodium (Na) Absence (0); Presence (1)
7. Potassium (K) Absence (0); Presence (1)
8. Carbon dioxide (CO2) Absence (0); Presence (1)
9. Nitrogen (N2) Absence (0); Presence (1)

10. Sulphur dioxide (SO2) Absence (0); Presence (1)
11. Argon (Ar) Absence (0); Presence (1)
12. Water (H2O) Absence (0); Presence (1)
13. Carbon monoxide (CO) Absence (0); Presence (1)
14. Neon (Ne) Absence (0); Presence (1)
15. Nitrogen oxide (NO) Absence (0); Presence (1)
16. Methane (CH4) Absence (0); Presence (1)
17. Sulphuric acid (H2SO4) Absence (0); Presence (1)
18. Iron (Fe) Absence (0); Presence (1)
19. Nickel (Ni) Absence (0); Presence (1)
20. Iron sulphide (FeS) Absence (0); Presence (1)
21. Iron oxide (FeO) Absence (0); Presence (1)
22. Silicone oxide (SiO) Absence (0); Presence (1)
23. Magnesium oxide (MgO) Absence (0); Presence (1)
24. Basalt (Bas) Absence (0); Presence (1)
25. Sulphur (S) Absence (0); Presence (1)
26. Silicates (Sil) Absence (0); Presence (1)
27. Carbonates (Carb) Absence (0); Presence (1)
28. Ammonia (NH4) Absence (0); Presence (1)
29. Hydrocarbons (HyCarb) Absence (0); Presence (1)
30. Hydrogen peroxide (H2O2) Absence (0); Presence (1)
31. Tholins (Thol) Absence (0); Presence (1)

Appendix B
Jovian Satellite Matrix

Here, Table 3 contains the Taxon character matrix used in
the cladistical analysis of the Jovian satellite system.
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Table 3
Taxon-character Matrix of the Jovian Satellite System

Identifier Orb Rev a i e D Alb eH H2 He O2 O3 Na K CO2 N2 SO2 Ar H2O CO Ne NO CH4 H2SO4 Fe Ni FeS FeO SiO MgO Bas S Sil Carb NH3 HyCarb H2O2 Thol Reference

Sun 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
Jupiter
Main Ring

1 0 0 0 0 ? 0 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 2, 3, 4, 5, 6, 7, 8

Metis 1 0 0 0 0 6 0 1 1 ? ? ? ? ? ? ? ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? 1 ? ? 0 ? ? 9
Adrastea 1 0 0 0 0 ? 1 1 1 ? ? ? ? ? ? ? ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? 1 ? ? 0 ? ? 9
Amalthea 1 0 0 0 0 6 1 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 ? 0 0 0 0 0 ? ? 0 1 1 1 ? 0 0 ? 9, 10, 11
Thebe 1 0 0 0 0 ? 0 1 1 ? ? ? ? ? ? ? ? 0 1 ? ? ? ? ? ? ? ? ? ? ? ? ? 1 ? ? 0 ? ? 9, 10
Io 1 0 0 0 0 0 8 1 1 1 0 0 0 0 0 0 1 0 1 0 0 0 0 0 1 0 0 0 0 1 0 1 1 0 0 0 0 0 3, 12, 13, 14, 15
Europa 1 0 0 0 0 2 8 1 1 1 1 0 0 0 1 0 1 0 1 0 0 0 0 1 1 0 0 0 0 0 0 0 1 0 0 0 1 1 3, 12, 13, 14, 15
Ganymede 1 0 0 0 0 4 5 1 1 1 1 1 0 0 1 0 1 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 1 3, 12, 13, 14, 15
Callisto 1 0 0 0 0 4 2 1 1 1 1 0 0 0 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 3, 12, 13, 14, 15
Themisto 1 0 2 2 6 ? 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 16, 17, 18
Leda 1 0 3 1 4 ? 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 16, 17, 19, 20
Himalia 1 0 3 1 4 1 0 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 3, 17, 16, 19, 20, 21, 22, 23
Lysithea 1 0 3 1 3 ? 0 1 ? ? ? ? ? ? ? ? ? ? 0 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17, 18, 19, 20
Elara 1 0 3 1 6 ? 0 1 ? ? ? ? ? ? ? ? ? ? 0 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17, 19, 20, 21
Dia 1 0 3 1 5 ? 0 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17
Carpo 1 0 4 3 11 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
Euporie 1 1 5 8 3 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17
Orthosie 1 1 5 8 7 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17
Euanthe 1 1 5 8 6 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17
Thyone 1 1 5 8 6 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17
Mneme 1 1 5 8 6 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
Harpalyke 1 1 5 8 6 ? 0 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17, 18
Hermippe 1 1 5 9 5 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17
Praxidike 1 1 5 9 6 ? 0 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17, 18, 19
Thelxinoe 1 1 5 9 6 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
Iocaste 1 1 5 9 5 ? 0 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17, 18
Ananke 1 1 5 8 6 ? 0 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 16, 17, 18, 19
Arche 1 1 6 9 7 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17
Pasithee 1 1 6 9 7 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17
Herse 1 1 6 9 5 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
Chaldene 1 1 6 9 6 ? 0 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17
Kale 1 1 6 9 7 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17
Isonoe 1 1 6 9 6 ? 0 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17
Aitne 1 1 6 9 7 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
Erinome 1 1 6 9 7 ? 0 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17
Taygete 1 1 6 9 6 ? 0 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17, 18
Carme 1 1 6 9 7 ? 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 16, 17, 18, 19, 21
Kalyke 1 1 6 9 6 ? 0 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17, 18, 19
Eukelade 1 1 6 9 7 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
Kallichore 1 1 6 9 7 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
Helike 1 1 5 9 4 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
Eurydome 1 1 6 9 7 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17
Autonoe 1 1 6 9 7 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17
Sponde 1 1 6 9 11 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17
Pasiphae 1 1 6 9 11 ? 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 16, 17, 18, 19, 21

15

T
h
e
A
stro

ph
y
sica

l
Jo
u
rn

a
l,

859:97
(20pp),

2018
June

1
H
olt

et
al.



Table 3
(Continued)

Identifier Orb Rev a i e D Alb eH H2 He O2 O3 Na K CO2 N2 SO2 Ar H2O CO Ne NO CH4 H2SO4 Fe Ni FeS FeO SiO MgO Bas S Sil Carb NH3 HyCarb H2O2 Thol Reference

Megaclite 1 1 6 9 11 ? 0 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16, 17, 18
Sinope 1 1 6 9 6 ? 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 16, 17, 18, 19, 21
Hegemone 1 1 6 9 9 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
Aoede 1 1 6 9 1 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
Callirrhoe 1 1 6 8 7 ? 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 16, 17, 18, 19
Cyllene 1 1 6 9 8 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
Kore 1 1 6 8 9 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
S/2003 J2 1 1 7 9 10 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
S/2003 J3 1 1 5 8 6 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
S/2003 J4 1 1 6 8 5 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
S/2003 J5 1 1 6 9 5 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
S/2003 J9 1 1 6 9 7 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
S/2003 J10 1 1 6 9 5 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
S/2003 J12 1 1 5 8 10 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
S/2003 J15 1 1 6 8 3 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
S/2003 J16 1 1 5 8 7 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
S/2003 J18 1 1 5 8 3 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
S/2003 J19 1 1 6 9 9 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
S/2003 J23 1 1 6 9 8 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
S/2010 J1 1 1 6 9 8 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
S/2010 J2 1 1 5 9 8 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
S/2011 J1 1 1 5 9 8 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16
S/2011 J2 1 1 6 9 10 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 16

Note. Character abbreviations: in orbit around the gas giant (Orb); revolution (Rev); semimajor axis (a); orbital inclination to the plane (i); orbital eccentricity (e); density (D); visual geometric albedo (Alb); elemental hydrogen (eH);
hydrogen (H2); helium (He); oxygen (O2); ozone (O3); sodium (Na); potassium (K); carbon dioxide (CO2); nitrogen (N2); sulphur dioxide (SO2); argon (Ar); water (H2O); carbon monoxide (CO); neon (Ne); nitrogen oxide (NO);
methane (CH4); sulphuric acid (H2SO4); iron (Fe); nickel (Ni); iron sulphide (FeS); iron oxide (FeO); silicone oxide (SiO); magnesium oxide (MgO); basalt (Bas); sulphur (S); silicates (Sil); carbonates (Carb); ammonia
(NH4); hydrocarbons (HyCarb); hydrogen peroxide (H2O2); and tholins (Thol). The compositional characters eH, H2, and He have absence indicated by a 1. In the remainder of compositional characteristics, a 1 is indicative of
presence of the chemical species.
References. (1) Lodders (2003), (2) Brooks et al. (2004), (3) Brown et al. (2003), (4) Burns et al. (1999), (5) Krüger et al. (2009), (6) Ockert-Bell et al. (1999), (7) Throop et al. (2004), (8) Wong et al. (2006), (9) Thomas et al.
(1998), (10) Cooper et al. (2006), (11) Takato et al. (2004), (12) Dalton et al. (2010), (13) Dalton (2010), (14) Greenberg (2010), (15) Hussmann et al. (2006), (16) Beaugé & Nesvorný (2007), (17) Sheppard & Jewitt (2003),
(18) Grav et al. (2003), (19) Grav et al. (2015), (20) Rettig et al. (2001), (21) Sykes et al. (2000), (22) Chamberlain & Brown (2004), (23) Emelyanov (2005).

(This table is available in machine-readable form.)
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Table 4
Taxon-character Matrix of the Saturnian Satellite System

Identifier Orb. Rev. a i e D Alb eH H2 He O2 O3 Na K CO2 N2 SO2 Ar H2O CO Ne NO CH4 H2SO4 Fe Ni FeS FeO SiO MgO Bas S Sil Carb NH3 HyCarb H2O2 Thol Reference

Sun 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
D Ring 1 0 0 0 0 9 4 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2
C Ring 1 0 0 0 0 11 2 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 3, 4
B Ring 1 0 0 0 0 9 3 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3, 4
Cassini Division 1 0 0 0 0 10 3 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 3, 4
A Ring 1 0 0 0 0 9 6 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3, 4
F Ring 1 0 0 0 0 ? 4 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3, 4
S/2009 S1 1 0 0 0 0 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 5
Aegaeon 1 0 0 0 0 9 1 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 6, 7
Pan 1 0 0 0 0 9 3 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7, 8
Daphnis 1 0 0 0 0 10 ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 7
Atlas 1 0 0 0 0 9 6 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7, 8
Prometheus 1 0 0 0 0 9 3 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7
Pandora 1 0 0 0 0 9 5 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7, 8
Epimetheus 1 0 0 0 0 8 6 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7, 8
Janus 1 0 0 0 0 8 7 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7, 8
Janus/Epi

metheus Ring
1 0 0 0 0 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 7, 9

G Ring 1 0 0 0 0 ? ? 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10
E Ring 1 0 0 0 0 ? ? 1 1 1 0 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 0 11, 12
Phoebe Ring 1 0 2 5 ? ? 1 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 13, 14
Methone Ring Arc 1 0 0 0 0 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 15
Anthe Ring Arc 1 0 0 0 0 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 15
Pallene Ring Arc 1 0 0 0 0 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 15
Mimas 1 0 0 0 0 5 4 1 1 1 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 16, 17, 18, 19
Enceladus 1 0 0 0 0 2 7 1 1 1 0 0 0 0 1 1 0 0 1 1 0 0 1 0 0 0 0 0 0 0 0 0 1 0 1 1 1 0 16, 17, 18, 19, 20
Tethys 1 0 0 0 0 6 6 1 1 1 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 16, 17, 18, 19
Dione 1 0 0 0 0 3 5 1 1 1 1 1 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 0 16, 17, 18, 19
Methone 1 0 0 0 0 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 15
Anthe 1 0 0 0 0 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 15
Pallene 1 0 0 0 0 ? 3 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 15
Telesto 1 0 0 0 0 6 7 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7, 8
Calypso 1 0 0 0 0 6 7 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7, 8
Polydeuces 1 0 0 0 0 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 7
Helene 1 0 0 0 0 4 5 1 1 1 1 1 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 0 7
Rhea 1 0 0 0 0 4 5 1 1 1 0 1 0 0 1 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1 16, 17, 18, 19
Titan 1 0 0 0 0 0 1 1 1 1 0 0 0 0 1 0 0 0 1 1 0 0 1 0 0 0 0 0 0 0 0 0 1 0 1 1 0 1 21, 22, 23
Hyperion 1 0 0 0 0 8 2 1 1 1 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1 16, 17, 18, 19
Iapetus 1 0 0 0 0 5 3 1 1 1 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 1 16, 17, 18, 19
Kiviuq 1 0 3 1 5 ? 0 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24, 25, 27
Ijiraq 1 0 3 1 4 ? 0 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24, 25, 27
Siarnaq 1 0 4 1 4 ? 0 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24, 25, 27
Tarqeq 1 0 5 1 2 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
Paaliaq 1 0 4 1 5 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24, 25, 27
Albiorix 1 0 4 1 7 ? 0 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24, 25, 27
Bebhionn 1 0 4 1 7 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24, 25, 27

Appendix C
Saturnian Satellite Matrix

Here, Table 4 contains the Taxon-character matrix used in the cladistical analysis of the Saturnian satellite system.
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Table 4
(Continued)

Identifier Orb. Rev. a i e D Alb eH H2 He O2 O3 Na K CO2 N2 SO2 Ar H2O CO Ne NO CH4 H2SO4 Fe Ni FeS FeO SiO MgO Bas S Sil Carb NH3 HyCarb H2O2 Thol Reference

Erriapus 1 0 4 1 7 ? 0 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24, 25, 27
Tarvos 1 0 5 1 8 ? 0 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24, 25, 27
Phoebe 1 1 3 5 2 2 0 1 1 1 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 1 1 0 1 16, 17, 18, 19, 24, 25,

26, 27
Skathi 1 1 4 5 4 ? 0 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24, 25, 27
Skoll 1 1 4 5 7 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
Greip 1 1 5 5 5 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
Hyrrokkin 1 1 5 5 5 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
Mundilfari 1 1 5 5 3 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24, 25, 27
Jarnsaxa 1 1 5 5 3 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
Narvi 1 1 5 4 6 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
Bergelmir 1 1 5 5 2 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
Suttungr 1 1 5 5 1 ? 0 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24, 25, 27
Hati 1 1 5 5 5 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
Bestla 1 1 5 4 8 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
Farbauti 1 1 5 5 3 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
Thrymr 1 1 5 5 7 ? 0 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24, 25, 27
Aegir 1 1 5 5 3 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
Kari 1 1 6 5 7 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
Fenrir 1 1 6 5 2 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
Surtur 1 1 6 5 6 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
Ymir 1 1 6 5 5 ? 0 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24, 25, 27
Loge 1 1 6 5 2 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
Fornjot 1 1 6 5 3 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
S/2004 S07 1 1 5 5 8 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
S/2004 S12 1 1 5 5 6 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
S/2004 S13 1 1 5 5 4 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
S/2004 S17 1 1 5 5 4 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
S/2006 S1 1 1 5 5 2 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
S/2006 S3 1 1 5 5 7 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
S/2007 S2 1 1 4 5 3 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24
S/2007 S3 1 1 5 5 2 ? ? 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 24

Note. Character abbreviations: in orbit around the gas giant (Orb); revolution (Rev); semimajor axis (a); orbital inclination to the plane (i); orbital eccentricity (e); density (D); visual geometric albedo (Alb); elemental hydrogen (eH); hydrogen (H2);
helium (He); oxygen (O2); ozone (O3); sodium (Na); potassium (K); carbon dioxide (CO2); nitrogen (N2); sulphur dioxide (SO2); argon (Ar); water (H2O); carbon monoxide (CO); neon (Ne); nitrogen oxide (NO); methane (CH4); sulphuric acid
(H2SO4); iron (Fe); Nickel (Ni); iron sulphide (FeS); iron oxide (FeO); silicone oxide (SiO); magnesium oxide (MgO); basalt (Bas); sulphur (S); silicates (Sil); carbonates (Carb); ammonia (NH4); hydrocarbons (HyCarb); hydrogen peroxide (H2O2);
and tholins (Thol). The compositional characters eH, H2, and He have absence indicated by a 1. In the remainder of compositional characteristics, a 1 is indicative of presence of the chemical species.
References. (1) Lodders (2003), (2) Hedman et al. (2007a), (3) Nicholson et al. (2008), (4) Filacchione et al. (2014), (5) Spitale and Tiscareno (2012), (6) Hedman et al. (2010), (7) Thomas et al. (2013), (8) Buratti et al. (2010), (9)Winter et al. (2016),
(10) Hedman et al. (2007b), (11) Hedman et al. (2012), (12) Hillier et al. (2007), (13) Tamayo et al. (2014), (14) Verbiscer et al. (2009), (15) Hedman et al. (2009), (16) Filacchione et al. (2010), (17) Filacchione et al. (2012), (18) Hussmann et al.
(2006), (19)Matson et al. (2009), (20) Spencer & Nimmo (2013), (21) Hirtzig et al. (2013), (22) Hemingway et al. (2013), (23) Niemann et al. (2005), (24) Beaugé and Nesvorný (2007), (25) Gladman et al. (2001), (26) Jewitt & Haghighipour (2007),
(27) Grav & Bauer (2007).

(This table is available in machine readable form.)
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3
Paper 2 - Stability of the Jovian Trojans and

their collisional families

This paper was the result of dynamical simulations that I undertook on the Jovian Trojans
(Holt et al., 2020a). The paper looks at the stability of the objects, as well as the population
as a whole. In this paper, there is a focus on the collisional families previously identified in
the swarms (Nesvorný et al., 2015). Even though this paper was only released in March 2020,
it already (May 2021) has 4 citations on the ADS: https://ui.adsabs.harvard.edu/
abs/2020MNRAS.495.4085H/abstract.

3.1 Abstract

The Jovian Trojans are two swarms of objects located around the L4 and L5 Lagrange points.
The population is thought to have been captured by Jupiter during the Solar system’s youth.
Within the swarms, six collisional families have been identified in previous work, with four
in the L4 swarm, and two in the L5. Our aim is to investigate the stability of the two Trojan
swarms, with a particular focus on these collisional families. We find that the members of
Trojan swarms escape the population at a linear rate, with the primordial L4 (23.35% escape)
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andL5 (24.89% escape) population sizes likely 1.31 and 1.35 times larger than today. Given that
the escape rates were approximately equal between the two Trojan swarms, our results do
not explain the observed asymmetry between the two groups, suggesting that the numerical
differences are primordial in nature, supporting previous studies. Upon leaving the Trojan
population, the escaped objects move onto orbits that resemble those of the Centaur and
short-period comet populations. Within the Trojan collisional families, the 1996RJ and 2001
UV209 families are found to be dynamically stable over the lifetime of the Solar system, whilst
theHektor, Arkesilos and Ennomos families exhibit various degrees of instability. The larger
Eurybates family shows 18.81%of simulatedmembers escaping theTrojanpopulation. Unlike
the L4 swarm, the escape rate from the Eurybates family is found to increase as a function of
time, allowing an age estimation of approximately 1.045 ± 0.364 × 109 years.

3.2 Associated Presentations and Publications

3.2.1 Oct. 2018: DPS 50 - Poster presentation

Temporal stability of the Jovian Trojan Asteroids.
Holt, Timothy R.; Nesvorny, David; Horner, Jonti; Tylor, Christopher; Carter, Brad
Abstract
The Jovian Trojans are two swarms of asteroids, set at the Lagrange points of Jupiter. To
date over 6800 have been discovered. The current paradigm is for these objects to be cap-
tured during an early Solar system instability, with most having stable orbits on the age of
the Solar system. Though the majority of the objects are stable, long term modeling of the
Jovian Trojans has indicated that at least some of these captures are temporary. Within each
swarm several dynamical families have been identified. The aim of this work is to examine
the temporal range of stabilities in the Jovian Trojan swarm, in the context of these dynami-
cal families. Our simulations extend those of previous work by including all identified Jovian
Trojans, roughly doubling the number of objects. Each of the Jovian Trojans that have been
identified to date were simulated for the age of the Solar system, 4.5 Gigayear, using the RE-
BOUND n-body integrator. We used a high resolution time step of 0.3954 yr, recording the
test particle orbital elements every 100000 yr for each simulation. To account for uncertain-
ties in the ephemeris, each asteroid was simulated with eight clones along the 1 sigma errors.
Asteroids were monitored for when they escaped the Lagrange point stable regions, as well
as Solar system ejection. We followed members of previously identified dynamical families
to establish their temporal stabilities. The results are that several of the outlying Jovian Tro-
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jans show stabilities on varying timescales. The short term stability of some of the Jovian
Trojans is indicative of temporary captures. Prior to ejection, some of the ex-Jovian Trojans
participate in other asteroid groups. This leads to a much more active participation between
asteroid populations.
Publication: American Astronomical Society, DPS meeting 50, id.217.02
Pub Date: October 2018
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Figure 1. Distribution of 5553 Jovian Trojans for which proper elements
have been generated (Knežević & Milani 2017). The top figures indicate
the positions of the Trojans relative to the planets on 01-01-2000 00:00 in a
face-on (xy; left) and edge-on (xz; right) orientation, in the ecliptic reference
system. Bottom figures show the Trojans in osculating inclination (Inc.),
eccentricity (Ecc), and semimajor axis space. Larger black dots indicate
planets, with Jupiter being shown in the bottom diagrams. Data from NASA
HORIZONS, as of 2019 August 19.

be temporarily captured objects, rather than permanent members
of the Trojan population. Whilst the ‘true’ Trojans move on stable
orbits that keep them librating around the L4 and L5 Lagrange points
on billion year time-scales (e.g. Emery et al. 2015), temporarily
captured objects would be expected to escape from the Trojan
swarms on time-scales of thousands or tens of thousands of years.
To confirm that a given object is truly a member of the Trojan
population requires confirmation that the object’s proper orbital
elements (Milani & Knežević 1992) are stable, and that the object
is truly trapped in 1:1 resonance with Jupiter. Simulations spanning
more than 1 × 106 yr and transformation using Fourier transform
analysis (Šidlichovský & Nesvorný 1996; Beaugé 2001; Brož &
Rozehnal 2011) are used to devolve the osculations of potential
Trojans to determine whether or not their orbits are truly resonant.
The data base of those objects for which such analysis has been
carried out can therefore be considered a set of contemporary stable
Jovian Trojans, and includes 5553 numbered and multioppositional
objects (Knežević & Milani 2017). Fig. 1 shows the current known
configuration of the Jovian Trojan population.

In order to assess the observational completeness of the Trojan
population, an examination of their size distribution is needed. The
observed population of Jovian Trojans ranges in diameter from
the largest, 624 Hektor, at ∼250 km (Marchis et al. 2014), down
to objects several kilometres across (Emery et al. 2015). The size-
frequency distribution for these objects is generally considered to be
observationally complete to approximately 10 km in size (Grav et al.
2011; Emery et al. 2015), as shown in Fig. 2. The power law that best
describes this size distribution is similar to that of the collisionally
evolved Asteroid belt (Bottke et al. 2005). From this, it has been
inferred that the Jovian Trojan population could contain as many as

Figure 2. Cumulative size-frequency distribution of the Jovian Trojans.
The solid line shows the distribution for the population as a whole, whilst
the long-dash line shows the distribution among members of the leading L4

swarm, and the dotted line shows the distribution for the trailing L5 swarm.
Data from NASA HORIZONS, as of 2019 August 19. Vertical grey, dashed
line indicates observational completeness (Emery et al. 2015). The grey line
shows the estimated complete size distribution (Nesvorný 2018).

a million objects greater than 1 km in diameter (Jewitt et al. 2000;
Yoshida & Nakamura 2008; Yoshida & Terai 2017), though there are
also indications that these may be optimistic estimates that grossly
overestimate the true situation (e.g. Nakamura & Yoshida 2008).

1.1 The dynamics and origins of the Jovian Trojans

Due to their stability, it is thought that the Jovian Trojans date
back to the early Solar system (e.g. Emery et al. 2015; Nesvorný
2018). Attempts to ascertain the origins of the Jovian Trojans need
to explain their unique dynamical situation. As can be seen in
Fig. 1, the population is dynamically ‘warm’, occupying two broad
tori around the Lagrange points, with high orbital inclinations and
eccentricities. An in situ formation would be expected to produce a
‘cold’ disc, with low orbital eccentricities and inclinations, reflective
of the primordial protoplanetary disc. The mismatch between the
observed population and the distribution that would be expected
from in situ formation has led to the conclusion that the Jovian
Trojans most likely did not form in their current orbits, but were
in fact captured early in the Solar system’s history (e.g. Morbidelli
et al. 2005; Lykawka & Horner 2010; Nesvorný, Vokrouhlický &
Morbidelli 2013; Pirani et al. 2019a).

One explanation for the observed orbital distribution of the Jovian
Trojans comes in the form of the ‘Nice’ Model. This model invokes
a period of chaotic disruption in the outer Solar system to explain
the origin of the Late Heavy Bombardment (Tsiganis et al. 2005a;
Morbidelli 2010; Levison et al. 2011; Nesvorný & Morbidelli
2012; Deienno et al. 2017; Nesvorný 2018), during which the
Trojans were trapped in their current orbits from a population of
dynamically unstable objects that were being scattered through the
outer Solar system (Morbidelli et al. 2005; Lykawka & Horner 2010;
Nesvorný et al. 2013). A recent attempt to explain the observed
asymmetry, which is not explained by the ‘Nice’ model, proposes
an alternative, that the Trojans were captured from the same region
of the disc as Jupiter, and were transported during the planet’s
proposed inward migration (Pirani et al. 2019a). In an update to
this in situ transport model, Pirani, Johansen & Mustill (2019b)
explains the inclinations by invoking mixing in the Jovian feeding
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region. These two competing theories for the origins of the Trojans
highlight the importance of the population in our understanding of
the early Solar system.

Previous long-term simulations of the Jovian Trojans (Levison,
Shoemaker & Shoemaker 1997; Tsiganis, Varvoglis & Dvorak
2005b; Di Sisto, Ramos & Beaugé 2014; Di Sisto, Ramos &
Gallardo 2019) have indicated that at least some of the members of
both the L4 and L5 swarms are actually temporary captures, and will
escape from the Trojan swarms on time-scales of ∼1 × 106 yr. The
estimated fraction of Trojans that will escape the population on these
time-scales varies somewhat between these studies, with Levison
et al. (1997) proposing an escape rate of ∼12 per cent and Tsiganis
et al. (2005b) estimating 17 per cent. More recent works, by Di Sisto
et al. (2014, 2019), suggest a still higher escape rate, at 23 per cent
for the L4 and 28 per cent for the L5 swarm. To some extent, the
disparity among these results can be explained by the growth in
the known Trojan population that occurred between one study and
the next. Levison et al. (1997) considered a sample of only 178
numbered objects. In contrast, Tsiganis et al. (2005b) studied 246
numbered objects. The 2972 numbered Trojans that were simulated
by Di Sisto et al. (2014, 2019) make it the largest previous study.

To further complicate the picture, detailed modelling of (1173)
Anchises (Horner, Müller & Lykawka 2012) has shown that at
least some of the unstable Jovian Trojans could still be primordial
in nature. Indeed, that work, along with other studies in stability
(Levison et al. 1997; Nesvorný et al. 2002c; Tsiganis et al. 2005b;
Di Sisto et al. 2014, 2019), suggests that the original population
of Jovian Trojans was larger than that observed today, and that it
likely included objects with a range of stabilities. (1173) Anchises is
stable on time-scales of hundreds of millions of years, and so might
well be a representative of a once larger population of such objects,
which have slowly escaped from the Trojan population since their
formation. Following a similar argument, Lykawka & Horner (2010)
propose a link between the Centaur population and the Jovian
Trojans that escape, though this is disputed by Jewitt (2018) due to
differences in the colour distributions of the two populations. Wong
& Brown (2016) also use the observed colours of members of the
Jovian Trojan population to propose a hypothesis for a common
origin between the Trojans and the Edgeworth–Kuiper Belt objects.
Such an origin is a good fit with the results of dynamical models
that invoke an instability in the outer Solar system as the origin
of the Jovian Trojans, in which the Jovian Trojans are captured
from a similar source region to the Edgeworth–Kuiper Belt objects
(Morbidelli et al. 2005; Nesvorný et al. 2013).

1.2 Collisional families amongst the Jovian Trojans

Elsewhere in the Solar system, other evolved populations contain
dynamical families, the results of the collisional disruption of large
parent bodies. Such collisional families have been identified in the
asteroid main belt (see Hirayama 1918; Gradie et al. 1979; Zappala
et al. 1984; Knežević & Milani 2003; Carruba et al. 2013; Milani
et al. 2014; Nesvorný, Brož & Carruba 2015; Milani et al. 2017),
the Hilda (Brož & Vokrouhlický 2008) and Hungaria (Warner et al.
2009; Milani et al. 2010) populations, the irregular satellites of the
giant planets (Grav et al. 2003; Nesvorný et al. 2003; Sheppard
& Jewitt 2003; Nesvorný, Beaug & Dones 2004; Grav & Bauer
2007; Jewitt & Haghighipour 2007; Turrini, Marzari & Beust 2008;
Turrini, Marzari & Tosi 2009; Bottke et al. 2010; Holt et al. 2018)
and the Haumea family in the Edgeworth–Kuiper belt (Brown et al.
2007; Levison et al. 2008; de la Fuente Marcos & de la Fuente
Marcos 2018). The traditional methodology for identifying these

Table 1. Identified collisional families in the Jovian Trojan swarms, after
Nesvorný et al. (2015).

Family FIN n DLM (km) Tax.

L4

Hektor 1 12 225 D
Eurybates 2 218 63.88 C/P
1996 RJ 3 7 68.03 –
Arkesilaos 4 37 20.37 –
L5

Ennomos 5 30 91.43 –
2001 UV209 6 13 16.25 –

Note. FIN: family identification number, used throughout this manuscript;
n: number of family members; DLM: diameter of the largest member; Tax.:
identified taxonomic type (Bus 2002; Grav et al. 2012).

families in small body populations was developed by Zappala et al.
(1990, 1994) and is known as the Hierarchical Clustering Method
(HCM) and utilizes distances in semimajor axis, eccentricity, and
inclination parameter space to identify family members.

Historically, studies that attempted to identify such collisional
families amongst the Jovian Trojans were limited by the number
of objects that had been discovered at that time (Milani 1993).
Additionally, as the Jovian Trojans librate around the Lagrange
points, the calculation of proper elements used in family iden-
tification is problematic (Emery et al. 2015). For that reason,
Beaugé (2001) used transformed proper elements to account for
the librations present in the Jovian Trojan dynamics. As the number
of known Jovian Trojans increased, additional dynamical clusters
have been identified (e.g. Roig, Ribeiro & Gil-Hutton 2008; De
Luise et al. 2010; Brož & Rozehnal 2011; Nesvorný et al. 2015;
Vinogradova 2015; Rozehnal et al. 2016). Rozehnal et al. (2016)
offer an expansion to the HCM developed by Zappala et al. (1990).
This new ‘randombox’ method uses Monte Carlo simulations to
determine the probability that the identified clusters are random
in parameter space. Canonically, six collisional families, four in
the L4 swarm and two in the L5, are now considered valid in the
Jovian Trojan population (Nesvorný et al. 2015). Independent HCM
analysis undertaken by Vinogradova (2015) has confirmed the four
L4 families, though they dispute the validity of the L5 families. See
Table 1 for details on the families we consider in this work.

Early imaging surveys suggest that there is a spectral common-
ality within the dynamical families (Fornasier et al. 2007) in the
Jovian Trojans. More recent observational data have brought this
into question (Roig et al. 2008), with a heterogeneity being seen
in some unconfirmed families from the Sloan Digital Sky Survey
(SDSS) colours. The confirmed Eurybytes and Hektor families,
however, show a distinctive colour separation from the rest of the
population (Roig et al. 2008; Brož & Rozehnal 2011; Rozehnal et al.
2016). Vinogradova (2015) also make comments on the taxonomy
of the L4 families, based on SDSS taxonomy (Carvano et al. 2010).
In these studies, the Eurybates family is found to consist mainly
of C-types, and the Hektor family mostly D-types, under the Bus–
Demeo taxonomy (Bus 2002; DeMeo et al. 2009).

Unlike collisional families in the asteroid belt, the determination
of ages for the Trojan families remains elusive. Currently, there are
two general methods used to determine family ages (Nesvorný et al.
2015). The first involves reverse integration n-body simulations of
the identified family. A relatively young family, such as the Karin
family (Nesvorný et al. 2002a), would show convergence in both
longitude of ascending node and argument of pericentre as those
simulations approach the time of the family’s birth. However, such
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simulations are not able to provide firm constraints on the ages of
older families, as a result of the chaotic diffusion experienced by the
members of those families over time. Once such diffusion has had
sufficient time to act, reverse integration of family members will
fail to show such convergence. A variation on this uses synthetic
families to estimate the collisional family age (Milani & Farinella
1994; Nesvorný et al. 2002b). Some synthetic simulations by Brož
& Rozehnal (2011) and Rozehnal et al. (2016) have calculated the
age of the Hektor, Eurybates, and Ennomos families in the Trojan
population, though these have relatively large, Gigayear ranges.
In order to circumvent some of these issues, a second method of
family age estimation was developed. This method relies on the
modelling of asteroidal Yarkovsky drift (Vokrouhlický et al. 2006;
Spoto, Milani & Knežević 2015; Bolin et al. 2017). The technique
takes advantage of the fact that any collisional family will contain
a large number of different sized objects, which would be expected
to experience Yarkovsky drift (Bottke et al. 2006) at different rates.
As a result, when the members of a collisional family are plotted
in size, or its proxy absolute magnitude, versus orbital semimajor
axis, they will form a characteristic ‘V shape’ (Vokrouhlický et al.
2006; Spoto et al. 2015; Paolicchi et al. 2019). The slope of the
‘V’ can then be used to estimate the age of the family. Using this
method, a 4 × 109 yr old meta-family has been identified in the
asteroid belt (Delbó et al. 2017). This method has been attempted
with the Eurybates family (Milani et al. 2017), though due to the
negligible Yarkovsky effect experienced by the Jovian Trojans,
the age is unreasonably estimated at 1.4 × 1010 yr. This indicates
that the method is inappropriate for age estimation of collisional
families in the Jovian Trojan swarms.

1.3 This work

In this work, we utilize n-body simulations of the known Jovian
Trojan population to consider the stability of previously identified
collisional families (Nesvorný et al. 2015). This work considers
5553 numbered and multioppositional objects, a sample nearly dou-
ble that of the previous largest study (Di Sisto et al. 2014, 2019), who
considered 2972 numbered objects. By simulating the whole known
population, we can include all identified collisional family members
in the study. We divide this work into the following sections.
Section 2 describes the methodology of the n-body simulations
used as the basis for this work. We discuss the L4 and L5 swarms in
Section 3. In Section 3.1, we use our simulations to study the rate at
which objects escape from the Trojans, and discuss the implications
of our results for the original size of the population, including the
L4/L5 asymmetry and formation scenarios. We consider the stability
of the collisional families in Section 4, with a particular focus on
the large Eurybates family in Section 4.1.1. Concluding remarks are
presented in Section 5.

2 M E T H O D S

We selected the Jovian Trojan population for our simulations based
on several criteria. An initial data set was obtained from the JPL
Small-Body Database (Giorgini et al. 1996) by searching for and
selecting all objects with orbital semimajor axes between 4.6 and
5.5 au and an orbital eccentricity less than 0.3. This process yielded
an initial selection of 7202 objects, obtained on 2018 April 17. The
ephemeris were retrieved from the NASA HORIZONS data base
(Giorgini et al. 1996) for all objects using an initial time point of
A.D. 2000-Jan-01 00:00:00.0000. We then filtered our sample to
discard temporarily captured objects by limited selection to those

objects present in the AstDys proper element data base (Knežević
& Milani 2017). Since objects in this list require the completion of
simulations spanning 1 × 106 yr to generate the proper elements of
their orbits (Knežević & Milani 2017), this set can be considered
initially stable objects. Once our sample was filtered in this way,
we were left with a total of 5553 nominally ‘stable’ Trojans for this
study, including 4780 numbered and 773 multioppositional objects.

In order to investigate the long-term dynamical evolution of
the Jovian Trojan population, we carried out a suite of n-body
integrations using the WFAST symplectic integrator within the
REBOUND n-body dynamics package (Rein & Liu 2012; Rein
& Tamayo 2015). Eight clones of each reference Trojan were
created, distributed across the ±1σ positional uncertainties from the
HORIZONS data base (Giorgini et al. 1996). These eight 1σ clones
were generated at the vertices of a cuboid in x–y–z space, with the
reference particle in the centre. Therefore, in this work, we followed
the evolution of a total of 49 977 collisionless, massless test particles
in our simulations, nine particles for each of the 5553 Trojans. Our
integrations modelled the evolution of our test particle swarms under
the gravitational influence of the Sun and the four giant planets
(Jupiter, Saturn, Uranus, and Neptune). Each individual simulation
thus consisted of the Sun, four giant planets, the initial HORIZONS
reference particle and the eight 1σ clones, with ephemeris in Solar
system barycentric coordinates. All simulations were conducted
on the University of Southern Queensland’s High Performance
Computing Cluster, Fawkes. We ran each simulation forward for
4.5 × 109 yr, with an integration time-step of 0.3954 yr, 1/30th of
the orbital period of Jupiter (Barnes & Quinn 2004). The orbital
elements of every test particle were recorded every 1 × 105 yr.

The Yarkovsky effect is a non-gravitational force that can act on
small bodies (Bottke et al. 2006). The effect involves the asymmetric
thermal radiation of photons from an object, which imparts a thrust
on the object in question. This thrust will gradually change the
semimajor axis of a body, with the scale and direction of the induced
drift dependent on the thermal properties, axis of rotation and size
of the object (Brož et al. 2005; Bottke et al. 2006). In the case of the
Jovian Trojans, simulations of hypothetical objects have indicated
that at small sizes (<1 km), the Yarkovsky effect could impact the
stability of the objects (Wang & Hou 2017; Hellmich et al. 2019). As
we are simulating known Jovian Trojans, the majority of the objects
are greater than several kilometres in size (Emery et al. 2015), and
have unknown or highly uncertain thermal properties (Slyusarev &
Belskaya 2014; Sharkey et al. 2019). For these reasons, we have not
included the Yarkovsky effect in our simulations.

3 ESCAPES FROM THE L4 AND L5 SWARMS

In each of our simulations, we track the position of a particle and
record the time it escapes the Jovian Trojan population. A data
base of the escape times of each particles is presented in the online
supplementary material. We define these escapes as occurring once
the test particle obtains an osculating semimajor axis of less than
4.6 au or greater than 5.5 au. In Table 2, we present the results
of our simulations, showing the fraction of the total population
that escaped from the Trojan population during our simulations. As
part of our calculations, we include the volume of the object, as
a proxy for mass. The density is only known for a single C-type
Trojan, (617) Patroclus (Marchis et al. 2006). With the diversity of
taxonomic types seen in even a small number of classified Trojans
(Carvano et al. 2010; Grav et al. 2012; DeMeo & Carry 2013),
using mass instead of volume could further propagate errors. The
volumes were calculated from diameters in the HORIZONS data
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Table 2. Escape percentages of Jovian Trojan swarm members.

n ntest

fEscR

(per cent)
fVEscR

(per cent)
fEscP

(per cent)
fVEscP

(per cent)
fEsc9C

(per cent)
fVEsc9C

(per cent)
>10kmfEscP

(per cent)
>10kmfVEscP

(per cent)

L4 3634 32 706 22.23 22.97 23.19 23.35 5.01 7.36 23.28 23.37
L5 1919 17 271 24.80 32.22 24.89 24.89 5.04 6.07 24.27 24.88

Total 5553 49 977 23.12 26.58 23.77 23.95 5.02 6.56 23.67 23.96

Note. n: Number of real Trojan members considered in the simulations; ntest: number of test particles simulated (eight clones, plus initial reference particle);
fEscR: numerical percentage of reference particles that escape; fVEscR: volumetric percentage of reference particles that escape; fEscP: numerical percentage
Trojan particle pool, Reference and eight 1σ clones, that escape; fVEscP: volumetric percentage Trojan particle pool, Reference and eight 1σ clones, that escape;
fEsc9C: numerical percentage Trojans where all nine particles escape; fVEsc9C: volumetric percentage of Trojans where all nine particles escape; >10kmfEscP:
numerical percentage of Trojan particle pool greater than 10 km that escape; >10kmfVEscP: volumetric percentage of Trojan particle pool greater than 10 km
that escape.

base to a assumed sphere. Where diameters were unavailable, due to
no recorded albedo, we made an estimate based on the H magnitude
and mean geometric albedo (from NASA HORIZONS) of each
Jovian Trojan swarm, following the methodology of Harris (1997).
We use separate geometric albedos for the L4 (0.076) and L5 (0.071)
swarms, as they are significantly different (Romanishin & Tegler
2018), though close to the mean geometric albedo (0.07) identified
by Grav et al. (2011, 2012). There may be a size dependence on the
albedos in the Trojan population (Fernández, Jewitt & Ziffer 2009;
Grav et al. 2011, 2012), though only a relatively small number of
objects have been studied in this way. In choosing to use consistent
albedos, there may be some discrepancies between this work and
future studies, as more robust albedos, diameters, and shape models
are presented. We note that the observed L4/L5 asymmetry is lower
when volume is considered (L4 1.56 larger) than simply considering
the number of known objects (L4 1.89 larger).

The escape percentages of our reference particles are larger than
the 12 per cent seen by Levison et al. (1997). In order to investigate
this discrepancy, we consider the instability of the subset of the
178 Jovian Trojans known at the time of Levison et al. (1997).
Using our simulations, we find an reference particle escape rate of
15 per cent, consistent with Levison et al. (1997) and similar to the
17 per cent found by Tsiganis et al. (2005b). Di Sisto et al. (2014,
2019) considered the 2972 numbered Trojans known at that time
and found escape rates of 23 per cent and 28.3 per cent for the L4

and L5 swarms, respectively. The Di Sisto et al. (2014, 2019) results
are closer to our escape rates for the reference particles, and the L4

particle pool escapees. The escape percentages in the L5 clone pool
are lower in our simulations, closer to that of the L4 swarm and the
population as a whole.

The similar ratios in escape percentages between the two swarms
confirm the findings of others (Nesvorný & Dones 2002; Tsiganis
et al. 2005b; Nesvorný et al. 2013; Di Sisto et al. 2014, 2019), who
argued that the observed Jovian Trojan swarm asymmetry cannot be
the result of differences in the escape rate between the two Trojan
swarms. The difference is therefore more likely due to differences
in the number of objects that were initially captured to the swarms.

At first glance, the escape volume differences between the two
swarms, shown in Table 2, could account for the asymmetry,
particularly in terms of the reference particles (fVEscR in Table 2).
This can be explained by the escape of several large (<100 km
diameter) reference objects. In the L4 swarm, the reference particles
of (1437) Diomedes and (659) Nestor escape the Trojan population.
The reference particles of (3451) Mentor, (1867) Deiphobus, and
(884) Priamus in the L5 swarm also escape. (3451) Mentor and (659)
Nestor are classified as X-type (Tholen 1984; Bus 2002). Once the
1σ clones are taken into account, fVEscP in Table 2, this escape
asymmetry in the volume is negated, resulting in near identical

escape rates for the L4 and L5 swarms. This volumetric escape
fraction (fVEscP in Table 2) is very similar to the numerical escape
fraction (fEscP in Table 2) for the population and in each of the
swarms. In order to further investigate the volumetric escapes, we
can limit our selection to just objects for which the population can
be considered to be observationally complete, those larger than
10 km (Emery et al. 2015). This reduces the numerical size of the
population to 3003. When we repeat the analysis, the percentage
of particles that escape only changes by fractions of a per cent
in the population, as well as each swarm, see >10kmfEscP and
>10kmfVEscP in Table 2. This additional analysis supports the
hypothesis that the observed asymmetry between the swarms is
due to implantation, rather than any volumetric differences.

We generate a conservative subset of the escape population, one
where all nine particles of a given object escape. In this subset,
fEsc9C and fVEsc9C in Table 2 escape percentages are much lower.
These escapes represent the minimal set of escapes and show that
the majority of the escaping population are statistically border-
line. Those objects where all nine particles escape are deep into
the parameter space identified as unstable by Levison et al. (1997)
and Nesvorný et al. (2002c). With regards to the large Trojans, all
particles of (1437) Diomedes escape the L4 swarm by the end of
our simulations.

The timing of the reference particle escapes are shown in Fig. 3.
With larger changes in semimajor axis (�ap) and eccentricity (ep),
there is an increase in the instability. Proper inclination (sin − ip)
appears to have little effect on the general instability of the particles.
This general trend is consistent with other studies (Nesvorný &
Dones 2002; Tsiganis et al. 2005b; Di Sisto et al. 2014, 2019). With
the inclusion of the timing of escape, we show that there is a gradient
to the instability trends, particularly in the �ap to ep relationship.
This is in a similar unstable parameter space to that identified in
Nesvorný & Dones (2002).

3.1 Escape analysis

During our 4.5 × 109 yr simulations, we track the timing of any
particles that escape the Jovian Trojan population. As the orbital
elements of our test particles are recorded at intervals of 1 × 105

yr, the escape times are only accurate to that resolution. For this
analysis, we pool our results for all test particles considered in this
work, including the reference object and each of the eight 1σ clones,
as independent objects. This gives statistical robustness to the
analysis. A histogram of the escape percentages for the population
as a whole, and each of the L4 and L5 swarms is presented in Fig. 4.

We create linear regression equations to the escape percentages as
a function of time, independently for the combined population, and
for the L4/L5 swarms. These equations along with their associated
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Figure 3. Escape analysis of Jovian Trojans in the L4 and L5 swarms simulated over 4.5 Gyr. Proper elements, semimajor axis (�ap), eccentricity (ep), and
sine inclination (sinIp), are taken from the AstDys data base (Knežević & Milani 2017). o indicates objects that are stable over the simulated time frame. X
shows objects that have at least one particle escaping the population, with their mean respective escape times indicated by colour.

coefficients of determination (R2) and 1σ errors are presented in
Fig. 4. These linear fits are shown in equations (1) for the population,
equation (2) for the L4 swarm, and equation (3) for the L5. In
these equations, the escape percentages (y) are per 1 × 107 yr (x)
of the contemporary size of the population (equation 1) and each
individual swarms (equations 2–3). These equations are similar,
once the bins are taken into account, to those found by Di Sisto
et al. (2019), validating our results:

ypop = −9.328 × 10−14x + 0.0007384, (1)

yL4 = −8.581 × 10−14x + 0.0007085, (2)

yL5 = −1.078 × 10−14x + 0.000796. (3)

Using linear equations (1)–(3), we can calculate the predicted
original size of the Jovian population and L4/L5 swarms, see Fig. 5,
under the assumption that the historical decay of the Trojan popu-
lation proceeded in the same manner as we see in our simulations.
Though the known Jovian Trojan size-frequency distribution, Fig. 2,

is only complete to a fraction of the theoretical size, we can still
make predictions of the number of objects, placing constraints on
their formation and capture. The original population, based on the
integration of equation (1), is approximately 1.332 ± 0.004 times
the current population. There is an observed difference in the past
size of the L4 and L5 swarms. Due to the difference in their escape
rates, the past L4 swarm is predicted to be 1.319 ± 0.005 times larger
than the contemporary swarm, while the L5 is 1.358 ± 0.008 times
larger. The predicted implantation sizes, based on modern numbers
and the escape rates, are 4792 ± 19 for the L4 and 2606 ± 15 for the
L5. This past ratio reduces the current 1.89 numerical asymmetry to
1.84 ± 0.003. This small difference in past/contemporary size ratio
does not account for the modern observed numerical asymmetry, as
previously noted (Nesvorný & Dones 2002; Tsiganis et al. 2005b;
Di Sisto et al. 2014, 2019).

The in situ transport model (Pirani et al. 2019a,b) predicts that
the initial mass the Jovian Trojan population was three to four times
the magnitude of the observed population. Our escape analysis
estimates a primordial population size only 1.332 ± 0.004 times
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Figure 4. Histograms of escape percentages of the contemporary number, per 1 × 107 yr, of a pool of Jovian Trojan particles, in the combined population, L4

and L5 swarms. Lines are linear best fit along with associated R2 values. Dotted lines are 1σ errors.

Figure 5. Number of objects, calculated from the contemporary total
population (solid line), L4 (dashed line) and L5 (dotted line) Jovian Trojan
swarms, as a function of time, with 0 time being the present. Right axis
shows changing ratio (grey line) between L4 and L5 swarms. Plotted from
equations discussed in Section 3.1.

larger than today. This is still several orders of magnitude smaller
than the most conservative predictions of Pirani et al. (2019a).
However, it should be noted that our estimates for the initial
population are based on the assumption that the current linear decay
has remained consistent since the origin of the Trojan population.
In the population’s youth, it is possible that the decay rate could
have been markedly higher, had objects been efficiently captured
to the less stable regions of the Trojan population. Pirani et al.
(2019b) do report on interactions with Saturn affecting Trojans
larger inclinations, though this is still insufficient to explain the
current escape rate.

The majority of escape particles are eventually ejected from the
Solar system, by achieving a heliocentric distance of 1000 au, in the
same 1 × 105 time-step. This is longer than the expected lifetime

Figure 6. Histogram (1 × 106 yr bins) of time spent in the Solar system
prior to ejection (TSS) of objects that escape the Jovian Trojan population.
Escape percentages are based of nine particles generated for each of 5553
Jovian Trojans.

of most Centaurs (Horner, Evans & Bailey 2004a), particularly
those starting on orbits close to that of Jupiter. A fraction of the
population escapees, approximately 41.41 per cent, stay within the
Solar system for a longer period of time, prior to being ejected. This
fraction is similar between the L4 and L5 populations, 41.37 per cent
and 41.45 per cent, respectively. This similarity between swarms is
not unexpected, since the chaotic evolution of test particles once
they leave the Trojan population would be expected to quickly
erase any ‘memory’ of their original orbit. Fig. 6 shows the length
of time that these particles spend in the Solar system, with over
88.58 per cent escaping in the first 1 × 106 yr, and an additional
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Figure 7. The behaviour of the longest lived escapee, clone 2 of (312627)
2009 TS26 in semimajor axis over time. Start time is the point when the
particle escapes the L4 Jovian swarm. End time is when the particle escapes
the Solar system.

6.15 per cent escaping in the next 1.0 × 106 yr. By 1.0 × 107

yr, 99.25 per cent of the particles have been ejected. These short
lifetimes are consistent with the expected lifetimes of Centaurs
(Horner et al. 2004a). Horner et al. (2012) show that at least one
escaped Jovian Trojan, (1173) Anchises, can participate in the
Centaur population before being ejected. Despite this high number
of short-lived objects, 13 particles survive longer than 3.2 × 107

yr, the expected lifetime of the longest Centaur (Horner et al.
2004a). These long-lived particles are not unexpected, as Horner
et al. (2004a) and Horner, Evans & Bailey (2004b) also reported
on several long-lived particles. Each of our clone particles have
a different reference object. The longest lived particle is clone 2
of (312627) 2009 TS26, which lives for 2.286 × 108 yr, shown in
Fig. 7, and represents a typical chaotic pattern for escaped Trojans.

Less than 10 per cent, 547 objects, of the Jovian Trojan population
have been classified under the Bus-Demeo system (Tholen 1984;
Bus 2002; Bendjoya et al. 2004; Fornasier et al. 2004, 2007; DeMeo
et al. 2009; Carvano et al. 2010; Grav et al. 2012; DeMeo &
Carry 2013). The majority, 65.08 per cent, are considered D-types,
with several other minor classes X-type (15.17 per cent), C-type
(12.79 per cent), and other classes below 5 per cent (P-type, L-
type, S-type, V-type, and F-type). The rate at which the three major
classes, D-type, X-type, and C-type objects escape, 23.00 per cent,
27.66 per cent, and 24.13 per cent, respectively, is roughly constant
with the overall population. Many of the smaller taxonomic classes
come from Carvano et al. (2010), Hasselmann, Carvano & Lazzaro
(2012), and have low classification confidence levels. If we reduce
the taxonomic data set to only those in Carvano et al. (2010)
and Hasselmann et al. (2012) with a confidence classification
of greater than 50, it reduces the classified Trojans down to
2 per cent of the population, and only D-type (79.24 per cent),
X-type (14.15 per cent), and C-type (6.6 per cent) objects. This
restriction does not change the escape rates significantly for the
D-types at 23.41 per cent. The X-types and C-types do increase
to 32.59 per cent and 31.75 per cent, respectively, though these
classes suffer from the variances of small number statistics. This
classification analysis is something that may merit further study
once data becomes available from the Rubin Observatory LSST
(Schwamb et al. 2018a,b), and our escape analysis can then be
placed in a wider taxonomic context.

4 COLLISI ONAL FAMI LI ES

In order to further investigate the escapes of collisional family
members, we have increased the number of clones simulated to 125
for each of the canonical family members in Nesvorný et al. (2015).
This increases the statistical significance of the escape analysis.
For comparison purposes, the wider, non-canonical family data sets
found by Brož & Rozehnal (2011) and Rozehnal et al. (2016) use
the original eight clones, as in Section 3, and only those objects
found in the AstDys data base (Knežević & Milani 2017).

The specific numbers of canonical collisional family members
that are simulated in this work are shown in Table 3, after Nesvorný
et al. (2015). Of particular interest is the Eurybates family. This
is the largest known family in the Jovian Trojan population and is
discussed separately in Section 4.1.1. When all of the particles are
considered independently, fEscP and fVEscP in Table 3, the percentage
that escape is similar to the escape rate of the reference particles
(fEscR and fVEscR in Table 3). This is comparable to the trends seen
in the overall swarms (see Section 3).

In general terms, the members of known collisional families
within our integrations show lower escape percentages than the
total of the swarms. This is due to the fact that the majority of the
known collisional families are located in the more stable regions of
the delta semimajor axis, eccentricity, and sin i parameter space, as
discussed in Sections 4.1 and 4.2.

There are also potentially a significant number of undetected
family members (Yoshida & Nakamura 2008; Vinogradova &
Chernetenko 2015) in the Jovian Trojan population. The numerical
escape percentages may increase as a larger number of objects
are discovered by new surveys, such as the Rubin Observatory
LSST (Schwamb et al. 2018a), which is expected to commence
science operations in 2023. As these new objects are discovered,
their allocation to collisional families and long-term stabilities will
need to be investigated.

4.1 L4 collisional Families

In the L4 swarm, shown in Fig. 8, a total four families have been
identified. The largest L4 cluster, the Eurybates family is discussed
in Section 4.1.1.

4.1.1 Eurybates family

The Eurybates family is the largest and most consistently identified
(Brož & Rozehnal 2011; Nesvorný et al. 2015; Vinogradova 2015)
collisional cluster in the Trojan population. The largest fragment of
the family, (5348) Eurybates, is also the target of future visitation
by the Lucy spacecraft in 2027 (Levison et al. 2017). In our
simulations, we consider the canonical 218 identified members of
the family (Nesvorný et al. 2015). From the 310 members identified
by Brož & Rozehnal (2011), 293 are in the AstDys data base. In the
canconcial members, there is a 19.59 per cent escape percentage for
the particle pool. If we consider the larger set identified by Brož &
Rozehnal (2011), this escape percentage only decreases slightly to
19.07 per cent.

As was seen in the L4 swarm (Fig. 3), there is a gradient to
the escape from the Eurybates family (Fig. 9) with larger changes
in semimajor axis (�ap) and eccentricity (ep), causing particles
to escape the swarm sooner. Contrary to the overall decreasing
escape rates seen in the L4 swarm, we found the escape rate of the
Eurybatyes family to be increasing with time, as can be seen in
Fig. 10. A possible explanation for this is the ongoing diffusion of
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Table 3. Escaping collisional family members; n: number of objects in each canonical collisional family (Nesvorný
et al. 2015); the nEscR: number of reference particles that escape: fEscR: numerical percentage of reference particles that
escape; fVEscR: volumetric percentage of reference particles that escape; fEscP: numerical percentage Trojan particle
pool, Reference and 125 1σ clones, that escape; fVEscP: volumetric percentage Trojan particle pool, Reference and 125
1σ clones, that escape.

n nEscR

fEscR (per
cent)

fVEscR (per
cent) fEscP (per cent)

fVEscP (per
cent)

L4 Families
Eurybates (1) 218 43 19.72 7.43 19.59 8.05
Hektor (2) 12 2 16.66 0.06 11.99 28.53
1996 RJ (3) 7 0 0.00 0.00 0.00 0.00
Arkesilaos (4) 37 1 2.70 1.13 3.09 3.47

L5 Families
Ennomos (5) 30 15 50.00 66.39 34.29 17.47
2001 UV209 (6) 13 0 0.00 0.00 0.00 0.00

Total 317 61 19.24 12.45 17.67 24.75%

Figure 8. Escape analysis of collisional family members located in the L4 Jovian Trojan swarm simulated for 4.5 × 109 yr. Shown are the instabilities of
the reference object. Proper elements, semimajor axis (�ap), eccentricity (ep), and sine inclination (sinIp), are taken from the AstDys data base (Knežević &
Milani 2017). o indicates objects that are stable over the simulated time frame. x are unstable background objects. Family membership: Eurybates (1), Hektor
(2), 1996 RJ (3), Arkesilaos (4). Black numbers are stable, with colours showing mean particle escape time.

family members into less stable parameter space, as they disperse
chaotically from the initial location of the breakup event. Such
dispersion can be seen in main belt families (Milani & Knežević
1992; Bottke et al. 2005; Brož & Morbidelli 2013; Aljbaae et al.
2019), with members gradually diffusing into Jovian resonances and
being ejected from the main belt. Future simulations of a synthetic
Eurybates family would be required to confirm this, and are beyond
the scope of this paper.

As with the L4 swarm escape analysis, a standard linear regression
offers the most reliable fit for the data. We did attempt to create
a second-order polynomial, along with using cumulative linear
and polynomial regression to improve the fit in this case, though
as Fig. 10 demonstrates, this did not improve the coefficient of

determination. The coefficient of determination for the linear fit
(R2 = 0.42) is similar to the L4 swarm, due to number of particles
being considered being an order of magnitude smaller. We attempted
to take account for this by using an order of magnitude larger bins
to increase the number of ejections per bin to a reasonable number.
The y-intercept of this linear equation, which represents the time
at which the escape rate from the Eurybates family equals zero,
might be considered to be an indication of the age of the family. If
such a conclusion is reasonable, our data would place the family
formation event some 1.045 ± 0.364 × 109 yr ago. This age is
presented as a minimum age, though preliminary simulations of
a synthetic Eurybates family (Holt et al. 2019) indicate that the
observed dynamical situation could be achieved within 1 × 105 yr.
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Figure 9. Escape analysis of the canonical Eurybates collisional family members identified in Nesvorný et al. (2015), simulated for 4.5 × 109 yr. Shown are
the mean escape time of 126 particles for the object (coloured x). Proper elements, semimajor axis (�ap), eccentricity (ep), and sine inclination (sinIp) are
taken from the AstDys data base (Knežević & Milani 2017). o indicates objects that are stable over the simulated time frame.

Figure 10. Histogram (1 × 108 yr bins) of escapes from the Eurybates
collisional family. Lines indicate best-fitting analysis scaled to the histogram
bins, with R2 scores for linear fit (solid, with light grey shading indicating
1σ error) and second degree polynomial (dashed) lines. Fits are also shown
from the results of linear regression analysis on second (dot–dashed) and
third-order polynomial (doted) generated from a cumulative histogram.

As previously stated, the two other methods of collisional family
age estimation, high precision reverse integration (Nesvorný et al.
2002a) and Yarkvosky ‘V’ (Milani et al. 2017) are inappropriate for
the Trojan families. Using a small number of synthetic members,
Brož & Rozehnal (2011) also calculated a wide time range, 1–
4Gyr, for the family creation event. Our age is therefore one of the
first estimations that give a reasonable order of magnitude age and
constrained range for the Eurybates family. As larger numbers of
family members are identified, a re-investigation should improve
the statistical reliability of this analysis.

4.1.2 Hektor family

Rozehnal et al. (2016) identified 90 objects in this family, using
the Random box method. We use the canonical 12 objects from
Nesvorný et al. (2015), and note where there could possibly be a
different escape rate. The family is characterized by a moderate
�ap and ep, with a comparatively high sinIp. The parent body,
(624) Hektor has been classified under the Bus-Demeo spectral
taxonomy (DeMeo et al. 2009) as a D-type asteroid (Emery,
Cruikshank & Van Cleve 2006; Emery, Burr & Cruikshank 2011;
Rozehnal et al. 2016). It is also a contact binary, with a confirmed
satellite (Marchis et al. 2014). The canonical Hektor family has a
low escape rate, with only two reference particles from the family
eventually escaping the swarm. One of these is the reference
particle of (624) Hektor itself, which also has a 28.8 per cent
particle escape rate. These particles account for the large volume
of escapes, nearly double that of the numerical escape fraction.
Unfortunately, the small number of identified members of the
Hektor family, 12 known objects, means that a statistical analysis of
these results would prove problematic. Using the larger number of
clones, we can assign a numerical escape percentage of 12 per cent.
If the wider numbers, 77 objects from Rozehnal et al. (2016) are
used, then 18.18 per cent of particles escape.

4.1.3 1996 RJ family

The compact 1996 RJ family has a small �ap and ep. This places it
firmly within the predicted stability region from Nesvorný & Dones
(2002). The high inclinations of the family members do not seem to
have an effect on their stability. Our results show that this family is
completely stable, with no escapes. Those members from Rozehnal
et al. (2016) are also stable, except for the single particle, clone 6 of
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Figure 11. Escape analysis of collisional family members located in the L5 Jovian Trojan Swarm simulated for 4.5e9 yr. Proper elements, delta semimajor
axis (�ap), eccentricity (ep), and sine inclination (sinIp), are taken from the AstDys data base (Knežević & Milani 2017). o indicates objects that are stable over
the simulated time frame. x are unstable background objects. Numbers indicate collisional family membership: Ennomos (5), 2001 UV209 (6). Black numbers
are stable, with colours showing mean escape time of 126 particles for the object.

(195104) 2002 CN130. This particular object has a higher �ap than
the rest of the family, and is a probable outlier.

4.1.4 Arkesilaos family

This is a medium-sized family, with 37 cannonical members. It is
confirmed by Vinogradova (2015), though they use (2148) Epeios
as the main object and have a larger number of members (130).
Rozehnal et al. (2016) chose (20961) Arkesilaos as the primary ob-
jects due to consistency at the centre of the family parameter space,
even at low cut-off velocities. The family has a wide distribution of
�ap values and a compact range of ep and sinIp values. Predictably,
the family is stable with three small outliers that escape. (356237)
2009 SA328 is the most unstable, with 72 per cent of the particles
escaping. This is due to its high �ap, placing it in the unstable
parameter space. (394808) 2008 RV124 and (20961) Arkesilaos also
have some particles escape, but only 28.9 per cent and 14.4 per cent,
respectively. The escape fraction of the family only changes slightly
to 2.24 per cent, considering the additional members identified by
Rozehnal et al. (2016). The small escape percentages of this family
preclude any additional statistical analysis.

4.2 L5 Collisional families

Within the L5 swarm, there are only two identified collisional
families (Nesvorný et al. 2015), the Ennomos and 2001 UV209

families. Contrary to Rozehnal et al. (2016) and the canonical
Nesvorný et al. (2015), Vinogradova (2015) do not consider either
of the families valid, though they note that there is some clustering
around the largest members. We show the escape times of the L5
families in Fig. 11.

4.2.1 Ennomos family

The most unstable cluster in the L5 swarm is the Ennomos family.
This is a medium-sized cluster, with 30 identified objects in
Nesvorný et al. (2015). There are a larger number of objects,
104, of which 85 are in the Astdys data base, identified by
Rozehnal et al. (2016). The family members have relatively high
�ap and sinIP, with low e, placing them on the edge of the stable
parameter space. Consequently, a large fraction of Ennomos family
members, 50 per cent of reference particles, escape the swarm.
When considering just the reference particles, 66.66 per cent of the
volume escape during our simulations. This is due to the reference
particle and a low number of clones (14.28 per cent) of (1867)
Deiphobus, a 59 km object, escaping the L5 swarm. In the more
statistically robust particle pool, the escape percentage by volume
drops to 17.47 per cent. This family is characterized by its high
inclination and delta semimajor axis, so a high amount of instability
is not unexpected. In this family, there are three members, (48373)
Gorgythion, (381987) 2010 HZ21 and (287454) 2002 YX7 where
all particles escape. This is unsurprising, as (48373) Gorgythion
has the largest proper �ap and ep of the family. In addition to
these three, six objects have over 50 per cent of their particles
escape. Including the larger number of members from Rozehnal
et al. (2016), decreases the escape rate to 23.14 per cent, closer to
the overall L5 rate.

As in Section 4.1.1, we attempted regression analysis to ascertain
the age of this family. Brož & Rozehnal (2011) estimate the age of
the family to be approximately 1–2 Gya. Similar to the L5 swarm
and unlike the Eurybates family, the slope of the linear regression
analysis is negative, though fairly flat (−1.62 × 10−12). The R2 score
is only 0.13, so until additional family members are identified, these
are only preliminary indications.
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4.2.2 2001 UV209

This small family, with thirteen canonical members, is located well
within the stable �ap–e parameter space. It is then not unexpected
that the 2001 UV209 family members are stable in our simulations.
Considering the expanded 36 objects identified by Rozehnal et al.
(2016), this jumps to 13.89 per cent. These unstable members are
not considered valid by Nesvorný et al. (2015), and with higher �ap

are probable background objects, rather than members of the family.

5 C O N C L U S I O N S

The Jovian Trojans are a fascinating collection of objects, remnants
of the early stages of the Solar system’s formation. In this work,
we present the results of detailed n-body simulations of the known
Jovian Trojan population, using nearly double the number of objects
of the previous largest study (Di Sisto et al. 2014, 2019). We
simulate the orbital evolution of a population of 49 977 massless
test particles, nine particles for each of the 5553 known Jovian
Trojans, for a period of 4.5 × 109 yr into the future, under the
gravitational influence of the Sun and the four giant planets. Our
simulations reveal that the populations of both the L4 and L5 swarms
are predominately stable; however, a significant number of objects
from both swarms can escape over the lifetime of the Solar system.
In the case of the leading L4 swarm, we find that 23.35 per cent of
objects escape, by volume. Similarly, only 24.89 per cent escape
the trailing L5 swarm. Overall, 23.95 per cent by volume of all
test particles simulated in this work escape the Jovian population.
As discussed by other authors (Nesvorný & Dones 2002; Tsiganis
et al. 2005b; Nesvorný et al. 2013; Di Sisto et al. 2014, 2019),
we find that the escape rates cannot explain the current observed
asymmetry between the two swarms. This supports the conclusion
that the observed asymmetry between the L4 and L5 swarms are the
result of their initial capture implantation (Nesvorný et al. 2013;
Pirani et al. 2019a).

The escape rates of objects from the two Trojan swarms are in
accordance with the idea that the Jovian Trojans act as a source of
material to the other small Solar system body populations, as noted
in Levison et al. (1997), Di Sisto et al. (2014), Di Sisto et al. (2019),
particularly with regards to the Centaurs (Horner et al. 2004a, 2012).
The majority of escaped Trojans, 58.63 per cent, are ejected from
the population and the Solar system within a single 1 × 105 yr
time-step. For those that remain in the Solar system, 99.25 per cent
are ejected by 1 × 107 yr, after joining the Centaur population.

In the Jovian Trojan swarms, a total of six collisional families
have been identified to date (Nesvorný et al. 2015), with four in
the L4 swarm and two located around L5. We find that three of the
families are highly dynamically stable, with no particles escaping
the Trojan population through the course of our integrations (the
1996 RJ, Arkesilaos and 2001 UV209 families). Two other collisional
groups, the L4 Hektor and L5 Ennomos families did have members
that escape. These unstable families all have a small number of
known members, which limits our ability to study their stability
further in this work. The largest known Trojan family, the Eurybates
L4 family, has a smaller escape rate than the overall population.
Contrary to the escape trends in the population, however, the escape
rate of the Eurybates family is found to increase with time in our
simulations. This might point to the diffusion of its members into
unstable parameter space as they evolve away from the location
of the family’s creation. From this escape rate, we can obtain
an estimate of the age of the Eurybates family on the order of
1.045 ± 0.364 × 109 yr.

In the future, as more members of the Jovian Trojans and their
taxonomic groupings are identified, it will be interesting to see
whether these dynamical methods can be used to help constrain
the ages of the smaller clusters. If this is possible, such results
would shed light on the variability of the collision rates within the
Jovian Trojan swarms. The results we present in this paper, and
these potential future works, highlight the impotence of the Jovian
Trojan swarms, their taxonomic groups and collisional families, to
understanding the history of the Solar system.
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4
Paper 3 - A pair of Jovian Trojans at the L4

Lagrange point

This third paper came out of discussions with Prof. David Vokrouhlický, who was visiting
SwRI in at the beginning of 2020 (Holt et al., 2020b). The original idea would be that any
pairs identified in theTrojans could help verify the astrocladisticalmethod of paper 4. Once I
found that none had been discovered, we tried using the existing pair discoverymethodology
(Vokrouhlický andNesvorný, 2008), using the proper elements of the Trojans. From this, we
discovered the first pair, (258656) 2002 ES76 and 2013 CC41, in the Jovian Trojans.

4.1 Abstract

Asteroid pairs, two objects that are not gravitationally bound to one another, but share a
common origin, have been discovered in the Main belt and Hungaria populations. Such
pairs are of major interest, as the study of their evolution under a variety of dynamical influ-
ences can indicate the time since the pair was created. To date, no asteroid pairs have been
found in the Jovian Trojans, despite the presence of several binaries and collisional families in
the population. The search for pairs in the Jovian Trojan population is of particular interest,
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given the importance of the Trojans as tracers of planetary migration during the Solar sys-
tem’s youth. Here we report a discovery of the first pair, (258656) 2002 ES76 and 2013 CC41,
in the Jovian Trojans. The two objects are approximately the same size and are located very
close to the L4 Lagrange point. Using numerical integrations, we find that the pair is at least
360 Myr old, though its age could be as high as several Gyrs. The existence of the (258656)
2002 ES76–2013 CC41 pair implies there could bemany such pairs scattered through the Tro-
jan population. Our preferred formationmechanism for the newly discovered pair is through
the dissociation of an ancient binary system, triggered by a sub-catastrophic impact, but we
can not rule out rotation fission of a single object driven by YORP torques. A by-product
of our work is an up-to-date catalog of Jovian Trojan proper elements, which we have made
available for further studies.

4.1.1 Astrocladistical analysis of the Trojan Pair.

Due to their small size, the physical characteristics of (258656) 2002 ES76 and 2013 CC41 have
not, to date, been determined. They are also not present in any of the wide-field surveys used
in Holt et al. (2021), WISE, SDSS, Gaia DR2 and MOVIS. It is, however, possible to estimate
the properties of these objects based on the dynamics of the pair - though obviously, such
estimates should be taken with caution until supported by observations. From the AstDyS
dataset (Knežević and Milani, 2017), the proper elements (da:0.0006; e:0.057, sinI:0.0659)
are similar to the proper element dynamical range of the Epios clanHolt et al. (2021). Within
this clan are 5283 Pyrrhus (1989 BW), a oddity with a negative spectral slope (Bendjoya et al.,
2004), and 12921 (1998 WZ5), an X-type (Fornasier et al., 2007). This would indicate that
the Trojan pair are most likely not typical D-type Trojans, but some other form of object.
Observations of the objects themselveswould be problematic (H-mag 14.1), though, through
their associationwith 5283 Pyrrhus (1989 BW) (H-mag 9.76), some potential inferences could
be made about their origin.

4.2 Associated Presentations and Publications

4.2.1 Aug. 2020: DDA 50 - Oral presentation

A pair of Jovian Trojans
Holt, T. R.; Vokrouhlicky, D.; Nesvorny, D.; Broz, M.; Horner, J.
Abstract
Asteroid pairs have been discovered in the main belt and Hungaria small body populations.
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These objects are ofmajor interest, as they informus about dynamic processes related to their
lifetime. To date, no asteroid pairs have been found in the Jovian Trojans, despite the pres-
ence of several binaries and collisional families in the population. At the same time, this pop-
ulation is particularly important in our understanding of the beginning of the Solar system,
having been formed in the trans-Neptunian zone and only later captured around the Jupiter
Lagrange points. Here we report the discovery of the first pair, 258656 and 2013 CC41, in the
Jovian Trojan population. A couple of approximately equal size bodies, diameters � 7.7 km
and � 6.7 km, is located very close to the L4 Lagrange point. Not only this location helps to
increase the statistical significance of the pair, but it also facilitates attempts in determining
past orbital convergence of their orbits. Using numerical integrations, including Yarkovsky
clones, we find the pair is at least approximately 380 Myr old, but its age may also be several
Gyrs. The existence of the 258656-2013 CC41 implies there should be many more of them in
the Trojan population. Our preferred formation mechanism is a split of a formerly binary
system, but rotation fission driven by YORP torques may not be excluded too.
Publication: AASDivision on Dynamical Astronomymeeting 51, id. 203.06. Bulletin of the
American Astronomical Society, Vol. 52, No. 4, id. 2020n4i203p06
Pub Date: August 2020

4.2.2 Jan. 2021: COSPAR - Oral presentation

Identification of an Asteroid pair in the Jovian Trojan population
Holt, T. R.; Vokrouhlicky, D.; Nesvorny, D.; Broz, M.; Horner, J.
Abstract
Asteroid pairs have been discovered in the Main Belt, Hungarian, Hilda and Cybele small
body populations. These objects are of major interest, as they inform the collisional history
of the Solar system. They are thought to have formed one of three ways, catastrophic disrup-
tion, YORP fission or binary disruption. To date, no asteroid pairs have been found in the
Jovian Trojans, despite the presence of several binaries and collisional families in the popu-
lation. This population is particularly important in our understanding of the beginning of
the Solar system, having being captured around the Lagrange points. The Lucy spacecraft,
launching in 2021 is due to visit several of these objects. In this work, we report on the dis-
covery of the first asteroid pair, 258656 and 2013 CC41 in the Jovian Trojan population. This
approximately equal mass pair, diameters of 7.7km and 6.7km respectively, is located very
close to the Jovian L4 Lagrange point. The pair was discovered using a modified version of
the existing distance parameter space search. In order to confirm the pair, we use n-body
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code to reverse integrate the two bodies for the age of the Solar system, with high-resolution
outputs. As each of these bodies are relatively small, we also create a set of Yarkovsky clones
for each. Using the convergence of the longitude of the ascending node and argument of
periapsis, we can confirm the pair as a binary disruption, and comment on the timing of the
event. With the assumption that the current dynamical orbits of the two objects were created
by binary separation, we can put constraints on the collisional history of the Jovian Trojan
populations.
Publication: 43rd COSPAR Scientific Assembly, id. B1.1-0042-21
Pub Date: January 2021
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populations, they should be revealed by their tight configuration in
proper element space and long-term backward orbital propagation, if
the stability in that particular zone of orbital phase space allows. With
that guideline in mind, we focus here on the Jovian Trojan population.
The leap to the Trojan population might appear to contradict the
logical steps of gradually extending our knowledge of Main belt pairs
by searches among the Cybele or Hilda populations first. However,
we argue that the case of possible Jovian Trojan pairs is actually more
interesting because of that population’s entirely different origin.

The Jovian Trojan population consists of two swarms of objects,
librating on tadpole trajectories about the Jovian L4 and L5 Lagrange
points. Indeed, 588 Achilles Wolf (1907) was the first discovered
object to serve as an example of a solution to the restricted three-body
problem (Lagrange 1772). Whilst originally considered to be just an
extension of the main belt, and particularly the Hilda and Thule
populations, towards the orbit of Jupiter, the Jovian Trojans were
soon realized to be a totally distinct group of objects, with a unique
history (see Emery et al. 2015, for a review). Most importantly,
the majority of the Jovian Trojans are thought to have formed in a
vast trans-Neptunian disc of planetesimals, at a heliocentric distance
beyond �20 au, and became captured on to their current orbits during
the planetesimal-driven instability of giant planets (see Nesvorný
2018, for review). The physical properties of the Trojans, such as
their material strength or bulk density, are therefore most likely
different from most of the asteroidal populations, resembling rather
those of comets and Centaurs with which they share the birth-zone.
Though relatively stable, the Jovian Trojans can escape their stable
region (e.g. Di Sisto, Ramos & Beaugé 2014; Holt et al. 2020, and
references therein), and contribute to other populations, most notably
the Centaurs (see Di Sisto, Ramos & Gallardo 2019, and references
therein). An example of this, (1173) Anchises, exhibits significant
dynamical instability on time-scales of hundreds of millions of years,
with the result that it will likely one day escape the Jovian Trojan
population and become a Centaur before being ejected from the Solar
system, disintegrating, or colliding with one of the planets (Horner,
Müller & Lykawka 2012).

Despite their importance as a source of information on the Solar
system’s past evolution, fact that the Jovian Trojans are markedly
farther from Earth than the Main Belt has made them significantly
more challenging targets for study. As a result, our knowledge of
the collisional history, binarity, and the presence/absence of pairs
in the Trojan population remains far smaller than our knowledge
of the main Asteroid belt (e.g. Margot et al. 2015b). In fact, to
date, no confirmed Trojan pairs have been discovered, and the true
level of binarity in the population remains to be uncovered. The
most famous confirmed binary in the Trojan population is (617)
Patroclus, accompanied by a nearly equal size satellite Menoetius
(both in the 100 km range; e.g. Marchis et al. 2006; Buie et al. 2015).
The Patroclus–Menoetius system is fully evolved into a doubly
synchronous spin–orbit configuration (see Davis & Scheeres 2020,
and references therein), and represents an example of the kind of
binary systems which are expected to be common among Trojans. A
number of such binaries, comprising two components of almost equal
size, have been found amongst the large trans-Neptunian objects (e.g.
Noll et al. 2020). This comparison is of particular interest, given that
the Patroclus system was, in all likelihood, implanted to the Trojan
region from the trans-Neptunian region source zone (e.g. Nesvorný
et al. 2018). It seems likely that the Patroclus system represents the
closest example of an Edgeworth-Kuiper belt binary system. Further
information on the Patroclus system will become available in the
coming decades, as the binary is a target for flyby in 2033 by the Lucy
spacecraft (e.g. Levison et al. 2017). Similar smaller scale systems

may well exist among the Trojan population, but their abundance is
uncertain. Observationally, such small-scale binaries remain beyond
our detection, and theoretical models of their survival depend on a
number of unknown parameters (e.g. Nesvorný et al. 2018, 2020;
Nesvorný & Vokrouhlický 2019). The existence of Trojan binaries is
interesting by itself, but in the context of our work, it is worth noting
that, if such binaries exist, they likely serve as a feeding cradle for a
population of Trojan pairs.

Following this logic, then if the population of pairs among the
Trojans can become known and well characterized, such that their
dominant formation process is understood, that would in turn prove
to be a source of new information about Trojan binaries. Milani
(1993) in his pioneering work on Jovian Trojan orbital architecture
noted a case of L4-swarm objects (1583) Antilochus and (3801)
Thrasymedes. Their suspicious orbital proximity led the author to
suggest that they may constitute a genetically related couple of
bodies. A viable formation process would be through the instability
and dissociation of a former binary (Milani and Farinella, personal
communication). Unfortunately, the Antilochus–Thrasymedes inter-
esting configuration has not since been revisited, nor further studied
in a more detail.

This background information motivates us to conduct a search
for Jovian Trojan pairs. Unfortunately, even now the problem is not
simple, and we consider our work to be an initial attempt, rather
than providing a definitive solution. In Section 2, we explain our
strategy, and describe the difficulties in Trojan pair identification.
This strategy led us to preliminarily identify the Jovian Trojans
(258656) 2002 ES76 and 2013 CC41 as a potential pair. To test this
hypothesis, we attempted to prove that these two bodies could be
genetically related using backward orbital integration, as described
in Section 3. In Section 4, we discuss potential formation processes
for the pair, before presenting our concluding remarks and a call
for observations in Section 5. Appendix A describes our methods
for the construction of Jovian Trojan proper elements. An up-to-date
catalogue of those elements, which we have made publicly available
online, is actually a fruitful by-product of our work that may prove
useful for future studies. We discuss some additional candidate pairs
in Appendix B.

2 SELECTION OF CANDIDATE PAI RS

The discovery of asteroid pairs was a direct by-product of a search for
very young asteroid families (see Nesvorný & Vokrouhlický 2006;
Nesvorný, Vokrouhlický & Bottke 2006; Vokrouhlický & Nesvorný
2008). As a result, the primary ambition was to find pairs that formed
recently, within the last Myr, amongst the Main belt and Hungaria
populations. In fact, the necessity for proven pairs to be young is
essentially related to the method that allows their identification.

Just like collisional families, asteroid pairs are identified as a result
of the similarity of their heliocentric orbits. The search for classical
collisional families has traditionally been performed using clustering
techniques in proper orbital element space, examining the proper
semimajor axis aP, eccentricity eP, and the sine of proper inclination
sin IP (see e.g. Benjoya & Zappalà 2002; Nesvorný, Brož & Carruba
2015, for reviews). The use of the proper elements allows us, with
some care, to search for both young and old families. This is because
the proper elements are believed to be stable over much longer time-
scales than other types of orbital elements, such as osculating or
mean, ideally on a time-scale reaching hundreds of Myrs or Gyrs.

There are, however, limitations to this method. In the case of very
old families, problems arise from instability of the proper orbital
elements and the incompleteness of the dynamical model used to
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derive the proper elements. A different problem occurs for very
young families. The issue has to do with the huge increase in the
number of small-body objects discovered over the past decades.
Despite the fact that the very young families and asteroid pairs must
have very close values of the proper orbital elements, it is difficult
to statistically discern them from random fluctuations of background
asteroids. Both occur at the same orbital distance in proper element
space.

This fundamental obstacle arises due to the low dimensionality
of proper element space, which consists of just three independent
variables. In order to separate very young asteroid families and
asteroid pairs from the random fluctuations of the background pop-
ulation, Nesvorný, Vokrouhlický & Bottke (2006) and Vokrouhlický
& Nesvorný (2008) realized that this problem can be overcome if
the search is conducted in a higher dimensional space. As a result,
they used the 5D space of the osculating orbital elements, neglecting
just the mean longitude. The mean orbital elements are also suitable
alternative parameters for such an analysis (e.g. Rożek, Breiter &
Jopek 2011). In order to effectively use the two extra dimensions,
the searched structures must also be clustered in secular angles,
the longitudes of ascending node and perihelion. This is perfectly
justified for very young families and pairs that are expected to have
separated at very low velocities.

Previous searches for these young structures in the space of
osculating or mean orbital elements proved the usefulness of the
method, provided the age of the pair was less than about 1Myr.
Asteroid pairs will clearly exist that formed earlier than this limit,
but a differential precession of their secular angles will result in
them becoming effectively randomized, which will, in turn, render
the identification procedure described above ineffective. A key point
here is that the population of Main belt asteroids is currently known
to very small sizes, with objects detected with diameters of 1 km,
or even smaller. The proposed formation processes for very young
families and pairs are expected to generate enough pairs within the
last Myr that, even after accounting for discovery biases, we still
have some of them in our catalogues.

The situation is, however, different in the case of the Jovian Trojan
swarms. First, the characteristic size of the smallest Trojans is �5 km,
with few objects being discovered that are smaller than this limit.
Secondly, the formation processes of putative Trojan pairs, such as
a rotational fission or collisions, are significantly less efficient than
in the main belt. As a result, no identifiable pairs among Trojans
are expected to have been formed in the last 10–30 Myr, over which
time, one would expect secular angles of any such pairs to diverge
from each other. We conducted a traditional search for pairs in the 5D
space of osculating orbital elements (as in Vokrouhlický & Nesvorný
2008), but did not find any candidates. If pairs do exist amongst the
known Trojans, their ages must be larger. In that case, however, their
secular angles would be randomized, as is the case for old pairs in the
main belt. Our candidate selection method then returns back to the
analysis of the Trojan proper elements, with further considerations
based on additional criteria.

2.1 A new catalogue of proper orbital elements

The AstDyS website, founded at the University of Pisa, and
currently run by SpaceDys company (see https://newton.spacedys.co
m/astdys/), is a world renowned storehouse of proper orbital elements
for Solar system minor bodies. It also contains data on the Jovian
Trojans, namely synthetic proper elements based on mathematical
methods presented in the pioneering work of Milani (1993). We
also note the work of Beaugé & Roig (2001), which discusses an

alternative approach to the calculation of Trojan proper elements,
but these authors neither make their results readily available online,
nor update them on a regular basis. For that reason, one possibility
for this study would be to use the AstDyS data. However, those
data have at least two drawbacks for our application. First, their last
update occurred in 2017 June. As a result, they provide information
for a total of 5553 numbered and multi-opposition Jovian Trojans.
Given the efficiency of all-sky surveys, this number has increased
significantly in the years since that update, with more than 7000
Jovian Trojans now known for which observations span multiple
oppositions. Secondly, the proper elements provided at AstDyS
are given to a precision of just four decimal places, which is not
sufficient for our work. The AstDyS data base would, as a result,
allow the determination of the orbital distance in the proper element
space – equation (1) – with only �2 to 5 m s−1 accuracy, which is
insufficient to characterize the low velocity tail. For both of these
reasons, in this work, we decided to determine our own synthetic
proper elements. Details of the approach are given in Appendix A.
Here, we only mention that our proper element definition and
mathematical methods follow the work of Milani (1993), with
substantial differences only for those orbits with very small libration
amplitudes. Previous applications using this technique may be found
in Brož & Rozehnal (2011) and Rozehnal et al. (2016).

Fig. 1 shows our results, namely proper elements computed for
7328 Jovian Trojans (numbered and multi-opposition objects as of
2020 April) projected on to the (daP, sin IP) and (daP, eP) planes
for the L4 swarm (‘Greeks’ leading Jupiter on its orbit; left-hand
panels) and the L5 swarm (‘Trojans’ trailing behind Jupiter; right-
hand panels). The L4 swarm is more numerous, partly as a result of
four major collisional families that have been recognized in recent
years (e.g. Rozehnal et al. 2016), and contains 4607 objects. The
smaller L5 swarm contains only 2721 known objects, including the
2001 UV209 and Ennomos collisional families. To proceed with an
investigation of the orbital similarity between members of the Trojan
population, the basis of the pair and family recognition process, one
must introduce a metric function in the space of the proper orbital
elements. Several choices have been discussed by Milani (1993). We
opt for the d3 metric, also favoured by the author of that work, though
we slightly adjust that metric, such that the orbital distance is given
in velocity units. Given two orbits in the Trojan L4 or L5 proper
element space, obviously without mixing the two swarms, we define
their distance δVP as a quadratic form using the differences δaP, δeP,
and δsin IP as

δVP = VJ

√
1

4

(
δdaP

aJ

)2

+ 2 (δeP)2 + 2 (δ sin IP)2, (1)

where VJ � 13 053 m s−1 and aJ � 5.207 au are mean orbital
velocity and semimajor axis of Jupiter. Milani (1993) argued that this
particular choice of the coefficients – (0.25,2,2) – helps to equally
weight contributions from all three dimensions.

2.2 Metrics-based analysis

Given the metric shown in equation (1), we computed distances of
all possible pairs in the L4 and L5 Trojans swarms, and organized
them in the form of a cumulative distribution N(< δVP) (see also
Vokrouhlický & Nesvorný 2008, for context). The results of this
process are shown in Fig. 2. Whilst the largest δVP values of
approximately VJ are set by the maximum extension of the stable
phase space of tadpole orbits associated with Jupiter (Fig. 1), the
smallest δVP values of the order of ∼1–2 m s−1 are determined by a
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Figure 4. Number of Jovian Trojans with proper inclination IP (in degrees),
showing the L4 (red) and L5 (blue) swarms. The dashed lines represent
an approximation IPexp (− IP/C) for the background population (significant
peaks due to Trojan families eliminated), where we found C � 6.0◦ for L4
and C � 8.7◦ for L5.

dominated by the inclination contribution the contribution from the
difference in proper eccentricities is about 10 per cent of the total,
and the difference in proper semimajor axes is negligible). With that
said, this couple would qualify among the closest in the population
if it were not for the slight inclination offset of the two orbits.

Not much physical information is available about these two
objects. Various data bases providing orbital solutions (such as
AstDyS, JPL, or MPC) yield an absolute magnitude for (258656)
2002 ES76 in the range 14.0 to 14.2, and values in the range 14.3
to 14.4 for 2013 CC41. Given the mean albedo, pV � 0.075, for
small Trojans (a value with an admittedly large scatter; e.g. Grav
et al. 2011, 2012), we estimate their sizes to be D � 7.0–7.7 km
for (258656) 2002 ES76 and D � 6.4–6.7 km for 2013 CC41. Unless
the assumption of similar albedoes is significantly in error, it is
clear that the two bodies are similar in size, though not exactly the
same. No other physical parameters, such as the rotation period,
thermal inertia, and/or spectral colours, are known at the present
time. Further observational follow-up on these objects is therefore
highly recommended.

2.4 Assessment of the statistical significance of the selected pair

The small libration amplitude zone of the proper element space
contains a relatively small number of bodies, as can be seen in the
left-hand panel (a) in Fig. 5. Here, we used the range daP ≤ 0.014 au,
expressing the proximity to the libration centre, but left eP ≤ 0.15
and sin IP ≤ 0.6, generally capturing the width of the stable Trojan
phase space (Levison, Shoemaker & Shoemaker 1997; Nesvorný
et al. 2002a; Tsiganis, Varvoglis & Dvorak 2005; Di Sisto et al.
2014; Holt et al. 2020). We could have also more strongly restricted
the proper eccentricity and inclination values, but if this is done
too aggressively, it would result in the sample of observed Trojans
available for our analysis becoming too small. With our limits, we
find k = 91 Trojans in the L4 space, including our candidate pair
(258656) 2002 ES76 and 2013 CC41.

The proper element differences in the (258656) 2002 ES76 and
2013 CC41 couple are δaP = 7.11 × 10−5 au, δeP = 0.000212, δsin IP

= 0.00151, much smaller than the scale of the chosen zone, assuming
that all dimensions are taken equally. In the first approximation,

taking all dimensions equally, and thus neglecting the weighting
coefficients from equation (1) which are all of the order of unity, the
(δaP, δeP, δsin IP) differences in this couple define a small box of
which represents only a �1.81 × 10−8 fraction of the analysed target
zone. For statistical calculations, it is useful to imagine ‘numbered’
boxes of the (δaP, δeP, δsin IP) volume in the whole zone. Their total
number of such boxes would then be n � 5.53 × 107.

The simplest estimate of the statistical significance of the (258656)
2002 ES76–2013 CC41 pair is based on the assumption that bodies
were distributed in the analysed zone randomly/uniformly. We
choose k numbers from n possibilities (i.e. one for each body from
a set of ‘numbered’ boxes). Ordered, repeated selections are given
as variations V

′
(n, k) = nk, while ordered, non-repeated as V(n, k) =

n!/(n − k)!. The likelihood that among the trials the box-numbers do
not repeat is simply the ratio V(n, k)/V

′
(n, k), and we are interested

just in the complementary probability:

p = 1 − V (n, k)

V ′(n, k)
� 7.4 × 10−5. (2)

We verified this result by directly running a Monte Carlo simulation
of the selection process. Thus, we find the probability that the selected
couple is only a random orbital coincidence to be very low. Shrinking
the width of the eP and sin IP to half the previously mentioned values
did not change our result significantly.

As can be seen in the left-hand panel (a) of Fig. 5, the assumption
of a uniform distribution of background Trojans in the target zone
is fair, but not exactly satisfied. This is the result of the decreasing
number of Trojans towards the libration centre (i.e. at very small
values daP). We therefore repeated our analysis in a different system
of coordinates. Keeping eP and sin IP, we now changed daP with S =
4π (daP)2. The background reasoning is that the libration point, daP

= 0, represents a centre about which the tadpole orbits move in 3D. In
a Cartesian view centred at L4 the radial coordinate is to be replaced
with the surface area S = 4π (daP)2. Re-mapping and re-binning our
analysis in the (S, eP, sin IP) coordinate system, we obtained the
situation shown in the right-hand panel (b) of Fig. 5. Whilst still
keeping the same number k = 91 of Trojans in the analysed zone,
their distribution is now more uniform. Given the new box-definition
by the (258656) 2002 ES76 and 2013 CC41 couple, we now find the
number of thus defined small boxes to be increased to n � 2.34 × 109.
This is the result of the candidate couple’s close proximity to the
libration centre. As a result, the likelihood (equation 2) of the couple
being just a fluke in a uniform distribution of objects now becomes
smaller, namely p � 1.75 × 10−5.

The probability p, defined and computed for the (258656)
2002 ES76–2013 CC41 couple above, is appreciably small. It is both
interesting and important to compare this result with the similarly
defined quantity for other Trojan couples, especially amongst those
that have a small δVP distance in the metrics (1). This will tell
us whether the probability p for (258656) 2002 ES76–2013 CC41 is
sufficiently small in absolute measure for the couple to be considered
a true pair, whilst at the same time enabling our algorithm to better
connect our p definition with the velocity metrics used above. Here
we analyse the L4-swarm population, but the same approach could
equally be applied to the L5 case.

The potentially complicated part of the procedure is that, for each
selected couple, we have to (i) adapt the box size (δaP, δeP, δsin IP),
and (ii) the zone size (�aP, �eP, �sin IP), as well as the position to
which the box size refers. The choice of the latter obviously varies
because the local number density of bodies differs from place to
place. In order to prevent excessively small boxes in one of the
dimensions (as an example, due to an almost zero difference δeP

.=0),
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cases, but amongst them, the one which is the most outlying from the
p(δVP)∝(δVP)3 reference level shown by the dashed curve in Fig. 6
is the case of (258656) 2002 ES76–2013 CC41 (highlighted with red
circle). Its p value is an order of magnitude lower when compared
to couples with similar δVP values. This justifies the validity of the
(258656) 2002 ES76–2013 CC41 couple as a true asteroid pair, based
on our statistical analysis alone. There are also some family-unrelated
couples with p values comparable or smaller, and these are briefly
discussed in Appendix B.

In the next Section 3, we conduct a search for past orbital
convergence of the selected (258656) 2002 ES76 and 2013 CC41

couple. If successful, this process adds an important piece of evidence
justifying the couple as a real pair of genetically related objects. We
explain our methods in detail. These methods are also briefly applied
to several other candidate couples, with less success (Appendix B).

3 N U M E R I C A L S I M U L AT I O N S

The dynamics of the Jovian Trojans have been extensively studied
using both analytical and numerical means (e.g. Milani 1993; Beaugé
& Roig 2001; Robutel & Gabern 2006; Di Sisto et al. 2014; Holt
et al. 2020, and references therein). Here, we confine ourselves to
briefly recalling only the information necessary for understanding
and interpreting our numerical simulations of the (258656) 2002 ES76

– 2013 CC41 pair.
As previously noted, the objects in this pair are not typical,

but are instead exceptional representatives of Trojan population.
This is because they reside extremely close to the L4 libration
centre. As a result, the evolution of their semimajor axis a and
the resonant argument λ − λJ be characterized by many small-
amplitude and high-frequency terms. Those are, however, of the
least importance for our analysis. More relevant is the behaviour of
the eccentricity e, the inclination I, the longitude of ascending node
�, and the longitude of perihelion 	 . Due to the small values of the
eccentricity and inclination, it is also useful to think about complex
non-singular elements z = e exp(ı	 ) and ζ = sin I exp(ı�). In
linear perturbation theory, a fairly satisfactory zero approximation,
both z and ζ are represented by a finite number of Fourier terms,
namely the proper term and a few forced planetary terms. A simpler
description concerns ζ , whose Fourier representation is dominated by
the proper term with IP � 3.7◦, followed only by small contributions
from the s6 term, with I6 � 0.36◦, and a number of significantly
smaller contributions. As a result, the osculating inclination I is well
represented by a constant IP and a periodic term with amplitude I6.
Correspondingly, the osculating longitude of the ascending node, �,
steadily circulates with a period given by the proper s frequency,
and experiences only very small perturbation from the s6 term. The
evolution of z is more complicated because it is represented by three
terms of comparable amplitude. The largest amplitude contribution,
�0.044, is provided by the term with frequency g5, followed by
proper g and g6 terms with comparable amplitudes of �0.021 and
�0.015. Whilst still very simple in the Cartesian representation of z,
the polar variables in this plane (i.e. the eccentricity and especially
longitude of perihelion) exhibit a non-linear evolution, characteristic
of many low-eccentricity asteroid orbits.

3.1 Short-term simulations

Equipped with this knowledge, we can now turn to investigating the
common origin of (258656) 2002 ES76 and 2013 CC41. In studies
of asteroid pairs, researchers seek to demonstrate a convergence
of heliocentric orbits of the proposed pair at some moment in the

past (e.g. Vokrouhlický & Nesvorný 2008). This is considered to be
the origin of the two objects from a common parent body, and the
corresponding time in the past representative of the age of the pair.
As typically achievable ages of the asteroid pairs in the Main belt are
less than 1Myr, with many less than 100 kyr, a convergence is often
sought in Cartesian space. This approach means to demonstrate that
the two orbits meet at the same point in space and have a very small
relative velocity.

The same condition can be expressed in heliocentric orbital
elements by making them basically equal at the formation moment
of the pair. For this work, we find it markedly more useful to work
with the orbital elements of our candidate pair, as they can teach
us more readily about the evolution of the orbits of the two objects.
Therefore, in Fig. 7, we show the results of our initial numerical
experiment. We provide the differences between the osculating
heliocentric elements of the nominal orbits of (258656) 2002 ES76

and 2013 CC41 over a short time interval of the past 10 Myr. We
use the swift rmvs4 integrator (Levison & Duncan 1994) which
allows us to efficiently include gravitational perturbations from all
eight planets. The integration time-step used was 3 d, and the state
vectors of all propagated bodies, planets, and the two Trojans,
were output every 50 yr. We use a reference system defined by
the invariable plane of the planetary system. The initial conditions
of (258656) 2002 ES76 and 2013 CC41 at MJD58800 epoch were
obtained from the AstDyS website.

The differences in the orbital elements shown in Fig. 7 oscillate
with the dominant frequencies identified by the analysis of z and
ζ themselves. For instance, the principal periodicity seen in δI
and δ� corresponds to the frequency s6 − s, whilst the principal
periodicity seen in δe and δ	 corresponds to frequencies g and g5

− g6. Differences δa and δλ are characterized by higher frequencies,
such as the planetary orbital frequencies, the libration frequency, and
then followed by a ‘forest’ of lower frequencies starting with g.

We also note a markedly different behaviour of δ	 and δ�,
which can be understood from the above mentioned description of
the z and ζ non-singular elements of the two objects. Observing
the general behaviour of the amplitude in the (δa, δe, δ	 , δλ)
terms, we note a curious fact that those amplitudes become very
small simultaneously for semimajor axis, eccentricity, longitude of
perihelion and longitude in orbit �7.11 Myr ago (upper four panels
in Fig. 7). However, any hope for a clear orbital convergence at
that epoch is removed by looking at behaviour of the inclination
and longitude of ascending node differences (bottom two panels in
Fig. 7). We note that δI keeps steadily oscillating about a mean
value of �−0.08◦, namely a difference in the proper inclinations
of (258656) 2002 ES76 and 2013 CC41, without the amplitude of
those oscillations showing any tendency to shrink. At the same
time, the nodal difference stays large, and only slowly decreases
from �−56◦ to �−45◦. This rate of decrease in δ� fits perfectly
the difference in proper frequencies s of the two objects as to be
expected. Hence some �7.11 Myr ago, the two orbits had basically
identical (a, e, 	 , λ) values, but the nodes were still offset by about
50◦. This is inconsistent with any believable low-velocity separation
of the two objects from a common parent body at their origin.
Whilst inconclusive about the origin of the (258656) 2002 ES76

and 2013 CC41 couple, this 10 Myr integration provides useful hints
for further analyses.

3.2 Long-term simulations

Extrapolating the trend seen in Fig. 7, we can estimate that the nodes
of (258656) 2002 ES76 and 2013 CC41 became coincident some
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A pair of Jovian Trojans 3639

Figure 7. Differences between the osculating orbital elements of (258656)
2002 ES76 and 2013 CC41 from a 10 Myr backward integration of their
nominal orbits. Gravitational perturbations from all planets were included
and an invariable-plane reference system used. The differences of semimajor
axis δa, eccentricity δe, longitude of pericentre δ	 , and longitude in orbit
δλ (top four panels) indicate a simultaneous collapse to near zero values at
�7.11 Ma (grey vertical line). In contrast, the differences of inclination δI
and longitude of ascending node δ� (the bottom two panels) do not converge
at that epoch: the nodal longitudes of the two objects are still �50◦ away
from each other, and the inclination difference shows steady oscillation about
the mean value of �−0.08◦, namely a difference in their proper inclinations.
The steady trend in δ� has a slope �0.004 arcsec yr−1, very close to the
difference in proper frequencies s of (258656) 2002 ES76 and 2013 CC41.

50 Myr ago. Obviously, this is only the first such configuration in the
historical evolution of the two objects. Assuming orbital stability,
we also predict that the configuration will repeat with a �320 Myr
periodicity. To probe the long-term changes in the orbital architecture
of the (258656) 2002 ES76–2013 CC41 couple, we extended our
previous simulation to 1200 Myr in the past. We note in passing
that the necessity to seek this pair’s age over such a long time-span
forces us to abandon any hopes of finding a convergence in Cartesian
coordinates. This is because of the small but non-negligible chaoticity
of the integrated orbits, and principally results from an uncertainty
in the thermal accelerations that the objects would experience (as
discussed below). Both of these factors would require a large number
of clones of (258656) 2002 ES76 and 2013 CC41 to investigate their
past histories, and thus are computationally prohibitive to pursue.
We therefore choose to downsize the dimensionality of the space
where a convergence is quantified, and focus on the behaviour of
secular evolution in just the non-singular elements z and ζ . Fig. 8
shows the differences between the osculating δ� and δ	 of the two
objects, and pays special attention to the time interval near δ� � 0
configurations.

As expected, the first such configuration occurred about 50 Myr
ago. However, a closer look at the relevant panel of Fig. 8 indicates
that suitable orbital convergence conditions did not occur at that time.
Unlike �7.11 Mya, the orbital planes converge, but the perihelion
longitudes are at the maximum of their oscillations. An even closer
look at the epochs near nodal convergence shows that when δ	

crosses zero, δe is large, and vice versa. Once again, we therefore
find that the conditions of a low-velocity separation of the two orbits
cannot be met at that epoch.

Inspecting further epochs of nodal crossing, as shown in Fig. 8,
we conclude that δ� � 0 in fact never exactly coincides with δ	

� 0, a convergence pre-requisite. Here, however, we must revisit
some of the assumptions made in our simulation. In particular,
recall that (i) we used only nominal realizations of the orbits of
both (258656) 2002 ES76 and 2013 CC41, and (ii) we included
only gravitational perturbations from planets in our dynamical
model. Both of these approximations are insufficient for a full
analysis of our problem (see a similar discussion of the attempts
to determine the origin of young asteroid clusters/families and pairs
in Nesvorný & Vokrouhlický 2006, or Vokrouhlický & Nesvorný
2008).

First, the nominal orbital solution represents the best-fit of the
available astrometric data. The inevitable uncertainties of the lat-
ter implies the uncertainty of the orbital fit itself. Well-behaved
orbital solutions are represented by fixed confidence-level regions
in the 6D orbital space, using an ellipsoidal geometry, mathe-
matically expressed by elements organized in the covariance ma-
trix. Each orbit starting in a high confidence-level zone (≥80–
90 per cent, say) is statistically equivalent to the best-fitting solution.
Whilst initially very compact, these different solutions typically
diverge with time. We thus need to consider in our simulation
not only the best-fitting orbits, but also a sample of those start-
ing from the high-confidence zone. We call these ‘geometrical
clones’.

The second issue that needs to be considered is the validity of the
dynamical model used. The long-term dynamics of small objects are
known to be subject to perturbations due to the thermal acceleration
known as the Yarkovsky effect (e.g. Bottke et al. 2006; Vokrouhlický
et al. 2015). Nominally, within the Trojan population, objects are only
minimally affected by the Yarkovsky effect (Wang & Hou 2017;
Hellmich et al. 2019), which has the greatest influence at smaller
sizes. However, the two components in the (258656) 2002 ES76–
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Figure 8. The long-term behaviour of the difference in osculating nodal and perihelion longitudes δ� (red) and δ	 (blue) for the nominal orbits of (258656)
2002 ES76 and 2013 CC41. The top panel shows the results from a backward integration in time to 1200 Myr. The four panels below show a zoom around the
configurations where δ� becomes small, also indicated by the black rectangles in the top panel. As inferred from data in Fig. 7, the first such situation occurs
�50 Myr in the past, and repeats with a period of �320 Myr. The configuration of the nominal orbit becomes closest to true convergence at �680 Myr and
�1010 Myr in the past (right middle and bottom panels).

2013 CC41 couple are well within this size range, and so it is war-
ranted to see what dynamical effects might be produced by Yarkovsky
accelerations. Since none of the parameters needed for evaluation
of the thermal accelerations, such as the rotation state, the surface
thermal inertia, and the bulk density, are known for either (258656)
2002 ES76 or 2013 CC41, we need to consider a suite of potential orbit
histories, each generated by numerical integration of test particles
experiencing a range of physically plausible thermal accelerations.
These will be called the Yarkovsky clones. We also note that the
effect of thermal accelerations was included in swift rmvs4
using the same method as described in Vokrouhlický & Nesvorný
(2008).

3.3 Clone sets

We conducted two sets of numerical simulations, one considering
only the geometrical clones (Section 3.3.1), and the other considering
only the Yarkovsky clones (Section 3.3.2) of (258656) 2002 ES76

and 2013 CC41. In each simulation set, we include the nominal
orbit of the objects, complemented by a set of 20 clones. We ran
a backward integration of all orbits for 1.5 Gyr with an integration
time-step of 3 d. Every 500 yr, we evaluated the differences between
the osculating orbital elements of the 21 realizations of (258656)
2002 ES76 with each of those of 2013 CC41, and searched for the
possibility of a convergent configuration. To quantify the latter, we
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A pair of Jovian Trojans 3641

used two conditions. First, as in Nesvorný & Vokrouhlický (2006),
we evaluated the target function

δV = na
√

(sin I δ�)2 + 0.5 (e δ	 )2, (3)

where (n, a, e, I) are the arithmetically mean values of the mean
motion, semimajor axis, eccentricity, and inclination of the two
considered clones, and δ� and δ	 are the differences between
the osculating longitude of the ascending node and perihelion for
the two clones, respectively. This way, δV has the dimension of
velocity, and is constructed to provide, in a statistically mean sense,
the necessary velocity perturbation required for a transfer between
the secular angles of the two orbits. However, the analysis of the
results presented in Fig. 8 has shown that even a configuration with
potential δ� � 0 and δ	 � 0, and therefore δV � 0, is not enough to
guarantee a satisfactory orbital convergence, provided that δe and δI
are simultaneously large. For that reason, we admit as a potentially
convergent configuration a case where the orbits of the two clones
satisfy

(i) δV ≤ Vlim, where Vlim is some small value, we use typically
1–3 m s−1, and

(ii) δe ≤ elim and δI ≤ Ilim, where again we use suitably small
values of elim � 5 × 10−4 and Ilim � 0.1◦ namely differences
in the corresponding proper elements of (258656) 2002 ES76 and
2013 CC41.

We output information about these potentially converging configu-
rations for further analysis. In the next two sections, we comment
on the results of our numerical experiments that use geometrical
(Section 3.3.1) and Yarkovsky clones (Section 3.3.2) separately.

3.3.1 Geometric clones

Information about the orbit determination, needed for a construction
of the geometrical clones, was taken from the AstDyS data base.
The orbits of both (258656) 2002 ES76 and 2013 CC41 are rather well
constrained, reflecting numerous astrometric observations. Even the
poorer of the two, 2013 CC41, was observed over seven oppositions,
leading to a fractional accuracy of �10−7 in the semimajor axis, a,
and the Cartesian components of the non-singular elements, z and ζ .
Only the mean longitude, λ, has a slightly worse accuracy, namely
�2 × 10−5 deg. These are the characteristic differences between
the six orbital osculating elements E = (a, z, ζ , λ) of the clones
in �68 per cent confidence zone and the best-fitting solution E�.
The solution is given at the initial epoch MJD58800. Complete
information about the parameters of the 6D confidence zone ellipsoid
in the space of elements E is given by the covariance and normal
matrices, also provided at the AstDyS website. Denoting � the
normal matrix, we may construct the initial orbital elements E of the
geometric clones using

E = TTξ + E�, (4)

where ξ is a 6D vector whose components are random deviates of
normal distribution (with variance equal to unity), and the matrix
T satisfies TTT = � (e.g. Milani & Gronchi 2010); T is obtained
using the Cholesky decomposition method. As mentioned above, we
constructed 20 geometric clones of both (258656) 2002 ES76 and
2013 CC41 at the initial epoch of our simulation.

The bottom panel of Fig. 9 shows the maximum nodal difference
between the clones of (258656) 2002 ES76 and its nominal orbit.
Tiny differences between the orbital parameters imply that the s
frequency of the clone orbits is not exactly the same as that of the

Figure 9. The statistical distribution of convergent solutions for geometric
clones of (258656) 2002 ES76 and 2013 CC41 from simulations of the nominal
orbits of the two objects, plus 20 clones each, using the velocity cutoff δV ≤
2 m s−1, and eccentricity and inclination limits discussed in the text. Abscissa
is time to the past starting from 300 Mya (there are no earlier solutions).The
left ordinate in the upper two panels gives the number of recorded solutions
in 50 kyr bins (red histogram). The grey line gives |δ�| of the nominal orbits
of (258656) 2002 ES76’s and 2013 CC41 (see the right ordinate and the red
line on Fig. 8), aiming to aid interpretation of the results. The green line
in the bottom panel shows the maximum difference in the longitude of the
ascending node between the clones of (258656) 2002 ES76 and the longitude
of ascending node of its nominal orbit; up to about 200 Myr this trend is
nearly linear, but becomes more complicated beyond this epoch due to very
weak orbital chaos.

nominal orbit. However, the stability of this orbital zone ensures
that the configuration of the clone orbits does not evolve, and thus
initially the nodal divergence is basically linear in time. Only beyond
about 0.5 Gyr does the divergence become stronger than linear. This
is an expression of a very weak instability that manifests itself in the
behaviour of the secular angle solely Gyr time-scales. The formal
Lyapunov time-scale of the orbits of both (258656) 2002 ES76 and
2013 CC41 is only �20 Myr (see theAstDyS data base). This implies
that a divergence in λ is dominant, whilst the divergence in the secular
angles is slower, as shown in Fig. 9. At 1 Gyr, the nodal longitudes
of clones of (258656) 2002 ES76 are thus spread over a �2◦ range. A
similar, and potentially slightly larger, effect is seen among the clones
of 2013 CC41, principally due to their larger differences at the initial
epoch. This divergence may overcome the difficulties we experienced
in attempting to find an epoch at which the nominal orbits achieve
a converging configuration. For instance, in the bottom right-hand
panel of Fig. 8, we note that the nodal difference of the nominal orbits
misses the epoch at which the difference of pericentres basically
shrinks to zero by about 3◦ at �1 Gyr. This may be compensated for
if the orbits of suitable clones are used, instead of the nominal orbits.

MNRAS 499, 3630–3649 (2020)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/499/3/3630/5918394 by  tim
othy.holt@

usq.edu.au on 04 N
ovem

ber 2020



3642 T. R. Holt et al.

Obviously, a satisfactorily large nodal spread of the clone orbits must
be attained.

The top panel of Fig. 9 shows the statistical distribution of the
converging geometric clones of the two Trojans, organized in 50 kyr
wide bins. Obviously, the rather small number of clones in our test
run does not allow us to probe the convergence properties in great
detail. For that reason, and with the rather tight limit δV ≤ 2 m s−1

chosen, the possible solutions cluster only near the �1325 Myr
epoch, though we note that, if a looser criterion δV ≤ 4 m s−1 was
chosen, more solutions would also exist at �1003 Myr. Taken naively
at a face value, we would conclude a possible origin of the (258656)
2002 ES76–2013 CC41 couple at this time in the past, if the couple
are not older than 1.5 Gyr, beyond which we did not continue our
simulation. However, as is often in the case of a pair configuration
which is not very young, the so far neglected thermal accelerations
in the dynamical model can prove to be a source of considerable
uncertainty.This is analysed in Section 3.3.2.

3.3.2 Yarkovsky clones

Our Yarkovsky clones all have the same initial conditions as the
nominal orbit, but they differ in the magnitude of thermal accel-
erations used for their orbital propagation. As in Vokrouhlický &
Nesvorný (2008), we approximate thermal accelerations using a
simple transverse component with the magnitude inversely propor-
tional to the square of the heliocentric distance. The magnitude of
this acceleration is adjusted such that the resulting change in the
semimajor axis da/dt matches predictions from the theoretical for-
mulation of Yarkovsky effect (see also Farnocchia et al. 2013, where
a classical formalism used in cometary dynamics was adopted). In
order to estimate plausible da/dt values, we use a simple approach
describing the diurnal Yarkovsky effect for a spherical body on a
circular heliocentric orbit, presented in Vokrouhlický (1998). We
use the following set of physical parameters: the surface thermal
conductivity K � 0.01–0.03 W m−1 K−1, the surface thermal inertia
 � 100–200 [SI units] (for both see Delbó et al. 2015), the bulk
density ρ � 1.5 g cm−3 (e.g. Carry 2012), rotation period P � 100–
500 h, and size D � 7 km. The maximum semimajor axis drift rate at
zero obliquity is then (da/dt)max � (0.15 ± 0.07) × 10−4 au Myr−1.
Our choice of a slow rotation period is tied to the working assumption
that (258656) 2002 ES76 and 2013 CC41 are indeed a real Trojan pair.
We argue in Section 4.1 that the most plausible formation mechanism
for such a pair is the destabilization of a Trojan binary. If this is
indeed the case, then before their separation, the two components
were most likely spin–orbit synchronized to periods of ≥100 h (e.g.
Nesvorný et al. 2020). If, however, the formation mechanism of the
pair was different, such as the YORP-driven fission of a parent object
(see Section 4.2), the rotation periods P of (258656) 2002 ES76 and
2013 CC41 could well be as short as a few hours. In that case,
(da/dt)max would be smaller by a factor of 3 to 5. Indeed, as a
confirmation of our reasoning, we note that scaling the value of the
detected Yarkovsky signal 19 × 10−4 au Myr−1 for the 500 m size
near-Earth asteroid 101955 Bennu with P � 4.3 h (e.g. Chesley et al.
2014), we would have (da/dt)max � 0.06 × 10−4 au Myr−1. In our
simulation, we consider only the case of long rotation periods, and
fix (da/dt)max � 0.15 × 10−4 au Myr−1. For each of the two Trojans,
(258656) 2002 ES76 and 2013 CC41, we consider the nominal orbit
with da/dt = 0, and 20 Yarkovsky clones. In both cases, 10 clones
have positive da/dt and 10 clones have negative da/dt. Additionally,
because in the case of the diurnal variant of the Yarkovsky effect
da/dt ∝ cos γ , where γ is the spin axis obliquity, the positive/negative

Figure 10. The statistical distribution of convergent solutions for the
Yarkovsky clones (nominal orbits plus 20 clones each) of (258656) 2002 ES76

and 2013 CC41, using the velocity cutoff δV ≤ 2 m s−1, and eccentricity and
inclination limits discussed in the text. Abscissa is time to the past starting
from 300 Mya (there are no earlier solutions). The left ordinate in the upper
two panels gives the number of recorded solutions in 50 kyr bins. The top panel
(red histogram) gives the number of solutions for all possible combinations
of clones. The middle panel (blue histogram) for the case when only clones
with the same sign of da/dt were compared. The grey line gives |δ�| of
the (258656) 2002 ES76’s and 2013 CC41’s nominal orbits (see the right
ordinate and the red line on Fig. 8), aiming to aid interpretation of the results.
The green line in the bottom panel shows the difference in the longitude of
ascending node between the Yarkovsky clone with maximum positive drift
rate (da/dt)max and the nominal orbit of (258656) 2002 ES76.

close da/dt values uniformly sample the interval 0 to (da/dt)max, resp.
−(da/dt)max to 0.

Fig. 10 shows the results from our Yarkovsky clone simulations. In
contrast to the simulations where only the geometrical clones were
used (Fig. 9), there are many more convergent solutions, starting
from 360 Mya. The reason is illustrated in the bottom panel of
Fig. 10, which shows the divergence of the osculating longitude
of the ascending node between the nominal orbit (no Yarkovsky
effect) and the clone with the maximum positive drift-rate (da/dt)max

of (258656) 2002 ES76. Clones with smaller da/dt values have nodal
differences smaller than the signal seen in Fig. 10, proportionally to
their cos γ value.
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The nodal differences between various clones are now much larger,
reaching the maximum possible value of 360◦ after at �1.1 Gya.
The nodal difference to the nominal orbit of the clone with the
maximum negative drift-rate value is about the same but negative.
This is because δ� now propagates nearly quadratically in time as
opposed to the quasi-linear trend for the geometrical clones. Such
a quadratic trend in node propagation is characteristic of Yarkovsky
studies of asteroids (e.g. Vokrouhlický & Nesvorný 2008). In that
case, the phenomenon was easily associated with the principal
dynamical perturbation produced by the Yarkovsky effect, namely
the secular drift in semimajor axis. As a result, the semimajor axis
dependence of the s frequency produces, after a straightforward
integration, a quadratic-in-time drift of the node. In our case of
Jovian Trojans, the effects are slightly subtler. This is because, in
spite of a permanent transverse perturbing acceleration in orbits of
the clones, their semimajor axis does not show any constant drift
in time due to the resonant locking inherent to their presence in
the Trojan population. However, other elements – eccentricity and
inclination – do display such a secular drift, as previously found in
Wang & Hou (2017) and Hellmich et al. (2019). As the s frequency
is also dependent on these values, it still displays a linear change as
a function of time, explaining the quadratic effect in node seen in the
Fig. 10.

Returning to the pattern in the distribution of converging solutions
seen in Fig. 10, we note their clustering near epochs when δ� of
the (258656) 2002 ES76 and 2013 CC41 nominal orbits has been
found to reach zero (the grey line in the top panels). This is to be
expected, since the nodal difference exhibits the most stable evolution
in time. Therefore, when nominal orbits of the two Trojans have
large δ� values, the clones will also follow the same pattern. This
conclusion will, however, weaken further into the past because of the
clone nodal divergence discussed above. As a result, beyond ∼ 1Gyr
into the past, the solution distribution spreads more in time. This is
because specific clone combinations may now satisfy more easily our
convergence conditions. Additionally, convergent solutions cluster in
peaks separated by about 19 Myr, rather than exhibiting a continuous
distribution about the δ� � 0 nodal conditions. This is due to the δ	

� 0 perihelion condition also facilitating the convergence criteria we
adopted.

The middle panel in Fig. 10 shows the statistical distribution of the
number of converging solutions for a subsample of cases in which
clones of (258656) 2002 ES76 and 2013 CC41 both have the same sign
of the associated da/dt drift. Translated using the diurnal Yarkovsky
theory, this also implies that the two clones have the same sense
of rotation: either both prograde, or both retrograde. The proposed
formation mechanisms for this pair, namely a binary split or rotation
fission, would both predict this property. There are obviously fewer
solutions found, but the general pattern of their distribution is about
the same as in the general case when all clones are taken into account.

Fig. 11 shows the conditions at convergence for two pairs of the
Yarkovsky clones of (258656) 2002 ES76 and 2013 CC41: the left-
hand panels at the most recent possible cluster of solutions in the
past (namely at �381.07 Mya), whilst the right-hand panel shows
the cluster at an epoch which is more distant in the past by two
cycles of the differential motion of their orbital nodes (namely at
�1062.33 Mya). In general, the quality of the convergence is similar,
including those solutions beyond 1 Gya. In both cases, the formal
convergence of the secular angles is better than 0.004◦.

When inserted into equation (3), the equivalent velocity difference
is negligibly small δV ≤ 0.04 m s−1. At the convergence epoch, the
osculating eccentricity values are also satisfactorily close to each
other, namely δe � 7.5 × 10−5. Using the Gauss equations (e.g.

Nesvorný & Vokrouhlický 2006), we estimate that this tiny eccen-
tricity difference corresponds to an orbital velocity change smaller
than 1 m s−1 in a statistical sense. This change is actually smaller than
the difference in proper eccentricity values of (258656) 2002 ES76

and 2013 CC41. The inclination convergence turns out to be the most
troublesome element of the simulation: the persisting differences of
�0.085◦ statistically correspond to a velocity change of �25 m s−1.
Such a difference in the osculating values of inclinations corresponds
to the difference of their proper values. In contrast, the acceptable true
separation velocity of the objects should be a fraction of the escape
velocity from the effective parent body. With its size of �9 km, the
ideal condition of the separation in this pair would require a velocity
difference of ≤4 m s−1. The inclination difference at converging
solutions is therefore nearly an order of magnitude larger.

One possibility to explain this mismatch may be related to our
approximation of the Yarkovsky effect. By representing it using the
transverse acceleration only, the inclination is not perturbed. In fact,
a complete model of the thermal accelerations may admit an out-of-
plane component, provided that the obliquities of the components of
the pair are not extreme (e.g. Vokrouhlický 1998). However, to fully
use such a model, we would need to sample a multiparametric space
of possible spin orientations and physical parameters for Yarkovsky
clones, an effort which is postponed to further studies.

An alternative dynamical mechanism, that has not been included
in our simulations, consists of perturbations from the largest Trojans
in the L4 swarm. As an example, we consider the influence 624
Hektor, whose mass is estimated to be �1017 kg (e.g. Carry 2012),
about 10−4 of the mass of dwarf-planet 1 Ceres. Nesvorný et al.
(2002b) found that, statistically, the mean perturbation of the orbital
inclination produced by Ceres in the inner and middle parts of the
Main belt is �1.5◦ in 4 Gyr. Assuming the effect scales with the
square root of the perturber mass, we estimate that the approximate
effect of Hektor on small L4 Trojans would be �0.015◦ over 4 Gyr,
in a statistical sense. Therefore, at least a part of the inclination
mismatch reported above could well be due to the ongoing scattering
influence of the most massive Trojans.

4 F O R M AT I O N O F T H E T RO JA N PA I R

We now briefly discuss possible formation processes for the (258656)
2002 ES76–2013 CC41 pair. In principle, these mechanisms coincide
with the suggestions outlined in Section 6 of Vokrouhlický &
Nesvorný (2008). Building on that work, we will skip for now
the possibility that these two Trojans are the two largest objects
in a compact, collisionally born family. Given their comparable
size, the collision required to form such a family must have been
supercatastrophic, with many kilometre size fragments created and
dominating the mass. Without information about them, it is hard to
say anything more about the putative collision conditions, including
the probability of such a collision actually having occurred.

4.1 Collisional dissociation of a synchronous binary

The first possible origin for the (258656) 2002 ES76–2013 CC41

pair consists of a model, in which the two objects were formerly
components in a binary system which underwent some kind of
instability. We assume that the instability was not of a dynamical
origin. Indeed, even if formed by gravitational collapse, the initial
angular momentum of the binary would exceed that of a critically
rotating single body of an equivalent mass by a factor of �(3–
10) (Nesvorný et al. 2019). This is not sufficient to drive tidal
evolution, whilst conserving angular momentum, to the stability
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parent object of the (258656) 2002 ES76–2013 CC41 pair. Note that
τYORP provides an estimate of a time-scale for doubling ω, as an
example changing rotation period from 5 to 2.5 h, an approximate
fission limit for a large internal strength Trojan model. Another
τYORP/2 � 5.5 Gyr time would be needed if the initial rotation period
of the parent object was 10 h. This shorter time-scale would also be
an appropriate estimate to reach the fission limit at a longer period
of �5 h when the internal strength and bulk densities are low (e.g.
French et al. 2015; Szabó et al. 2017).

If, however, we were to consider the results from numerical simu-
lations of the YORP effect for a large statistical sample of Gaussian-
sphere shapes Čapek & Vokrouhlický (2004), which obtained τYORP

� 15 Myr for a typical main belt S-type asteroid of a 2 km size,
we would have τYORP � 1.5 Gyr for changing the parent object
period from 5 to 2.5 h. Whilst these results are known to typically
overestimate the strength of the YORP effect by a factor of 3–5,
when compared to detections of the YORP effect for small near-
Earth asteroids, we none the less get a time-scale shorter by a factor
2 to 3 than for the Bennu case. The takeaway message is that the
estimate of the YORP doubling time-scale prior the fission of the
putative parent object of the (258656) 2002 ES76 and 2013 CC41 pair
is very uncertain, with values ranging possibly from 2 Gyr to some
12 Gyr.

Taken at a face value, the smaller values in this interval are
plausible as an explanation for the origin of the pair when compared
to the lifetime of the Solar system. It may not be surprising to find
that some D � 9 km Jupiter Trojan objects undergo a rotational
fission during their lifetime. However, a more detailed inspection of
the (258656) 2002 ES76 and 2013 CC41 parameters speaks against
this possibility. First, we note that the known rotation periods of
Jovian Trojans rarely have values smaller than 8–10 h (e.g. French
et al. 2015; Ryan, Sharkey & Woodward 2017; Szabó et al. 2017),
which suggests in turn that more than one τYORP time-scale would
be needed to reach fission from a typical initial rotation state
(though, admittedly, these known data concern larger objects). More
importantly, though, we note that the absolute magnitude difference
of (258656) 2002 ES76 and 2013 CC41 is �(0.2–0.3), depending on
the data base used. This implies that the two objects are nearly of
the same size. Pravec et al. (2010) argued that the typical conditions
of fission mechanics require at least 1 magnitude difference between
the two components in pair. This is because some degree of size
disparity is needed to make the two components separate on to
distinct heliocentric orbits. Whilst exceptions have been found to
this guideline (see e.g. Pravec et al. 2019), the majority of the known
asteroid pairs, more than 90 per cent, satisfy this condition of having
a large enough magnitude disparity. The components in the (258656)
2002 ES76–2013 CC41 pair violate this rule and would require special
conditions for their separation to feasibly be the result of rotational
fission.

5 C O N C L U S I O N S

In this work, we identified the first potential dynamical pair in the
Jovian Trojan population. In particular, we analysed the distribution
of Trojans in their proper orbital element space. Using information
about the local density of objects, we also assessed the statistical
significance of the proximity of potential couples. This procedure
lead us to select a pair of bodies, (258656) 2002 ES76 and 2013 CC41,
in the L4 swarm as a potential candidate pair. Interestingly, this
suggested pair is located very close to the L4 Lagrange point,
with low proper elements, semimajor axis (daP), eccentricity eP,
and sine of inclination (sin IP) values. Finally, as part of our effort,

we developed an up-to-date, highly accurate set of proper elements
for the all Jovian Trojans, which we have made publicly available
(Appendix A).

In order to further investigate the selected pair, we ran a series of
n-body simulations, which were used to look for past convergences in
the osculating nodal (δ	 ) and perihelion longitude (δ�) value for the
two objects, whilst ensuring that, at the time of such convergences the
differences in the osculating eccentricity and inclination were also
sufficiently small. Our simulations included both geometric clones,
created from the uncertainties in the orbital elements of the bodies,
and Yarkovsky clones, based on the estimated thermal accelerations
that the two objects could experience, for a variety of realistic rotation
rates. As a result, we obtained a statistical set of convergences,
finding a larger pool of possibilities once the Yarkovsky clones were
included. Our results reveal that the pair is at least �360 Myr old,
but are compatible with the age being significantly older, potentially
in the Gyr time-scale. By finding such possible convergences, we
increase the confidence that the (258656) 2002 ES76–2013 CC41

couple is a legitimate pair.
We then considered the mechanisms by which the (258656)

2002 ES76–2013 CC41 pair could have formed (compared with
Vokrouhlický & Nesvorný 2008). The pair is not associated with
any known collisional family, and as such we do not favour the
possibility of the pair having been formed as a result of a catastrophic
impact on a putative parent body. The pair might have been formed
through the rotational fission of their parent Trojan, since, for certain
initial conditions, the time-scale for such an object to be spun-up
by the YORP effect to the point that it undergoes fission could
be somewhat shorter than the age of the Solar system. However,
this pair consists of two nearly equal-sized components, whilst the
vast majority of observed pairs formed by rotational fission have
a size ratio of at least 1.5 (see Pravec et al. 2010, 2019). For that
reason, we consider that the pair most likely formed as a result of
the dissociation of an equal-size binary. We can confirm that such a
scenario is indeed feasible using an estimation of the binary survival
rate in the size range of the (258656) 2002 ES76–2013 CC41 pair,
D � 7 km, over 4.5 Gyr, after implantation to the Trojan population
early in Solar system’s history. Statistically, this indicates that there
should be many such pairs within the Trojan population in this 5–
10 km size range. As the Rubin Observatory’s Legacy Survey of
Space and Time (LSST) comes online, it is expected to discover many
Jovian Trojans in this size range (e.g. Schwamb et al. 2018). As new
Trojans are discovered, our results suggest that further pairs should be
revealed.

The (258656) 2002 ES76–2013 CC41 pair provides an interesting
clue to the past history of the Jovian Trojans, and the Solar system
as a whole. So far, we know little beyond their dynamical properties
and size estimations. In particular, light-curve analysis could assist
in constraining the formation mechanism, as this would provide
an estimate of the rotational periods of the two objects. Due to
their small size, and dark albedo, the objects have relatively low
apparent magnitudes, at best �20.5 magnitude in visible band.
In order to further characterize these objects, observations using
large Earth-based facilities, such as the SUBARU (Kashikawa et al.
2002) or Keck (Oke et al. 1995) telescopes, will be required.
These objects would also benefit from future observations using
the James Web (JWST; Rivkin et al. 2016) and Nancy Grace Roman
Space Telescopes (RST, formerly known as WFIRST; Holler et al.
2018). Time on these telescopes is competitive, but we recommend
proposals for observations of (258656) 2002 ES76 and 2013 CC41 be
selected to further extend our understanding of this interesting pair
of Trojans.
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Vokrouhlický D., Bottke W. F., Chesley S. R., Scheeres D. J., Statler T.

S., 2015, in Michel P., DeMeo F. E., Bottke W. F., eds, Asteroids IV.
University of Arizona Press, Tuckson, p. 509

Wang X., Hou X., 2017, MNRAS, 471, 243
Wolf M., 1907, Astron. Nachr., 174, 47

MNRAS 499, 3630–3649 (2020)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/499/3/3630/5918394 by  tim
othy.holt@

usq.edu.au on 04 N
ovem

ber 2020



3648 T. R. Holt et al.

Wong I., Brown M. E., 2015, AJ, 150, 174
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APP E NDIX A: DE TERMI NATIO N O F THE
JOV I AN TROJAN PROPER ELEM ENTS

Here we briefly review our approach to compute synthetic proper
elements for the currently known Jovian Trojan population. The
method is based on Milani (1993), see also Brož & Rozehnal (2011),
though we needed several modifications of the digital filters in order
to stabilize determination of the proper elements for Trojans having
very small libration amplitude. Our dynamical model included four
giant planets, with barycentric corrections to compensate for the in-
direct perturbations for terrestrial planets. This arrangement suitably
speeds up computations when dealing with the whole population of
many thousands of Trojans. Nevertheless, we also checked validity
of our results using a dynamical model including also the terrestrial
planets in a full-fledged manner for a sub-sample of Trojans (notably
the low-δVP that is of interest here). No significant differences were
observed. The initial planetary state vectors were taken from the JPL
ephemerides and those of the Trojans from the AstOrb catalogue
as of 2020 April 28, from which their population was also identified.

We used well-tested numerical package swift (e.g. Levison &
Duncan 1994), specifically the MVS2 symplectic integrator (e.g.
Laskar & Robutel 2001), that we adapted for our application in
several ways. The most important was an implementation of digital
filters, helping us to eliminate short-period and forced terms from
osculating orbital elements, necessary for identification of the proper
terms. Due to the absence of the direct perturbations from the
terrestrial planets, we can allow a fixed integration time-step of
0.25 yr. The input sampling into the filtering routines was 1 yr. We
used a sequence of the convolution (Kaiser-window) filters A A B
(e.g. Quinn, Tremaine & Duncan 1991) with decimation factors 10
10 3, which were applied to the non-singular elements z = k + ıh =
e exp(ı	 ) and ζ = q + ıp = sin I exp(ı�). The intermediate time
window for this filtering procedure and output time-step was 300 yr.
At this stage, the short-period terms with periods comparable to
planetary orbital periods or the libration period were efficiently
suppressed from the resulting mean values z̄ and ζ̄ of eccentricity and
inclination variables. We then accumulated batches of 2048 values
of z̄ and ζ̄ , and applied Fourier transformation (in particular the
FMFT method from Šidlichovský & Nesvorný 1996), on the output.
After rejecting signal associated with forced planetary frequencies
(such as g5, g6, or s6 to recall the principal ones), we were left with
the proper values eP for the eccentricity and IP for the inclination
as the amplitude of the remaining dominant terms. Our simulation
spanned the total of 30 Myr, and we computed proper elements in the
�600 kyr window described above many times over intervals with
100 kyr shift in their origin. This way we had a series of many tens
of proper element realizations, allowing to access their stability and
compute their mean and variance. We also observed that the series
of individual eP and IP still contained long-period signal (periods
>1 Myr), which in future studies may call for extension of integration
windows. At this moment, we however, satisfied ourselves with our
set-up. We also used the above outlined procedure for the semimajor
axis a, but instead of applying FMFT on its mean values we simply
computed its mean value ā over a 1 Myr interval. This helps us to
determine semimajor axis value of the libration centre for a given
Trojan orbit.

In order to obtain a reliable information about a stable libration
amplitude we need to apply a different method that has been

Figure A1. Libration amplitude daP versus libration centre ā for Trojans
in the L4 region. Colour corresponds to the proper eccentricity eP. The
dependence of ā(daP, eP) is systematic, indicating a functional dependence.

implemented in our code in parallel to computation of eP and IP.
This is because the corresponding libration frequency is fast, f �
2.434 deg yr−1 and 360◦/f � 148 yr, and must not be under-sampled.
A delicate issue consists of the fact that, at the same time, one has
to suppress terms with period even shorter than the libration period,
namely those which are related to orbital periods of giant planets
(principally Jupiter �11.86 yr). We thus applied convolution filters
B B, with decimation factors 3 3, to the osculating values of the
semimajor axis a and the longitude difference λ − λ

′
(the orbital

elements labelled with prime correspond to Jupiter), a resonant
argument of the Trojan tadpole motion. These intermediate (mean)
values of a and λ − λ

′
are computed with a 9 yr cadence. In the next

step, the intermediate a − a
′

were fitted by a straight line and the
constant term a0 was subtracted. In the same way, the intermediate
angle φ = λ − λ

′ − χ , where χ = ±60◦ depending on the L4 and
L5 libration points, was fitted by a straight line and the constant term
φ0 was subtracted. Effectively, after subtractions of the mean values
was done, the tadpole motion around the Lagrange point centres in
these rescaled, zero-averages a − a

′
versus φ coordinates is centred

at the origin. Consequently, the polar angle ψ defined as (see e.g.
Milani 1993, a and a

′
in au)

ψ = arctan

(
a − a′

0.2783 φ

)
(A1)

can be unfolded by 360◦, fitted by a straight line, with the slope
defining the libration frequency f. The libration amplitudes daP (in au)
and D (in deg) are computed by the Fourier transform as amplitudes
of spectral terms with frequency f. This second step uses a 1 kyr
cadence. Finally, we apply another averaging of daP and D values,
defined on a simple running window with the output time-step of
1 Myr. Both daP and D may be considered as the third proper orbital
element alongside of eP and IP.

We note that the value of libration centre ā is not universal for
all Trojans. Instead, its value functionally depends on the proper
elements (daP, eP, IP) or (D, eP, IP), see Fig. A1. Some authors
(e.g. Brož & Rozehnal 2011; Rozehnal et al. 2016) thus define an
alternative set of proper elements (aP = ā + daP, eP, IP).

We determined the above-introduced parameters, including differ-
ent variants of orbital proper values and their uncertainty, for 7328
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Jovian Trojans, population as of 2020 April. These data can be found
on https://sirrah.troja.mff.cuni.cz/∼mira/mp/trojans hildas/.

A P P E N D I X B : A R E T H E R E M O R E L OW-δVP

C OUPLES?

As also suggested by data in Fig. 6, the brief answer to the topic of
this Appendix is probably positive, but a full analysis if this issue is
left to the future work. Here we only restrict ourselves to illustrate
difficulties one would quickly face in attempting to prove the past
orbital convergence on a Gyr time-scales for most of the candidates.

Let us consider another low-δVP candidate couple characterized by
small values of proper orbital elements (daP, eP, sin IP), which helps
to minimize the unrelated background Trojan population (Section 2).
Staying near the L4 libration point, we find 219902 (2002 EG134) and
432271 (2009 SH76) at δVP � 4.9 m s−1 distance. This couple has
also appreciably small probability p � 1.5 × 10−6 to be a random
fluke and it has been highlighted by a green circle in Fig. 6. The
proper elements read daP � (7.0372 ± 0.0004) × 10−3 au, eP �
(3.87534 ± 0.00004) × 10−2 and sin IP � (9.496 ± 0.003) × 10−2

for (219902) 2002 EG134, and daP � (7.2950 ± 0.0006) × 10−3 au,
eP � (3.87652 ± 0.00004) × 10−2 and sin IP � (9.469 ± 0.002)
× 10−2 for (432271) 2009 SH76 (for reference, we again mention
their quite small libration amplitudes 1.44◦, resp. 1.48◦). This is a
configuration reminiscent of the (258656) 2002 ES76–2013 CC41

case, though each of the three proper elements is slightly larger
now. The relative velocity δVP is again entirely dominated by the
proper inclination difference, this time somewhat smaller than in
the (258656) 2002 ES76–2013 CC41 case (only �0.015◦). Assuming
geometric albedo value 0.075, we obtain sizes of �12.8 km and
�(7.3–8.1) km for (219902) 2002 EG134 and (432271) 2009 SH76,
considering absolute magnitude values from the major three small-
body ephemerides sites as above. While little larger, it still places
this couple into the same category of very small Trojans as (258656)
2002 ES76–2013 CC41.

We repeated the convergence experiment using geometrical clones
from Section 3.3.1. In particular we considered nominal (best-fitting)
orbits of (219902) 2002 EG134 and (432271) 2009 SH76, and for
each of them we constructed 20 geometrical clone variants of the
initial data at MJD58800 epoch. We again used information from the
AstDyS website and noted that both initial orbits of components
in this possible couple have smaller uncertainties in all orbital
elements than the orbits of (258656) 2002 ES76 and 2013 CC41.
This is because their longer observation arcs and more data available
for the orbit determination. We propagated these 42 (21+21) test
bodies backwards in time to 1.5 Gyr before present. Perturbations
from all planets were included and every 500 yr configuration of the
nominal orbits and accompanied clones for the two bodies compared.
A criterion for convergence included δV ≤ 2 m s−1 from equation (3),
and small eccentricity and inclination differences. In particular, we
required δe ≤ 10−4 and δI ≤ 0.029◦. These values are only slightly
larger than the difference in the corresponding proper values and
each represent a few metres per second contribution in (1).

Results are shown in Fig. B1 which has the same structure as the
Fig. 9, previously given for the (258656) 2002 ES76 and 2013 CC41

couple. The main take-away message is in the bottom panel, which
shows maximum nodal difference between clones of (219902)
2002 EG134 and its nominal orbit as a function of time to the past.
The slope of the initially linear trend (lasting approximately 50 Myr)
is simply given by maximum δs proper frequency among clones from
the initial data difference. The non-linearity, which develops at later

epochs, is due to orbital long-term chaoticity. While for the (258656)

Figure B1. The same as Fig. 9 but for the (219902) 2002 EG134–(432271)
2009 SH76 couple of Trojans: past orbital histories of nominal orbits and
20 geometrical clones each compared every 500 yr and convergent solutions
within δV ≤ 2 m s−1 limit combined in 50 kyr bins. Top panel gives the
number of solutions for all possible combinations of clones (red histogram).
The grey line gives |δ�| of the nominal orbit of (219902) 2002 EG134 and
(432271) 2009 SH76 (see also the right ordinate). The green line at the bottom
panel shows the maximum difference in longitude of ascending node between
the clones of (219902) 2002 EG134 and the longitude of ascending node of its
nominal orbit, compared with the same information for (258656) 2002 ES76

given in Fig. 9).

2002 ES76 and 2013 CC41 couple the chaotic effects were very
minimum, the nodal difference between (258656) 2002 ES76 clones
and the nominal orbit increased to only �4◦ in 1.5 Gyr. At the end
of our run the nodal difference expanded to �260◦. Given the very
limited number of clones we had, this works again identification of
convergent solutions. Note that beyond �970 Myr, where we would
expect more convergent cases, we could satisfy the convergence
criteria of only few metres per second described above only rarely.
CPU-demanding effort with many more clones would be needed to
achieve the desired convergence limits.

We repeated the same experiment for several other candidate
couples from the small-δVP sample, including the case of (215110)
1997 NO5–2011 PU15 (see Fig. 2), but observed even faster onset
of the clone diffusion in the Trojan orbital phase space. This was
due to their large eP and/or sin IP values, as well as larger libration
amplitudes. Their systematic analysis is beyond the scope of this
paper.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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5
Paper 4 - Astrocladistics of the Jovian

Trojan Swarms

This is the culmination of the PhD project. This paper was published April 2021 (Holt et al.,
2021). In this paper I expand on the astrocladistical method to include wide-field surveys.
This paper will form the basis of the astrocladistical methodology in the planetary science
context.

5.1 Abstract

The JovianTrojans are two swarmsof small objects that share Jupiter’s orbit, clustered around
the leading and trailing Lagrange points, L4 and L5. In this work, we investigate the Jovian
Trojan population using the technique of astrocladistics, an adaptation of the ‘tree of life’ ap-
proach used in biology. We combine colour data from WISE, SDSS, Gaia DR2 and MOVIS
surveys with knowledge of the physical and orbital characteristics of the Trojans, to generate
a classification tree composed of clans with distinctive characteristics. We identify 48 clans,
indicating groups of objects that possibly share a common origin. Amongst these are several
that containmembers of the known collisional families, though ourwork identifies subtleties
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in that classification that bear future investigation. Our clans are often broken into subclans,
and most can be grouped into 10 superclans, reflecting the hierarchical nature of the popu-
lation. Outcomes from this project include the identification of several high priority objects
for additional observations and aswell as providing context for the objects to be visited by the
forthcoming Lucy mission. Our results demonstrate the ability of astrocladistics to classify
multiple large and heterogeneous composite survey datasets into groupings useful for studies
of the origins and evolution of our Solar system.

5.2 Associated Presentations and Publications

There is a GitHub associated with this paper: https://github.com/TimHoltastro/
holt-etal-2021-Jovian-Trojan-astrocladistics. TheUniversity of SouthernQueens-
land also created a press release associated with the paper: [University of Southern Queens-
land researcher swaps dinosaur bones for fossils of the Solar system]

5.2.1 Aug. 2018: IAU XXX - Focus Meeting 1 - A Century of Asteroid Families -
Oral presentation

Cladistics as a tool in Asteroid Taxonomy: The Jovian Trojan Asteroids.
Holt, Timothy. R., Horner, Jonathan., Nesvorny, David., Carter, Brad., Tylor, Christopher.
and Brookshaw, Leigh
Abstract
Cladistics is traditionally used in the biological sciences to examine the relationships between
organisms, commonly referred to as the ‘tree of life’. Recent works in galactic taxonomy, stel-
lar phylogenetics and satellite classification have expanded the technique into astronomy, col-
lectively called astrocladistics. The advantage of this method over other analytical techniques
is the inclusion of objects with limited information. A full data-set can then be used without
truncation. Our aim is to present how cladistics may be used to study asteroid taxonomy.
We start by using the Jovian Trojan asteroids as an example population. The Jovian Trojan
asteroids are two swarms of captured asteroids, located at the L4 and L5 Lagrange points of
Jupiter. The Jovian Trojans provide a test case, as several have well known characteristics,
while themajority have limited information available, with the complete population of com-
putationally manageable size. The cladistical method involves the use of algorithms to link
possibly related objects in a parsimonious fashion. The results are presented as a dendritic
tree, where related objects are closer to one another. Using the cladisical method, we classify
the Jovian Trojan swarms, using the inherent characteristics of the asteroids. The resulting
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taxonomic system can then be compared with existing classifications and identified dynam-
ical families. We present preliminary results from this study, with an indication of how the
cladistical technique could be expanded to larger data-sets, and used in the of future asteroid
taxonomy.
Publication: International Astronomy Union General Assembly XXX, Focus Meeting 1 - A
Century of Asteroid Families. Vienna, Austria.
Pub Date: September 2018

5.2.2 Sept. 2019: EPSC-DPS joint meeting - Oral presentation

The use of Multiple large-scale Surveys in Astrocladistics: The Jovian Trojans
Holt, Timothy; Horner, Jonathan; Nesvorny, David; King, Rachael; Carter, Brad; Tylor,
Christopher
Abstract
Cladistics is traditionally used to study the relationships between living things. We expand
the use of the technique in the planetary sciences, specifically the Jovian Trojans, adding to
the field of astrocladistics. By incorporating data from three surveys, WISE, SDSS and GA-
IA, we can improve our understanding of these objects. This work establishes a framework
for the technique that could be used in the next generation of surveys, including LSST.
Publication: EPSC-DPS Joint Meeting 2019, held 15-20 September 2019 in Geneva, Switzer-
land, id. EPSC-DPS2019-289
Pub Date: September 2019

5.2.3 Oct. 2020: DPS 52 - Oral presentation

Holt, T. R.; Horner, J.; Nesvorny, D.; King, R.; Carter, B. D.; Tylor, C. C.
Abstract
A recently developed technique, ‘astrocladistics’, has been used to analyze a variety of astro-
nomical objects, from galaxies to the satellite systems of the giant planets. The method was
originally developed in a biological context, the ‘Tree of Life’, and adapted for use in astron-
omy. In this work, we use the novel astrocladistical method to examine the relationships
between objects in the Jovian Trojan population - two swarms of small Solar system bodies
that librate around the L4 and L5 Lagrange points of Jupiter. These objects are of particular
interest for researchers as it is thought theywere captured to their current location early in the
Solar system’s history. Given the importance of such studies, six Trojans are due to be visited
by the Lucy spacecraft, launching in 2021. For each Trojan in our astrocladistical analysis, a
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set of binned characteristics are used, including dynamical properties, albedo, density, along
with color ratios from SDSS, WISE, Gaia DR2, and the MOVIS surveys. Not all Trojans are
present in each survey, and these differences in available data are accounted for in the algorith-
m. This highlights one of the advantages of astrocladistics, namely its ability to work with
incomplete datasets and return meaningful results. We limit the selection for this study to
those Jovian Trojans that have color measurements from at least one survey, including each
of the Lucy targets. The results are dendritic trees, which allow us to visualize the relation-
ships between the JovianTrojans. One of the outcomes of this project is the ability to identify
additional, high priority targets for observation. By clustering the population into clans, sev-
eral mid-sized objects are identified that could provide valuable additional information from
follow-up observations. An additional outcome from the analysis is that we are able to make
preliminary characterization of objects, even where information is limited. We demonstrate
this with some remarks on a recently identified Trojan pair, the first such relationship to be
identified in the population. These outcomes highlight two of the potential ways that astro-
cladistics can be used in a planetary science context. Publication: AAS Division of Planetary
Sciencemeeting 52, id. 401.06D. Bulletin of the AmericanAstronomical Society, Vol. 52, No.
6 e-id 2020n6i401p06D
Pub Date: October 2020

5.2.4 Jan. 2021: COSPAR - Oral presentation

Using astrocladistics in Small Body research: The Jovian Trojans
Holt, T. R.; Horner, J.; Nesvorny, D.; King, R.; Carter, B. D
Abstract
Astrocladistics is a recently developed technique that has been used to analyses a variety of as-
tronomical objects, from Galaxies to the satellite systems of the Giant Planets. The method
borrows from biology, the ‘Tree of Life’, to examine the relationships between various astro-
nomical objects. In this work, we apply the novel astrocladisticalmethod to the JovianTrojan
population. The Jovian Trojans are two swarms of small Solar system bodies that are located
at the Lagrange points of Jupiter. These objects represent a test case for astrocladistics, as they
include several collisional families, as well as a history dating back to the early Solar system.
The population is also due to visited by the Lucy spacecraft, launching in 2021. The astro-
cladistical method begins with the creation of a 2d matrix. For each object, in this case, the
Jovian Trojans, a set of binned characteristics are used. We used the proper orbital and libra-
tion dynamical characteristics, albedo, density, and color ratios where available. The colour
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ratios are sourced frommultiple datasets, including the SDSS,WISE,GIADR2, andMOVIS
surveys. Not all Trojans are present in each survey and these are accounted for in the algorith-
m, highlighting one of the advantages of astrocladistics, it’s use in incomplete datasets. We
do limit the selection for this study to those Jovian Trojans that have colours in at least one
survey, creating twomatrices, one for each of the L4 and L5 swarms. The result are dendritic
trees, visualising the relationships between the Jovian Trojans. Here we present the results
of astrocladistical analysis performed on the two Jovian Trojan swarms. Each swarm can be
split into many clans, and several superclans. Some of these clans correlate with previously
identified collisional families, and the limited number of taxonomic classes identified in the
swarms. In analysing the Jovian Trojan swarms, we highlight the advantages of astrocladis-
tics, further validating it’s applicability to the Planetary sciences. The example of the Jovian
Trojans provides a basis for the use of astrocladistics in future analysis of larger populations
of small Solar system bodies.
Publication: 43rd COSPAR Scientific Assembly, id. B1.1-0041-21
Pub Date: January 2021
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Figure 1. Distribution of the Jovian Trojans after Horner et al. (2020).
The upper panels show the positions of the Trojans relative to the planets
on 2000 January 1, 00:00 in XY (left-hand panel) and XZ (right-hand
panel) planes. The lower panels show the Trojans in semimajor axis versus
inclination space (left-hand panel) and semimajor axis versus eccentricity
space (right-hand panel). All data from NASA HORIZONS (Giorgini et al.
1996), access on 2020 October 13. The black points are initially stable objects,
from the AstDyS (Knežević & Milani 2017) data set. The grey points are
potentially transient objects. The blue points identify those objects used in this
work.

Jupiter and Saturn migrated away from the location of the instability,
the Jovian Trojan clouds would have become stable once again,
freezing in place those temporarily captured Trojans, making their
capture permanent (Roig & Nesvorný 2015). More recently, it has
been suggested that the required instability in the outer Solar system
may have been triggered by the ejection of a fifth giant planet
(Nesvorný & Morbidelli 2012; Deienno et al. 2017) from the Solar
system. This scenario has become known as the Jumping-Jupiter
model, and has been invoked to explain a number of peculiarities in
the distribution of Solar system small bodies, including the origin of
the Jovian Trojans.

A recent alternative to the scenarios painted above proposes instead
that the Trojans were captured from the same region of the Solar
system’s protoplanetary disc as Jupiter, and were both captured and
transported during the planet’s proposed inward migration (Pirani
et al. 2019a). A recent update to this in-situ transport model (Pirani,
Johansen & Mustill 2019b) explains the observed excitation in
the orbital inclinations of the Jovian Trojans, which is a natural
byproduct of the chaotic evolution proposed in the Nice and Jumping-
Jupiter models, by invoking mixing in the Jovian feeding region.
Therefore, the observed inclinations are considered to be primordial
in these simulations, and are preserved during transportation as
Jupiter migrates. In contrast to the idea that the captured Trojans
formed on inclined orbits, earlier studies of smooth, non-chaotic
migration (e.g. Lykawka & Horner 2010) showed that Jupiter could
capture a significant population of Trojans. The common feature of
all of the proposed capture models, however, is that the capture of the
Jovian Trojans occurred during the Solar system’s youth (Emery et al.
2015). These two competing theories for the origins of the Trojans
highlight the importance of the population in our understanding of
the early Solar system.

1.1 Taxonomy and wide field surveys

The methods by which the Solar system’s small bodies are classified
can be broken down into two broad categories. First, the objects are
grouped based on their orbital parameters, in combination with any
evidence of cometary activity, into broad dynamical clusters (Near-
Earth Asteroid; Main Belt Asteroid; Centaur etc. see Horner et al.
2020, for review). Those objects can then be further classified based
on their visual and infrared spectra. This classification is useful as the
resulting taxonomy can indicate that certain objects share a common
origin.

Building on an original taxonomy by Tholen (1984, 1989), the
modern iteration of this observationally motivated categorization is
based on the works of Bus (2002) and DeMeo et al. (2009, 2015),
and is collectively termed the Bus–DeMeo taxonomy (see DeMeo
et al. 2015, for summary). In this taxonomy, spectra are used to
place objects into categories known as ‘types’. Each type reflects a
major compositional category, for example, the C-types are the most
numerous and correspond to Carbonaceous chondrite meteorites.
Since the Bus–DeMeo taxonomy requires spectral information in
order to classify asteroids, its use is naturally limited to those objects
bright enough for such data to have been obtained – either through
wide-field surveys, or targeted observations. As a result, to date
less than 1 per cent of the Trojan population have been officially
classified under this scheme. In the initial Tholen (1984, 1989) data
set, 22 Trojans were classified, with a further 12 in the small Solar
system Object Spectral Survey (S3OS3) (Lazzaro et al. 2004). In
these initial surveys, D-types (85.29 per cent) were found to dominate
the population. This is consistent with the dynamical modelling, as
the D-types are thought to have formed in the outer Solar system
(Morbidelli et al. 2005; Levison et al. 2009) and those found in the
Main belt are interlopers (DeMeo et al. 2014).

Two large members of the Trojan population, 617 Patroclus (1906
VY) and 588 Achilles (1906 TG), were initially classified as P-
type objects, though in recent years, that category (P-type) has been
degenerated into the X-types (Bus 2002; DeMeo et al. 2009). For this
work, we substitute any members of the ‘P-type’ from their original
works into the X-types, including the hybrid ‘DP-type’ (now DX-
type) and ‘PD-type’ (now XD-type). Amongst the small number of
Trojans classified in those initial studies, the population was found to
include another X-type, 3451 Mentor (1984 HA1), and an Xc-type,
659 Nestor (1908 CS), as well as two C-types, namely 4060 Deipylos
(1987 YT1) and 1208 Troilus (1931 YA).

Following these initial spectral surveys, Bendjoya et al. (2004)
investigated 34 Trojans spectrally between 0.5 and 0.9μm, finding
again that the majority were D-type (70.6 per cent), with several
X-types (11.7 per cent) and C-types (5.8 per cent). There were two
objects, 7641 (1986 TT6) and 5283 Pyrrhus (1989 BW), that showed
a negative slope and were not classified, although 7641 (1986 TT6)
was later classified as D-type by Hasselmann, Carvano & Lazzaro
(2012), based on new observations. In a larger set of visual spectral
surveys, Fornasier et al. (2004, 2007) examined a further 80 Jovian
Trojans, and added their classifications. Though these classifications
comprise a total of just 2.14 per cent of the Trojan population, they
can still provide indications of the compositional distribution of the
population as a whole.

In recent years, a number of studies have begun to gather data on
the colour and physical properties of the Trojans. Wide-band surveys
can give indications of taxonomic classification, circumventing the
need for full spectra to be obtained of object. Several studies have
investigated the colours of the Jovian Trojans (e.g. Emery & Brown
2003; Dotto et al. 2006). Once again, the initial observations were
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limited in number, yielding data for less than 100 objects in the Jovian
swarm in the infrared (Emery & Brown 2003; Emery, Cruikshank &
Van Cleve 2006; Emery, Burr & Cruikshank 2011), visual (Fornasier
et al. 2004; Dotto et al. 2006; Fornasier et al. 2007), and broad-
band UBVRI (Karlsson, Lagerkvist & Davidsson 2009). As in the
prior studies, these initial surveys found that the majority of objects
studied were best classified as D-types.

With the current generation of large ground-based facilities and
space telescopes, recent years have seen a significant increase
in the numbers of Trojans being observed and given preliminary
classifications. Grav et al. (2012) observed 557 Trojans at infrared
wavelengths, using two Wide-field Infrared Survey Explorer (WISE)
filters. In doing so, they confirmed the prevalence of D-types in the
Trojan population, with such objects dominating both the L4 and
L5 swarms, independent of the size of the Trojans studied (Grav
et al. 2011). Grav et al. (2011, 2012) noted that the population in
the WISE data set was quite heterogeneous, with a mean albedo
of 0.07 ± 0.03. In the visual five-band Sloan Digital Sky Survey
(SDSS) catalogue (Carvano et al. 2010; Hasselmann et al. 2012), a
total of 461 Trojans have been classified. Unlike previous surveys,
the catalogue includes a measure of the confidence in the assigned
taxonomy. Of the 461 objects in the SDSS data set, only 106 have
significantly high confidence value, greater than 50, to be considered
valid classifications. In using this data set to make inferences about
asteroid taxonomy as across the Solar system, DeMeo & Carry (2013,
2014) noted that again, the Jovian Trojans are heterogeneous in
comparison to other populations.

In summary, taking data from each of these data sets (Tholen
1989; Bendjoya et al. 2004; Fornasier et al. 2004, 2007; Lazzaro
et al. 2004), including those Trojans classified in the SDSS catalogue
with a confidence score of greater than 50 (Hasselmann et al. 2012),
there is a canonical set of 214 Trojans that are classified under the
Bus–DeMeo taxonomy.2 As other authors have noted (Grav et al.
2012; Hasselmann et al. 2012; DeMeo & Carry 2013; Emery et al.
2015), 72.2 per cent are classified as D-type, which is a much higher
fraction than is seen in the Main Belt (DeMeo & Carry 2013; DeMeo
et al. 2014; DeMeo et al. 2015) and in the Hilda (Wong & Brown
2017) populations. The remainder of the Trojans classified to date
in the canonical set are split between the C-types (10.8 per cent) and
X-types (16.5 per cent).

The current generation of surveys are laying the groundwork for
our future exploration of the Trojan population. A NASA discovery
class mission, Lucy, is set to visit six Jovian Trojans between 2025
and 2033. One of the justifications for this mission is the diversity
of taxonomic classes found in the population (Levison et al. 2017),
with the mission visiting two C-types, two D-types and two X-types.
The mission will also visit 3548 Eurybates (1973 SO), a C-type
and the parent body of a collisional family. In combination with the
Lucy mission, in the coming decades, several relevant observational
surveys coming online including the Vera Rubin Observatory, with
the Legacy Survey of Space and Time (Rubin Obs. LSST; LSST
Science Collaboration 2009), the James Web Space telescope (JWST
; Rivkin et al. 2016), Twinkle (Savini et al. 2018), and Nancy
Grace Roman Space Telescope (RST, formally WFIRST; Milam
et al. 2016). We explore these in further depth, with a specific
focus on how they relate to the Jovian Trojans and our work, in
Section 6.

2The taxonomy is included in the online data sets, available from the Github
repository for this study https://github.com/TimHoltastro/holt-etal-2021-Jov
ian-Trojan-astrocladistics.git

1.2 Clustering methods

Contemporary studies of the Jovian Trojans have attempted to
identify groups of objects within the population that share common
dynamical properties. The most effective of these models to date
has been the Hierarchical Clustering Method (HCM; Zappala et al.
1990). Several collisional families have already been identified in the
Trojan population using this method, despite the number of known
Trojans being some two orders of magnitude smaller than the known
population of the main belt (e.g. Milani 1993; Beauge & Roig 2001;
Nesvorný, Brož & Carruba 2015). Another family identification
method uses the size-dependent drift pattern due to the Yarkovsky
effect (Bottke et al. 2006) to identify ancestral dynamic families
in main-belt Asteroids (Walsh et al. 2013; Bolin et al. 2017, 2018;
Deienno, Walsh & Delbo 2020). The technique, while useful in the
Main belt, has reduced usefulness in the Trojans. This is due to the
dependence of the Yarkovsky effect on the Solar flux. At the 5.2 au
mean semimajor axis of the Jovian Trojans, the mean Yarkovsky
effect is minimal, particularly for Trojans over 1 km in diameter
(Wang & Hou 2017; Hellmich et al. 2019).

The HCM is a technique that uses Gauss’ equations to find groups
in proper element (semimajor axis, eccentricity, and inclination)
parameter space (Zappala et al. 1990). The rationale behind these
calculations is that the dispersal velocities of the clusters created
by the collisional disruption of an object would be similar to the
escape velocities of the parent body. The unique dynamical situation
of the Jovian Trojans makes the identification of dynamical families
using the traditional HCM difficult. Despite this, several collisional
families are thought to be present amongst the Trojan population
(e.g. Nesvorný et al. 2015). More modern dynamical analysis of
the Jovian Trojans has identified a total of six canonical families
(Brož & Rozehnal 2011; Emery et al. 2015; Nesvorný et al. 2015;
Vinogradova 2015; Rozehnal et al. 2016). The individual members
and numbers in each work are inconsistent, and for this work we
follow the canonical six families found in Nesvorný et al. (2015), with
their associated members. There are two other modern sets that could
be considered, Rozehnal et al. (2016) or Vinogradova & Chernetenko
(2015). Vinogradova & Chernetenko (2015) found families in the
L4 swarm using HCM with independently derived proper elements,
though questioned the existence of any families in the L5 swarm.
Rozehnal et al. (2016) is incorporated into the canonical set Nesvorný
et al. (2015), with several exceptions in the population. In our
discussion, we note where these differ from the canonical set
(Nesvorný et al. 2015). Initial imaging surveys suggested that there
is some spectral conformity within these dynamical families in the
Jovian Trojans (Fornasier et al. 2007). More recent observational data
has brought this into question (Roig, Ribeiro & Gil-Hutton 2008),
with a heterogeneity being seen in the colours of the identified family
members.

The disadvantage of the HCM system is that it only identifies
recent family breakups, with the vast majority of objects considered
‘background’. Another issue with HCM is the issue of ‘chaining’,
where families are identified with interlopers included due to near
proximity in phase space. In an attempt to overcome some of
these issues Rozehnal et al. (2016) offer an expansion to the HCM
developed by Zappala et al. (1990). This new ‘randombox’ method
uses Monte Carlo simulations to gain statistics on the probability
that the identified clusters are random in parameter space. Carruba &
Michtchenko (2007) also tried using elements in the proper frequency
domain instead of orbital element space to overcome some of the
issues of the HCM. The inclusion of ‘background objects’ can
be further mitigated by the inclusion of colours (Parker et al.
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2008), albedo (Carruba et al. 2013), and taxonomy into the family
identification pipeline (Milani et al. 2014; Radović et al. 2017),
though these methodologies have focused on the Main-belt families.

Though these methods do improve some of the faults identified
in HCM, they still suffer from the issues inherent to the method.
In order to use the HCM, a complete parameter space is required.
This restricts the data set in one of two ways, due to the limited
information available for most small Solar system bodies. For the
majority of family identification work, (for review, see Nesvorný et al.
2015), only the dynamical elements are used. In order to expand the
technique to include photometric information, albedo and colours,
the number of objects needs to be restricted. For example, Carruba
et al. (2013) used a subset of only 11 609 main belt asteroids, out of
the approximately 60 000 available in the Sloan Digital Sky survey
(SDSS) (Ivezić et al. 2002), 100 000 from WISE (Masiero et al.
2011), and over 400 000 for which proper elements were available
at the time. In the main-belt, Milani et al. (2014) similarly attempted
to combine together the AstDys data base consisting of ∼340 000
asteroids, the WISE (Masiero et al. 2011) data base consisting of
∼95 000 asteroids and the SDSS data base (Ivezić et al. 2002)
consisting of ∼60 000 asteroids into family classifications.

In order to overcome some of the issues inherent in the HCM,
as well as incorporating disparate colour surveys, in this work, we
apply a technique called ‘cladistics’ to the Jovian Trojan swarms.
Cladistics is traditionally used to examine the relationships between
biological organisms, and has played an important role in the study
of our own history as a species. The namesake of the Lucy mission,
a near complete Australopithecus afarensis, was used in some of the
first hominid cladistical investigations (Johanson & White 1979;
Chamberlain & Wood 1987), and continues to be an important
resource for studies into human origins today (Parins-Fukuchi et al.
2019).

The premise of the cladistical method is that characteristics are
inherited through descent. It is then inferred that organisms with
similar characteristics are related to one another. As cladistics
was originally developed to incorporate incomplete fossil records
(Hennig 1965), not all characteristics need to be known in order for
a cladistical analysis to be carried out. This allows for the use of
a larger number of characteristics and organisms, without needing
to truncate the data set due to missing values. Whilst cladistics can
account for these unknown characteristics, the more that is known
about an object/organism, the more confidence that can be placed
in the analysis. Minimizing missing data in the analysis would
also decrease the number of equality parsimonious trees, trees that
minimize the number of changes, produced during the analysis. The
result of a biological cladistical analysis is a hierarchical dendritic
tree, the ‘Tree of Life’ (e.g. Darwin 1859; Hennig 1965; Hug et al.
2016), in which those organisms that are most closely related to one
another are joined by the shortest branch lengths. The advantage of
cladistics over other analytical techniques is that it allows the use
of multiple characteristics from disjointed data sets, including those
that are unknown in some objects.

The application of cladistics in an astronomical context is anal-
ogous to the biological framework, in that it facilitates the identifi-
cation of groups of objects that likely share a common origin. For
example, the members of collisional families are expected to cluster
together, due to similarities in their orbital and physical elements.
The previously identified collisional families can thus be used to
comment on the cladistical methodology. The technique has already
been used in a growing body of work called ‘astrocladistics’ (Fraix-
Burnet, Choler & Douzery 2006). Astrocladistics has been used to
study a wide range of astronomical objects, including galaxies (e.g.

Fraix-Burnet et al. 2006), gamma-ray bursts (e.g. Cardone & Fraix-
Burnet 2013), and stellar phylogeny (Jofré et al. 2017). Within the
planetary sciences, Holt et al. (2018) used the technique to investigate
the satellite systems of Jupiter and Saturn.

1.3 This work

This is the first time that astrocladistics has been applied to large Solar
system survey data sets. The extension of the technique presented in
Holt et al. (2018) to these large data sets could greatly improve our
understanding of the relationships between Solar system objects. By
increasing the number of Solar system objects that can be studied
using astrocladistics, this project will help us to establish the method
as a valid analytical tool for the planetary science community. To
do this, we combine proper orbital elements (Knežević & Milani
2017), WISE albedos (Grav et al. 2012), SDSS colours (Hasselmann
et al. 2012), G-band colour from the Gaia DR2 (Spoto et al. 2018)
data sets, and the Moving Objects from VISTA Survey (MOVIS)
near-infrared colours (Popescu et al. 2018), into a single cladistical
analysis. As a result, this paper will provide a methodological basis
for future astrocladistical studies in the planetary sciences.

In Section 2, we present an overview of the methodology of our
work, and describe how astrocladistics is applied in the context of
the Jovian Trojan population. Section 3 shows the results of the
Jovian Trojan L4 and L5 swarm taxonomic analysis, including the
dendritic trees and a discussion of the previously identified collisional
families. As part of our analysis, we identify multiple objects of
interest, presented in Section 4. The implications for the targets of
the Lucy mission are discussed in Section 5. In Section 6, we discuss
the implications of our work in the context of the next generation of
wide-field surveys that are coming online in the next decade. Finally,
we draw our conclusions in Section 7.

2 DATA SE T S A N D M E T H O D S

Here we present an overview of the cladistical methodology used
in a planetary science context. For a more detailed overview of the
techniques involved, we direct the interested reader to Holt et al.
(2018).

2.1 Matrix and characteristics

Each analysis begins with the creation of a 2D matrix that contains
all known information about the objects of interest – in this case,
the Jovian Trojans. Individual objects are allocated a row in that
matrix. The columns of the matrix contain information on a different
characteristic of the objects studied – including their physical
properties and orbital elements.

The great advantages of using the cladistical methodology is that
it can take a wide and disparate set of characteristics for a group
of objects, and can cope with incomplete data sets. To illustrate the
breadth of characteristics that can be incorporated into a cladistical
study, in this work we bring together the proper elements of the
Jovian Trojans, retrieved from AstDyS (Knežević & Milani 2017),
geometric albedos from NASA HORIZONS (Giorgini et al. 1996),
simulated libration properties, the WISE albedos (Grav et al. 2011),
SDSS (Carvano et al. 2010) colours, Gaia DR2 G-band colour (Spoto
et al. 2018), and MOVIS colours (Popescu et al. 2016, 2018; Morate
et al. 2018).

Due to the unique dynamics of the Jovian Trojans, the instan-
taneous osculating orbital elements cannot be used for taxonomic
proposes (e.g. Beauge & Roig 2001; Brož & Rozehnal 2011). The
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Figure 3. Size–Frequency distribution (SFD) of the Jovian Trojan population
(black solid), L4 (black dashed), and L5 (black dot) swarms. We show the
SFD of objects used in this work in blue, showing a completeness to 25 km.
An estimated complete SFD distribution of the Jovian Trojans (red) is also
shown (Nesvorný 2018).

space, the Jovian Trojans are relatively stable (e.g. Nesvorný 2002;
Robutel & Gabern 2006; Emery et al. 2015; Holt et al. 2020a),
and therefore any changes in dynamical properties represent large
differences. In contrast to this, the colour ratios represent estimations
in compositional structure of the objects. These broad-band colours
can be affected by single changes in mineralogy (e.g. DeMeo et al.
2015; Reddy et al. 2015), and are thus unordered.

Simulations have suggested that some of the Jovian Trojans are
unstable on relatively short time-scales (e.g. Levison et al. 1997;
Tsiganis et al. 2005a; Di Sisto et al. 2014, 2019; Holt et al. 2020a).
In order to account for this, we use only those objects that are
present in the AstDyS data base (Knežević & Milani 2017). As
the creation of proper elements requires a degree of stability (e.g.
Knežević & Milani 2003), these objects are stable in the swarms
for at least 1 × 106 yr. In this initial phase, we also only select
those Trojans that have available observational data from at least
one of the four surveys, WISE, SDSS, Gaia, or MOVIS. The result
of this is the generation of two distinct matrices, one for each
of the two Jovian Swarms. The L4 data set is smaller with 398
objects, whilst the L5 matrix contains 407 objects. Though these
subsets are markedly smaller than the total known populations of
the two swarms, they offer a significant advantage over a possible
HCM set. For comparison, in the L4 swarm there are only five
objects, 4060 Deipylos (1987 YT1), 3793 Leonteus (1985 TE3),
5027 Androgeos (1988 BX1), 5284 Orsilocus (1989 CK2) and 4063
Euforbo (1989 CG2), and one, 7352 (1994 CO), in the L5 that are
present in all four surveys. Even if only the largest photometric data
set (SDSS; Szabo et al. 2007) is considered, our subsets are nearly
double those of a restricted HCM-type study (L4:176 objects, L5:232
objects).

The objects in our subsets are shown in the context of the swarms
in Fig. 1. In selecting only those objects with observational data
available from one or other of the named surveys, we acknowledge
that we are introducing a size bias, since larger objects are more likely
to have been surveyed. We show the size–frequency distribution of
our chosen objects in Fig. 3. This shows that our subset is complete
to approximately 25 km diameter.

In addition to the Jovian Trojans, a fictitious outgroup object is
created, with a base 0 for each of the characteristics. The function
of this outgroup is to root the trees. In the context of biological
cladistics, a related clade, but one that is outside the group of
interest, is selected as the outgroup (Farris 1982). In doing this,
the outgroup sets the base character state for each characteristic.
For astrocladistics of the Trojans, the dynamics make selection

of the outgroup more difficult, as there is no true ancestral state
from which ingroup characteristics are derived. For the synthetic
outgroup created for this study, the dynamical characteristics are
set close to 0 in proper � semimajor axis (�ap), eccentricity
(ep), and sine inclination (sinip). The calculated mean libration
values would be at the closest approach to Jupiter (56.42◦ and
285.72◦ for the L4 and L5 swarms, respectively), with low libra-
tion amplitudes (L4: 4.044◦, L5: 2.73◦). These values represent a
very stable area of the parameter space. In terms of albedo (L4:
0.024, L5: 0.031) and colours, the object would be very dark,
and have a featureless spectrum. Based on these parameters the
ougroup served the purpose of rooting each consensus tree without
being too close and considered part of the ingroups, or too far
away so that the relationship to the populations of interest were
lost.

Each matrix is available in the online supplemental material4 in
binned and unbinned form.

2.2 Trees

Each Mesquite taxon-character matrix is then used to create a
set of phylogenetic trees using Tree analysis using
New Technology (TNT) v1.5 (Goloboff, Farris & Nixon 2008;
Goloboff & Catalano 2016), via the Zephyr Mesquite package
(Maddison & Maddison 2015). This tree search is based on the
concept of maximum parsimony (Maddison, Donoghue & Maddison
1984). Each tree generated in the block has a length and in this
case, is a characteristic of the tree itself, and not of the individual
branches. This tree length is calculated on the bases of characteristics
changing states, for example a change from a 0 to a 1 would
constitute a 1 step value. In ordered characteristics, a change from
0 to 2 would be two steps, whereas in the unordered, would only
be one step. A tree with more changes in character state would
have a longer tree length. The TNT algorithm (Goloboff et al.
2008; Goloboff & Catalano 2016) rearranges the configuration of
the trees, attempting to find the set of trees with the lowest tree
length, creating a block of the most equally parsimonious trees,
those with the same minimum tree length. We use a drift algorithm
(Goloboff 1996) search by generating 100 Wagner trees (Farris
1970), with 10 drifting trees per replicate. These starting trees
are then checked using a Tree bisection and reconnection (TBR)
algorithm (Goloboff 1996) to generate a block of 10 000 equality
parsimonious dendritic trees. The Nexus files for both matrices, both
with and without the tree blocks, are available on the GITHUB
repository.5 A 0.5 majority-rules consensus tree can be constructed
(Margush & McMorris 1981) once the tree block is imported back
into Mesquite (Maddison & Maddison 2017). This tree is then a
hypothesis for the relationships between the Jovian Trojans in the
individual swarms.

As part of the consensus tree, each node (see Figs 4, 5 and 6)
shows the fraction of trees in the block that contain that node (Fnode).
This fraction is indicated in the relevent sections, Section 3.1 for the
L 4 swarm and Section 3.2 for the L 5 swarm, for each subclan, clan,
and superclan. The higher the prevalence of the node, with 1.0000
indicating that the node is in all 10 000 trees, gives higher confidence
in the grouping.

4https://github.com/TimHoltastro/holt-etal-2021-Jovian-Trojan-astrocladis
tics.git
5Available from https://github.com/TimHoltastro/holt-etal-2021-Jovian-Tr
ojan-astrocladistics.git
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Table 1. Comparison of times taken to generate each 10 000 tree blocks, as
described in Section 2.2. (subset) are the matrices used in this work, where
as (Pop) are the full known population at their respective Lagrange points.
No.: Number of objects in the matrix; Hrscpu: number of CPU hours taken to
generate tree block on a single core of Intel Xeon W-2133 CPU at 3.60GHz;
Ltree: Tree length; Ic: consensus index (Brooks, O’Grady & Wiley 1986) of
the 0.5 consensus tree; Ir: retention index (Naylor & Kraus 1995) of the 0.5
consensus tree.

No. Hrscpu Ltree Ic Ir

L4 (subset) 398 10.72 1635.37 0.123 0.751
L5 (subset) 407 10.69 1984.79 0.113 0.712
L4 (Pop) 3620 420.15 3926 0.041 0.899
L5 (Pop) 1920 372.2 2794 0.054 0.883

of a type object and the use of prefixes. Each clan is named after the
member that was first discovered. This object is designated the ‘type
object’. Due to observational bias, in most cases, the type object is
the largest member of the clan. The largest member of the group
is used as a reference point for the dispersal velocities explained
in Section 2.3, and termed the ‘reference object’. It is important
to note that the type object and the reference object in a clan can
be the same object, though this is not always the case. In order to
assist with any hierarchical grouping, we use the super and sub-
prefixes, to denote higher and lower groups. To further improve the
clarity of the hierarchical clusters, the superclan’s have ‘Greater’
affixed to the representative name. We choose five members as the
minimum number for a clan or subclan. This terminology forms a
basis for future expansion of the small Solar system body taxonomic
framework.

The Greater Ajax superclan, shown in Fig. 4, highlights the
hierarchical nature of this new terminology. The superclan is split
into two clans, the Ajax and Eurybates clans. The type object of
both the Greater Ajax superclan and the Ajax clan is 1404 Ajax
(1936 QW), whereas 3548 Eurybates (1973 SO) is the type object
of the Eurybates clan. Within both clans, there are two subclans. In
the Eurybates clan, there is the Anius subclan with type object 8060
Anius (1973 SD1), and the Eurybates subclans, along with three other
objects, namely 42554 (1996 RJ28), 55568 (2002 CU15), 316550
(2010 XE81), not associated with either subclan. In this example set,
the Trojan 3548 Eurybates (1973 SO) is therefore the type object of
both the Eurybates subclan and Eurybates clan, and is also a member
of the Greater Ajax superclan. In this example, 3548 Eurybates (1973
SO) is also the reference object used in dispersal velocity calculations
calculations for the Eurybates clan and subclan.

3.1 L4 swarm

In the L4 Trojan swarm, we analyse a total of 398 objects using the
astrocladistical methodology. A total of 10 000 equally parsimonious
trees were generated, a process that took 10 h , 43 min using a single
core of Intel Xeon W-2133 CPU at 3.60 GHz. The resulting consensus
tree is presented in Fig. 5. The tree has a consistency index of 0.123
(Brooks et al. 1986) and a retention index of 0.751 (Naylor & Kraus
1995). The consensus tree has a length of 1635.37.8

8The tree length, retention index, and consistency index are measures of
how accuracy a tree represents the true relationships. A smaller tree length
implies a more parsimonious, and thus likely tree (Goloboff 2015). The two
other indices are measures of homoplasy, the independent loss or gain of a
characteristic (Brandley et al. 2009). In both indices, a value of 1 indicates no
homoplasy, and thus no random events. The consistency index is the ratio of

The superclans, clans, and subclans identified in the L4 swarm are
listed in Table 2. In the L4 swarm, we identify a total of ten unaffiliated
clans and eight superclans containing an additional seventeen clans.
Each of these trees are shown in detail in Appendix B.

In the L4 swarm, there are four canonical collisional families
(Nesvorný et al. 2015). Here three are represented in the subset,
the 1996 RJ, Hektor and Eurybates families. All members of the
Eurybates, 1996 RJ, and Hektor families in the canonical set used
in this study are also in Rozehnal et al. (2016) and Vinogradova
(2015). There are no representatives of the canonical Arkesilaos
family, though Vinogradova (2015) associated this family with their
Epeios non-canonical family, of which the largest member, 2148
Epeios (1976 UW) is the type object of the Epeios clan. The only
member of the Hektor family, 624 Hektor (1907 XM), is the type
object of the Hektor clan, in the Greater Hektor superclan. The
Eurybates collisional family provides some place for comment.
Seven of the thirteen identified members are clustered the Ajax
clan, around 3548 Eurybates (1973 SO), the type object. There are
two other clusters of Eurybates family members, three objects in
the Philoctetes Clan, and another three that are unassociated with
any clan. The fact that these are clustered, but separated in the
consensus tree, may indicate that they are victims of ‘chaining’
in HCM, and thus not truly members of the collisional fam-
ily.

3.1.1 Unaffiliated L4 clans

Our results reveal ten clans in the L4 swarm that are unaffiliated
with any identified superclan, presented in Fig. B1. None of the
unaffiliated clans can be further split into subclans. Six of the unaf-
filiated clans, namely the Stentor, 1998WR10, Periphas, Halitherses,
Polypoites, and Ulysses clans, are located at the base of the L4 tree.
Each of the ten unaffiliated clans in the L4 swarm contain at least one
D-type object. The Agamemnon and Ulysses clans containing five
and six D-type members, respectively. The Halitherses clan contains
one X-type, 13475 Orestes (1973 SX), along with a single D-type,
13362 (1998 UQ16), indicating that there may be some heterogeneity
to these clans.

The dynamical stability of all members of the identified unaffili-
ated clan members was assessed by Holt et al. (2020a). Comparing
our list of those clans with the dynamical data from that work, we
find that most of the clans exhibit significant dynamic stability, at a
level that exceeds the mean stability of the L4 Trojan population as a
whole (with the simulations described in Holt et al. 2020a yielding
a mean escape fraction of 0.24 for the L4 cloud over the age of the
Solar system). The exception is the Periphas clan, which displays a
higher escape fraction (0.44) over the course of those simulations.

In the following sections, we discuss three of these unaffiliated
clans, the Stentor, Idonmeneus, and Thersander clans, highlighting
several interesting cases. The other seven clans, as shown in Fig. B1,
may contain objects of interest, though we leave further detail
discussion for future research.

Stentor clan: The first clan identified in our consensus tree
of the L4 Trojans (Fig. 5) is the Stentor clan, shown in more
detail in Fig. B1(h), after the type object 2146 Stentor (1976

the minimum number of changes in a tree, to the actual number (Givnish &
Sytsma 1997). The retention index is similar, but incorporates the maximum
number of changes into the index (Farris 1989). We direct the interested
reader to Gascuel (2005) for a more detailed analysis of the mathematics
behind these indices.

MNRAS 504, 1571–1608 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/504/2/1571/6207955 by  tim
othy.holt@

usq.edu.au on 18 M
ay 2021



Astrocladistics of the Trojans 1581

Table 2. Clans, superclans, and subclans identified in the L4 Trojan swarm. Name: Clan Name; N: Number
of objects; Dref: Reference object diameter; Vesc: Escape velocity of reference object; Fesc: fraction of objects
that escape the L4 Lagrange point, from Holt et al. (2018); �Vmref: mean dispersal velocity calculated from
inverse Gauss equations, see Section 2.3, to the reference object, with 1σ standard deviation; �Vmcen: as
�Vmref, with calculations to the fictitious cluster centre; Fnode: faction of trees in the block that contain the
node.

Name N Dref Vesc Fesc �Vmref �Vmcen Fnode

(km) (m s−1) (m s−1) (m s−1)

L4-Stentor 8 71.84 24.02 0.07 11.38 ± 7.85 10.25 ± 6.51 1.0000
L4-1998 WR10 5 34.95 11.69 0.02 26.02 ± 8.11 10.61 ± 5.33 0.7628
L4-Periphas 5 80.17 26.81 0.44 13.02 ± 6.11 10.61 ± 4.56 0.9216
L4-Halitherses 15 37.7 12.61 0.01 21.53 ± 12.28 15.63 ± 9.9 0.9422
L4-Polypoites 5 68.73 22.98 0 30.67 ± 9.95 15.49 ± 8.5 0.9799
L4-Ulysses 17 76.15 25.46 0.08 24.15 ± 12.43 14.25 ± 8.25 0.9694
L4-Idomeneus 6 112.05 37.47 0 9.81 ± 3.51 8.37 ± 3.7 1.0000
L4-Halaesus 10 50.77 16.98 0.06 12.3 ± 9.36 10.56 ± 6.34 1.0000
L4-Agamemnon 16 131.04 43.82 0.12 28.34 ± 12.5 21.41 ± 11.01 1.0000
L4-Thersander 10 65.92 22.04 0.14 21.82 ± 10.93 17.5 ± 12.43 0.9795
L4-Greater Achilles 35 130.1 43.51 0.06 16.91 ± 11.24 14.4 ± 8.6 0.9501
L4-Epeios 10 48.36 16.17 0 19.55 ± 7.42 8.57 ± 4.42 0.9987
L4-Achilles 9 130.1 43.51 0.15 9.9 ± 5.96 8.65 ± 6.54 0.9707
L4-1991EL 10 68.98 23.07 0.06 17.37 ± 13.76 12.69 ± 8.48 0.9799
L4-Greater Nestor 27 112.32 37.56 0.63 34.04 ± 20.11 29.81 ± 12.31 0.9507
L4-Eurymedon 6 45.68 15.28 0.3 20.96 ± 15.31 13.48 ± 6.9 0.9013
L4-Nestor 7 112.32 37.56 0.4 20.71 ± 13.1 14.84 ± 5.4 0.9709
L4-Greater Ajax 29 85.5 28.59 0.38 40.33 ± 26.27 32.91 ± 16.75 0.9290
L4-Ajax 12 85.5 28.59 0.6 18.06 ± 14.39 16.82 ± 10.65 0.9794
L4-Ajax Sub 4 85.5 28.59 0.64 11.29 ± 0.93 7.34 ± 2.62 1.0000
L4-Hiera Sub 4 59.15 19.78 0.36 8.31 ± 1.19 4.35 ± 0.85 1.0000
L4-2002 CQ134 Sub 4 32.16 10.75 0.81 36.08 ± 17.87 20.26 ± 11.97 0.9794
L4-Eurybates 16 63.88 21.36 0.23 32.58 ± 28.94 24.59 ± 14.67 0.9774
L4-Anius Sub 5 53.28 17.82 0.27 12.61 ± 10.34 10.42 ± 4.62 0.9010
L4-Eurybates Sub 8 63.88 21.36 0.24 25.23 ± 20.27 19.43 ± 2.22 0.9007
L4-Greater Hektor 28 225 75.24 0.54 31.47 ± 19.35 28.99 ± 21.63 0.9593
L4-Thersites 11 89.43 29.91 0.83 34.57 ± 33.85 27.49 ± 23.04 0.9792
L4-Hektor 17 225 75.24 0.35 31.43 ± 16.53 27.93 ± 16.05 1.0000
L4-Greater Diomedes 75 117.79 39.39 0.43 108.79 ± 36.64 41.85 ± 23.23 0.9782
L4-Philoctetes 26 33.96 11.36 0.38 25.19 ± 7.9 19.07 ± 11.21 0.9998
L4-Andraimon Sub 10 33.96 11.36 0.77 27.48 ± 6.64 23.91 ± 7.2 0.9796
L4-Diomedes 12 117.79 39.39 0.76 56.9 ± 28.09 40.6 ± 19.19 0.9427
L4-Lycomedes 20 31.74 10.61 0.45 33.18 ± 16.71 29.44 ± 16.14 0.9809
L4-Amphiaraos Sub 8 26.83 8.97 0.57 13.3 ± 4.33 10.18 ± 1.9 1.0000
L4-Greater Telamon 35 111.66 37.34 0.05 27.16 ± 15.83 21.68 ± 11.82 0.8646
L4-Telamon 5 64.9 21.7 0.27 26.96 ± 18.11 20.7 ± 6.98 0.9600
L4-Kalchas 6 46.46 15.54 0 16.88 ± 10.79 12.47 ± 4.59 1.0000
L4-Theoklymenos 19 111.66 37.34 0.03 25.71 ± 17.83 20.08 ± 12.5 0.8390
L4-Makhaon Sub 5 111.66 37.34 0.09 13.39 ± 6.05 8.22 ± 1.17 0.9691
L4-Greater Odysseus 36 114.62 38.33 0.11 24.17 ± 12.28 18.41 ± 9.07 0.9701
L4-Epistrophos 5 24 8.02 0 8.32 ± 3.94 6.99 ± 2.47 1.0000
L4-Odysseus 20 114.62 38.33 0 17.6 ± 11.75 12.54 ± 8.43 0.9797

UQ), and consists of a total of eight objects. The clan includes
the two identified members of the 1996 RJ collisional family,
226027 (2002 EK127 and 9799 (1996 RJ), (Nesvorný et al. 2015),
and it seems likely that the other members of the clan represent
previously undetected members of the collisional family. The type
object of this clan, 2146 Stentor (1976 UQ), is chosen over 9799
(1996 RJ), due to it being discovered nearly 20 yr earlier. In this
clan, although 2146 Stentor (1976 UQ) (50.76 km) is the type
object, 7641 (1986 TT6) is used as the reference frame for our
calculations of the clan member’s dispersion in �Vref, as the available
observational data suggest that it has the largest diameter in the clan
(71.84 km).

Unfortunately, no members of this clan have been classified under
the Bus–Demeo system. Almost all members of this clan were found
to be dynamically stable in the simulations carried out by Holt et al.
(2020a), with the one exception being the clones of the type object,
2146 Stentor (1976 UQ). More than half of the clones of that object
(56 per cent) escaped from the Jovian Trojan population over the
4.5 × 109 yr of those simulations. The stability of the remainder of
the clan is likely the result of most of the members having low δaprop

(<0.036 au), mean libration angles (<3.5◦ from the Lagrange point)
and range (<14◦).

The clan has relatively compact Gaia G magnitude values (17.56
to 18.11 mag), though there are only two similar sized members,
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Table 3. Clans, superclans, and subclans identified in the L5 Trojan swarm. Name: Family Name; N: Number
of members; Dref: Reference object diameter; Vesc: Escape velocity of reference object; Fesc: fraction of objects
that escape the L5 Lagrange point, from Holt et al. (2018); �Vref: dispersal velocity relative to the reference
object (calculated using the inverse Gauss equations; see section 2.3), with 1σ standard deviation; �Vcent: as
�Vref, with calculations to the fictitious cluster centre; Fnode: faction of trees in the block that contain the node.

Name No. Drefobj Vesc Fesc �Vref �Vcent Fnode

(km) (m s−1) (m s−1) (m s−1)

L5-Asteropaios 17 57.65 19.28 0.06 25.94 ± 11.96 15.48 ± 6.14 0.9304
L5-Lykaon Sub 5 50.87 17.01 0.07 10.22 ± 2.14 7.06 ± 1.84 0.9588
L5-1988 RS10 Sub 7 32.14 10.75 0.02 9.97 ± 6.12 8.31 ± 5.99 0.8942
L5-Dolon 20 42.52 14.22 0.31 46.28 ± 27.85 34.71 ± 19.81 0.9999
L5-Erichthonios Sub 5 27.53 9.21 0.04 13.36 ± 10.86 9.95 ± 6.73 0.9999
L5-Dolon Sub 11 42.52 14.22 0.35 25.77 ± 13.42 23.52 ± 14.58 1.0000
L5-Apisaon 9 40.67 13.6 0.67 26.29 ± 7.75 20.31 ± 7.29 0.9794
L5-Khryses 8 53.2 17.79 0.53 14.41 ± 5.08 8.02 ± 3.15 0.9784
L5-1999 RU12 5 24.01 8.03 0.84 29.24 ± 11.18 17.87 ± 4.84 1.0000
L5-1990 VU1 21 63.19 21.13 0.52 28.35 ± 28.23 24.87 ± 18.96 0.9391
L5-1990 VU1 Sub 7 59.3 19.83 0.73 61.38 ± 30.9 31.94 ± 9.74 0.9788
L5-Idaios Sub 8 44.55 14.9 0.38 13.72 ± 5.31 8.93 ± 3.59 0.9395
L5-Anchises 8 99.55 33.29 0.88 32.88 ± 10.82 22.51 ± 13.02 0.9612
L5-Greater Patroclus 133 140.36 46.94 0.1 31.57 ± 20.49 31.62 ± 15.09 0.8377
L5-Memnon 23 118.79 39.72 0.11 15.31 ± 7.57 15.05 ± 6.59 0.9534
L5-Memnon Sub 9 118.79 39.72 0.15 16.02 ± 7.97 12.24 ± 7.9 0.9332
L5-Amphios Sub 9 38.36 12.83 0.14 14.06 ± 8.13 13.04 ± 7.89 0.9727
L5-1971 FV1 18 75.66 25.3 0.07 12.76 ± 7.58 9.43 ± 5.5 0.9065
L5-Lampos Sub 6 35.39 11.83 0.22 21.47 ± 4.71 11.11 ± 1.99 1.0000
L5-1971 FV1 Sub 8 75.66 25.3 0 6.35 ± 0.93 5.28 ± 2.55 0.9801
L5-1989 TX11 5 28.26 9.45 0 10.8 ± 1.35 4.33 ± 2.38 0.9248
L5-Phereclos 17 94.62 31.64 0.01 9.97 ± 5.41 8.14 ± 3.84 0.8886
L5-Pandarus Sub 5 82.03 27.43 0.04 18.61 ± 0.94 7.48 ± 3.44 0.9996
L5-Phereclos Sub 12 94.62 31.64 0 10.61 ± 5.66 7.29 ± 3.49 0.889
L5-Troilus 13 100.48 33.6 0.09 18.95 ± 7.41 12.88 ± 5.81 1.0000
L5-Troilus Sub 5 100.48 33.6 0 15.95 ± 5.0 8.2 ± 4.36 1.0000
L5-1988 RY11 Sub 5 39.75 13.29 0.2 22.58 ± 6.65 10.33 ± 4.42 1.0000
L5-Cebriones 17 95.98 32.09 0.23 24.9 ± 10.97 19.04 ± 7.42 1.0000
L5-Bitias Sub 7 47.99 16.05 0.35 23.47 ± 9.83 13.74 ± 4.09 0.9798
L5-Greater Aneas 64 118.22 39.53 0.2 65.85 ± 34.23 38.7 ± 20.27 0.8884
L5-1988 RH13 6 53.1 17.76 0.65 36.74 ± 22.51 23.44 ± 15.43 0.9350
L5-1994 CO 5 47.73 15.96 0.13 28.95 ± 5.47 21.4 ± 11.93 0.9997
L5-1989 UQ5 5 25.91 8.66 0 25.34 ± 4.92 9.72 ± 7.17 1.0000
L5-Sarpedon 17 77.48 25.91 0.04 23.15 ± 13.77 18.98 ± 6.16 0.9596
L5-Hippokoon Sub 5 18.43 6.16 0 12.03 ± 4.65 9.9 ± 5.74 1.0000
L5-Sarpedon Sub 11 77.48 25.91 0.04 16.65 ± 13.65 15.97 ± 9.07 0.9596
L5-Aneas 26 118.22 39.53 0.2 34.55 ± 18.97 22.42 ± 13.03 0.9544
L5-Helicaon Sub 5 32.54 10.88 0.27 8.95 ± 3.27 7.18 ± 3.51 1.0000
L5-Iphidamas Sub 5 49.53 16.56 0.33 15.8 ± 6.57 13.08 ± 5.2 0.9795
L5-Aneas Sub 8 118.02 39.47 0.07 30.7 ± 20.66 23.17 ± 13.27 0.9744
L5-Greater Astyanax 80 126.29 42.23 0.45 92.28 ± 43.46 50.89 ± 28.51 0.9647
L5-Mentor 20 126.29 42.23 0.41 48.51 ± 24.27 32.58 ± 18.62 0.9732
L5-1988 RR10 Sub 5 29.08 9.72 0 19.21 ± 3.39 9.84 ± 4.86 1.0000
L5-Mentor Sub 10 126.29 42.23 0.58 36.72 ± 8.02 24.68 ± 11.69 0.9732
L5-Helenos 11 34.05 11.39 0.12 40.81 ± 19.19 21.03 ± 11.21 1.0000
L5-Astyanax 41 53.98 18.05 0.55 141.79 ± 42.59 42.8 ± 28.01 0.9735
L5-Ophelestes Sub 5 32.39 10.83 0.18 20.79 ± 12.53 13.7 ± 6.25 1.0000
L5-Astyanax Sub 6 53.98 18.05 0.54 99.92 ± 57.95 55.04 ± 28.89 0.9796
L5-Acamas Sub 6 43.86 14.67 0.74 102.44 ± 11.67 31.58 ± 31.34 1.0000
L5-1989 UX5 Sub 9 32.19 10.76 0.56 15.28 ± 8.38 12.97 ± 7.93 0.9735

2146 Stentor (1976 UQ) and 9799 (1996 RJ), in the data set. Three
additional objects, 7641 (1986 TT6), 83983 (2002 GE39) and 88225
(2001 BN27), have a corresponding SDSS (g − r) colour (0.57 to
0.7), indicating that perhaps there is a diagnostic feature for the clan
in the visible range.

Idomeneus clan: The small Idomeneus clan (six members),
Fig. B1 (c) contains two D-types, 2759 Idomeneus (1980 GC)
and 4063 Euforbo (1989 CG2), along with a small �Vm
(9.81 ± 3.51 ms−1), and large reference object, 3793 Leonteus (1985
TE3). This clan also includes 4063 Euforbo (1989 CG2), a 95.62 km
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object. The clan is entirely stable, with no clones of any member
escaping. The members have a relatively low range of reference
angle values, fairly close to the 60◦ Lagrange point (60.44◦ to 61.77◦),
though with a comparatively low libration range (19.43◦ to 29.64◦).
The clan has a small spread of SDSS colours, particularly in the
(u − g) colour (1.23–1.51). In the MOVIS survey there are narrow
(Y − J) (0.29 to 0.38) and (J − Ks) colour ratios (0.49–0.72). The
narrow ranges indicate that the colours, along with the dynamics are
diagnostic for this clan.

Thersander clan: The Thersander clan, named after 9817 Ther-
sander (6540 P–L) contains 10 objects, and is highlighted in
Fig. B1 (i). This unaffiliated clan, includes 21900 Orus (1999
VQ10), a provisionally allocated D-type that is the target of the
Lucy mission. In the clan, there is also 24341 (2000 AJ87), an
identified C-type (Fornasier et al. 2007). Close to this clan, there
are several members of the Eurybates family, 24341 (2000 AJ87),
a C-type, 9818 Eurymachos (6591 P–L), a P/X-type (Fornasier
et al. 2007; Hasselmann et al. 2012) and 65225 (2002 EK44). This
could have implications for classification of 21900 Orus (1999
VQ10), see Section 5 for discussion. The compact SDSS colours
are due to only a single object, 53477 (2000 AA54), found in
the survey. In terms of escapes, a low number of clones escape
the swarm, mainly from 14268 (2000 AK156) and 24531 (2001
CE21).

3.1.2 Greater Achilles superclan

The Greater Achilles superclan contains 35 objects, grouped into
three distinct groups, the Epeios (discussed below), 1991 El and
Achilles clans, as shown in Fig. B2. The type object, 588 Achilles
(1906 TG), has been classified as a DU-type (Tholen 1989). The
majority of the objects in the superclan are classified as D-type, with
just two exceptions, both of which are members of the Epeios clan:
12921 (1998 WZ5), a X-type, and 5283 Pyrrhus (1989 BW), which is
unclassified, but has an unusual negative spectral slope in Bendjoya
et al. (2004).

If the more traditional δVref of the superclan is considered, the
Eios (19.55 ± 7.42 m s−1) and 1991El (17.37 ± 13.7 m s−1) clans
have larger dispersal velocities than the Greater Achilles superclan
(16.91 ± 11.2 m s−1), whilst the Epeios (8.57 ± 4.42 m s−1) and
Achilles (8.65 ± 6.54 m s−1) clans have smaller �V cent than the
superclan (4.4 ± 8.6 ms−1).

The Greater Achilles superclan is relatively stable (0.057 Fesc).
Only 160534 (1996 TA58), a member of the Achilles clan, has a high
escape fraction (0.78). This is not surprising, as the superclan has a
low range of δaprop (0.0 to 0.05 au), and is close to the 60◦ Lagrange
point (59.1◦ to 63.1◦).

Epeios clan: The Epeios clan, named for 2148 Epeios (1976
UW), contains 10 members. The type object was also in the non-
canonical Epeios collisional family (Vinogradova 2015). This non-
canonical family was associated with the canonical Arkesilaos family
(Nesvorný et al. 2015), of which we have no members represented.
This could indicate with further characterization in future surveys,
members of the Arkesilaos family could form part of this clan. This is
supported by the fact that both the Epeios clan and Epeios collisional
family (Vinogradova 2015) contain X-type objects.

In this clan, 5283 Pyrrhus (1989 BW) was unclassified, though
it has an interesting negative slope in Bendjoya et al. (2004). Also,
within this clan is 12921 (1998 WZ5), an identified X-type (Fornasier
et al. 2007). The Epeios clan is entirely stable, with no unstable
members. There are a narrow range of SDSS colours, though there
are only two members, 37710 (1996 RD12) and 168364 (1996 TZ19),

in the survey. Dynamically, this clan is close to the Lagrange point
(59.1◦ to 61.77◦), with small libration amplitudes (4.04◦ to 14.33◦)
and eccentricities (0.01 to 0.1).

This clan may contain a dynamical pair of objects, 258656 (2002
ES76) and 2013 CC41 (Holt et al. 2020b), the first such objects
identified in the Trojan population. Unfortunately neither of these
objects are included in this analysis, due to their lack of presence in
wide-field surveys. The Epeios clan does not include any D-types,
but has a X-type, 12921 (1998 WZ5) (Fornasier et al. 2007), and
an object with a potential negative slope, 5283 Pyrrhus (1989 BW)
(Bendjoya et al. 2004). These associations are an indication that the
258656-2013 C41 pair may have different properties to the majority
of the Jovian Trojans.

3.1.3 Greater Nestor superclan

The Great Nestor superclan consists of 37 objects shown in Fig. 4 and
includes two distinct clans, Eurymedon and Nestor, as well as several
additional members that are not associated with any individual clan.
We discuss the Nestor clan in detail below. Whilst most of the Trojans
are D-types (72.2 per cent), the Greater Nestor superclan contains
two large members of other taxonomic types, 659 Nestor (1908
CS), a XC-type (Tholen 1989) and 5012 Eurymedon (9507 P–L),
a C-type (Hasselmann et al. 2012), each is the type object of their
respective clan. Based on the simulations described in Holt et al.
(2020a), the Greater Nestor superclan has the largest escape fraction
of any superclan in the L4 swarm, with fully 63 per cent of all test
particles generated based on clan members escaping from the Trojan
population on a time-scale of 4 × 109 yr. The more stable members
are located in the two clans, but though those clans still exhibit
escape fractions higher than the base L4 escape fraction (at 0.3 and
0.4, respectively). The superclan, as a whole, has an average δa range
(0.03 to 0.11 au), with relatively high eccentricities (0.07 to 0.17).

Nestor clan: This clan contains seven objects, two of which have
been taxonomically identified, the XC-type 659 Nestor (1908 CS),
and D-type 4060 Deipylos (1987 YT1) (Bendjoya et al. 2004). Holt
et al. (2020a) noted a slightly larger escape rate amongst the X-
types in the Trojans, and this is reflected in this clan. The Nestor
Clan has a relatively high escape fraction (0.4), versus that of the
L4 swarm (0.23) as a whole. The members of the clan all display
centres of libration that are slightly ahead of the 60◦ point (60.44◦ to
64.43◦), though the range of amplitudes is relatively small (14.33◦ to
24.54◦). With the diversity of taxonomic types within the clan, it is
not surprising that the members also display a wide range of SDSS
colours, (b − v): 0.65–0.99, (u − g): 1.62–2.29, (g − r): 0.43–0.77,
(r − i): 0.18–0.27. The narrow range of MOVIS values are due to
only a single representative of the clan, 4060 Deipylos (1987 YT1),
(Y − J): 0.241, (J − Ks): 0.547, (H − Ks): 0.137, in the survey.

3.1.4 Greater Ajax superclan

The 29 objects in this superclan, and the associated Ajax and
Eurybates clans, are shown in Fig. 4. We use this superclan, and
the following detailed discussion of both clans, as examples for the
rest of the consensus trees, found in Appendix B. This superclan
includes the many members of the Eurybates collisional family. The
cluster is not named the ‘Eurybates superclan’, as 1404 Ajax (1936
QW) was discovered in 1936 (Wyse 1938), nearly 40 yr before 3548
Eurybates (1973 SO). This superclan is one of the most complex in
the L4 swarm, with multiple subclans in each clan. Apart from one
unassociated object, 100619 (1997 TK14), all objects are in one of the
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clans. In terms of escapes, the Greater Ajax superclan has a higher
escape fraction (0.38) than the L4 swarm as a whole. The group is
dynamically diverse, though they have a compact δaprop range (0.07◦

to 0.11◦). Relatively compact SDSS values, (b − v): 0.65–0.93, (u
− g): 1.25–1.72, (g − r): 0.43–0.7, (r − i): 0.15–0.29, may be an
actual feature of this superclan, as eight of the 29 superclan objects
are represented in the SDSS survey, though the (i − z) colour has
quite a wide range (−0.03–0.26).

Ajax clan: In this clan there are three subclans (Ajax, Hiera,
and 2002 CQ134), each consisting of four objects in a branching
format. The Hiera and 2002 CQ134 subclans form a sister group to the
Ajax subclan. Unfortunately, there are no taxonomically identified
members of this clan. With the close association to the Eurybates
family, this makes the three largest members of the clan, 1404 Ajax
(1936 QW), 4086 Podalirius (1985 VK2), and 7119 Hiera (1989
AV2), all of which have an absolute H-magnitude greater than 9, of
particular interest for future telescope observations (see Section 4).
Most of the escapes in the Greater Ajax superclan come from this
clan. The 2002 CQ134 subclan has a large escape fraction (0.81), with
all members having an escape fraction over 0.65.

The clan is located well ahead of the 60◦ point, with mean libration
angle between 63.1◦ and 65.76◦. The clan does have a relatively
narrow range of dynamical values (�aprop: 0.09 au–0.11 au, eprop:
0.03–0.08, siniprop: 0.28–0.49), that could be diagnostic. In addition,
some of the SDSS values may also be diagnostic, (b − v): 0.86–0.93,
(u − g): 1.44–1.63, (g − r): 0.63–0.7, (r − i): 0.15–0.24, with three
members of the clan represented, 4086 Podalirius (1985 VK2), 24403
(2000 AX193), and 42367 (2002 CQ134). Two additional members ,
207749 (2007 RC286) and 316158 (2009 UW26), are represented in
the MOVIS data set with similar values, (Y − J): 0.469–0.494, (J −
Ks): 0.608–0.712. The range of Gaia values from six different sized
members is broader (17.29–18.93 mag), highlighting the need for
further investigations into members of this clan.

Eurybates clan: There are two subclans (Anius and Eurybates)
in this clan. The Anius subclan has five members, with two duos
and a single object, in a 1:2:2 format. The Eurybates subclan (eight
members), as expected for the group containing many members of
the Eurybates collisional family (Brož & Rozehnal 2011; Nesvorný
et al. 2015), has a comparatively complex structure (three duos and
two singles in 2:1:1:2:2 format). The type object of Eurybates clan,
3548 Eurybates (1973 SO) is a target for the Lucy mission. There are
three other Eurybates family members, 39285 (2001 BP75), 24380
(2000 AA160), 28958 (2001 CQ42), all C-types (Fornasier et al. 2007),
in close association under the Eurybates subclan. The other four
members of the Eurybates subclan, 39793 (1997 SZ23), 137879 (2000
AJ114), 312457 (2008 QH42), 315208 (2007 RS22), and possibly
two in the Anoius subclan, 12917 (1998 TG16) and 111932 (2002
GG33), are likely previously unidentified members of the collisional
family. The age of this collisional family has been identified as
approximately,1.045 ± 0.364 × 109 yr (Holt et al. 2020a). With
that long an age, the possibility for interlopers is quite high, as the
true members of the collisional family disperse. 18060 (1999 XJ156)
is a X-type in Fornasier et al. (2007), and the corresponding SDSS
colours, (b − v): 0.70, (u − g): 1.69, (g − r): 0.48, (r − i): 0.21,
(i − z): 0.06, are different to other members. The Eurybates clan,
which includes members of the Eurybates collisional family, has a
lower escape fraction (0.23) than the superclan as a whole (0.38).
The clan escape fraction (0.23) is similar to the escape fraction of the
Eurybates collisional family (0.1881) found by Holt et al. (2020a).
If we disregard the X-type (18060 (1999 XJ156), (g − r): 0.48),
the SDSS (g − r) colour is contained within a single bin, (g − r):
0.633–0.7.

3.1.5 Greater Hektor superclan

This superclan contains the only member of the Hektor collisional
family (Rozehnal et al. 2016), 624 Hektor (1907 XM), considered
in our analysis. The superclan also contains many other objects
identified as D-type (Roig et al. 2008; Rozehnal et al. 2016). The
exception, 5285 Krethon (1989 EO11), is a XD-type (Bendjoya et al.
2004) in the Thersites clan, which with further examination could be
reidentified as a true D-type. In the superclan, the �Vref and �Vcent

are similar (31.47 ± 19.35 and 28.99 ± 21.63 ms−1), as well as in
both clans (Thersites clan: 34.57 ± 33.85 and 27.49 ± 23.04 ms−1,
Hektor clan: 31.43 ± 16.53 and 27.93 ± 16.05 ms−1), with each of
mean velocities being smaller than the Vesc of 624 Hektor (1907 XM)
(75.24 ms−1).

Dynamically, the superclan is ahead of the Lagrange point (63.1◦ to
68.4◦), with a fairly high libration range (34.75◦ to 60.27◦) and δaprop

(0.09 to 0.12 au). Some of the compact range of SDSS values, (b −
v): 0.72–0.86, (u − g): 1.16–1.63, (g − r): 0.5–0.63, (i − z): 0.09–0.2,
could be diagnostic, but a wider range of other colours, (r − i): 0.18–
0.29), MOVIS, (Y − J): 0.02–0.46, (J − Ks): 0.37–1.18, and Gaia
(15.11–18.38 mag) are indicative of heterogeneity in the superclan.

Thersites clan: As with the superclan, almost all members of
this clan are identified as D-types (1868 Thersites (2008 P-L), 4946
Askalaphus (1988 BW1), 2797 Teucer (1981 LK), 20995 (1985 VY);
Bendjoya et al. 2004; Hasselmann et al. 2012). Most of the unstable
members of the Hektor superclan are in the Thersites clan, with six
members of the clan having all nine clones escape, 2797 Teucer
(1981 LK), 4946 Askalaphus (1988 BW1), 8317 Eurysaces (4523
P–L), 20995 (1985 VY), 37298 (2001 BU80), and 266869 (2009
UZ151). This clan has higher eccentricity (0.03 to 0.11) and libration
range (39.85◦–60.27◦) compared with the Hektor clan. As with the
superclan, the SDSS colours are compact, (b − v): 0.79–0.86, (u − g):
1.35–1.53, (g − r): 0.57–0.63, (r − i): 0.23–0.29, (i − z): 0.09–0.2,
and with four members in the survey, 2797 Teucer (1981 LK), 4946
Askalaphus (1988 BW1), 20995 (1985 VY) and 38606 (1999 YC13),
could be diagnostic. There are three members represented in MOVIS,
173086 Nireus (2007 RS8), 200023 (2007 OU6), 264155 (2009
VJ109), and 266869 (2009 UZ151), though 264155 (2009 VJ109), has
quite different colours, (Y − J): 0.294, (J − Ks): 1.004, compared to
the other three, (Y − J): 0.398–0.492, (J − Ks): 0.309–0.909.

Hektor clan: The type object of this clan, 624 Hektor (1907 XM),
is the largest object in the Jovian Trojan population (225 km; Marchis
et al. 2014). It is also the largest member of the Hektor collisional
family (Rozehnal et al. 2016). Unfortunately, 624 Hektor (1907 XM)
is the only member of the collisional family studied in this analysis,
therefore any conclusions about potential family memberships are
speculative at best. Most of the instability in this clan in confined to
two members, 24275 (1999 XW167) and 42230 (2001 DE108), both of
which have only a single clone remaining at the end of the Holt et al.
(2020a) simulations. The clan has a reasonably high �aprop values
(0.09–0.12 au). As with the Hektor superclan, most of the SDSS
colours, (b − v): 0.72–0.86, (u − g): 1.16–1.63, (g − r): 0.5–0.63,
(i − z): 0.09–0.2, are compact, with a range of (r − i) (0.18–0.29),
MOVIS, (Y − J): 0.02–0.46, (J − Ks): 0.49–1.18, and Gaia (15.11–
18.38 mag) values. The type object, 624 Hektor (1907 XM), shows
a level of heterogeneity in the spectra (Perna et al. 2018), agreeing
with the compact values for the clan. Interestingly, 1583 Antilochus
(1950 SA) and 3801 Thrasymedes (1985 VS), were identified as
potential asteroid pair (Milani 1993), though this was not confirmed
by Holt et al. (2020b). In our analysis these two objects are next to
one another in the dendritic tree (Fig. B5), lending strength to our
analysis.
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3.1.6 Greater Diomedes superclan

This is the largest superclan in the L4 swarm, with 71 members. It
also has the largest �Vref of any superclan (108.79 ± 36.64 ms−1).
The �Vcent is more reasonable (41.85 ± 23.23 ms−1), closer to
the Vesc of 1437 Diomedes (1937 PB) (39.3 ms−1), the type object
of the superclan. The superclan includes two Lucy targets, 11351
Leucus (1997 TS25) and 15094 Polymele (1999 WB2). They are
both provisionally classified differently, with 15094 Polymele (1999
WB2) being a X-type (Buie et al. 2018; Souza-Feliciano et al. 2020)
and 11351 Leucus (1997 TS25) a D-type (Buie et al. 2018). They
are in two separate clusters, with 5094 Polymele (1999 WB2) not in
any clan, and 11351 Leucus (1997 TS25) in the Diomedes clan with
another DX-type, 1437 Diomedes (1937 PB). The dynamical stability
of the different clans within the superclan is markedly variable, with
some significantly less stable than others (e.g. Diomedes clan which
has an escape fraction of 0.76, compared to the Philoctetes clan,
with an escape fraction of 0.38). The escape rates within each clan,
however, are relatively consistent – so all objects within an unstable
clan are similarly unstable, whilst those in the stable clans are all
relatively stable, and each of these clans has a larger escape fraction
than that of the overall L4 swarm (0.2335).

Philoctetes clan: This clan with 26 members, displays a high
diversity of taxonomic types, three X-types (19725 (1999 WT4),
24233 (1999 XD94) and 23963 (1998 WY8); Hasselmann et al.
2012), a C-type (24420 (2000 BU22); Fornasier et al. 2007), and a D-
type (9590 (1991 DK1); Hasselmann et al. 2012) in the Andraimon
subclan. This clan also contains three members of the Eurybates
family (24420 (2000 BU22), 111805 (2002 CZ256) and 24426 (2000
CR12); Nesvorný et al. 2015), and a fourth non-canonical member
(63291 (2001 DU87); Rozehnal et al. 2016). A large fraction of this
clan is represented in the SDSS data base (0.6923), with relatively
compact colours, (b − v): 0.58–0.93, (u − g): 1.16–1.63, (g − r):
0.37–0.7, (i − z): −0.03–0.2, though there is a wide (r − i) range
(0.1–0.24). There is only a single representative of the clan in the
Gaia survey (19725 (1999 WT4), 18.67 mag), so the value range here
is only indicative. As the largest object in the clan, 1869 Philoctetes
is relatively small (33.96 km), the Vesc (11.36 ms−1) is lower than the
�Vref (25.1 ± 7.9 ms−1).

Diomedes clan: This mid-sized (12 members) clan contains 11351
Leucus (1997 TS25), a D-type (Fornasier et al. 2007) Lucy target. The
type object of the clan, 1437 Diomedes (1937 PB) is also classified
as a DX-type (Tholen 1989). The �Vcent for the clan is relatively
high (56.9 ± 28.09 ms−1), though close to the Vesc of the large
type object (39.3 ms−1). With relatively high �aprop values (0.11
to 0.16 au) and mean centre of libration values (67.09◦ to 73.74◦;
Amplitude: 50.06◦ to 75.59◦), it is unsurprising that this clan has a
high escape rate (0.76). In the SDSS data set, there are only three
members represented, 5209 (1989 CW1), 43706 Iphiklos (1416 T-2),
and 83977 (2002 CE89), and with only two in the MOVIS data base,
11397 (1998 XX93) and 65228 (2002 EH58), it is difficult to make
any conclusions regarding colour distribution. The wide range of
WISE (W1: 0.08–0.26, W2: 0.06–0.28) albedos indicate that there is
a variety of compositions in this clan.

3.1.7 Greater Telamon superclan

The Greater Telamon superclan which has 35 members, including
three separated clans, Telmon, Kalchas, and Theoklymenos. The
Telmon and Kalchas clans are relatively small, with 5 and 6 members,
respectively. The Theoklymenos clan is larger, at 19 members, and
contains a X-type (5023 Agapenor (1985 TG3); Hasselmann et al.

2012), and two D-types (24390 (2000 AD177 and 3063 Makhaon
(1983 PV); Lazzaro et al. 2004; Fornasier et al. 2007). We discuss
the Kalachas clan in more detail below.

This is one of the most stable superclans (Fesc: 0.05) in the Trojan
population. Most of the escape values in the superclan originate with
the type object, 1749 Telamon (1949 SB), where all nine particles
escape (Holt et al. 2020a). Within this only supercaln 3063 Makhaon
(1983 PV) has a higher escape fraction (0.33) higher than the L4

swarm (0.23).
Other superclan members have all nine clones stay in the L4 Trojan

region. With moderate �a values (0.04–0.09 au) and a location near
the Lagrange point (59.61◦ to 64.43◦), this stability is not surprising.
In general, the clan has low WISE albedos (W1: 0.102–0.239, W2:
0.102–0.251). The exception is 24225 (1999 XV80) (W1:0.378,
W2:0.378), which extends the ranges of the superclan as well as
the Theoklymenos clan. The SDSS values are relatively diverse, (b
− v): 0.65–0.93, (u − g): 1.35–1.72, (g − r): 0.43–0.7, (i − z):
−0.03–0.26), particularly the (r − i) colour (0.16–0.34).

Kalachas clan: The Kalachas clan contains two X-type objects,
4138 Kalchas (1973 SM) and 7152 Euneus (1973 SH1) (Bendjoya
et al. 2004), both of similar size (46.46 and 45.52 km, respectively).
The smaller of the two, 7152 Euneus (1973 SH1) has a low �Vref

(5.4 ms−1) to 138 Kalchas (1973 SM), which is the reference object
for the clan. Even though they were not identified in Holt et al.
(2020b), their �Vref, similar properties and sizes, indicate that
these two large objects could be an ancient disrupted binary pair
(Vokrouhlický & Nesvorný 2008; Pravec et al. 2019).

All members of this clan are stable over the life of the Solar
system (Holt et al. 2020a). The clan has very low proper eccentricities
(0.0161–0.0532) and sini (0.0102–0.119) values, and with mid-range
δaprop values, places the clan within the stable parameter space
(Nesvorný 2002; Di Sisto et al. 2014; Hellmich et al. 2019; Holt et al.
2020a). The �Vref of the clan is relatively small (16.88 ± 10.7 ms−1),
and close to the Vesc of 4138 Kalchas (1973 SM) (15.5 ms−1). With
a relatively high fraction of objects (50 per cent) represented in the
SDSS catalogue, the (b − v), (u − g), (g − r), and (i − z) colours
are possibly diagnostic, (b − v): 0.72–0.86, (u − g): 1.44–1.72, (g
− r): 0.5–0.7, (i − z): 0.09–0.15. The range of (r − i) SDSS colours
(0.16–0.23) are mainly due to 89924 (2002 ED51), (r − i): 0.225
being a possible outlier.

3.1.8 Greater Odysseus superclan

The Odysseus superclan (36 members) contains two clans,
Epistrophs (5 members) and Odysseus (20 members), neither of
which is discussed here in detail. There is a diversity of taxonomic
types in this superclan. The type object, 1143 Odysseus (1930 BH)
is classified as a D-type (Tholen 1989), though there are two other
objects with taxonomic classifications, namely 24882 (1996 RK30)
which is an X-type, and 21372 (1997 TM28) classified as a C-type
(Hasselmann et al. 2012). The Epistrophos clan contains two D-types
(39293 (2001 DQ10) and 23382 Epistrophos (4536 T-2); Hasselmann
et al. 2012). There is a X-type (13463 Antiphos (5159 T-2); Fornasier
et al. 2007), another D-type (15535 (2000 AT177); Fornasier et al.
2007), and a X-type (24485 (2000 YL102); Hasselmann et al. 2012),
that are not associated with any clan.

The range of albedos and colours reflect the diversity in the
superclan. Much of this can, however, be explained by several
outliers, for example, 9713 Oceax (1973 SP1) in the Odysseus clan
has high WISE (W1:0.336, W2:0.336) and geometric (0.168) albedos
compared with the rest of the objects. A particularly interesting object
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is 128383 (2004 JW52), in terms of its colours. The SDSS colours for
128383 (2004 JW52) are high for (b − v) (1.55) and (g − r) (1.3), but
low for (i − z), (−0.55), the opposite of the rest of the superclan, (b
− v): 0.649–0.857, (g − r): 0.433–0.7, (i − z): −0.0167–0.25. This
one outlier accounts for much of the SDSS variation.

The superclan (�Vcent: 18.41 ± 9.07 ms−1) and clans (Odysseus:
�Vcent: 12.54 ± 8.43 ms−1) are fairly compact, particularly the
Epistrophos clan (�Vcent: 6.99 ± 2.47 ms−1). This superclan is also
quite stable (Fesc: 0.11), with the majority of the instability coming
from the unaffiliated superclan members, such as 22404 (1995 ME4),
where all the clones escape. The Epistrophos and Odyssesus clan
members are all completely stable, due to both sets being close to the
Lagrange point (60.44◦ to 61.77◦ and 59.1◦ to 61.77◦, respectively).

3.2 L5 swarm

In our analysis of the L5 swarm, we present a consensus tree of 407
objects in Fig. 6. A total of 10 000 equally parsimonious trees took
approximately 10 h 26 min to find using a single core of Intel Xeon W-
2133 CPU at 3.60 GHz. The consensus tree has a length of 1984.79,
with a consensus index of 0.113 (Brooks et al. 1986) and retention
index of 0.712 (Naylor & Kraus 1995). The superclans, clans, and
subclans identified in the L5 swarm are listed in Table 3. In the L5

swarm, there are seven clans unaffiliated with any superclan with six
subclans within them. There is a small number of large superclans
(three), compared with the L4 swarm, and each superclan contains
a larger number of clans and subclans. In total there are 14 clans
containing a total of 14 subclans. Overall, the L5 swarm contains
more hierarchical structure than the L4 swarm, shown in Fig. 6.

In the L5 swarm, there are two canonical collisional families,
2001 UV209 and the larger Ennomos family (Nesvorný et al. 2015).
Vinogradova (2015) questioned the existence of any collisional
families in the L5 swarm, thought they did note some clustering
around 247341 2001 UV209, 11487 (1988 RG10), and 4709 Ennomos
(1988 TU2). Rozehnal et al. (2016) has a similar data set to the
canonical one, with a few extra objects. The non-canonical 2001
UV209 and several Ennomos family members are in the Cebriones
and Troilus clans of the Greater Patroclus superclan, along with the
two canonical Ennomos family members. The Ennomos family is
more problematic. In our subset, there are nine members, spread
throughout the L5 swarm. There is a small cluster of three members
in the Aneas clan, though the largest member of the collisional family,
4709 Ennomos (1988 TU2), is located in the Cebriones clan, Greater
Pratoclus superclan, with two other non-canonical members. The
hierarchical structure seen in the L5 swarm through astrocladistics
could indicate that the dynamical history of the swarm is more
complex than can be reliably identified by HCM, and as indicated by
the lack of confident clusters in Vinogradova (2015).

3.2.1 Unaffiliated L5 clans

There are seven clans that are unaffiliated with any superclan in the
L5 swarm. In this section, we discuss the Dolan (20 members), 1990
VU1 (21 members) and Anchises (8 members) clans. The values
for the other four clans, Asteropaios (17 members), Apisaon (9
members), Khryses (8 members), and 1990 VU1 are available in the
Github repository.9 In the superclan, the Asteropaios, Dolan and 1990
VU1 each have have two subclans, shown in Fig. B9, unlike the L4

9https://github.com/TimHoltastro/holt-etal-2021-Jovian-Trojan-astrocladis
tics.git

clans. All unaffiliated clans in the L5 swarm are located between the
Patroclus and Aneas superclans in the tree. Except for the 1999 RU2

clan, which does not contain any taxonomically identified objects,
each clan contains at least one D-type object. Most of the unaffiliated
clans have escape fractions higher than that of the L5 swarm (0.2489;
Holt et al. 2020a). The exception is the stable Asteropaios clan (Fesc:
0.06). The 1992 RU2 (Fesc: 0.84) and Anchises clans (Fesc: 0.88) are
particularly unstable.

Dolon clan: This clan contains 55419 (2001 TF19), which is
a member of the Ennomos collisional family (Nesvorný et al.
2015). In this clan there are three X-type objects (11554 Asios
(1993 BZ12), 32482 (2000 ST354), and 29314 Eurydamas (1994
CR18); Hasselmann et al. 2012), along with two D-types (9430
Erichthonios (1996 HU10) and 11488 (1988 RM11); Fornasier et al.
2004; Hasselmann et al. 2012), both located in the Erichthonios
subclan. This diversity in types is reflected in the geometric (0.03–
0.14) and WISE (W1: 0.07–0.29, W2: 0.08–0.3) albedo ranges of the
clan. The clan is close (295.12◦ to 297.46◦) to the L5 Lagrange point
(300◦) resulting in an overall escape fraction (Fesc: 0.31) similar
to the overall L5 swarm (0.2489; Holt et al. 2020a), though the
Erichthonios subclan is much more stable (Fesc: 0.04). The overall
�Vref and �Vcent of the clan are relatively high (46.28 ± 27.85
and 34.71 ± 19.81 ms−1, respectively), in comparison to the small
reference object (Vesc: 14.22 ms−1). The SDSS (u − g) (1.51–1.62),
(g − r) (0.48–0.64), and (i − z) (0.01–0.18) as well as the MOVIS
(J − Ks) (0.53–0.9) colours are compact and fairly diagnostic for the
clan.

1990 VU1 clan: There are two identified subclans (1990 VU1

and Idaios subclans) in this clan. The type object, 1990 VU1 has
been identified as a XD-type (Bendjoya et al. 2004), with five other
D-types (16070 (1999 RB101), 58008 (2002 TW240), 15977 (1998
MA11), 30705 Idaios (3365 T-3) and 47969 (2000 TG64); Fornasier
et al. 2004; Hasselmann et al. 2012) present in the clan. In terms of
stability, this clan has an escape fraction (0.52), nearly double that
of the L5 swarm as a whole (0.2489; Holt et al. 2020a). There is
a wide variety of escape fraction of members in this clan, with all
nine particles of the type object 1990 VU1 escaping, but two other
members, 30705 Idaios (3365 T-3) and 301760 (2010 JP42), being
completely stable. This range of stability is not unexpected, as the
clan has a wide variance in �Vcent (24.87 ± 18.96 ms−1), eprop (0.04–
0.14) and siniprop (0.01–0.43). The Gaia G magnitude is constrained
(17.67–18.19 mag), with only four similar sized objects represented,
more analysis is needed. The (i − z) SDSS colour (0.05–0.317) has
a narrow range in this clan.

Anchises clan: This clan is unstable (Fesc: 0.88), including all
clones of the type object 1173 Anchises (1930 UB). This particular
object was studied by Horner et al. (2012), who found that it will
most likely escape the Trojan population and evolve to become either
a Centaur or Jupiter family comet on hundred-million year time-
scales. The clan is located a few degrees from the 300◦ Lagrange
point (291.6◦ to 296.29◦) with a decent range (32.05◦ to 51.55◦)
and δaprop (0.08 to 0.12). The type object 1173 Anchises (1930
UB), along with 11089 (1994 CS8) are X-types (Tholen 1989;
Fornasier et al. 2004). There is also a D-type, (11552 Boucolion
(1993 BD4); Hasselmann et al. 2012) in this clan. In the Gaia G
band, 1173 Anchises (1930 UB) shows a different value (16.75 mag)
to the other two smaller, measured objects, 11089 (1994 CS8) and
11552 Boucolion (1993 BD4) (18.47 and 18.32 mag, respectively).
Unfortunately, 1173 Anchises (1930 UB) was not observed in either
of SDSS or MOVIS surveys. This is of note, as the SDSS (b − v)
(0.69–0.93), (g − r) (0.48–0.7), (r − i) (0.2–0.27), as well as the
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MOVIS (Y − J) (0.23–0.32) and (J − Ks) (0.44–0.53) colours are
plausibly diagnostic of the clan.

3.2.2 Greater patroclus superclan

This large (133 members) superclan contains six clans, as shown in
Fig. B10. Of these, we discuss the Memnon (23 members), Troilus
(13 members), and Cebriones (17 members) clans in the following
sections. The details of the other clans, 1971 FV1 (18 members),
1989 TX11 (5 members), and Phereclos (17 members), are available
on the Github repository.10 There is a diversity of taxonomic types
represented in this superclan, though as with other superclans, the
members are predominantly D-types. Overall, the superclan is more
stable (Fesc: 0.1) than the L5 swarm as a whole. Each of the clans
has a lower escape rate than the L5 swarm, with several having no
escapees, see Table 3, for details. The clan is clustered close to the
300◦ Lagrange point (296.29◦–303.31◦), with relatively low δaprop

(0.0–0.11 au).
The largest member of the Ennomos collisional family (4709

Ennomos (1988 TU2); Nesvorný et al. 2015), is within this superclan,
though it is not used as the type object. The actual type object, 617
Patroclus (1906 VY) was discovered over 80 yr earlier and thus is
considered the type for the superclan, though it is not associated
with any clan in this analysis. The binary 617 Patroclus (1906 VY)
(Merline et al. 2001) is currently the only Lucy target in the L5

swarm. The �Vref to 617 Patroclus (1906 VY) (31.57 ± 20.49 ms−1)
is smaller than the Vesc (46.94 ms−1) and similar to the �Vcent

(31.62 ± 15.09 ms−1).
Memnon clan: The Memnon clan has several D-types (30505

(2000 RW82), 3317 Paris (1984 KF), 80119 (1999 RY138), and
105808 (2000 SZ135); Bendjoya et al. 2004; Hasselmann et al.
2012), though the type object, 2895 Memnon (1981 AE1) is a C-
type (Bendjoya et al. 2004). As with the superclan, this clan is stable
(Fesc: 0.11) and close to the L5 Lagrange point (296.29◦–303.31◦).

A representative of the 2001 UV209 collisional family (37519
Amphios (3040 T-3); Nesvorný et al. 2015), is within this clan,
and is the type object of the Amphios subclan, which has a small
�Vref (14.06 ± 8.13 ms−1) and �Vcent (13.04 ± 7.89 ms−1), close
to the Vesc (12.83 ms−1). The objects in this subclan may represent
unidentified members of the 2001 UV209 collisional family, or at
least closely associated objects.

The clan has mid-range (b − v) (0.74–0.93), (u − g) (1.18–1.73),
and (g − r) (0.52–0.7) SDSS colours, with high (i − z) values
(0.12–0.34). The two MOVIS objects 295336 (2008 HY8), (Y − J):
0.559373, (J − Ks): 0.973755, (H − Ks): 0.407764, and 369886
(2012 RM6), (Y − J):0.318022, (J − Ks): 0.585282, show quite
different colours. Further characterization of the large objects in the
clan, 2895 Memnon (1981 AE1), 3317 Paris (1984 KF), and 37519
Amphios (3040 T-3), would be required to resolve this dichotomy in
the colours.

Troilus clan: Within the clan there are two small subclans, the
Troilus and 1988 RY11 subclans. The Troilus subclan, which includes
the type object, 1208 Troilus (1931 YA), of the clan, is entirely
stable. The members of the 1988 RY11 subclan have a higher escape
fraction (Fesc: 0.2), though even this is lower than the overall L5

escape fraction (0.2489).
The type object, 1208 Troilus (1931 YA), is an interesting case.

It is the type object of the Troilus clan, which also contains a single

10https://github.com/TimHoltastro/holt-etal-2021-Jovian-Trojan-astroclad
istics.git

member of the Ennomos collisional family (76867 (2000 YM5);
Nesvorný et al. 2015). It is classified as FCU-type (Tholen 1989),
designating it as an unusual object. It is the only ‘F-type’ in the
Trojan swarm. This type was degenerated under the modern Bus–
Demeo system (Bus 2002) into the B-types, closely associated with
the other C-types in the Trojans. As the type object is relatively large,
the �Vref (18.95 ± 7.41 ms−1) and �Vcent (12.88 ± 5.81 ms−1) of
the clan is lower than the Vesc (33.6 ms−1). The clan is clustered
centrally around the L5 Lagrange point (298.63◦ to 302.14◦), which
likely indicates that it dates back to the time the Jovian Trojans were
captured. The SDSS (b − v) (0.72–0.91), (g − r) (0.5–0.7), and (i
− z) (0.07–0.23) colours are relatively constrained. An initial tight
MOVIS bin is due to only a single object (299491 (2006 BY198);
Popescu et al. 2018).

Cebriones clan: 4709 Ennomos (1988 TU2), the largest member
of the Ennomos collisional family, is in the Cebriones clan (Nesvorný
et al. 2015). Again, 4709 Ennomos (1988 TU2) is not used as the
type object, as the chosen type object, 2363 Cebriones (1977 TJ3)
was discovered earlier. A non-canonical family member, 32496 (2000
WX182) (32496 (2000 WX182); Rozehnal et al. 2016), is also in the
clan. This is complicated by two members of the non-canonical 2001
UV209 family (17171 (1999 NB38) and 24470 (2000 SJ310); Rozehnal
et al. 2016) that are also present in the clan.

2363 Cebriones (1977 TJ3) is a D-type object (Tholen 1989), and
the only classified member of the clan. This clan has the highest
escape rate in the Greater Patroclus superclan (Fesc: 0.23), and even
this is lower than that of the overall L5 swarm (0.2489; Holt et al.
2020a). In terms of colours, there are an insufficient number of
multispectral observations to ascertain any trends, with only two
members represented in the SDSS data, 17415 (1988 RO10) and
129135 (2005 AD21), and two different objects in MOVIS, 51969
(2001 QZ292) and 53419 (1999 PJ4).

3.2.3 Greater Aneas superclan

This superclan (64 members) contains five clans, 1988 RH13 (6
members), 1994 CO (5 members), 1989 UQ5 (5 members), Sarpedon
(17 members), and Aneas (26 members) clans, with subclans in the
Aneas clan (Hippokoon and Sarpendon subclans) and Aneas clans
(Helicaon, Iphidamas and Aneas subclans). The only clan discussed
in detail here is the Aneas clan. Almost all taxonomically identified
members of this superclan are D-types (Tholen 1989; Bendjoya
et al. 2004; Fornasier et al. 2004; Hasselmann et al. 2012). The
only exception is 17419 (1988 RH13), the type object of the 1988
RH13 Clan, a C-type, though with a comparatively low confidence
score (62; Hasselmann et al. 2012). Overall the superclan has a
relatively low escape rate (Fesc: 0.2), when compared with the
L5 swarm (0.2489; Holt et al. 2020a). Within the Greater Aneas
superclan, the majority of unstable members are in the 1988 RH13

Clan, which has an escape rate of 0.65. Other clans have a similar or
lower escape rate than the superclan. Though 1172 Anease (1930
UA) is a large object (118.02 km), the reference object for the
dispersal velocities in the superclan is 1867 Deiphobus (1971 EA)
(118.22 km). The �Vref (65.85 ± 34.23 ms−1) is high. The �Vcent

(38.7 ± 20.27 ms−1), though still quite high, is closer to the Vesc

(39.53 ms−1).
Aneas clan: The Aneas clan contains several D-type objects,

including the type object 1172 Aneas (1930 UA) (Tholen 1989).
The three members of the Ennomos collisional family present in the
clan (36624 (2000 QA157), 1867 Deiphobus (1971 EA), and 247967
(2003 YD149); Nesvorný et al. 2015) form a cluster with 34746 2001
QE91, however this does not fulfill the minimum requirements for
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a subclan (five objects). There are three other subclans Helicaon,
Iphidamas, and Aneas subclans, each containing at least one D-
type. As in the Greater Anease superclan, 1172 Aneas (1930 UA)
is the dynamical reference object for �Vref calculations. The overall
escape fraction of the clan (Fesc:0.2) is similar to the Greater Aneas
superclan (Fesc:0.2), though the Helicaon (0.27 Fesc) and Iphidamas
(0.33 Fesc) subclans have a slightly higher rates. In the SDSS colours,
(b − v) (0.649–0.857), (g − r) (0.5–0.633), and (i − z) (−0.0167–
0.25) are relatively constrained. The (u − g) (1.294–1.847) and (r
− i) (0.0682–0.267) values would also be relatively compact, except
for the outlier 129147 (2005 CY70), which has comparatively high
values, (u − g): 2.28, (r − i): 0.37.

3.2.4 Greater Astyanax superclan

This is the terminal superclan in the L5 tree. It contains 809 members,
of which 41 are in the Astyanax clan, discussed in detail below. The
Mentor clan (20 members) is also discussed. The remaining Helenos
clan contains 11 members, and the values are presented in the Github
repository.11

This superclan has a diversity of taxonomic types. The majority
of the superclan is D-types, but the type object of the Mentor clan,
3451 Mentor (1984 HA1) is a well recognized X-type (Bus 2002;
Hasselmann et al. 2012). There are also two CX-types in the Astyanax
clan (24454 (2000 QF198) and 16560 Daitor (1991 VZ5); Hasselmann
et al. 2012). The Helenos clan contains one taxonomic identified
member, 4829 Sergestus (1988 RM1), an XD-type (Fornasier et al.
2004). This diversity of taxonomic types is reflected in the wide range
of all colour values (W1: 0.07–0.4, W2: 0.03–0.4, G-mag: 15.86–
18.7 mag, (b − v): 0.65–0.91, (u − g): 1.18–1.95, (g − r): 0.44–0.68,
(r − i): 0.07–0.4, (i − z): −0.26–0.29, (Y − J): 0.05–0.46, (J − Ks):
0.07–1.18, (H − Ks): 0.04–0.81). The superclan has a large �Vref

(92.28 ± 43.46 ms−1) compared to the Vesc of the largest member,
3451 Mentor (42.2 m s−1), though the �Vcent (50.89 ± 28.51 m s−1)
is more reasonable. The escape fraction of the supergroup (0.42) is
higher than the L5 swarm. The superclan has a large range of high
δaprop values (0.07–0.15 au), though the smaller values are limited to
the 1988RR10 subclan (δaprop: 0.07–0.11) within the Mentor clan.

Mentor clan: 3451 Mentor (1984 HA1), the type object of the
Mentor clan, is a large (126.29 km) X-type (Bus 2002; Hasselmann
et al. 2012). There is also a X-type (34785 (2001 RG87); Fornasier
et al. 2004), and two D-types (5130 Ilioneus (1989 SC7) and 17416
(1988 RR10); Fornasier et al. 2004). The �Vref (48.51 ± 24.27 ms−1)
is close to the Fesc of 3451 Mentor (1984 HA1) (42.23 ms−1), and
the �Vcent (32.58 ± 18.62 ms−1). Even amongst the Trojans, which
are some of the darkest objects in the Solar system (Grav et al.
2012), the Mentor clan has a range of low geometric (0.0367–0.107)
and WISE (W1: 0.0557–0.171, W2: 0.0276–0.177; Grav et al. 2011,
2012) albedos. Unfortunately, there are only two representatives in
the SDSS data set: 3451 Mentor (1984 HA1) and 133862 (2004
BR38), and only a single representative in the MOVIS data base,
289501 (2005 EJ133), and therefore any comments on colours are
preliminary.

Astyanax Clan: This is one of the largest clans in our analysis
and at 41 members is larger than some superclans. Consequently,
it does have a large �Vref (141.79 ± 42.59 ms−1) and �Vcent

(42.8 ± 28.01 ms−1) relative to the Vesc (18.05 ms−1) of the small type
object (1871 Astyanax (1971 FF), 53.98 km). Two of the subclans,

11https://github.com/TimHoltastro/holt-etal-2021-Jovian-Trojan-astroclad
istics.git

Table 4. Physical and observational parameters for the priority targets
identified in this work, taken from the Asteroid Light-curve Data base (http:
//www.minorplanet.info/lightcurvedatabase.html, retrieved 2020 October 22;
Warner, Harris & Pravec 2009). Here, P denotes the rotation period of the
asteroid, and Amin and Amax are the minimum and maximum amplitudes of
the asteroid’s light curve. H is the absolute magnitude of the asteroid, and pV

the geometric albedo.

Astno. P Amin Amax H pV

(h) (mag) (mag) (mag)

659 15.98 0.22 0.31 8.71 0.040 ± 0.004
1173 11.60 0.16 0.73 8.91 0.035 ± 0.002
1208 56.17 – 0.20 9.00 0.037 ± 0.002
1404 29.38 – 0.30 9.41 0.050 ± 0.003
1437 24.49 0.34 0.70 8.21 0.028 ± 0.001
2456 7.24 0.05 0.27 9.37 0.026 ± 0.002
2895 7.52 0.08 0.48 10.14 –
4086 10.43 0.08 0.16 9.29 0.056 ± 0.004
4138 29.20 0.10 0.40 10.12 0.057 ± 0.007
4709 12.28 0.31 0.47 8.77 0.078 ± 0.005
5283 7.32 – 0.11 9.76 0.072 ± 0.007
7119 400.00 – 0.10 9.85 0.036 ± 0.005
7152 9.73 – 0.09 10.34 –
37519 50.93 – 0.30 11.10 –

Ophelestes (�Vref: 20.79 ± 12.5 ms−1, �Vcent: 3.7 ± 6.25 ms−1) and
1989 UX (�Vref: 15.28 ± 8.38, �Vcent: 12.97 ± 7.93 ms−1), have
low dispersal velocities, though these are higher than the Vesc of the
respective type objects (52767 Ophelestes (1998 MW41): 10.83 ms−1

and 9030 (1989 UX5): 10.76 ms−1, respectively). Within this clan,
there are two members of the Enominos collisional family in this clan
(17492 Hippasos (1991 XG1) and 98362 (2000 SA363); Nesvorný
et al. 2015) clustered close together in the Astyanax subclan. The
small Gaia range (17.836–18.381 mag) is due to only two objects
being represented, 16560 Daitor (1991 VZ5) and 17492 Hippasos
(1991 XG1). The majority of the objects (60.09 per cent) are in the
SDSS colour set. The (b − v) (0.649–0.926) and (g − r) (1.183–
1.958) values are low and constrained, where as the (u − g) (0.5–
0.633) and (i − z)(−0.15–0.317) are on the high end and broad.

4 IDENTI FIED PRI ORI TY TARGETS

One of the outcomes of this work is to identify priority targets for
future observations. Here, we collate these objects and describe the
rationale for their selection. A summary of these objects is presented
in Table 4.

1404 Ajax (1936 QW), 4086 Podalirius (1985 VK2) and 7119
Hiera (1989 AV2): These three objects are located in the Ajax clan.
All three are fairly large, with H magnitudes brighter than 9. They
are of interest due to a lack of taxonomically identified objects in the
Ajax clan. This clan is close to the Eurybates clan, which contains
multiple members of the Eurybates collisional family, along with
3548 Eurybates (1973 SO), a Lucy target.

2456 Palamedes (1966 BA1): The largest object (H magnitude of
9.3) for the Thersites clan, which contains 21900 Orus (1999 VQ10),
a Lucy target. Only a single member of the clan, 53477 (2000 AA54),
has SDSS colour values. Further classification and observations of
2456 Palamedes (1966 BA1) would help to provide context for the
smaller Lucy target, 21900 Orus (1999 VQ10), and the clan as a
whole.

5283 Pyrrhus (1989 BW): This object is the largest in the Epeios
clan. In Bendjoya et al. (2004), it is reported as having a negative spec-
tral slope. Unfortunately, it not represented in either of the multiband
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surveys. This clan is of interest, as the only taxonomically identified
object, 12921 (1998 WZ5), a X-type amongst the prominently D-
types of the Greater Achilles superclan. The 258656 (2002 ES76)–
(2013 CC41) pair identified by Holt et al. (2020b) is also potentially
in the Epeios clan, close to 5283 Pyrrhus (1989 BW).

659 Nestor (1908 CS): An XC-type amongst the mostly D-types
of the L4 Trojan swarm. It is also one of the largest members of the
population (with a H magnitude of 8.99), and is the type member of
the Greater Nestor superclan, which has a variety of taxonomic types.
Additional observations of this object would help to understand the
diversity of objects in the Trojan population.

1437 Diomedes (1937 PB): This is the type object of the Diomedes
clan, which includes 11351 Leucus (1997 TS25), a small Lucy target.
Further observations of this object could provide more details on
11351 Leucus (1997 TS25) (H mag: 10.7), and being a brighter
object (with an absolute magnitude of 8.3), is able to be observed
more easily. Like 2456 Palamedes (1966 BA1), 1437 Diomedes (1937
PB) offers an opportunity to provide some context, prior to visitation
of a related object by Lucy.

4138 Kalchas (1973 SM) and 7152 Euneus (1973 SH1): These
objects are identified X-types in a very stable clan, with absolute
magnitudes of 10.1 and 10.2, respectively. Another large X-type in
the population, 617 Patroclus (1906 VY), is part of a binary, and a
Lucy target. Though not in the same clan, further investigations on
4138 Kalchas (1973 SM) and 7152 Euneus (1973 SH1) could provide
some details on other X-types in a stable configuration.

1173 Anchises (1930 UB): The subject of dynamical and ther-
mophysical studies by Horner et al. (2012) and the type object of
the unaffiliated L5 Anchises clan. This object is one of the darkest
objects (0.05 albedo) in the Trojan population, though it is quite
large, over 100 km, and has an H-magnitude of 8.89. We echo the
call of Horner et al. (2012) for further investigation into this object,
particularly in broad-band colours, as the object is not represented in
SDSS or MOVIS data bases.

2895 Memnon (1981 AE1) and 37519 Amphios (3040 T-3): Both
of these objects are located in the stable L5 Memnon clan, part of the
Greater Patroclus superclan. One of only two members of the 2001
UV209 collisional family included in this analysis, is 37519 Amphios
(3040 T-3) (Nesvorný et al. 2015), also in the Memnon clan. The
objects are the type of their respective subclans. The Memnon clan
is also the closest clan to 617 Patroclus (1906 VY), a Lucy target
not affiliated with any clan. Both of these objects could provide
additional information about the context of 617 Patroclus (1906
VY), though 2895 Memnon (1981 AE1) is the cladistically closer
object. 37519 Amphios (3040 T-3) is an interesting object in its own
right, due to it’s affiliation with the 2001 UV209 collisional family,
and may be the largest remnant of the collision that created that
family.

1208 Troilus (1931 YA): A relatively large object (H mag 8.99),
1208 Troilus (1931 YA) is the only F/B-type object identified in
the Trojan swarm (Tholen 1989; Bus 2002). Though this taxonomic
type is associated with the C-types, there are none identified in the
Troilus clan. This could indicate that the object is unique in the Trojan
population. Further detailed observations could help us to place this
object in a wider small Solar system body context, and possibly
identify previously unknown associations between the Jovian Trojans
and other populations.

4709 Ennomos (1988 TU2): The largest member of the Ennomos
collisional family (Brož & Rozehnal 2011). The object is a member
of the Cebriones clan, which has limited colour information. Further
characterization of this object would help us to understand the
diversity of collisional family members in the Jovian Trojans.

128383 (2004 JW52): This relatively small object (H mag 13.1)
was removed at the binning stage from the analysis, due to its
anomalous colour. If the object was included, the SDSS colours
would consist of two bins, this object and everything else. The object
has high (b − v) and (g − r) colours (1.55 and 1.3, respectively) in
comparison to the rest of the Jovian Trojan population (0.10–1.275
and 0.300–1.045), as well as low (i − z) values (−0.55, compared
with −0.37–0.45). These anomalous values could be explained if
the object was an interloper in the Trojan population, but this is
contradicted by the stability. The object has an approximately 0.55
fractional escape rate, though only after spending an average of
3.7 × 109 in the L4 Trojan swarm (Holt et al. 2020a). Further
characterization and investigations into this object could help us
to resolve this discrepancy and discover the history of the object.

5 Lucy C O N T E X T

At the time of writing, five of the Jovian Trojans have been selected
as targets to be visited by the Lucy spacecraft in the late 2020’s to
early 2030’s (Levison et al. 2017). Each of these objects are included
in our astrocladistical analysis, which allows us to provide additional
information on the context of those targets, in advance of the mission.

3548 Eurybates (1973 SO) is the largest fragment of the Eurybates
collisional family (Brož & Rozehnal 2011), and a member of the
Greater Ajax superclan, as described in Section 3.1.4. Six other
members of the preciously identified Eurybates collisional family,
are also located within the clan. The majority of the objects that
are thought to be closely associated with 3548 Eurybates (1973 SO)
can be found in the Eurybates subclan, and are all classified as as
C-types (Fornasier et al. 2007). The C-types are relatively rare in the
Trojan population, comprising only approximately 12.79 per cent
by number, compared with over 60, by mass in the Main Belt
(DeMeo & Carry 2013). Other members of the Eurybates clan include
two D-types, 12917 (1998 TG16) (Fornasier et al. 2007) and 5258
(1989 AU1) (Bendjoya et al. 2004), and a X-type, 18060 (1999
XJ156) (Fornasier et al. 2007), with all three in the Anius subclan, a
sister subclan to the Eurybates subclan. This complexity of closely
associate subclans, may indicate that 3548 Eurybates (1973 SO) may
be different to other C-types.

15094 Polymele (1999 WB2) is a member of the Greater Diomedes
superclan, as described in Section 3.1.6, along with 11351 Leuchus
(1997 TS25). It is not associated with any clan, though it is worth
noting that if falls relatively close to the Philoctetes clan, which
contains several X-types, a C-type, a D-type, and three members of
the Eurybates collisional family. The diversity in this superclan, and
the associated Philoctetes clan, means that it is hard to anticipate the
physical nature of 15094 Polymele. It may have a shared heritage
with any of the other members of the clan, and observations by Lucy
may well shed new light on its true nature and affiliation.

11351 Leucus (1997 TS25), like 15094 Polymele (1999 WB2), is
a member of the Greater Diomedes superclan. Specifically, 11351
Leucus (1997 TS25) is located well within the Diomedes clan, and
the type object 1437 Diomedes (1937 PB) (Tholen 1989) is a well
recognized DX-type. This suggests that 11351 Leucus (1997 TS25)
is representative of the majority of D-type Jovian Trojans (Fornasier
et al. 2007). This close association could imply that 11351 Leucus
(1997 TS25) has a common origin and physical composition to that
larger object, and as such, that Lucy’s visit will provide valuable data
on an object that could be representative of the majority of the Trojan
population that is associated with the D-types.

21900 Orus (1999 VQ10), located in the unaffiliated Thersander
Clan, is another provisional D-type. The only other classified object
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in the clan, 24341 (2000 AJ87), is a C-type (Fornasier et al. 2007).
In addition, there are several other closely associated C-types. This
could suggest that 21900 Orus (1999 VQ10) has a different compo-
sition to 11351 Leucus (1997 TS25), despite both being designated
D-types. This further highlights the diversity of taxonomic types in
the Trojan swarms, and could be confirmed with analysis of the Lucy
data, as it becomes available. Indications of the differences between
21900 Orus (1999 VQ10) and 121351 Leucus (1997 TS25) could be
investigated using observations of 2456 Palamedes (1966 BA1), the
largest object in the Thersander clan, of which 21900 Orus (1999
VQ10) is a member.

The 617 Patroclus (1906 VY)/Menoetius binary system is, so
far the only Lucy target in the L5 swarm. Being a large object,
it is very well studied (Merline et al. 2001; Marchis et al. 2006),
and has a well-established taxonomy as a X-type (Tholen 1989),
though we note that in the original classification, as well as the Lucy
documentation (Levison et al. 2017), it is a ‘P-type’. In our analysis,
617 Patroculus (1906 VY) is the type object for the Greater Patroclus
superclan. The binary is not, itself, associated with any of the clans,
although it is close to the Memnon clan. Part of the issue is that in
our analysis 617 Patroclus (1906 VY) is not represented in the SDSS
catalogue. The inclusion of these data could potentially bring the
object into the Memnon clan. Being close to the Memnon clan may
associate it with other large members, 2895 Memnon (1981 AE1)
and 37519 Amphios (3040 T-3), though neither of these have any
colour values, beyond the size-dependent Gaia G magnitudes. The
relatively large 37519 Amphios (3040 T-3) is interesting due to it’s
inclusion in the 2001 UV209 collisional family. While inclusion of
617 Patroclus (1906 VY) in the family would be unreasonable, as the
family creation event would have disrupted the binary (Nesvorný &
Vokrouhlický 2019), this may indicate a link between the family and
the binary. Further analysis of several of these objects, as discussed
in Section 4, could help further classify these objects, and place 617
Patroclus (1906 VY) in context prior to Lucy’s arrival, in 2033.

6 F U T U R E S U RV E Y S

In this work, we use astrocladistics to investigate the Jovian Trojan
population, drawing upon observational data obtained by the latest
generation of wide-field surveys. In the coming decade, several new
surveys will come online, providing a wealth of new data that could
be incorporated in future studies. Here, we comment on the potential
for the use of the astrocladistical methodology in the analysis of that
data, and discuss how those surveys will improve our understanding
of the Jovian Trojan population.

Gaia DR3: In this work we use single G-band (330 to 1050 nm)
data taken from Gaia DR2 (Spoto et al. 2018). Whilst this single band
data can provide some information about the objects, The Gaia G-
band magnitudes are clearly linked to size, to first approximation, but
also to some extent albedo and distance. Albedos within the Jovian
Trojans are low, and relatively consistent (Romanishin & Tegler
2018). Distance is also normalized somewhat, due to the librations
of the population around the Lagrange points. In the Gaia DR2 data
set, there are two additional two bands, GBP-band (330–680 nm) and
GRP-band (630–1050 nm) (Evans et al. 2018) for stellar objects, but
data in these bands is not available for Solar system objects. These
data are expected to be included in the full Gaia DR3 release, which
is currently scheduled for release in early 2022, and once available,
could be incorporated into future astrocladistical surveys in a similar
way to the SDSS and MOVIS colours.

The Vera Rubin Observatory, with the Legacy Survey of Space
and Time (Rubin Obs. LSST), is expected to receive first light in

2023. During the first few years that Vera Rubin is active, estimates
suggest that more than 280 000 Jovian Trojans are expected to be
discovered (LSST Science Collaboration 2009). Of those objects, it
is likely that more than 150 observations will be made of at least
50 000, which will be sufficient for those objects to be characterized
in five broad-band colours (LSST Science Collaboration 2009). This
will provide a much larger context for taxonomy in the Jovian Trojan
population, and small Solar system bodies in general. Astrocladistics
is a tool that could be used to further analyse these data, and that is
ideally suited to the analysis of such vast and sprawling data sets. As-
suming that the currently observed L4/L5 numerical asymmetry holds
(Jewitt et al. 2000; Nakamura & Yoshida 2008; Yoshida & Nakamura
2008; Vinogradova & Chernetenko 2015), it is expected that those
observations would yield results for approximately 33 000 objects in
the vicinity of L4, and 17 000 around L5. Given that the computational
requirements for cladistical analysis increases approximately with a
trend of n3/2 (Goloboff et al. 2008; Goloboff & Catalano 2016), we
estimate that, using current computational architecture, the analysis
of such large data sets would require approximately 2700 CPU-
hours for the L5 analysis and 7500 CPU-hours for the population
around L4. In order for this to be feasible, further testing into
the TNT 1.5 parallelization (Goloboff & Catalano 2016) will be
required.

The James Web Space Telescope (JWST) is currently scheduled
for launch in 2021. The telescope will provide detailed analysis of
many Solar system objects (Rivkin et al. 2020). In contrast to the work
of Gaia and the Vera Rubin observatory, which are undertaking wide
ranging surveys, the JSWT is instead a targeted mission, providing
detailed IR spectra on specific objects, rather than broad-band colours
on many objects. Whilst the time required for such observations
will doubtless be incredibly highly sought after, two members of
the Jovian Trojan population, 617 Patroclus (1906 VY) and 624
Hektor (1907 XM), have already been approved for study under the
Guaranteed Time Observations program (Rivkin et al. 2020). Once
those observations are complete, the results can be placed in a wider
context due to this work. As JWST is a limited time mission, we
recommend the prioritization of those targets identified in Section 4
to provide the most benefit.

Twinkle is a low-cost, community funded, space telescope, sched-
uled for launch in 2023 or 2024 (Savini et al. 2018). The mission
will provide spectral analysis in three bands in the visible and
near-IR (0.4–1, 1.3–2.42, and 2.42–4.5μm). In terms of the Jovian
Trojans, the mission will be able to provide detailed observations
down to approximately 15th magnitude. Over the seven year initial
lifetime, Twinkle is expected to observe 50 or so of the largest Trojans
(Edwards et al. 2019a, b), all of which are included in this work. This
will provide further characterization of these bodies, particularly in
the IR range. Astrocladistics can offer added value to analysis of
Twinkle observations, through associations within clans.

The Nancy Grace Roman Space Telescope (RST, formally
WFIRST) is currently in development, with an expected launch date
in 2025. Once launched, there will be a number of opportunities for
small body Solar system science using RST, including the ability
to obtain a wealth of data for the Jovian Trojans (Holler et al.
2018). Using the wide-filed imaging system, in the near-IR (0.6–
2.0μm), RST will be able to observe the majority of the currently
known Jovian Trojans. In conjunction with the broad-band Rubin
Observatory LSST colours, those observations will yield a large data
base of Jovian Trojan characteristics. As computational capabilities
and algorithm optimizations increases prior to launch, astrocladis-
tics will provide a tool capable of analysing such large data
sets.
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7 C O N C L U S I O N

In this work, we apply the new astrocladistical technique to the
Jovian Trojans. We combine dynamical characteristics with colour
information from the SDSS, WISE, Gaia DR2, and MOVIS, into a
holistic taxonomic analysis. We create two matrices, one for the
L4 and one the L5 Trojans, comprised of 398 and 407 objects,
respectively. As part of this analysis, we find clustering beyond
the previously identified collisional families (Nesvorný et al. 2015).
These clusters we term ‘clans’, which provide the beginnings of a
taxonomic framework, the results of which are presented visually
using a consensus dendritic tree. Our results yield a hierarchical
structure, with individual clans often congregating within a larger
‘superclan’, and with other clans being further broken down into
one or more ‘subclans’. These subclans, clans, and superclans form
clusters of objects with a possible common origin. With the next-
generation wide-field surveys and the Lucy mission, these clusters
will be able to be placed in a wider context under the new paradigm.

In our analysis of the members of the L4 swarm, we identify
a total of ten unaffiliated clans and eight superclans that, in turn,
contain an additional seventeen clans. Within our analysis, we include
13 members of the Eurybates collisional family (Nesvorný et al.
2015), the largest in the Trojan population. Seven of these, including
3548 Eurybates (1973 SO), a Lucy target, cluster into the Eurybates
clan, a part of the Greater Ajax superclan. Other canonical family
members cluster together, though are separated, possibly indicating
that they are not true collisional family members, but suffer from
one of the inherent issues with the methodology used to identify
families.

The L5 swarm shows more hierarchical structure: seven unaffili-
ated clans, with six subclans within them. The L5 swarm is found to
contain at least three large superclans, with each superclan containing
a larger number of clans and subclans. In total, there are 14 clans
containing 14 subclans in the L5 swarm. The only Lucy target in the
L5 swarm, 617 Patroclus (1906 VY), is the type object of the Greater
Patroculus superclan, though it is not specifically part of any clan, it
is close to the Memnon clan, which includes 2001 UV209 collisional
family member, 37519 Amphios (3040 T-3). The other members of
the larger Ennominos collisional family (Nesvorný et al. 2015) are
distributed throughout the dendritic tree, indicating that perhaps the
original HCM (Zappala et al. 1990) is inappropriate for describing
the history of the swarm.

A key outcome of our astrocladistical analysis is that we identify
15 high priority targets for follow-up observations. These are all
comparatively large and bright objects that should be observed to
provide further context for the Jovian Trojan swarms as a whole.
Several are closely related to Lucy targets that could provide
additional information in preparation for in-situ observations.

All of the future Lucy targets (Levison et al. 2017) are included in
our analysis. Our results therefore provide a taxonomic context for
the mission, and extend the value of discoveries made. By associating
the Lucy targets with other clan members, inferences can be made
about their nearest relatives, and the swarms as a whole.

Whilst the focus of this work is on the current generation of
wide-field surveys, several new observatories will be coming on
line in the next few decades. The Vera Rubin Observatory, with
the Legacy Survey of Space and Time (Rubin Obs. LSST), the
James Web Space Telescope (JWST), Twinkle, and the Nancy Grace
Roman Space Telescope (RST, formerly WFIRST) will all be able
to observe the Jovian Trojan population and further characterize
these objects. Astrocladistics offers a method of analysis that will
allow a timely and detailed analysis of the relationships between
the Jovian Trojans, based on the observations made by these next-

generation telescopes, and helps us to identify high priority targets for
competitive observational time. The Jovian Trojans are the remnants
of the early Solar system, held dynamically stable for the past
4.5 × 109 yr. They are vital clues to this early period in the story of
the Solar system. Astrocladistical analysis of these objects provides
us with insights into their history and how they are related to one
another.
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2014, Icarus, 239, 46
Morate D., Licandro J., Popescu M., de León J., 2018, A&A, 617, A72
Morbidelli A., 2010, C. R. Phys., 11, 651
Morbidelli A., Levison H. F., Tsiganis K., Gomes R., 2005, Nature, 435, 462
Mottola S., Hellmich S., Buie M. W., Zangari A. M., Marchi S., Brown M.

E., Levison H. F., 2020, Planet. Sci. J., 1, 73
Nakamura T., Yoshida F., 2008, PASJ, 60, 293
Naylor G., Kraus F., 1995, Syst. Biol., 44, 559
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Figure 5. Consensus tree of cladistical analysis of 398 L4 Jovian
Trojans.
Figure 6. Consensus tree of cladistical analysis of 407 L5 Jovian
Trojans.
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APPENDIX A: CHARACTERISTI CS USED I N
T H E M AT R I X

This appendix details the characteristics used in the analysis.
In total there are 17 values that are binned using the Python
3 (Continuum Analytics 2016) program, available at the associ-
ated Github (https://github.com/TimHoltastro/holt-etal-2021-Jovia
n-Trojan-astrocladistics.git). This binning program is based on one
developed in Holt et al. (2018). R2 values are the correlation between
the binned values and the original data. The binning program sets
the number of bins once an R2 value greater than 0.99 is reached, or
the maximum number of bins, 15 is reached. Each characteristic is
binned independently for the L4 and L5 Trojan matrices.

A1 �ap

Proper � semimajor axis of the object. From AsyDys data base
https://newton.spacedys.com/astdys/

Reference: Knežević & Milani (2017)
Units: au
L4 Bin Number: 13
L4 R2 value: 0.9902
L4 Bin deliminators: [0.0004417 0.01277692 0.02495385

0.03713077 0.04930769 0.06148462 0.07366154 0.08583846
0.09801538 0.11019231 0.12236923 0.13454615 0.14672308
0.1589]

L5 Bin Number: 13
L5 R2 value: 0.9902
L5 Bin deliminators: [0.0041526 0.01563846 0.02697692

0.03831538 0.04965385 0.06099231 0.07233077 0.08366923
0.09500769 0.10634615 0.11768462 0.12902308 0.14036154
0.1517]

A2 ep

Proper eccentricity of the object. From AsyDys data base https:
//newton.spacedys.com/astdys/

Units: n/a
Reference: Knežević & Milani (2017)
L4 Bin Number: 15
L4 R2 value: 0.9900
L4 Bin deliminators: [0.0035364 0.01460667 0.02551333 0.03642

0.04732667 0.05823333 0.06914 0.08004667 0.09095333 0.10186
0.11276667 0.12367333 0.13458 0.14548667 0.15639333 0.1673]

L5 Bin Number: 15
L5 R2 value: 0.9876
L5Bin deliminators: [0.0041151 0.01662667 0.02895333 0.04128

0.05360667 0.06593333 0.07826 0.09058667 0.10291333 0.11524
0.12756667 0.13989333 0.15222 0.16454667 0.17687333 0.1892]

A3 sinip

Sine of the proper inclination of the object. From AsyDys data base
https://newton.spacedys.com/astdys/

Units: n/a
Reference: Knežević & Milani (2017)
L4 Bin Number: 15
L4R2 value: 0.9870
L4 Bin deliminators: [0.0101936 0.06476 0.11852 0.17228

0.22604 0.2798 0.33356 0.38732 0.44108 0.49484 0.5486 0.60236
0.65612 0.70988 0.76364 0.8174]

L5 Bin Number: 13
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L5 R2 value: 0.9901
L5 Bin deliminators: [0.012521 0.06543077 0.11766154

0.16989231 0.22212308 0.27435385 0.32658462 0.37881538
0.43104615 0.48327692 0.53550769 0.58773846 0.63996923
0.6922]

A4 MeanLib

Mean libration value, relative to Jupiter. Calculated using REBOUND
(Rein & Liu 2012; Rein & Tamayo 2015) as outlined in Section 2.1
of the text.

Units: degree
Reference: n/a
L4 Bin Number: 15
L4 R2 value: 0.9838
L4 Bin deliminators: [56.4248396 57.77509172 59.10538938

60.43568704 61.7659847 63.09628236 64.42658001 65.75687767
67.08717533 68.41747299 69.74777065 71.07806831 72.40836597
73.73866362 75.06896128 76.39925894]

L5 Bin Number: 14
L5 R2 value: 0.9908 L5 Bin deliminators: [285.72582824

286.91482596 288.0862523 289.25767863 290.42910496
291.60053129 292.77195762 293.94338395 295.11481029
296.28623662 297.45766295 298.62908928 299.80051561
300.97194195 302.14336828 303.31479461]

A5 LibRange

Range of the objects libration, relative to Jupiter. Calculated using
REBOUND (Rein & Liu 2012; Rein & Tamayo 2015) as outlined in
Section 2.1 of the text.

Units: degree
Reference: n/a
L4 Bin Number: 14
L4 R2 value: 0.9904
L4 Bin deliminators: [4.04450175 9.22096281 14.325954

19.43094519 24.53593638 29.64092757 34.74591876 39.85090995
44.95590114 50.06089233 55.16588352 60.27087471 65.3758659
70.48085709 75.58584828]

L5 Bin Number: 14
L5 R2 value: 0.9908
L5 Bin deliminators: [2.7354308 7.67859255 12.55350552

17.42841848 22.30333145 27.17824441 32.05315738 36.92807035
41.80298331 46.67789628 51.55280924 56.42772221 61.30263518
66.17754814 71.05246111]

A6 albedo

Geometric albedo of the object. From NASA-JPL HORIZONS Solar
System Dynamics Data base https://ssd.jpl.nasa.gov/ Giorgini et al.
(1996).

Units: n/a
Reference: Giorgini et al. (1996)
L4 Bin Number: 15
L4 R2 value: 0.9830
L4 Bin deliminators: [0.024827 0.03653333 0.04806667 0.0596

0.07113333 0.08266667 0.0942 0.10573333 0.11726667 0.1288
0.14033333 0.15186667 0.1634 0.17493333 0.18646667 0.198]

L5 Bin Number: 15
L5 R2 value: 0.9817

L5 Bin deliminators: [0.030831 0.04226667 0.05353333 0.0648
0.07606667 0.08733333 0.0986 0.10986667 0.12113333 0.1324
0.14366667 0.15493333 0.1662 0.17746667 0.18873333 0.2]

A7 W1Alb

Near infrared values from the WISE survey using the W1 filter (3.4 ).
Units: magnitude
Reference: Grav et al. (2011, 2012)
L4 Bin Number: 15
L4 R2 value: 0.9824
L4 Bin deliminators: [0.055661 0.0786 0.1012 0.1238 0.1464

0.169 0.1916 0.2142 0.2368 0.2594 0.282 0.3046 0.3272 0.3498
0.3724 0.395]

L5 Bin Number: 15
L5 R2 value: 0.9794
L5 Bin deliminators: [0.065666 0.08826667 0.11053333 0.1328

0.15506667 0.17733333 0.1996 0.22186667 0.24413333 0.2664
0.28866667 0.31093333 0.3332 0.35546667 0.37773333 0.4]

A8 W2Alb

Near infrared values from the WISE survey using the W2 filter
(4.6μm).

Units: magnitude
Reference: Grav et al. (2011, 2012)
L4 Bin Number: 15
L4 R2 value: 0.9838
L4 Bin deliminators: [0.035641 0.05993333 0.08386667 0.1078

0.13173333 0.15566667 0.1796 0.20353333 0.22746667 0.2514
0.27533333 0.29926667 0.3232 0.34713333 0.37106667 0.395]

L5 Bin Number: 15
L5 R2 value: 0.9773
L5 Bin deliminators: [0.027628 0.0528 0.0776 0.1024 0.1272

0.152 0.1768 0.2016 0.2264 0.2512 0.276 0.3008 0.3256 0.3504
0.3752 0.4]

A9 gmag-mean

Mean G-band magnitude from the GAIA survey. Filter passband from
330 to 1050 nm (Evans et al. 2018).

Units: magnitude
Reference: Spoto et al. (2018) L4 Bin Number: 15
L4 R2 value: 0.9894
L4 Bin deliminators: [15.10926146 15.38560874 15.65787207

15.9301354 16.20239873 16.47466206 16.74692539 17.01918872
17.29145205 17.56371538 17.83597871 18.10824204 18.38050537
18.65276871 18.92503204 19.19729537]

L5 Bin Number: 12
L5 R2 value: 0.9904
L5 Bin deliminators: [15.85627031 16.11791172 16.37645066

16.6349896 16.89352854 17.15206747 17.41060641 17.66914535
17.92768429 18.18622323 18.44476217 18.7033011 18.96184004]

A10 (b − v)

Index of Johnson B (442 nm) and Johnson V (540 nm) band magni-
tudes, calculated from SDSS photometry (Fukugita et al. 1996).

Units: magnitude
Reference: Szabo et al. (2007)
L4 Bin Number: 15
L4 R2 value: 0.9591
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L4 Bin deliminators: [0.50896 0.57933333 0.64866667 0.718
0.78733333 0.85666667 0.926 0.99533333 1.06466667 1.134
1.20333333 1.27266667 1.342 1.41133333 1.48066667 1.55]

L5 Bin Number: 15
L5 R2 value: 0.9878
L5 Bin deliminators: [0.60968 0.63133333 0.65266667 0.674

0.69533333 0.71666667 0.738 0.75933333 0.78066667 0.802
0.82333333 0.84466667 0.866 0.88733333 0.90866667 0.93]

A11 (u − g)

Index of U (354.3 nm) and G (477 nm) band magnitudes taken from
the SDSS (Fukugita et al. 1996).

Units: magnitude
Reference: Szabo et al. (2007)
L4 Bin Number: 15
L4 R2 value: 0.9656
L4 Bin deliminators: [0.873585 0.96933333 1.06366667 1.158

1.25233333 1.34666667 1.441 1.53533333 1.62966667 1.724
1.81833333 1.91266667 2.007 2.10133333 2.19566667 2.29]

L5 Bin Number: 15
L5 R2 value: 0.9724
L5 Bin deliminators: [0.62835 0.74 0.85 0.96 1.07 1.18 1.29 1.4

1.51 1.62 1.73 1.84 1.95 2.06 2.17 2.28]

A12 (g − r)

Index of G (477 nm) and R (623.1 nm) band magnitudes taken from
the SDSS (Fukugita et al. 1996).

Units: magnitude
Reference: Szabo et al. (2007)
L4 Bin Number: 15
L4 R2 value: 0.9560
L4 Bin deliminators: [0.299 0.36666667 0.43333333 0.5

0.56666667 0.63333333 0.7 0.76666667 0.83333333 0.9
0.96666667 1.03333333 1.1 1.16666667 1.23333333 1.3]

L5 Bin Number: 15
L5 R2 value: 0.9851
L5 Bin deliminators: [0.4197 0.44 0.46 0.48 0.5 0.52 0.54 0.56

0.58 0.6 0.62 0.64 0.66 0.68 0.7 0.72]

A13 (r − i)

Index of R (623.1 nm) and I (762.5 nm) band magnitudes taken from
the SDSS (Fukugita et al. 1996).

Units: magnitude
Reference: Szabo et al. (2007)
L4 Bin Number: 15
L4 R2 value: 0.9890
L4 Bin deliminators: [0.09976 0.116 0.132 0.148 0.164 0.18 0.196

0.212 0.228 0.244 0.26 0.276 0.292 0.308 0.324 0.34]
L5 Bin Number: 15
L5 R2 value: 0.9841
L5 Bin deliminators: [0.06824 0.09066667 0.1127619 0.13485714

0.15695238 0.17904762 0.20114286 0.2232381 0.24533333
0.26742857 0.28952381 0.31161905 0.33371429 0.35580952
0.37790476 0.4]

A14 (i − z)

Index of I (762.5 nm) and Z (913.4 nm) band magnitudes taken from
the SDSS (Fukugita et al. 1996).

Units: magnitude
Reference: Szabo et al. (2007)
L4 Bin Number: 15
L4 R2 value: 0.9614
L4 Bin deliminators: [−0.55087 −0.492 −0.434 −0.376 −0.318

−0.26 −0.202 −0.144 −0.086 −0.028 0.03 0.088 0.146 0.204 0.262
0.32 ]

L5 Bin Number: 15
L5 R2 value: 0.9656
L5 Bin deliminators: [−0.37082 −0.31533333 −0.26066667

−0.206 −0.15133333 −0.09666667 −0.042 0.01266667
0.06733333 0.122 0.17666667 0.23133333 0.286 0.34066667
0.39533333 0.45 ]

A15 (Y − J)

Index of Y (1.02μm) and J (1.25μm) band magnitudes from the
VISTA survey (Sutherland et al. 2015), in the MOVIS data base
(Popescu et al. 2016).

Units: magnitude
Reference: Popescu et al. (2018)
L4 Bin Number: 15
L4 R2 value: 0.9875
L4 Bin deliminators: [0.02060934 0.0655506 0.1098277

0.1541048 0.1983819 0.242659 0.2869361 0.3312132 0.3754903
0.4197674 0.4640445 0.5083216 0.5525987 0.5968758 0.6411529
0.68543]

L5 Bin Number: 15
L5 R2 value: 0.9886
L5 Bin deliminators: [0.05425359 0.09975333 0.14458067

0.189408 0.23423533 0.27906267 0.32389 0.36871733 0.41354467
0.458372 0.50319933 0.54802667 0.592854 0.63768133
0.68250867 0.727336]

A16 (J − Ks)

Index of J (1.25μm) and K (2.15μm) band magnitudes from the
VISTA survey (Sutherland et al. 2015), in the MOVIS data base
(Popescu et al. 2016).

Units: magnitude
Reference: Popescu et al. (2018)
L4 Bin Number: 15
L4 R2 value: 0.9846
L4 Bin deliminators: [0.14045928 0.25723273 0.37228047

0.4873282 0.60237593 0.71742367 0.8324714 0.94751913
1.06256687 1.1776146 1.29266233 1.40771007 1.5227578
1.63780553 1.75285327 1.867901]

L5 Bin Number: 15
L5 R2 value: 0.9890
L5 Bin deliminators: [0.06778045 0.16160333 0.25403967

0.346476 0.43891233 0.53134867 0.623785 0.71622133
0.80865767 0.901094 0.99353033 1.08596667 1.178403
1.27083933 1.36327567 1.455712]

A17 (H − Ks)

Index of H (1.65μm) and K (2.15μm) band magnitudes from the
VISTA survey (Sutherland et al. 2015), in the MOVIS data base
(Popescu et al. 2016).

Units: magnitude
Reference: Popescu et al. (2018)
L4 Bin Number: 8
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L4 R2 value: 0.9991
L4 Bin deliminators: [−0.33295512 −0.2505985 −0.1688955

−0.0871925 −0.0054895 0.0762135 0.1579165 0.2396195
0.3213225]

L5 Bin Number: 14
L5 R2 value: 0.9906
L5 Bin deliminators: [−0.1558507 −0.05802146 0.03845707

0.13493561 0.23141414 0.32789268 0.42437121 0.52084975
0.61732829 0.71380682 0.81028536 0.90676389 1.00324243
1.09972096 1.1961995]

A18 taxc

Canonical taxonomic designation, based on the (DeMeo et al. 2009).
Note: any ‘P-type’ have been modernized into the X-types. Reference
used is in taxref.

A19 taxref

Source of canonical taxonomic classification (taxc) Tholen1989:
Tholen (1989); Bendjoya2004: Bendjoya et al. (2004); For-
nasier2004 (Fornasier et al. 2004); Lazzaro2004: Lazzaro et al.
(2004); Fornasier2007: Fornasier et al. (2007); H2012: Hasselmann
et al. (2012).

A PPEND IX B: INDI VIDUA L S UP ERCLANS,
C L A N S , A N D S U B C L A N S

The figures here (Figs B1–B12) show each of the separate superclans,
along with the L4 unassociated clans (Fig. B1) and unassociated L5
clans (Fig. B9). These are additionally available individually from
the PDS. We include Table B1 as an example of those included in the

data archive, available from the PDS. In this data set, the dispersal
velocity calculated from inverse Gauss equations, see Section 2.3,
to the reference object (� V ref. ) and to a fictitious cluster centre (� V
cent. ) are given for each superclan, clan, and subclan independently,
for the subset of Jovian Trojans used in this analysis.

Table B1. Ulysses clan-D: Diameter of the object. From NASA-JPL HORI-
ZONS Solar System Dynamics Data base https://ssd.jpl.nasa.gov/ (Giorgini
et al. 1996). Where not available, generated from H magnitude and mean
geometric albedo (0.075).; �Vref: dispersal velocity calculated from inverse
Gauss equations, see Section 2.3, to the reference object; �Vcent.: as �Vref,
with calculations to the fictitious cluster centre; Fesc: Fraction e of clones that
escape the Jovian Trojan population in Holt et al. (2020a).

full name D �Vref �Vcent. Fesc

(km) (m s−1) (m s−1)

4834 Thoas (1989 AM2) 72.33 9.83 23.99 2.20E-01
5254 Ulysses (1986 VG1) 76.15 0.00 17.81 –
5264 Telephus (1991 KC) 68.47 34.09 16.83 –
11396 (1998 XZ77) 37.11 33.67 14.19 –
13782 (1998 UM18) 24.97 13.89 28.86 8.90E-01
16099 (1999 VQ24) 36.77 28.36 11.69 –
20424 (1998 VF30) 45.80 17.92 3.48 –
20716 (1999 XG91) 26.37 11.34 9.36 –
21595 (1998 WJ5) 35.18 12.63 6.26 –
21599 (1998 WA15) 28.31 48.31 28.04 –
23958 (1998 VD30) 46.00 18.02 5.02 –
24501 (2001 AN37) 24.54 17.78 1.21 –
63195 (2000 YN120) 24.69 35.93 18.19 –
111819 (2002 DD1) 19.34 17.35 9.23 3.30E-01
252173 (2001 DL10) 15.45 40.86 20.81 –
310027 (2010 AH95) 11.10 36.22 16.84 –
355768 (2008 RY57) 11.72 10.25 10.38 –
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6
Additional works and Coauthor projects

In this chapter, I outline additional first author works that are peripherally related to the four
first-author papers. In section 6.2, I outline several coauthor projects with which I have been
involved.

6.1 Additional works

6.1.1 Simulations of a Synthetic Eurybates Collisional Family

Holt, T. R., Nesvorný, D., Horner, J., King, R., Carter, B.D., &Brookshaw, L. (2019). Simu-
lations of a Synthetic Eurybates Collisional Family. AASDivision onDynamical Astronomy
Meeting 50, id. 100.01.
Of the six recognized collisional families in the Jovian Trojan swarms, the Eurybates family
is the largest, with over 200 recognized members. Located around the Jovian L4 Lagrange
point, librations of the members make this family an interesting study in orbital dynamics.
The Jovian Trojans are thought to have been captured during an early period of instability
in the Solar system. The parent body of the family, 3548 Eurybates is one of the targets for
the Lucy spacecraft, and our work will provide a dynamical context for the mission. Recent
modeling has suggested that some members of the family have escaped the swarm on a time
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scale comparable to the age of the Solar system. The aim of the present work is to provide a
dynamical simulation of the early history of the Eurybates family to explain its origins. Our
modeling involved the creation of a 1000member synthetic fragment cloud, centered on 3548
Eurybates as the parent body. The synthetic family was created using the Gauss equations,
with a 100m/s escape velocity and random ejection angles. The dynamical evolution of the
synthetic cloudwasmodeledusinghighprecisionn-body simulationswith theREBOUND code
on a variety of time scales. From these simulations, we find that the synthetic family stabilizes
into the modern observed libration pattern within a relatively short time span. By using sta-
tistical comparisons with the observed family members, our results provide the first estimate
of theminimum age of the Eurybates family. The Eurybates collisional family also provides a
unique opportunity to examine the dynamical evolution of the fragments of break-up event
around a Lagrange point.
This was to form a basis for an investigation into the Eurybates collisional family (Brož and
Rozehnal, 2011; Nesvorný et al., 2015). In the presented work, I found a minimal age for the
Eurybates family of approximately 114,000 years after the collisional family creation event.
Using the escape rate in Holt et al. (2020a), I also found an age estimation for the family of
around 1 billion years. The synthetic simulations would form the basis for a more robust s-
tatistical analysis using a method described in Parker (2015). The method uses Approximate
Bayesian Computational methods (see Marin et al., 2011, for review), to estimate the age of
the family statistically. Unfortunately the results were inconclusive and the project was put
on hiatus.

6.1.2 Captured Small Solar System Bodies in the Ice Giant Region:

Community Science White Paper for the Planetary and Astrobiology Decadal Survey, 2023-
2032
This white paper advocates for the inclusion of small, captured Outer Solar system objects,
found in the Ice Giant region in the next US Decadal Survey. These objects include the Tro-
jans and Irregular satellite populations of Uranus and Neptune. The captured small bodies
provide vital clues as to the formation of our Solar system. They have unique dynamical sit-
uations, which any model of Solar system formation needs to explain. The major issue is
that so few of these objects have been discovered, with very little information known about
them. The purpose of this document is to prioritize further discovery and characterization
of these objects. This will require the use of NASA and NSF facilities over the 2023 2032
decade, including additional support for analysis. This is in preparation for potential future
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insitu missions in the following decades.
In the USA, NASA funding for projects is dependent upon a proposal system. The success
of proposals is dependent upon the community input, which begins during a decadal survey.
These surveys drive NASA funding, and are constructed based by the community under a
NASA and NSF mandate. The basis for these are community contributed white papers. I
chose to lead one of these white papers, to ensure that the subject, Trojans and Irregular satel-
lites of Uranus and Neptune, are part of the conversation in the next decade.

6.2 Coauthor

In this section, I overview several refereed papers that I have been involved with over the
course of my PhD program.

6.2.1 Horner et al. 2020 - Solar System Physics for Exoplanet Research

Horner, J., Kane, S. R., Marshall, J. P., Dalba, P. A., Holt, T. R., Wood, J., … Tylor, C. C.
E. (2020). Solar System Physics for Exoplanet Research. Publications of the Astronomical
Society of the Pacific, 132(1016), 102001.
Over the past three decades, we have witnessed one of the great revolutions in our under-
standing of the cosmos - the dawn of the Exoplanet Era. Where once we knew of just one
planetary system (the Solar system), we now know of thousands, with new systems being an-
nounced on a weekly basis. Of the thousands of planetary systems we have found to date,
however, there is only one that we can study up-close and personal - the Solar system. In
this review, we describe our current understanding of the Solar system for the exoplanetary
science community - with a focus on the processes thought to have shaped the system we see
today. In section one, we introduce the Solar system as a single well studied example of the
many planetary systems now observed. In section two, we describe the Solar system’s small
body populations as we know them today - from the two hundred and five known planetary
satellites to the various populations of small bodies that serve as a reminder of the system’s
formation and early evolution. In section three, we consider our current knowledge of the
Solar system’s planets, as physical bodies. In section four, we discuss the research that has been
carried out into the Solar system’s formation and evolution, with a focus on the information
gleaned as a result of detailed studies of the system’s small body populations. In section five,
we discuss our current knowledge of planetary systems beyond our own - both in terms of
the planets they host, and in terms of the debris that we observe orbiting their host stars. As
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we learn evermore about the diversity and ubiquity of other planetary systems, our Solar sys-
temwill remain the key touchstone that facilitates our understanding andmodelling of those
newly found systems, and we finish section five with a discussion of the future surveys that
will further expand that knowledge.

Mycontribution: Horner et al. (2020) is a recentmajor overviewof Solar systemphysic-
s, presented in the context of exoplanet science. In this work, I helped to create many of the
plots of Solar system populations. Some examples are shown in the figures 1.2 and 1.4, plots
in Semi-major axis, eccentricity and inclination for the inner and outer Solar system. I also
created figures for individual populations, such as Figure 1.8. Another example, of the NEO
populations, shown here in Figure 6.1. Each figure was created using data from HORIZONS
Solar system Dynamics Database https://ssd.jpl.nasa.gov/ (Giorgini et al., 1996). I
also made plots of the Solar system as it stood on Jan 1st, 2000.

6.2.2 Bolin et al. 2020 - Characterization of Temporarily Captured Mini-
moon 2020 CD3 by Keck Time-resolved Spectrophotometry

Bolin, B. T., Fremling, C., Holt, T. R., Hankins,M. J., Ahumada, T., Anand, S., … Zolkower,
J. (2020). Characterization of Temporarily Captured Minimoon 2020 CD3 by Keck Time-
resolved Spectrophotometry. The Astrophysical Journal, 900(2), L45.
We present time-resolved visible spectrophotometry of 2020 CD3, the second known min-
imoon. The spectrophotometry was taken with the Keck I/Low Resolution Imaging Spec-
trometer between wavelengths 434 and 912 nm in the B, g, V, R, I, and RG850 filters as it
was leaving the Earth–Moon system on 2020 March 23 UTC. The spectrum of 2020 CD3
resembles V-type asteroids and some lunar rock samples with a 434–761 nm reddish slope of
∼18%/100 nm (g–r = 0.62 ± 0.08 and r–i = 0.21 ± 0.06) with an absorption band at∼900 nm
corresponding to i–z =−0.54 ± 0.10. Combining ourmeasuredHof 31.9 ± 0.1 with an albedo
of 0.35 typical for V-type asteroids, we determine 2020 CD3’s diameter to be ∼0.9 ± 0.1 m,
making it the first minimoon and one of the smallest asteroids to be spectrally studied. We
use our time-series photometry to detect significant periodic light-curve variations with a pe-
riod of∼573 s and amplitude of∼1. In addition, we extend the observational arc of 2020 CD3
to 37 days, to 2020 March 23 UTC. From the improved orbital solution for 2020 CD3, we
estimate the likely duration of its capture to be ∼2 yr and the nongravitational perturbation
on its orbit due to radiation pressure with an area-to-mass ratio of (6.9 ± 2.4) × 10−4m2 kg−1
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Figure 6.1: The orbita e ement distribution of the known near‐Earth asteroids, in semi‐major axis eccentricity space
(top) after Horner et a . (2020). The four sub‐groups within the near‐Earth asteroid popu ation are shown in different
shades of green. The Atira asteroids are shown in aquamarine, the Atens in chartreuse, Apo os in sea green and
Amors in dark green. The impact of observationa bias is c ear y seen here, particu ar y in the upper pane . Objects are
easier to detect when c oser to Earth than farther away ‐ and the sma est (but most numerous) objects can on y be
discovered during c ose approaches to our p anet. For that reason, the greatest popu ation in a‐e space is bounded by
ines of constant perihe ion = 0.9833 au (curving outward to the right) and aphe ion = 1.0167 au (moving inwards
toward higher eccentricities), which we show in white in the top pane . The wedge bounded by these two ines
contains those objects that can reach a he iocentric distance at a distance within the bounds set by Earth s perihe ion
and aphe ion distances and can therefore experience very c ose encounters with our p anet.
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implying a density of 2.3 ± 0.8 g cm−3, broadly compatible with other meter-scale asteroids
and lunar rock. We searched for prediscovery detections of 2020CD3 in theZwickyTransien-
t Facility archive as far back as 2018October but were unable to locate any positive detections.

My contribution: In Bolin et al. (2020), I undertook the dynamical simulations. The
following is reproduced from that paper, showing my major contributions.

The second-known minimoon 2020 CD3 was discovered while it was captured by the
Earth-Moon system. To determine its orbital evolution before, during and after its captured
state, we implemented the REBOUND n-body orbit integration package (Rein and Liu, 2012)
with our fitted orbit. In addition to its nominal orbit, we cloned∼10 additional massless test
particles defined from the vertices of a cuboid represented by the heliocentric orbital elements
and σ orbital parameter semi-major axis a, eccentricity e and inclination i uncertainties and an
initial ephemeris time of 2020 March 23 UTC. The simulations are run using the IAS15 in-
tegrator (Rein and Liu, 2012) and the Sun, eight major masses of the Solar system, along with
the Moon, Vesta, Ceres and Pluto 1. The simulations were run using a timestep of 0.00249 y
(21.825 hours, 0.03 times the Lunar orbital period), with an output of 0.01 y for 5-y and 100-y
time-frames.

We adopt the definition of geocentric capture from Fedorets et al. (2017) and Jedicke et al.
(2018) to describe the geocentric orbital evolution of 2020 CD3, namely that while captured,
2020 CD3 remains within 3 Hill radii (∼0.03 au) of the Earth, has a eg <1, and approaches the
Earth to within 1 Hill radius (∼0.01 au) at some point during its captures. As seen in Fig. 6.2,
2020 CD3, approaches the Earth-Moon system opposite from the Sun’s direction in the di-
rection of the L2 Lagrange point with its capture beginning in mid 2018 with a low ∼1 km/s
encounter velocity. Almost half of minimoons pass through the L2 Lagrange point while
becoming temporarily geocentrically bound (Granvik et al., 2012), therefore, it seems 2020
CD3’s capture is non-exceptional in the case of temporarily captured asteroids. In addition,
we see from the top panels of Fig. 6.2 that 2020 CD3 is captured on a retrograde orbit ∼100◦

and completes ∼5 revolutions around the Earth-Moon system while remaining within three
Hill radii of geocenter. Integrating its orbit forward and backward, themajority of 2020CD3

orbital clones remained captured within the Earth-Moon for∼2 y as seen in the bottom right
panel of Fig.6.2 leaving the Earth-Moon system in mid 2020. Integrating the orbit with and
without a Solar radiation pressure component does not significantly affect the capture dura-

1Taken from the JPL HORIZONS Solar System Dynamics Database https://ssd.jpl.nasa.gov/
(Giorgini et al., 1996), on 10th April, 2020.
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tion of 2020 CD3. The geocentric orbit of 2020 CD3 is retrograde for nearly the entirety of
its capture and its final orbit will result in it having a slightly larger heliocentric semi-major
axis of a of 1.027 au compared to its pre-capture a of 0.973 au as seen in the bottom left panel
of Fig. 6.2. Overall it seems the capture of 2020 CD3 is a typical, however, having a longer
duration than the ∼1 y capture duration of 2006 RH120, the only other known minimoon,
and the∼9month capture duration averaged over theminimoon population (Granvik et al.,
2012).

In addition, we take a look at the longer term, 100 y heliocentric orbital evolution of 2020
CD3 as presented in Figs. 6.3 and 6.4. Integrating the orbit of 2020 CD3 100 years into the
past and into the future show similar behavior in that 2020 CD3 has close encounters with
the Earth placing 2020 CD3 inside the Hill radius of the Earth every ∼20-30 years as seen
in the bottom right panels of Figs. 6.3 and 6.4. The long-term orbit of 2020 CD3 resem-
bles a horseshoe orbit as seen in the upper left panels of Figs. 6.3 and 6.4 where its status as
temporarily capture asteroids has resulted from its similar orbital plane and low encounter
velocity relative to Earth’s (Granvik et al., 2013; Jedicke et al., 2018). Interestingly, some of
the 2020 CD3 orbit clones when integrated into the future switch from a max inclination of
0.012◦ to 0.031◦ during the next encounter with the Earth. In addition, we have undertak-
en preliminary, long-term simulations using the hybrid MERCURIUS REBOUND integrator,
(Rein et al., 2019) using the same initial conditions as above, including the eight clones. These
initial simulations indicate that the horse-shoe dynamical situation is stable for at least ∼106

years.

6.2.3 Horner et al. 2021 - Dynamical prospecting in the π Mensæ system

Horner, J., Marshall, J. P., Witenmyer, R. A., Kane, S. R., Okumura, J., Holt, T. R., Errico,
A. and Carter, B. D. (2021). Dynamical prospecting in the π Mensæ system. The Astronom-
ical Journal. Under review.
We present the results of a “dynamical prospecting” study of the π Mensæ system, in an at-
tempt to constrain the possibilities for additional undiscovered planets and debris disc struc-
tures therein. π Mensæ is a Sun-like star known to host a hot super-Earth, a cold, massive,
and eccentric giant planet, and a cold debris disc (analogous to the Edgeworth-Kuiper belt).
We find that the system could indeed host further, as yet undiscovered planets, but that those
planets must orbit closer than ∼0.4 au from the central star. We can explicitly rule out the
presence of planets in the optimistic habitable zone around π Mensæ – such planets would
be ejected from the system by π Mensæ b on timescales of a thousand years, or less. By com-
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Figure 6.2: Top eft pane mean geocentric, co‐rotating Cartesian y and x coordinates of 2020 CD3 orbita c ones ±5
y centered on 2020 March 23 UTC encompassing its ∼700 day capture comp eting ∼5 revo utions around the
Earth‐Moon system. The red dotted ine indicates the trajectory of 2020 CD3 before 2020 March 23 UTC and the
b ue dotted ine indicates the trajectory of 2020 CD3 after 2020 March 23 UTC. A green circ e with a radius of three
times the Earth s Hi radii of ∼0.03 au is overp otted. The direction towards the Sun in the co‐rotating frame is
indicated. Top right pane same as the top eft pane except for mean geocentric, co‐rotating Cartesian x and z
coordinates. Bottom eft pane the evo ution of 2020 CD3 s orbita c ones mean semi‐major axes ±5 y centered on
2020 March 23 UTC. The co or code of the dotted ines is the same as in the top pane s. Bottom right pane the mean
geocentric distance of 2020 CD3 orbita c ones ±5 y centered on 2020 March 23 UTC. A horizonta green ine
indicates three times the Hi radii in distance. The co or code of the dotted ines is the same as in the previous three
pane s.
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Figure 6.3: Top eft pane mean geocentric Cartesian y and x coordinates of 2020 CD3 orbita c ones integrated
backwards 100 y from 2020 March 23 UTC (b ue ine) with the Earth s three Hi radii marked in green. Top right pane
same as the top eft pane except for the mean geocentric Cartesian x and z coordinates of 2020 CD3 orbita c ones
integrated backwards 100 y from 2020 March 23 UTC. Bottom eft pane the evo ution in 2020 CD3 s orbita c ones
mean semi‐major axis integrated backwards 100 y from 2020 March 23 UTC with the Earth s orbit in b ack. Bottom
right pane the geocentric distance of 2020 CD3 orbita c ones integrated backwards 100 y from 2020 March 23 UTC.
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Figure 6.4: Top eft pane same as in Fig. 6.3 except for orbita c ones of 2020 CD3 integrated forwards 100 y from
2020 March 23 UTC (red ine) with the Earth s three Hi radii marked in green. Top right pane same as the top eft
pane except for the mean geocentric Cartesian x and z coordinates of 2020 CD3 orbita c ones integrated forwards
100 y from 2020 March 23 UTC. Bottom eft pane the evo ution in 2020 CD3 s orbita c ones mean semi‐major axis
integrated forwards 100 y from 2020 March 23 UTC with the Earth s orbit in b ack. Bottom right pane the
geocentric distance of 2020 CD3 orbita c ones integrated forwards 100 y from 2020 March 23 UTC.
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bining our dynamical constraints with a reanalysis of available radial velocity data, we can
rule out the presence of planetsmoremassive than∼4M⊕ interior to πMensæ c, and exclude
the presence of planets above 10M⊕ anywhere between the orbits of the two known planets.
Our simulations also reveal the possibility that the πMensæ system could host a warm debris
belt, analogous to the Asteroid belt, between ∼0.2 and 0.65 au. Such a belt would yield an
infrared excess around the star at wavelengths of∼5µm. However, the available observational
data is only sufficient to exclude the presence of an extremely bright disc at such wavelengths
– leaving the presence (or absence) of such a debris belt to be determined by future observa-
tions.

My contribution: This work looks into the dynamical parameter space of the exoplan-
etary system, π Mensæ. My contribution to this work was calculating the Habitable zone
(Kopparapu et al., 2013, 2014) for the system. The optimistic habitable zone in the π Men-
sæ system, the inner boundary of which falls at a ∼ 0.902 au, with the outer boundary at
a ∼ 2.121 au. For the π Mensæ system, there have been two planets discovered, π Mensæ b
(3.10 ± 0.02 au) and π Mensæ b (0.06839 ± 0.00050 au, 0.0152+0.0026

−0.0027 Mjup) (Huang et al.,
2018). Using the simulation setup shown in the top images of Figure 6.5 the resultsmean that
we can definitively rule out the existence of planets within the optimistic habitable zone of π
Mensæ solely on dynamical grounds – the influence of π Mensæ b renders the entire region
dynamically unstable. In addition to the habitable zone calculations, I also helped to update
the figures 6 and 7, shown in Figure 6.5 and 6.6.

6.2.4 Bolinetal. 2021 - InitialVisibleandMid-IRCharacterizationofP/2019
LD2 (ATLAS), anActiveTransitioningCentaurAmongtheTrojans,with
Hubble, Spitzer, ZTF,Keck,APOandGROWTHImagingandSpectroscopy

Bolin, B. T., Fernandez, Y. R., Lisse, M.C., Holt, T. R., Lin, Z., Purdum, J.N., … Zolkow-
er, J. (2020). Initial Visible and Mid-IR Characterization of P/2019 LD2 (ATLAS), an Ac-
tive Transitioning Centaur Among the Trojans, with Hubble, Spitzer, ZTF, Keck, APO
and GROWTH Imaging and Spectroscopy. The Astronomical Journal, Volume 161, Issue
3, id.116, 15 pp.
Wepresent visible andmid-infrared imagery andphotometryof Jovian co-orbital cometP/2019
LD2 (ATLAS) taken with Hubble Space Telescope/WFC3 on 2020 April 1, Spitzer Space
Telescope/IRAC on 2020 January 25, Zwicky Transient Facility between 2019 April 9 and
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Figure 6.5: The distribution of test partic es at the start (top) and end (bottom) of our simu ations, in semi‐major axis
(a) vs eccentricity (e) space. We high ight the extent of the conservative and optimistic habitab e zones for the system,
fo owing Kopparapu et a . (2013, 2014), in green ‐ with the conservative habitab e zone shown in dark green, and the
optimistic zone marked in pa e green. The influence of π Mensæb is readi y apparent – c earing the entirety of the
optimistic habitab e zone, and beyond (inwards to ∼0.6 au), and exciting the eccentricities of partic es inwards to
within 0.2 au. Simi ar y, the influence π Mensæc can be seen in the form of the ‘wedge of c eared space in the inner
area of the system.
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Figure 6.6: The distribution of test partic es at the end of our simu ations, in semi‐major axis (a) vs eccentricity (e)
space. The co our bar shows, in each p ot, the norma ised fractiona change in the test partic e s semi‐major axis (top)
and the distance that it has moved in eccentricity space (bottom). The regions shown in green mark the conservative
(dark green) and optimistic ( ight green) habitab e zones, fo owing Kopparapu et a . (2013, 2014). It is immediate y
apparent that, through the great majority of the region studied, the surviving test partic es exhibit excitation in orbita
eccentricity without moving much in semi‐major axis space. The exception to this comes in the form of those
partic es scattered by π Mensæc a ong ines of constant periapse and apoapse.

173



Figure 6.7: The distribution of the surviving test partic es at the conc usion of our simu ations, after 1 Myr of
evo ution, zoomed to the region where partic es survived. The pane s show the partic e distribution in semi‐major axis
(a) vs. eccentricity (e) space, with the eft pane showing a inear presentation of a, and the right p otting a
ogarithmica y. The red ines denote paths of constant apoapse at 0.062 au and periapse at 0.074 au, and the
ocations of key mean‐motion resonances with π Mensæc are marked at the top. As in Figure 6.6, the co our sca e
shows the degree to which test partic es are excited in semi‐major axis (upper pane s) and eccentricity ( ower pane s).
The striped structure visib e in the ogarithmic p ot is the resu t of the initia c oning process, showing the spacing of
the innermost suite of test partic es in a‐space, which is preserved as those test partic es are not strong y stirred in
semi‐major axis. The scu pting of the test partic e disk exterior to ∼ 0.2 au as a resu t of the influence of π Mensæb is
c ear y visib e.
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2019 Nov 8 and the GROWTH telescope network from 2020 May to July, as well as visible
spectroscopy from Keck/LRIS on 2020 August 19. Our observations indicate that LD2 has
a nucleus with radius 0.2-1.8 km assuming a 0.08 albedo and that the coma is dominated by
∼100 μm-scale dust ejected at ∼1 m/s speeds with a ∼1” jet pointing in the SW direction. LD2

experienced a total dustmass loss of ∼108 kg and dustmass loss rate of ∼6 kg/swithAfρ/cross-
section varyingbetween∼85 cm/125 km2 and∼200 cm/310 km2between 2019April 9 and 2019
Nov 8. If the Afρ/cross-section increase remained constant, it implies that LD2 has remained
active since ∼2018 November when it came within 4.8 au of the Sun, a typical distance for
comets to begin sublimation of H2O. From our 4.5 μm Spitzer observations, we set a limit
on CO/CO2 gas production of ∼1027/∼1026 mol/s. Multiple bandpass photometry of LD2

taken by the GROWTH network measured in a 10,000 km aperture provide color measure-
ments of g-r = 0.59±0.03, r-i = 0.18±0.05, and i-z = 0.01±0.07, colors typical of comets. We
set a spectroscopic upper limit to the production of H2O gas of ∼80 kg/s. Improving the or-
bital solution for LD2 with our observations, we determine that the long-term orbit of LD2

is that of a typical Jupiter Family Comet having close encounters with Jupiter coming within
∼0.5 Hill radius in the last ∼3 y to within 0.8Hill radius in ∼9 y and has a 95% chance of being
ejected from the Solar System in < 10 Myr.

My contribution: As in Bolin et al. (2020), I assisted with the dynamical simulations.
In the case of this object, 2019 LD2 has been investigated using short term simulations by
Hsieh et al. (2021) and Steckloff et al. (2020). In Bolin et al. (2021), I validate their short-term
simulations (±100 years) using REBOUNDMERCURIUS (Rein et al., 2019) hybrid integrator,
and run long-term 10million year simulations, with 27,000 clones. This confirmed 2019 LD2

as a Centaur transitioning into a Jupiter Family Comet through the Jovian Lagrange region,
before being ejected from the Solar system onmillion year time scales. Using this larger num-
ber of clones, I can look statistically at the fraction of the clones that escape the Solar system.
The half-life of these clones, as per Centaurs in (Horner et al., 2004), is 3.4× 105 years. This
is an order ofmagnitude smaller than themean half-life of Centaurs (2.7×106 years, Horner
et al., 2004) and more comparable to lifetimes of Jupiter Family group comets of ∼ 5 × 105

(Levison and Duncan, 1994). 78.8% of the clones escape the Solar system within the first
1 × 106 years as seen in fig 6.8. After ∼ 3.8 × 106 years, 95% of the P/2019 LD2 clones have
escaped.
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Figure 6.8: The percentage of orbita P/2019 LD 2 c ones that have escaped the So ar System (reached >1000 au from
the Sun) per bin in duration of time. Each bin is ∼ 100, 000 years wide. Within the first mi ion years of the
simu ation, 78.8% have escaped the So ar System. By 10 mi ion years, ∼ 95% have escaped the So ar System.

6.2.5 Buie et al. 2021 -Size and shape of (11351) Leucus from five stellar occul-
tations

Buie, M.W., Keeney, B.A. et al. (2021). Size and shape of (11351) Leucus from five stellar oc-
cultations. Planetary Science Journal. Under review.

We present observations of five stellar occultations for (11351) Leucus and reports from t-
wo efforts on (21900) Orus. Both objects are prime mission candidate targets for the Lucy
Discovery mission. The combined results for Leucus indicate a very dark surface with p V
= 0.037 ± 0.001. The albedo is from the average of the multi-chord occultations with each
being corrected to the appropriate lightcurve phase. Our estimate of the triaxial ellipsoidal
shape is for axial diameters of 63.8 x 36.6 x 29.6 km assuming that the spin pole is normal to
the line of sight. The actual shape of the object is only roughly elliptical in profile at each
epoch. A considerable amount of correlated topography is see with horizontal scales up to 30
km and vertical scales up to 5 km. The largest feature seen is on the southern end of the object
as seen from a terrestrial view point. The predictions for these occultations required the use
of differential refraction corrections to account for the difference in color between the target
object and the reference stars used from ground-based observing stations.
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My contribution: In this work, I attended the occultation events and helped to take
data. This involvedmaking observations of a star as the asteroid, in this case 11351 Leucus and
21900 Orus, passes in front. This is similar to a Solar eclipse, and is very location dependent.
I was part of the team for the November 2018 Leucus event in Arizona USA, the November
2019 Orus event in Northern Australia and the October 2020 Leucus event in Texas, US-
A. I also improved the initial parts of the introduction to read: The NASA Discovery mis-
sion, Lucy, is scheduled to visit atleast six targets in the Jovian Trojan population (Levison
et al., 2017). These two captured swarms, located near Jupiters’ L4 and L5 Lagrange points,
are vital to our understanding of the early Solar system (Nesvorný, 2018; Holt et al., 2020a).
The population also contains a diversity of taxonomic types (DeMeo et al., 2009; Grav et al.,
2012), with possible links to the outer Solar system populations (Emery et al., 2015;Wong and
Brown, 2016). The work discussed here is in regard to (11351) Leucus, a D-type object (For-
nasier et al., 2007), and to a lesser extent (21900) Orus, both of which are among the selected
targets for Lucy.
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7
Outcomes, Future works and conclusions

This thesis is comprised of four papers, each in relation to the hypothesis: Astrocladistics can
be used to classify small Solar systemobjects into groups, including the JovianTrojans and gas
giant Irregular satellites, using incomplete datasets. The dynamical evolution of these popu-
lations can be simulated, giving insight into their long term stability and origins. Papers one
(Holt et al., 2018) and four (Holt et al., 2021), use the astrocladistical technique to demon-
strate that the technique is valid in the Solar system context. Papers two (Holt et al., 2020b)
and three (Holt et al., 2020a) are related to the dynamics of the Jovian Trojans, and help to
understand the history of these objects.

7.1 Outcomes

How can astrocladistics be used to give insights into the the history of
Solar system objects? A major outcome from his project has been to successfully in-
troduce astrocladistics into a planetary science context. The first paper to do this investigated
the Jovian and Saturnian Satellites (Holt et al., 2018). This paper looked specifically at using
the dynamical and compositional components to place each of the objects in context. The
study mostly confirmed the previously identified collisional families, and separated out the
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regular and irregular satellites. This work indicated that astrocladistics would be applicable
in a planetary science context.

To follow up on this work, and expand astrocladistics, I investigated the Jovian Trojan
swarms (Holt et al., 2021). This work looked at an order of magnitude more objects than
Holt et al. (2018) and expanded the technique to include colour observations fromwide field
surveys. In our analysis of the members of the L4 swarm, we identify a total of ten unaffili-
ated clans and eight superclans that, in turn, contain an additional seventeen clans. The L5

swarm shows more hierarchical structure: seven unaffiliated clans, with six subclans within
them. The L 5 swarm is found to contain at least three large superclans, with each superclan
containing a larger number of clans and subclans. In total, there are 14 clans containing 14
subclans in the L5 swarm. The paper forms the basis for the use of astrocladistics in small
Solar system body science.

What are the long term dynamics of the Jupiter Trojan collisional fami-
lies? In the second paper (Holt et al., 2020a), I looked at the long-term dynamics of 5553
initially stable Jovian Trojans. This study considered nearly double the number of objects
than the next largest study (Di Sisto et al., 2014, 2019). I found that the escape rates were con-
sistent with other studies (e.g. Hellmich et al., 2019; Di Sisto et al., 2014, 2019), showing that
the rate of population escape is consistent on the scale of 4.5 × 109 years.

The other focus of the second paperwas on the six collisional families previously identified
in theTrojanpopulation (Nesvorný et al., 2015). In order to further investigate these, I created
a set of 125 clones per family member. Three of the six families (the Hektor, 1996 RJ and
2001 UV209 families) have too few members for us to say anything beyond calculating an
estimation of their escape rate. One of the L4 families, Arkesilaos, has 37 members, but is
located in the stable parameter space, and so only has a single member for which any clones
escape. The Enomminos clan in the L5 swam, with 30 members possibly could show some
trends, though these were inconclusive. The major outcome from this work was a tentative
age for the Eurybates family. Being the largest family in the population, with 218 members,
this created the opportunity to undertake statistically significant analysis. This study found
that the escape rate of the familymembers is increasing. By extending the linear trend into the
past, Iwas able to calculate aminimumage for the family at approximately1.045±0.364×109
years.

Arethereanyasteroidpairs inthe JovianTrojans, andwhatarethe implica-
tions for the history of the population? Asteroid pairs, two dynamically linked
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objects, help inform us about the dynamical history of various small body populations, in-
cluding theMain belt andHungaria populations (Vokrouhlický andNesvorný, 2008; Pravec
andVokrouhlický, 2009;Rozek et al., 2011; Pravec et al., 2019). Prior towork that I conducted
with David Vokrouhlický, David Nesvorný and Miroslav Brož (Holt et al., 2020b), no aster-
oid pairs had been found in the Jovian Trojans. In this work, instead of using the standard
proper elements, we used the derived, delta-semimajor axis. From this we discovered the first
pair in the Trojan population, (258656) 2002 ES76 and 2013 CC41 in the L4 swarm. We use
n-body integrations to discover a convergence in Eulerian parameters, indicating an age of
around 360Myr, though it could be as high as several Gyrs.

7.1.1 Additional Outcomes

Identification of High priority targets One of the outcomes from the astro-
cladistical investigation of the Jovian Trojans was the identification of fourteen priority tar-
gets for follow-up observations. These comparatively large objects could provide insights on
the nature of the population as a whole. This also improves the usefulness of astrocladistics
as a tool to characterise a population. Details on these priority targets, along with their light
curve information, are given in Table 7.1.

High precisionDatabase of JovianTrojan proper elements An additional out-
come fromHolt et al. (2020b)was the creationof ahighprecisiondataset ofTrojanproper ele-
ments. In the astrocladisticswork, I use theAstDySdataset (Knežević andMilani, 2017). This
dataset of proper elements is well regarded as a reference set. The reason we created an alter-
native dataset was two fold. The first reason is the number of significant digits. The AstDyS
dataset has the proper elements of the JovianTrojans to four significant digits. While this was
sufficient for the binning program used in astrocladistic analysis, the search for pairs requires
higher precision proper elements. In this new dataset we include the proper elements to six-
teen significant figures. The second reason for the update is the new number of discovered
Trojans. The AstDyS dataset includes 5553 Trojans as of June, 2017. Our new dataset, as of
April 2020, includes 7328 identified objects. The database of JovianTrojan proper elements is
accessible at https://sirrah.troja.mff.cuni.cz/~mira/mp/trojans_hildas/.
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Table 7.1: Physica and observationa parameters for the priority targets identified in HOLT REF., taken from the
Asteroid Lightcurve Database, (http://www.minorplanet.info/lightcurvedatabase.html, retrieved
2020 October 22 Warner et a ., 2009). Here, P denotes the rotation period of the asteroid, and Amin and Amax are
the minimum and maximum amp itudes of the asteroid s ightcurve. H is the abso ute magnitude of the asteroid, and
pV the geometric a bedo.

Astno. P Amin Amax H pV
[hrs] [mag] [mag] [mag]

659 15.98 0.22 0.31 8.71 0.040±0.004
1173 11.60 0.16 0.73 8.91 0.035±0.002
1208 56.17 - 0.20 9.00 0.037±0.002
1404 29.38 - 0.30 9.41 0.050±0.003
1437 24.49 0.34 0.70 8.21 0.028±0.001
2456 7.24 0.05 0.27 9.37 0.026±0.002
2895 7.52 0.08 0.48 10.14 -
4086 10.43 0.08 0.16 9.29 0.056±0.004
4138 29.20 0.10 0.40 10.12 0.057±0.007
4709 12.28 0.31 0.47 8.77 0.078±0.005
5283 7.32 - 0.11 9.76 0.072±0.007
7119 400.00 - 0.10 9.85 0.036±0.005
7152 9.73 - 0.09 10.34 -
37519 50.93 - 0.30 11.10 -
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7.2 Future works

7.2.1 Other small body populations

Several other small body populations could be further analysed using astrocladistics. In the
coming years, these small body populations will be characterised by the The Vera Rubin
Observatory, with the Legacy Survey of Space and Time (Rubin Obs. LSST), in multiple
colours, see 7.2.2 for more details.

The Near Earth objects (NEO) are a population of objects that move on orbits that
approach or cross that of the Earth. This population is dynamically chaotic (e.g. Binzel et al.,
2015), and are of particular interest from a planetary protection perspective. Consequently,
identifying the compositional aspects of the population is a priority. In this astrocladistics can
help to decipher relationships between objects. By using a similar method to Paper 4 (Holt
et al., 2020b), it should be possible to examine the relationships betweenNEOs, and identify
targets for follow up. This methodology would also be able to place NEOs that have been
visited by spacecraft, such as the OSIRIS-REX mission to 101955 Bennu. There is additional
value in placing 101955 Bennu and 162173 Ryugu (target of theHyabusa 2mission) in context.
The Hyabusa 2 returned a sample from 162173 Ryugu to Earth in December 2020, and we
are awaiting publication of the analysis. OSIRIS-REX left 101955 Bennu very recently (May
2021), with the samples due to Earth in September 2023.

The Inner Main belt (IMB) contains 18 collisional families (Nesvorný et al., 2015) and
many different taxonomic types (DeMeo and Carry, 2014). These families are thought to be
the source ofmanyNearEarthObjects (Bottke et al., 2002), including 101955Bennu (Campins
et al., 2010; Bottke et al., 2015) and 162173 Ryugu (Campins et al., 2013), both the targets for
two separate sample return missions. Through astrocladistics, we could further place these
samples in context, and identify related objects. In such a diverse region, astrocladistics could
also provide further insights into the history of the population.

The Edgeworth-Kuiper belt and Scattered disk objects are located in the out-
er Solar system, beyond the orbit of Neptune. The ‘Cold’ and ‘Warm’ classical Edgeworth-
Kuiper belts are in dynamical stable orbits, set during an early instability in Solar systemhisto-
ry (Levison et al., 2008). The ‘cold’ classical, which includes 486958 Arrokoth (2014 MU69),
target of the New Horizons mission, are thought to be have been stable since the early Solar
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system. The Scattered disk contains objects that have beenmoved byNeptune during its mi-
gration (Duncan, 1997). Astrocladistics could help to further understand the small objects in
the outer Solar system, and help place the New Horizons discoveries in context.

7.2.2 Future surveys

In this work, we use astrocladistics to investigate the Jovian Trojan population, drawing up-
on observational data obtained by the latest generation of wide-field surveys. In the coming
decade, several new surveys will come online, providing a wealth of new data that could be
incorporated in future studies. Here, we comment on the potential for the use of the as-
trocladistical methodology in the analysis of that data, and discuss how those surveys will
improve our understanding of the Jovian Trojan population.

Gaia DR3: In this work we use single G-band (330 to 1050 nm) data taken from Gaia DR2
(Spoto et al., 2018). Whilst this single band data can provide some information about the
objects, The Gaia G-band magnitudes are clearly linked to size, to first approximation, but
also to some extent albedo and distance. Albedos within the Jovian Trojans are low, and
relatively consistent (Romanishin and Tegler, 2018). Distance is also normalised somewhat,
due to the librations of the population around the Lagrange points. In theGaiaDR2dataset,
there are two additional two bands, GBP-band (330 – 680 nm) and GRP-band (630 – 1050
nm) (Evans et al., 2018) for stellar objects, but data in these bands is not available for Solar
system objects. These data are expected to be included in the full Gaia DR3 release, which is
currently scheduled for release in early 2022, and once available, could be incorporated into
future astrocladistical surveys in a similar way to the SDSS and MOVIS colours.

TheVeraRubinObservatory, with the Legacy Survey of Space andTime (RubinOb-
s. LSST), is expected to receive first light in 2023. During the first few years that VeraRubin is
active, estimates suggest thatmore than 280,000 Jovian Trojans are expected to be discovered
(LSST Science Collaboration et al., 2009). Of those objects, it is likely that more than 150
observations will be made of at least 50,000, which will be sufficient for those objects to be
characterised in five broadband colours (LSST Science Collaboration et al., 2009). This will
provide amuch larger context for taxonomy in the JovianTrojan population, and small Solar
system bodies in general. Astrocladistics is a tool that could be used to further analyse these
data, and that is ideally suited to the analysis of such vast and sprawling datasets. Assuming
that the currently observed L4/L5 numerical asymmetry holds (Jewitt et al., 2000;Nakamura
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and Yoshida, 2008; Yoshida andNakamura, 2008; Vinogradova and Chernetenko, 2015), it is
expected that those observations would yield results for approximately 33,000 objects in the
vicinity of L4, and 17,000 around L5. Given that the computational requirements for cladis-
tical analysis increases approximately with a trend of n3/2 (Goloboff et al., 2008; Goloboff
and Catalano, 2016), we estimate that, using current computational architecture, the analy-
sis of such large datasets would require approximately 2700 CPU-hours for the L5 analysis
and 7500 CPU-hours for the population around L4. In order for this to be feasible, further
testing into the TNT 1.5 parallelisation (Goloboff and Catalano, 2016) will be required.

In addition to examining these new objects with astrocladistics, the discovery of more ob-
jects will require dynamical characterisation as well. In each population, there is an opportu-
nity to discover new collisional families (e.g. Nesvorný et al., 2015) and asteroidal pairs (e.g.
Pravec et al., 2019) in each of the small Solar system body populations. This may also be an
opportunity to consolidate the spectral taxonomy (e.g. DeMeo et al., 2015) and dynamical
taxonomy (see Horner et al., 2020, for review) into a revised system.

The James Web Space Telescope (JWST ) is currently scheduled for launch in 2021. The
telescope will provide detailed analysis of many Solar system objects (Rivkin et al., 2020). In
contrast to the work of Gaia and the Vera Rubin observatory, which are undertaking wide
ranging surveys, the JSWT is instead a targeted mission, providing detailed IR spectra on
specific objects, rather than broadband colours on many objects. Whilst the time required
for such observations will doubtless be incredibly highly sought after, two members of the
Jovian Trojan population (617 Patroclus and 624 Hektor) have already been approved for s-
tudy under the Guaranteed Time Observations program (Rivkin et al., 2020). Once those
observations are complete, the results can be placed in a wider context due to the work in
Paper 4 (Holt et al., 2020b). As JWST is a limited time mission, we recommend the prioriti-
sation of those targets identified in Paper 4 (Holt et al., 2020b) to provide the most benefit.

Twinkle is a low-cost, community funded, space telescope, scheduled for launch in 2023
or 2024 (Savini et al., 2018). The mission will provide spectral analysis in three bands in the
visible and near-IR (0.4 µm to 1 µm, 1.3 µm to 2.42 µm, and 2.42 µm to 4.5 µm). In terms of
the Jovian Trojans, themissionwill be able to provide detailed observations down to approx-
imately 15th magnitude. Over the seven year initial lifetime, Twinkle is expected to observe
50 or so of the largest Trojans (Edwards et al., 2019a,b), all of which are included in this work.
This will provide further characterisation of these bodies, particularly in the IR range. As-
trocladistics can offer added value to analysis of Twinkle observations, through associations
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within clans.

The Nancy Grace Roman Space Telescope (RST, formally WFIRST ) is currently in
development, with an expected launch date in 2025. Once launched, there will be a num-
ber of opportunities for small body Solar system science using RST, including the ability to
obtain a wealth of data for the Jovian Trojans (Holler et al., 2018). Using the wide-filed imag-
ing system, in the near-IR (0.6 µm-2.0 µm), RST will be able to observe the majority of the
currently known Jovian Trojans. In conjunction with the broadband Rubin Observatory
LSST colours, those observations will yield a large database of Jovian Trojan characteristics.
As computational capabilities and algorithm optimisations increase prior to launch, astro-
cladistics will provide a tool capable of analysing such large data-sets.

7.3 Concluding remarks

In this section I present some of the conclusions of the four papers that form the core of this
thesis. They can be divided into two main sections. Section 7.3.1 discusses the two dynam-
ical works (Holt et al., 2020a,b). The second broad theme of this thesis considers the novel
astrocladistical approach in planetary science, discussed in section7.3.2.

7.3.1 Dynamics of the Jovian Trojans

Dynamics form a core part of this thesis. Here I present some of the conclusions reached by
the two dynamics focused papers that have been published.

7.3.1.1 Jovian Trojan Escapes

Paper 2 (Holt et al., 2020a) presents the results of detailed n−body simulations of the known
Jovian Trojan population, using nearly double the number of objects of the previous largest
study (Di Sisto et al., 2014, 2019). We simulate the orbital evolution of a population of 49,977
massless test particles, nine particles for each of the 5553 known Jovian Trojans, for a period
of 4.5 × 109 years into the future, under the gravitational influence of the Sun and the four
giant planets. Our simulations reveal that the populations of both the L4 and L5 swarms are
predominately stable, however a significant number of objects from both swarms can escape
over the lifetime of the Solar system. In the case of the leading L4 swarm, we find that 23.35%
of objects escape, by volume. Similarly, only 24.89% escape the trailing L5 swarm. Overall,
23.95% by volume of all test particles simulated in this work escape the Jovian population. As
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discussed by other authors (Nesvorný, 2002; Tsiganis et al., 2005b; Nesvorný et al., 2013; Di
Sisto et al., 2014, 2019),we find that the escape rates cannot explain the current observed asym-
metry between the two swarms. This supports the conclusion that the observed asymmetry
between the L4 and L5 swarms are the result of their initial capture implantation (Nesvorný
et al., 2013; Pirani et al., 2019a).

The escape rates of objects from the twoTrojan swarms are in accordancewith the idea that
the JovianTrojans act as a source ofmaterial to the other small Solar systembodypopulations,
as noted in Levison et al. (1997); Di Sisto et al. (2014, 2019), particularly with regards to the
Centaurs (Horner et al., 2004, 2012). The majority of escaped Trojans, 58.63%, are ejected
from the population and the Solar system within a single 1 × 105 year timestep. For those
that remain in the Solar system, 99.25% are ejected by 1× 107 years, after joining the Centaur
population.

In the Jovian Trojan swarms, a total of six collisional families have been identified to date
(Nesvorný et al., 2015), with four in the L4 swarm and two located around L5. We find that
three of the families are highly dynamically stable, with no particles escaping the Trojan pop-
ulation through the course of our integrations (the 1996 RJ, Arkesilaos and 2001 UV209 fam-
ilies). Two other collisional groups, the L4 Hektor and L5 Ennomos families did have mem-
bers that escape. These unstable families all have a small number of known members, which
limits our ability to study their stability further in this work. The largest knownTrojan fami-
ly, the Eurybates L4 family, has a smaller escape rate than the overall population. Contrary to
the escape trends in the population, however, the escape rate of the Eurybates family is found
to increase with time in our simulations. This might point to the diffusion of its members
into unstable parameter space as they evolve away from the location of the family’s creation.
From this escape rate, we can obtain an estimate of the age of the Eurybates family on the
order of 1.045 ± 0.364 × 109 years.

7.3.1.2 Jovian Trojan Pair

The first potential dynamical pair in the Jovian Trojan population is identified in Paper 3
(Holt et al., 2020b), by myself and coauthors. In particular, we analysed the distribution of
Trojans in their proper orbital element space. Using information about the local density of
objects, we also assessed the statistical significance of the proximity of potential couples. This
procedure lead us to select a pair of bodies, (258656) 2002 ES76 and 2013 CC41, in the L4

swarm as a potential candidate pair. Interestingly, this suggested pair is located very close to
the L4 Lagrange point, with low proper elements, semimajor axis (daP), eccentricity eP and
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sine of inclination (sin IP) values. Finally, as part of our effort, we developed an up-to-date,
highly accurate set of proper elements for the all JovianTrojans, whichwe havemade publicly
available.

In order to further investigate the selected pair, we ran a series of n-body simulations,
which were used to look for past convergences in the osculating nodal (δϖ ) and perihelion
longitude (δΩ) value for the two objects, whilst ensuring that, at the time of such conver-
gences the differences in the osculating eccentricity and inclination were also sufficiently s-
mall. Our simulations included both geometric clones, created from the uncertainties in the
orbital elements of the bodies, and Yarkovsky clones, based on the estimated thermal accel-
erations that the two objects could experience, for a variety of realistic rotation rates. As a
result, we obtained a statistical set of convergences, finding a larger pool of possibilities once
the Yarkovsky clones were included. Our results reveal that the pair is at least≃ 360Myr old,
but are compatible with the age being significantly older, potentially in theGyr time scale. By
finding such possible convergences, we increase the confidence that the(258656) 2002 ES76–
2013 CC41 couple is a legitimate pair.

We then considered the mechanisms by which the (258656) 2002 ES76–2013 CC41 pair
could have formed (compared with Vokrouhlický and Nesvorný, 2008). The pair is not as-
sociated with any known collisional family, and as such we do not favour the possibility of
the pair having been formed as a result of a catastrophic impact on a putative parent body.
The pair might have been formed through the rotational fission of their parent Trojan, since,
for certain initial conditions, the timescale for such an object to be spun-up by the YORP
effect to the point that it undergoes fission could be somewhat shorter than the age of the
Solar system. However, this pair consists of two nearly equal-sized components, whilst the
vast majority of observed pairs formed by rotational fission have a size ratio of at least 1.5
(see Pravec et al., 2010, 2019). For that reason, we consider that the pair most likely formed
as a result of the dissociation of an equal-size binary. We can confirm that such a scenario is
indeed feasible using an estimation of the binary survival rate in the size range of the (258656)
2002 ES76–2013 CC41 pair, D ≃ 7 km, over 4.5 Gyr, after implantation to the Trojan pop-
ulation early in Solar system’s history. Statistically, this indicates that there should be many
such pairs within the Trojan population in this 5− 10 km size range. As the Rubin Observa-
tory’s Legacy Survey of Space andTime (LSST) comes online, it is expected to discovermany
Jovian Trojans in this size range (e.g., Schwamb et al., 2018). As new Trojans are discovered,
our results suggest that further pairs should be revealed.

The (258656) 2002 ES76–2013 CC41 pair provides an interesting clue to the past history
of the Jovian Trojans, and the Solar system as a whole. So far, we know little beyond their
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dynamical properties and size estimations. In particular, lightcurve analysis could assist in
constraining the formation mechanism, as this would provide an estimate of the rotational
periods of the two objects. Due to their small size, and dark albedo, the objects have relatively
low apparentmagnitudes, at best≃ 20.5magnitude in visible band. In order to further char-
acterise these objects, observations using large Earth-based facilities, such as the SUBARU
(Kashikawa et al., 2002) or Keck (Oke et al., 1995) telescopes, will be required. These objects
would also benefit from future observations using the James Web (JWST, Rivkin et al., 2016)
and Nancy Grace Roman Space Telescopes (RST, formerly known as WFIRST, Holler et al.,
2018). Time on these telescopes is competitive, but we recommend proposals for observa-
tions of (258656) 2002 ES76 and 2013 CC41 be selected to further extend our understanding
of this interesting pair of Trojans.

7.3.2 Astrocladistics in Planetary science

In Paper 1 (Holt et al., 2018), I and my coauthors have shown that the new application of
cladistics on the Jovian and Saturnian satellite systems is valid for investigating the relation-
ships between orbital bodies. In the Jovian system, the traditional classification categories
(Nesvorný et al., 2003; Sheppard and Jewitt, 2003; Jewitt and Haghighipour, 2007) are pre-
served. We support the hypothesis put forward by Nesvorný et al. (2007) that each Jovian
irregular satellite family can be represented by the largest member, and that each family is the
remnants of a dynamical capture event, and subsequent breakup. We can also assign recently
discovered, as yet unnamed, satellites to each of their respective Jovian families. Cladistical
analysis of the Saturnian system broadly preserves the traditional classifications (Nesvorný
et al., 2003; Sheppard and Jewitt, 2003; Jewitt andHaghighipour, 2007; Turrini et al., 2008),
strengthening the validity of the cladisticalmethod. In the Phoebe family of retrograde, irreg-
ular satellites, we assign two subfamilies similar to those found by (Turrini et al., 2008). We
rename the classical mythological designations for the Saturnian irregular satellites, to repre-
sent the largest member of the subfamily, in order to be consistent with the Jovian naming
convention. Newly discovered unnamed Saturnian satellites are easily assigned to various
subfamiles. Through the application of the technique to the Jovian and Saturnian systems,
we show that cladistics can be used as a valuable tool in a planetary science context, providing
a systematic method for future classification.

Following on from (Holt et al., 2018), Paper 4 (Holt et al., 2021) applies the new astrocladis-
tical technique to the Jovian Trojans. Myself and coauthors combine dynamical characteris-
tics with colour information from the Sloan Digital Sky Survey (SDSS), WISE, Gaia DR2
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and MOVIS, into a holistic taxonomic analysis. We create twomatrices, one for the L4 and one
for the L5 Trojans, comprised of 398 and 407 objects respectively. As part of this analysis, we
find clustering beyond the previously identified collisional families (Nesvorný et al., 2015).
These clusters we term ‘clans’, which provide the beginnings of a taxonomic framework, the
results of which are presented visually using a consensus dendritic tree. Our results yield a
hierarchical structure, with individual clans often congregating within a larger ‘superclan’,
and with other clans being further broken down into one or more ‘subclans’. In our analysis
of the members of the L4 swarm, we identify a total of ten unaffiliated clans and eight super-
clans that, in turn, contain an additional seventeen clans. Within our analysis, we include 13
members of the Eurybates collisonal family (Nesvorný et al., 2015), the largest in the Trojan
population. Seven of these, including 3548 Eurybates (1973 SO), aLucy target, cluster into the
Eurybates clan, a part of the Greater Ajax superclan. The L5 swarm shows more hierarchical
structure: seven unaffiliated clans, with six subclans within them. The L5 swarm is found
to contain at least three large superclans, with each superclan containing a larger number of
clans and subclans. In total, there are 14 clans containing 14 subclans in the L5 swarm. The
only Lucy target in the L5 swarm, 617 Patroclus (1906 VY), is the type object of the Greater
Patroculus superclan, thought it is not specifically part of any clan, it is close to the Mem-
non clan, which includes 2001 UV209 collisional family member, 37519 Amphios (3040 T-3).
A key outcome of our astrocladistical analysis is that we identify 14 high priority targets for
follow-up observations. These are all comparatively large and bright objects that should be
observed to provide further context for the JovianTrojan swarms as awhole. Several are close-
ly related to Lucy targets that could provide additional information in preparation for in-situ
observations. All of the future Lucy targets (Levison et al., 2017) are included in our analysis.
Our results therefore provide a taxonomic context for the mission, and extend the value of
discoveries made. By associating the Lucy targets with other clan members, inferences can be
made about their nearest relatives, and the swarms as a whole.

Whilst the focus of this thesis is on the current generation ofwide-field surveys, several new
observatories will be coming on line in the next few decades. The Vera Rubin Observatory,
with theLegacy Survey of Space andTime (RubinObs. LSST), the James Web Space Telescope
(JWST ), Twinkle and the Nancy Grace Roman Space Telescope (RST, formerly WFIRST )
will all be able to observe the Jovian Trojan population and further characterise these objects.
Astrocladistics offers a method of analysis that will allow a timely and detailed analysis of
the relationships between the Jovian Trojans, based on the observations made by these next
generation telescopes, andhelps to identify highpriority targets for competitive observational
time. The Jovian Trojans are the remnants of the early Solar system, held dynamically stable
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for the past 4.5 × 109 years. They are vital clues to this early period in the story of the Solar
system. Astrocladistical analysis of these objects provides us with insights into their history
and how they are related to one another.

The Jovian Trojans and the irregular Satellites are fascinating populations, remnants of
the early stages of the Solar system’s formation. In the future, as more members of the pop-
ulations and their taxonomic groupings are identified, it will be interesting to see whether
these dynamical methods can be used to help constrain the ages of the smaller clusters. If
this is possible, such results would shed light on the variability of the collision rates within
the Jovian Trojan swarms and the irregular satellites. The results I present in this thesis, and
these potential future works, highlight the importance of these populations, their taxonomic
groups and collisional families, to understanding the history of the Solar system.
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Appendix

Appendix

A.1 Calculations

A.1.1 Calculation of
(
da

dt

)
JT

As an approximation of the Yarkovsky effect on a 10km
(
da

dt

)
MB

main belt asteroid from

(Bottke et al., 2006).(
da

dt

)
MB

= 10−5au/my

(
10km

D

) (
2.5au

a

)2 (2.5gcm−3

g

) (
A

0.2

)1/2
cosγ (A.1)

Added in values as an approximation for a JovianTrojan (5.2au)with a density of 0.8gcm−3

(Marchis et al., 2006) and 0.07 albedo (ref) and solved per year and per km.(
da

dt

)
JT

= 10−11au/y

(
10km

D

) (
2.5au

5.2au

)2 (2.5gcm−3

0.8gcm−3

) (
0.07

0.2

)1/2
cosγ (A.2)
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(
da

dt

)
JT

= 3.798 × 10−11au/y

(
1km

D

)
cosγ (A.3)

A.1.2 Mean obliquity of Yarkovsky

Obliquity range of angles is a sinγ function. If it were a linear functionm, the mean is found
using the inverse of integral

∫ 90 deg
0

sinγ = cosγ at 0.5, γ = cos−10.5which is 60◦.

As the Yarkovsky effect is dependent on cosγ (Bottke et al., 2006), from equation
(
da

dt

)
JT

,

ignoring the constant and dependence on diameter, I get the integral of:

1

π/2

∫ π/2

0
cosγ sinγ dγ (A.4)

1

π

∫ π/2

0
dγ sin2γ (A.5)

with: X = 2γ and therefore
dX

dγ
= 2 and dγ =

dX

2

1

2π
π/2
0 [−cos2γ] (A.6)

1

2π
[−cosπ + cos0] (A.7)

=
1

π
(A.8)

γ = cos−11/π (A.9)

The resolution is that the mean Yarkovsky effect occurs at an obliquity of 71.44◦.
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