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Abstract: This work is devoted to a study of dynamical and collisional processes, governing
populations of small bodies in the Solar System. It pays special attention to asteroid families
and Jupiter Trojans. Librating around L4 and L5 Lagrangian points of the Sun–Jupiter–
–asteroid system, these asteroids are believed to be captured from the trans-Neptunian re-
gion during a giant planet system instability about 4 Gy ago. We discovered (back in 2011)
there is only one significant collisional family among Trojans, associated with C-type asteroid
(3548) Eurybates, i.e., one of the targets for the upcoming ‘Lucy’ mission. Detailed anal-
ysis of new proper resonant orbital elements, colours and albedos, together with statistical
significance computations, allowed us to find five more collisional families: Hektor, (9799),
Arkesilaos, Ennomos, and (247341). The discovery of the first D-type family associated with
(624) Hektor was the most surprising, because it is the most primitive taxonomic type. Using
long-term dynamical simulations of synthetic families, evolving by chaotic diffusion, we esti-
mated the ages of the Eurybates and Hektor families, approximately (2.5± 1.5) Gy for both.
We also studied impact processes by means of the smoothed-particle hydrodynamics (SPH).
We simulated cratering events on (624) Hektor, the origin of its family and its moonlet. The
bi-lobed shape of the body, which affects the shock wave propagation, was also taken into
account. The same method was applied to a formation of main-belt families during the late
heavy bombardment (∼ 3.85 Gy ago). If asteroids were bombarded by comets, as predicted
by the Nice model, hundreds of families (catastrophic disruptions of D ≥ 100 km bodies)
should be created, but the observed number is only 20. Therefore we computed 125 simu-
lations of collisions between representative asteroids and high-speed icy projectiles (comets)
and derived parametric relations for statistical collisional models, which can be used to better
understand this early evolution.
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Chapter 1

Introduction

Small bodies of the Solar System are influenced not only by gravity of the Sun, but also
by gravitational perturbations of planets, most massive asteroids (incl. Ceres, Pallas, Juno,
Vesta, . . . ; Park et al. 2021), tidal perturbations, the non-gravitational Yarkovsky effect,
the YORP effect, the Poynting–Robertson effect, radiation pressure, solar wind, cometary
outgassing, mutual collisions, mass shedding, etc. The character of small-body populations is
highly influenced by gravity of planets, if perturbations are resonant. Their stability can be
studied with the secular theory. This, however, does not solve the question of their origin. The
very existence of resonant asteroids (e.g., orbiting in 1:1, 3:2, 2:1 mean-motion resonances;
see Figs. 1.1, 1.2) and their other orbital properties also imply that significant changes to the
orbits of planets had to occur (e.g. Malhotra, 1995; Gomes et al., 2005; Nesvorný, 2018).

1.1 Trojans as a key to understand the Solar System

Trojan asteroids are small bodies that oscillate around two lagrangian points L4 and L5 of the
Sun–Jupiter–asteroid system (Lagrange, 1772), leading and trailing Jupiter by approximately
60◦. In literature, the leading group is sometimes called “Greeks” and the trailing group
“Trojans”. The mean longitudal libration amplitude of Trojan asteroids is ≈ 14◦ with the
period of ≈ 150 y (Bertotti et al. 2003; Fig. 1.3). To this date (Jun 2021), there is over 10 000
Jovian Trojans in the Minor Planet Center database (MPCORB), but given the observational
bias, the estimated number Trojans larger than 1 km in diameter is ≈ 5 · 105 (cf. Fig. 1.4).

Given the generality of the three-body problem, it is probably not surprising there are
other ‘triples’. So far, Mars Trojans were observed (Christou, 2013; Ćuk et al., 2015), as
well as Neptune Trojans (Sheppard and Trujillo, 2006, 2010), Uranus Trojans (Alexandersen
et al., 2013; Zhou et al., 2020); even one Trojan of Earth (Connors et al., 2011), Venus (de
la Fuente Marcos and de la Fuente Marcos, 2014), and temporary ones for Ceres and Vesta
(Christou and Wiegert, 2012). Interestingly, there are no Saturn Trojans (cf. stability; Hou
et al. 2014).

According to dynamical studies (e.g. Marzari and Scholl, 1998), the vicinity of Jupiter’s
Lagrangian points is very stable in the current configuration of planets and it is virtually
impossible for a body to enter (or leave) it and eventually become a Trojan with a small
libration amplitude (Bertotti et al., 2003). Consequently, when searching for the origin of
Jovian Trojans, several scenarios must have been considered.

1. Jupiter’s accretion. A “classical” theory suggests that Trojans are former plan-
etesimals formed close to the current orbit of Jupiter (5.2 au). They were captured
on tadpole orbits around the equilibrium L4 and L5 Lagrangian points when Jupiter’s
gravity rather abruptly increased as it accreted its massive gaseous envelope. According
to numerical simulations (Marzari and Scholl, 1998), the capture could be very efficient,
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Figure 1.1: Semimajor axis a vs. eccentricity e for asteroids brighter than H < 15 mag.
Colours correspond to the Sloan Digital Sky Survey colour indices (Parker et al., 2008), with
orange corresponding to S-types and blue to C-types. Apart from the main belt (2.1 to
3.27 au), Trojan (1:1), Hilda (3:2), other resonant (2:1), Hungaria, Phocaea, Cybele, high-
inclination populations are visible. Major asteroid families are the prominent concentration
of bodies with similar orbits and colours. (Minor families are to small to be visible.) Unlike
the main belt, Trojans asteroid have distinct colours (pink/magenta), similar to the trans-
Neptunian (TNO) population, or D- and P-types.

Figure 1.2: Same as Fig. 1.1, but for asteroids with H ≥ 15 mag.
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over 40 % of planetesimals orbiting in the ring spanning up to 0.4 au from Jupiter’s orbit
can be eventually captured as Trojans.

However, this simple model has several drawbacks. Trojans captured in this scenario
have much larger libration amplitudes than observed ones (Dones et al., 2004). This
problem can be partially solved by taking into account subsequent collisional evolu-
tion and ballistic transport. Also Trojans with high libration amplitudes usually leave
tadpole orbits within several Gy due to chaotic diffusion, as was shown also in our
long-term dynamical simulations (Brož and Rozehnal, 2011; Rozehnal et al., 2016). An
even more serious problem is related to the inclinations of their orbits. Trojans cap-
tured from a planetesimal disk should have a similar distribution of eccentricities and
inclination as the disk itself. Of course, planetesimals near Jupiter were dynamically
stirred by Jupiter, but on its own it cannot explain inclinations up to 40◦ (cf. Pirani
et al. 2019).

2. Chaotic capture. A different model is related to the migration of planets (Fernandez
and Ip, 1984). After the Solar System lost primordial gas, mutual interactions between
trans-Neptunian (TNO) planetesimals and the giant planets led to systematic changes of
their semimajor axes. Planetesimals were dynamically excited during close approaches
to Neptune (or Uranus). Several per cent of these planetesimals had reached distances
of the order of 104 to 105 au from the Sun, where they eventually formed the Oort cloud
(Dones et al., 2004). The disk mass decreased from 101 Earth’s masses (ME) to less
than 0.1 ME, corresponding to the current Kuiper Belt. After interacting with Neptune,
Uranus, Saturn and Jupiter, planetesimals were scattered on hyperbolic orbits. In
this way, Jupiter was forced to migrate inwards, while Saturn, Uranus and Neptune
migrated outwards. The so-called “Nice model” (Gomes et al., 2005; Tsiganis et al.,
2005; Morbidelli et al., 2005) was developed to explain the observed values of eccentricity
and inclination of the giant planets, the origin of the late heavy bombardment (LHB),
as well as the existence of Jupiter Trojans on high-inclination orbits.

This model suggests that during the phase, when Jupiter and Saturn were close to
their mutual 1:2 mean-motion resonance, the secondary resonances 3:1 and 2:1 occurred
between the libration frequency (or -ies) of Trojans and the (1J− 2S) frequency, where
J and S denote the orbital frequencies of Jupiter and Saturn, respectively. During these
secondary resonances, surroundings of the libration points are dynamically destabilised
and small bodies can thus enter and leave these regions. After the secondary resonances
ceased, the regions became stable again, so that scattered TNO bodies present there
remained captured (Morbidelli et al., 2005).

Although the original Nice model simulations matched the observed planetary semiaxes,
eccentricities and inclinations (and it was also able to explain the LHB, Trojans, TNOs),
the slow migration of Jupiter and Saturn past the 2:1 resonance — which is the basic
assumption of the Nice model — seems to be in contradiction with other observational
constrains, namely the angular momentum of the terrestrial planets (Brasser et al.,
2009), the orbital structure of the asteroid belt (Morbidelli et al., 2010), or the observed
amplitudes of secular variations in eccentricities of giant planets (Nesvorný et al., 2013;
Nesvorný, 2018).

3. Jump capture. Some of the Nice model problems could be treated, if assuming the
“Jumping Jupiter” scenario (Morbidelli et al., 2010) for the planetesimal-disk phase.
In this case, a close encounter of Jupiter with an ice giant caused an abrupt jump of
Jupiter (by approximately 0.2 au); because the ice giant orbit was so eccentric, the trans-
Neptunian planetesimal population had been already scattered at that time. Nesvorný
et al. (2013) found that a majority of Trojans were captured from the scattered TNOs
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immediately after the closest encounter. A related process, an overlap of the planetary
Hill spheres during close encounters leads also to a capture of irregular moons (Nesvorný
et al., 2014).
Because there is statistically low probability that the ice giant would remain in the
planetary system after the encounter, Nesvorný and Morbidelli (2012) proposed an al-
ternative scenario with a fifth ice giant (see also Nesvorný, 2018)). If true, a substantial
population of free-floating exoplanets may be present in our galaxy (Mróz et al., 2020;
McDonald et al., 2021).

4. Gas-assited concentration. Yet another possibility is that Trojans come into exis-
tence earlier than previously thought, in the gas-disk phase, provided that the planete-
simal-disk phase was much less violent. A gas-assisted capture of dust, pebbles, and
their concentration by vortices is possible due to aerodynamic drag and a partial cou-
pling of solids to gas (Montesinos et al., 2020). A growth of solids may be facilitated by
the streaming instability (Li et al., 2018; Nesvorný et al., 2019). In this framework, the
eccentric and inclined orbits of planets must be explained by radiative hydrodynamic
interactions of protoplanets with gas (Chrenko et al., 2017; Eklund and Masset, 2017)
and the terrestrial planets also must have formed early (Brož et al., 2021). Details of
all these processes are yet to be explored. . .

There is certainly a relation to other populations, especially the Kuiper Belt (Morbidelli
and Nesvorný, 2020), with which Trojans share similar physical properties and similar incli-
nation distribution. Hildas located in the 3:2 mean-motion resonance with Jupiter (Levison
et al., 2009; Brož et al., 2011) were probably captured in a similar way as Trojans. Last but
not least, Centaurs on orbits crossing the giant planets, which correspond to the scattered
TNOs of today, were the same dynamical population as Trojans were captured from in the
past.

Jupiter Trojans clearly represent the key to understand the formation and evolution of the
early Solar System. Their basic characteristics, such as the asymmetric L4/L5 ratio (Szabó
et al. 2007; Fig. 1.4), the peculiar inclination distribution (Morbidelli et al., 2005), or the
predominance of D- and P-type (over S- and C-type) asteroids (Grav et al. 2012; Fig. 1.1),
etc. must be all explained by any viable theory. In the following, we explore even more
detailed characteristics of Trojans. The existence of families with similar orbits (Brož and
Rozehnal 2011; Rozehnal et al. 2016; Figs. 1.5, 1.6) is one of them, especially if they were
indeed created by mutual collisions (cratering, reaccumulative, or catastrophic impacts) of
Trojan asteroids, or other impactor populations.

1.2 Citations and implications of our works

Given the fact that our works were published a few years ago, it is a good opportunity to
review their citations. While the motivation is described at the beginning of the respec-
tive papers, as usual (see Secs. 2, 3, 4), this “retrospective” view is very useful to explain
implications of our past works and it also serves as a motivation for future works.

In particular, there are 11 citations to Rozehnal et al. (2016), 25 to Brož and Rozehnal
(2011), and 72 to Brož et al. (2013). They include, e.g., Nesvorný et al. (2013), Christou
(2013), Di Sisto et al. (2014), Wong et al. (2014), Wong and Brown (2016), Wong and Brown
(2017), Ćuk et al. (2015), Vinogradova (2015), Vernazza et al. (2017), Ryan et al. (2017),
Milani et al. (2017), Jiang et al. (2018), Perna et al. (2018), Nesvorný (2018), Sugiura et al.
(2018), Vokrouhlický et al. (2019), Lin et al. (2019), Souza-Feliciano et al. (2020), Holt et al.
(2020a), Holt et al. (2020b), Holt et al. (2021), Noll et al. (2020), Brown et al. (2021), Brown
and Schemel (2021), McNeill et al. (2021), . . . Some of these citations are reviewed in detail
in the following text.
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Selected citations to Rozehnal et al. (2016):

The orbit and density of the Jupiter Trojan satellite system Eurybates – Queta (Brown
et al., 2021). Detailed studies of Trojans, particularly of the respective collisional families,
allow to identify interesting targets for future explorations. In our seminal work Brož and
Rozehnal (2011) we showed that there is just one large collisional family — Eurybates, named
after its largest remnant (3548) Eurybates. In our later work Rozehnal et al. (2016), we
identified another family associated to asteroid (624) Hektor. We demonstrated this family
was likely created by a cratering event and we showed that the same event could create
Hektor’s moonlet, described by Marchis et al. (2014). This is not a rare case, because Brown
et al. (2021) determined orbital parameters of Queta — the satellite of (3548) Eurybates:
a = (2350± 11) km, e = 0.125± 0.009, P = (82.46± 0.06) days. These parameters determine
the mass of Eurybates m = (1.51± 0.03) · 1017 kg. As one can see, further studies of families
among Trojans are still important; especially because (3548) Eurybates is the principal target
of the “Lucy” spacecraft (Levison and Lucy Science Team, 2016), which is scheduled to arrive
on 12 Aug 2027.

Stability of Jovian Trojans and their collisional families (Holt et al., 2020a). Our works could
be considered as one of the starting points of Holt et al. (2020a). Their work is devoted to a
study of the escape rate from the Trojan swarms. They show that bodies escape at a linear
rate (23 % escape from L4 and 25 % escape from L5 over the past 4 Gy), so the population size
was likely 1.31 and 1.35 times larger than today. Upon leaving the Trojan population, escaped
objects move on orbits that resemble Centaurs and the short-period comet population.

Holt et al. (2020a) also found that minor families 1996 RJ and 2001 UV209, identified in
our work Rozehnal et al. (2016), are dynamically stable over the lifetime of the Solar System,
but Hektor, Arkesilos and Ennomos families exhibit various degrees of instability. Regarding
the Eurybates family, they found 19 per cent escape. The escape rate tends to increase in
the course of time, what allowed them to determine the age of the family (1.0±0.3) Gy. This
value is consistent with our previous estimate, based on the orbital distribution of family
members, within a 1-σ uncertainty.

A pair of Jovian Trojans at the L4 Lagrange point (Holt et al., 2020b). Both our works Brož
and Rozehnal (2011) and Rozehnal et al. (2016), namely the so-called “randombox” method
for clustering identification as well as the method for computation of resonant elements, are
mentioned in the work of Holt et al. (2020b). It reports on a discovery of the first asteroid
pair , (258656) 2002 ES76 and 2013 CC41, among Jovian Trojans. They propose that the
formation mechanism of the pair is a dissociation of an ancient binary system, which was
triggered by a sub-catastrophic impact, although they can not rule out a rotation fission of
a single object, which was driven by the YORP torque.

Astrocladistics of the Jovian Trojan swarms (Holt et al., 2021). Our Randombox method,
together with the list of families identified in Rozehnal et al. (2016), are mentioned in the work
of Holt et al. (2021), concerned with the ‘cladistics’ (known from biology) of Trojans with
distinctive characteristics, using colour data from the WISE, SDSS, Gaia DR2 and MOVIS
surveys, including also their orbital elements. However, the number of so-called clans is larger
than the number of (our) collisional families, because even a random distribution would be
classified to clans.

Colours of Jupiter Trojan dynamical families as measured by the Zwicky Transient Facility
(Brown and Schemel, 2021). Brown and Schemel (2021) used colour data from the Zwicky
Transient Facility to analyze colours of proposed Trojan families. They found that the average
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colours of the Eurybates family are less red than for typical Trojans, what is consistent with
our work Brož and Rozehnal (2011), where the Sloan Digital Sky Survey data were analyzed,
as well as Rozehnal et al. (2016), where we used albedos from the WISE infrared satellite
derived by Grav et al. (2011).

On the ages of resonant, eroded and fossil asteroid families (Milani et al., 2017). Our methods
from Rozehnal et al. (2016), namely the cutoff velocities we used to determine the number
of family members, are discussed in the work of Milani et al. (2017), where they present
a new classification, which identifies a number of Trojan families by using synthetic proper
elements and a full hierarchical clustering method (HCM). Their results also indicate that
families have a distinct structure, what is consistent with our results. Milani et al. (2017)
confirmed that “Yarkovsky perturbations are ineffective in determining secular changes in
all proper elements, what implies that all Trojan families are fossil families, frozen with the
original field of relative velocities, possibly augmented by slow chaotic diffusion”, so they have
no way to estimate the upper limit of dynamical age. This is why we tried to estimate the age
by comparing their distribution in the space of proper elements with long-term simulations
of chaotic diffusion (see Brož et al. 2011; Rozehnal et al. 2016).

Orbital stability close to asteroid (624) Hektor using the polyhedral model (Jiang et al.,
2018). Another part of our latter work, where we used the smoothed particle hydrodynamics
(SPH) method and demonstrated that the moonlet of (624) Hektor can be created by a single
impact event, is cited by Jiang et al. (2018), who calculated periodic orbits near (624) Hektor.
Their results show that unstable periodic orbits exist near the surface of this largest Trojan
asteroid.

Rotationally resolved spectroscopy of Jupiter Trojans (624) Hektor and (911) Agamemnon
(Perna et al., 2018). Contrarily to what spectral observations in the literature could sug-
gest, Perna et al. (2018) found hints of extremely homogeneous surfaces of the two largest
Trojan asteroids. They did not find any water-related absorption features, nor signs of
coma/outgassing, according to the analysis of complementary photometric data they ac-
quired (with upper limits of the order of 10 kg/s for the dust production rate). Their best-fit
models include amorphous carbon, magnesium-rich pyroxene and kerogen, and they put an
upper limit of a few percent to the amount of surface water ice. To explain all these features,
they propose several scenarios. Besides space weathering and past cometary activity, they
suggest that the lack of surface heterogeneity on Hektor can be connected with the collisional
event that formed the Hektor family. As they state, “the collisional dynamical family associ-
ated with Hektor has been recently attributed by Rozehnal et al. (2016) to a cratering event
happened 1 to 4 Gy ago”.

Dynamical evolution of the early Solar System (Nesvorný, 2018). This review paper compares
observational constraints with models of the early evolution of the Solar System. Beside
other, it underlines the importance of Trojans in the context of understanding the outer
planetesimal disk and its decay during planetary migration. As Trojans could serve as a
‘snapshot’ of the primordial disk, it is important to know every collisional and dynamical
processes that occurred during the past 4 Gy. The families identified in Brož and Rozehnal
(2011) and Rozehnal et al. (2016) serve as an evidence of the ongoing collisional evolution of
Trojans.

Toward understanding the origin of asteroid geometries. Variety in shapes produced by
equal-mass impacts (Sugiura et al., 2018). The work of Sugiura et al. (2018) suggests that
“irregular shapes, especially flat shapes, of asteroids with diameters larger than 80 km are
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likely to be formed through similar-mass and low-velocity impacts, which are likely to occur
in the primordial environment prior to the formation of Jupiter”. They argue that among
20 irregularly shaped asteroids with D > 80 km they found in the DAMIT database (Durech
et al., 2010), only three of them ((20) Massalia, (63) Ausonia, (624) Hektor) are associated
to asteroid families, according to the AstDyS-2 database. Indeed, (624) Hektor is the largest
remnant of a family that formed by a cratering impact, as described by Rozehnal et al. (2016).

Origin and evolution of long-period comets (Vokrouhlický et al., 2019). This work deals with
a development of an evolutionary model of the long-period comet population, starting from
their birthplace in a massive trans-Neptunian disk that was dispersed by migrating giant
planets. They use the Trojan population to quantitatively calibrate the original planetesimal
disk population. The key assumption in this case is that Trojans underwent only little
collisional evolution after their capture, at least for the observed size range, as concluded by
Rozehnal et al. (2016).

Selected citations to Brož and Rozehnal (2011):

Capture of Trojans by jumping Jupiter (Nesvorný and Morbidelli, 2012). Nesvorný and
Morbidelli (2012) tested a possibility that Trojans were captured during a fast dynamical in-
stability of the outer planets. Their numerical simulations satisfactorily reproduce the orbital
distribution of Trojans and their total mass and suggest that the jump capture is potentially
capable of explaining the observed asymmetry in the number of leading and trailing Trojans.
To determine the original size-frequency distribution and the original number of captured
asteroids, they had to remove the Eurybates family members, as identified in our work Brož
and Rozehnal (2011). On the other hand, they note that at the faint end the sample is
incomplete, and the ratio of L4 vs. L5 bodies can be influenced by a few large collisions that
generated a lot of small debris, as also suggested by Brož and Rozehnal (2011).

Orbital clustering of Martian Trojans: An asteroid family in the inner Solar System? (Chris-
tou, 2013). This work reports on the discovery of new Martian Trojans in the Minor Planet
Center orbital catalogue. Their orbital evolution over 108 y shows characteristic signatures
of dynamical longevity while their average orbits resemble that of the largest known Martian
Trojan, (5261) Eureka. The group is located within the region where the most stable Trojans
should reside. Our work Brož and Rozehnal (2011) is mentioned in the context of rarity of
local concentrations among Trojans and of the inefficient Yarkovsky effect for orbits captured
in 1:1 mean-motion resonances. However, the Yarkovsky effect may be more important in
Mars’ case, at 1.5 au (Christou, 2013).

Yarkovsky-driven spreading of the Eureka family of Mars Trojans (Ćuk et al., 2015). In
their paper, Ćuk et al. (2015) found that the dispersal of the Eureka cluster in eccentricity
is primarily due to dynamical chaos, while the inclinations and libration amplitudes are
primarily changed by the Yarkovsky effect. They conclude the cluster is a genetic family
formed either by a collision or by multiple rotational fissions and they estimate the age
of the family of the order of 1 Gy. They also proposed its long-term orbital evolution is
likely dominated by the seasonal, rather than diurnal, Yarkovsky effect. If confirmed, Gy-
scale dominance of the seasonal drift may indicate a suppression of the diurnal drift by the
related YORP effect. They compare their results with our Eurybates family study (Brož and
Rozehnal, 2011), where the Yarkovsky effect is present, but ineffective in secular evolution.

Giga-year evolution of Jupiter Trojans and the asymmetry problem (Di Sisto et al., 2014).
The work of Di Sisto et al. (2014) is devoted to a study of long-term stability of Jovian
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Trojans, with respect to the asymmetry of the leading and trailing clouds. The method
for calculation of the proper (resonant) elements we used in Brož and Rozehnal (2011) is
compared with a semi-analytical approach of Beaugé and Roig (2001). Di Sisto et al. (2014)
found that both methods yield very similar results (although significant differences can be
found for bodies that were not numbered in 2011, which is not so surprising). Regarding the
asymmetry, authors confirm it cannot be explained by differences in chaotic diffusion between
L4 and L5.

The colour-magnitude distribution of Hilda asteroids: Comparison with Jupiter Trojans
(Wong and Brown, 2017). In this work, colour-magnitude distribution of the Hilda (3:2) as-
teroids was studied. Using photometric data listed in the SDSS catalogue, Wong and Brown
(2017) confirm the previously reported bimodality of the spectral slope (in visible), indicative
of two sub-populations with differing surface composition. Regarding the comparison with
Jovian Trojans, the colour distributions are so similar that a common origin (and common
emplacement) of Hildas and Trojans is supported. This is in accord with a dynamical in-
stability of the outer Solar System. They also found both the Hilda and Schubart families
are exclusively comprised of less red objects and note a similarity with the Eurybates family
members, whose colours were analyzed in our work (Brož and Rozehnal, 2011).

A hypothesis for the colour bimodality of Jupiter Trojans (Wong and Brown, 2016). In
their work, Wong and Brown (2016) propose a hypothesis for the origin and evolution of
the Trojan population, based on the existence of two markedly different colour populations
among Trojans: the ‘red’ (R) one and the ‘less red’ (LR) one. They suggest that R and LR
Trojans formed in different locations, from objects which were originally ‘very red’ (VR) and
‘red’. These primordial colours were created by the H2S sublimation boundary, when bodies
closer to the Sun were depleted in H2S (on the time scale of 100 My) and bodies farther away
retained H2S. While primordial VR and R objects became VR and R Kuiper-belt objects
(and Centaurs), Trojans captured in the vicinity of the libration points during a dynamical
instability experienced a surface colour evolution, which however maintained their colour
bimodality: VR→R, and R→LR. In the context of our work Brož and Rozehnal (2011),
they showed the Eurybates family members belong to the class of LR objects. Wong and
Brown (2016) propose that it is the result of the family-forming collision, which depleted
fragments in (all) volatile ice compounds. Alternatively, if the taxonomy is closer to C-types
(Fornasier et al., 2007; De Luise et al., 2010), (3458) may have been captured from the outer
main belt.

Identification of asteroid families in Trojans and Hildas (Vinogradova, 2015). Vinogradova
(2015) was partly concerned with the same goal we dealt in Brož et al. (2013) and Rozehnal
et al. (2016) — the identification of families among Jupiter Trojans. Four families were
found in L4: (3548) Eurybates, (2148) Epeios, (624) Hektor, and (9799) 1996RJ. Regarding
L5, no reliable families have been identified. This seems to be (partly) at odds with our
conclusions, because we found four families in L4, associated with asteroids (3548) Eurybates,
(624) Hektor, (9799) 1996RJ and (20961) Arkesilaos; but in L5, we identified two families:
(4709) Ennomos (actually more associated with asteroid (17492) Hippasos), and (247341)
2001 UV209. In L4, the Epeios family described in Vinogradova (2015) and the Arkesilaos
family described in Rozehnal et al. (2016) are the same clusters indeed. We identified (20961)
Arkesilaos as the largest remnant, because it is the only larger asteroid (H < 12 mag), for
which the associated family has a reasonable number of members even for small values of the
cutoff velocity; it is also the only larger body located near the center in the proper-element
space. Regarding L5, we worked with more than twice larger sample, so the clustering of
small bodies was much better visible than in the sample of Vinogradova (2015).
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Different origins or different evolutions? Decoding the spectral diversity among C-type as-
teroids (Vernazza et al., 2017). In this work, devoted to observations of C-type asteroids
(1) Ceres and (45) Eugenia, authors discuss CM, CI, or Tagish Lake meteorites and their
analogue asteroids. While CM-like are commonly observed, it is not the case for CI-like,
Tagish-Lake-like, which is paradoxical, especially when the latter material is more fragile and
often does not survive an atmospheric entry. Vernazza et al. (2017) suggest an explanation
that CI and Tagish Lake meteorites actually represent former interiors of C-, P-, or D-type
asteroids, which were excavated by catastrophic disruptions. They explicitly mention the
Eurybates family (and cite Brož and Rozehnal, 2011) as an example of spectrally heteroge-
neous (C- and P-type) family. Because most of Trojans are P- and D-type, it may indicate
a genetic relation similar as core/mantle/crust. However, it would be also useful to estimate
the number of interlopers, which are (inevitably) expected within the proper-element-space
volume occupied by the Eurybates family, and take into account the capture probability from
the primordial main belt population, during the giant planet instability, which is non-zero.
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Chapter 2

Hektor — an exceptional D-type
family among Jovian Trojans

2.1 Introduction

Jovian Trojans are actually large populations of minor bodies in the 1:1 mean motion res-
onance (MMR) with Jupiter, librating around L4 and L5 Lagrangian points. In general,
there are two classes of theories explaining their origin: i) a theory in the framework of
accretion model (e.g. Goldreich et al., 2004; Lyra et al., 2009) and ii) a capture of bodies
located in libration zones during a migration of giant planets (Morbidelli et al., 2005, 2010;
Nesvorný et al., 2013), which is preferred in our solar system. Since the librating regions
are very stable in the current configuration of planets and they are surrounded by strongly
chaotic separatrices, bodies from other source regions (e.g. Main belt, Centaurs, Jupiter
family comets) cannot otherwise enter the libration zones and Jupiter Trojans thus represent
a rather primitive and isolated population.

Several recent analyses confirmed the presence of several families among Trojans (e.g.
Nesvorný et al., 2015; Vinogradova, 2015). The Trojan region as such is very favourable for
dynamical studies of asteroid families, because there is no significant systematic Yarkovsky
drift in semimajor axis due to the resonant dynamics. On the other hand, we have to be aware
of boundaries of the libration zone, because ballistic transport can cause a partial depletion of
family members. At the same time, as we have already shown in Brož and Rozehnal (2011),
no family can survive either late phases of a slow migration of Jupiter, or Jupiter “jump”,
that results from relevant scenarios of the Nice model (Morbidelli et al., 2010). We thus focus
on post-migration phase in this paper.

We feel the need to evaluate again our previous conclusions on even larger datasets, that
should also allow us to reveal as-of-yet unknown structures in the space of proper elements
or unveil possible relations between orbital and physical properties (e.g. albedos, colours,
diameters) of Jovian Trojans.

In Section 2.2 we use new observational data to compute appropriate resonant elements. In
Section 2.3 we use albedos obtained by Grav et al. (2012) to derive size-frequency distributions
and distribution of albedos, which seem to be slightly dependent on the proper inclination Ip.
In Section 2.4 we identify families among Trojans with our new “randombox” method. We
discuss properties of statistically significant families in Section 2.5. Then we focus mainly on
the Hektor family because of its unique D–type taxonomical classification, which is the first
of its kind. We also discuss its long-term dynamical evolution. In Section 2.6 we simulate
collisional evolution of Trojans and we estimate the number of observable families among
Trojans. Finally, in Section 2.7 we simulate an origin of the Hektor family using smoothed-
particle hydrodynamics and we compare results for single and bilobed targets. Section 2.8 is
devoted to Conclusions.
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Figure 2.1: The resonant semi-major axis vs inclination (ap, Ip) (top) and eccentricity
vs inclination (ep, Ip) (bottom) for L4 (left) and L5 Trojans (right). The circles indicate
relative diameters of bodies, as determined by WISE (Grav et al. 2011), or when unavailable,
computed from the absolute magnitude H and geometric albedo pV, which we assumed to
be pV = 0.07 for both the L4 and L5 Trojans (WISE median value is pV = 0.072 for L4
and pV = 0.069 for L5 Trojans). Colours correspond to the values of pV, blue are dark
(pV ≃ 0.05) and yellow are bright (pV ≃ 0.25). One can see clearly all asteroid families on
this plot, especially in (ap, Ip), because they tend to be confined in inclinations.

2.2 New observational data

2.2.1 Resonant elements

We computed resonant elements, i.e. the averaged semimajor axis ā, libration amplitude
∆ap, eccentricity ep and inclination Ip of 3907 Trojans in L4 cloud and 1945 Trojans in L5
cloud. As an input, we used osculating elements listed in AstOrb catalogue (Bowell et al.,
2002), released in July 2014. A detailed description of the resonant elements computation
can be found in Brož & Rozehnal (2011). Positions of Trojans in the space of proper elements
(ap, Ip), where ap = ā + ∆ap, and (ep, Ip), calculated with a suitably modified version of
the SWIFT integrator (Levison and Duncan, 1994), are presented graphically in Figure 2.1,
together with their sizes and albedos. 1

2.2.2 WISE and AKARI albedos and diameters

To construct size-frequency distributions of the whole L4 and L5 Trojan populations and
later of individual families, we mostly used WISE albedos and diameters derived by Grav et

1The table of resonant elements is listed online at http://sirrah.troja.mff.cuni.cz/∼mira/mp/trojans/.
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al. (2012). We also compared the respective values to AKARI (Usui et al., 2011).2
We used albedo values of 1609 Trojans in both L4 and L5 clouds obtained by WISE;

about one third of these albedos were obtained during cryo-phase, the rest were measured in
post-cryo-phase (see Grav et al., 2011).

2.3 Physical characterisation of Trojan populations

2.3.1 Albedo distribution and taxonomy

The values of visible albedos pV of Trojans derived by Grav et al. (2012) vary in the range
from pV = 0.025 to pV ≃ 0.2. Distributions of albedos are qualitatively the same for both
L4 and L5 populations. The median albedo of WISE sample is ˜︁pv = 0.072 ± 0.017 for L4
and ˜︁pv = 0.069 ± 0.015 for L5. These values of visible albedos mostly correspond to C
or D taxonomical classes in Tholen taxonomic classification scheme (Mainzer et al., 2011).
However, there is a significant presence of small asteroids (D < 15 km) with apparently high
albedo — almost 20 % of asteroids in L4 and 13 % of asteroids in L5 have albedo pV > 0.10.
As stated in Grav et al. (2012), this is probably not a physical phenomenon, it is rather due
to the fact that for small diameters the photon noise contribution becomes too significant.

When we compute the median albedo from AKARI data, we realize that its value is
slightly lower (˜︁pv = 0.054± 0.005) than that from WISE, but when we compute the median
from WISE values for the same asteroids which are listed in AKARI catalogue, we obtain
a similar value (˜︁pv = 0.061 ± 0.012). What is more serious, AKARI and WISE data differ
considerably for large asteroids with D > 100 km — the average difference between albedos
is |pVAKARI − pVWISE | = 0.02. The same difference we see in derived diameters. These
discrepancies may be caused for example by limitations of the thermal model (cf. spheres in
NEATM models). Hereinafter, we prefer to use the WISE data when available, because they
represent orders of magnitude larger sample than AKARI.

When we split Trojan asteroids according to their albedo into two rather artificial sub-
populations with pV < 0.08 and pV > 0.08 respectively, and then we compute distributions
of these subpopulations with respect to the resonant inclination Ip, we get two different pic-
tures. As can be seen in Figure 2.2, most bodies have resonant inclinations Ip < 15◦, but
there are 77 % of bodies with higher albedo with Ip < 15◦, while only 55 % of the population
with lower albedo is located in the same range of inclinations. This is a similar phenomenon
as described by Vinogradova (2015), who reported different upper limits in inclinations for
different taxonomical types obtained mostly from SDSS colour data.

2.3.2 Size-frequency distributions

The WISE data (Grav et al. 2011, 2012) provide very useful source of information on diame-
ters we need to construct size-frequency distributions (SFDs) of Trojan populations in L4 and
L5. However, the sample measured by WISE is not complete. In our previous work (Brož
and Rozehnal, 2011), we constructed the SFDs assuming a constant albedo which we set to
be equal to the median albedo of Trojans that was measured back then. Since the number
of measurements was very low (several tens), this was the only reasonable way. Now we
choose another method to construct more reliable SFDs. As we calculated resonant elements
for more than 5800 Trojans and we have more than one quarter of appropriate albedos, we
constructed the SFDs by assigning albedos randomly from the observed WISE distribution
to the remaining Trojans, whose albedo was not measured. To avoid a bias, we compared
different SFDs constructed with different random generator seeds and we realized that the

2While there are some differences between individual values even at 3σ level, they do not seem to be
important for population studies like ours.
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Figure 2.2: The differential histogram of the resonant inclination Ip for L4 Trojans with a
lower albedo (pV < 0.08, red) and a higher one (pV > 0.08, green). Eurybates family was
removed from the dataset.

overall shape of SFDs does not change noticeably, the slope γ varies in the range of ±0.1 at
most. The SFDs we constructed this way are shown in Figure 2.3.

The SFDs for the L4 and L5 clouds look slightly different, especially in the size range from
60 km to 100 km. This part of the SFD is not influenced by the Eurybates family, the largest
family among Trojans, because all its members have diameters D < 50 km. We used these
SFDs to determine the ratio of the number of asteroids in L4 and L5 clouds. There are 2746
asteroids with diameter D > 8 km in L4 and 1518 asteroids in L5. When we remove all family
members with diameters D > 8 km, we have 2436 asteroids in L4 and 1399 in L5. However,
this sample may be still influenced by debris produced by catastrophic disruptions of small
bodies (D ≥ 50 km), which need not to be seen as families. Counting only asteroids with
diameter D > 20 km, which corresponds to the absolute magnitude H ≃ 12, and removing
family members, we get the ratio NL4/NL5 = 1.3 ± 0.1. As this is entirely consistent with
value of Nesvorný et al. (2013), which was derived for Trojans with H > 12, and with Grav
et al. (2012), whose estimate is NL4/NL5 = 1.4±0.2, we can confirm a persisting asymmetry
between the number of L4 and L5 Trojans in new data. Although for bodies with diameter
D > 100 km, the L5 cloud has more asteroids than L4, the total number of these bodies is
of the order of 10, so this is just an effect of small-number statistics and does not affect the
NL4/NL5 ratio much.

2.4 Families detection methods

A brief inspection of the resonant-element space (ap, ep, Ip) (see Figure 2.1), reveals several
locations with higher concentrations of bodies. These could be collisional families, created
by a disruption of a parent body during a random collision, but they could also originate
randomly by chaotic diffusion and due to effects of secular and high-order resonances. To
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Figure 2.3: Size-frequency distributions for both L4 and L5 Trojans, constructed using the
albedos measured by WISE satellite (Grav et al. 2012). Since WISE data cover just about
18 % of L4 and 29 % of L5 Trojans known today, we assigned albedos randomly from the
WISE distribution to the remaining Trojans. We also present SFDs of individual asteroid
families discussed in the main text. There are also our fits of each SFD in the range D = 12
to 30 km by the power law N(> D) = CDγ . As we can see, both clouds seem to be near
the collisional equilibrium (γ ≃ −2.5, Dohnanyi 1969), while most families have slope γ
significantly steeper. Of course, we can expect the slopes of the SFDs become shallower for
smaller D due to observational incompleteness.
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et

al.,2015),the
designation

ofthe
fam

ily,the
designation

ofthe
asteroid

w
ith

w
hich

the
fam

ily
is

associated
(i.e.

usually
the

largest
rem

nant
ofthe

parent
body),the

cutoff
velocity

vcutoff ,for
w

hich
fam

ily
is

stillclearly
detached

from
the

background,and
the

num
ber

of
m

em
bers

ofthe
fam

ily
N

m
em

b
corresponding

to
the

respective
vcutoff .

N
ext

w
e

list
opticalalbedos

pV
ofassociated

bodies
determ

ined
by

G
rav

et
al.

(2012)
from

W
ISE

observations,and
their

taxonom
icalclassification.

FIN
fam

ily
designation

cloud
asteroid

designation
v

cutoff [m
s −

1]
N

m
em

b
p

V (W
ISE)

tax.
type

004
H

ektor
L

4
(624)

H
ektor

110
90

0.087
±

0.016
D

005
Eurybates

L
4

(3548)
Eurybates

60
310

0.060
±

0.016
C

/P
006

1996R
J

L
4

(9799)
1996R

J
140

17
0.082

±
0.014

–
008

A
rkesilaos

L
4

(20961)
A

rkesilaos
55

35
n/a

–
009

Ennom
os

L
5

(17492)
H

ippasos
100

104
0.064

±
0.012

–
010

2001U
V

209
L

5
(247341)

2001U
V

209
120

30
0.088

±
0.023

–

→ 20 ←



Ta
bl

e
2.

2:
D

er
iv

ed
pr

op
er

tie
so

fT
ro

ja
n

fa
m

ili
es

.
W

e
lis

th
er

e
th

e
fa

m
ily

de
sig

na
tio

n,
th

e
di

am
et

er
of

th
e

la
rg

es
tr

em
na

nt
D

LR
,t

he
m

in
im

al
di

am
et

er
of

th
e

pa
re

nt
bo

dy
m

in
D

P
B

,o
bt

ai
ne

d
as

th
e

su
m

of
al

lo
bs

er
ve

d
fa

m
ily

m
em

be
rs

,t
he

di
am

et
er

of
th

e
pa

re
nt

bo
dy

D
P

B
(S

P
H

)
an

d
th

e
m

as
s

ra
tio

M
LR

/M
P

B
of

th
e

la
rg

es
t

fr
ag

m
en

t
an

d
th

e
pa

re
nt

bo
dy

,b
ot

h
de

riv
ed

fr
om

ou
r

fit
s

by
sc

al
ed

SP
H

sim
ul

at
io

ns
pe

rf
or

m
ed

by
D

ur
da

et
al

.
(2

00
7)

.
W

e
us

e
th

is
ra

tio
to

di
st

in
gu

ish
be

tw
ee

n
th

e
ca

ta
st

ro
ph

ic
di

sr
up

tio
n

(M
LR

/M
P

B
<

0.
5)

an
d

th
e

cr
at

er
in

g
(M

LR
/M

P
B

>
0.

5)
.

Fi
na

lly
,t

he
re

is
th

e
es

ca
pe

ve
lo

ci
ty

v e
sc

fr
om

th
e

pa
re

nt
bo

dy
an

d
es

tim
at

ed
ag

e
of

th
e

fa
m

ily
de

riv
ed

in
th

is
an

d
ou

r
pr

ev
io

us
w

or
k

(B
ro

ž
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be regarded as a family, the cluster must comply with, inter alia, the following criteria:
i) it must be concentrated in the space of proper elements; ii) the cluster must have the
SFD different from that of the whole L4 and L5 population; iii) the last criterion is usually
spectral, or at least, albedo homogeneity of family members, but so far, there are not enough
sufficiently accurate data for Trojans, especially for bodies with diameters D < 50 km, which
usually form a substantial part of Trojan families. Therefore we cannot perform any detailed
spectral analysis in this work.

We analyzed the space of resonant elements both in terms of mutual distances among
bodies and in terms of statistical probability that clusters are not random.

2.4.1 Randombox method

Besides the commonly used hierarchical clustering method (HCM, Zappala et al., 1990)
(HCM, Zappalà et al., 1990), we applied a “randombox” method, based on numerical Monte-
Carlo simulations. This method allows us to compute the statistical significance of the clus-
ters, i.e. the probability that the cluster is a random concentration of bodies in the space of
proper elements (ap, ep, sin Ip).

We divided the space of proper elements into equally sized “boxes” with dimensions
∆ap = 0.025 au, ∆ep = 0.2 and ∆ sin Ip = 0.025. Then we created N = 100, 000 random
distributions of the same number of bodies which are observed together in the given box and
two adjacent boxes (in the direction of the y-axis, cf. Figure 2.4), and we counted number
of positive trials N+, for which the randomly generated number of bodies in the central box
was larger than the observed one. From here we can calculate the probability Prnd, that the
observed number of bodies in the box is random: Prnd = N+/N .

Alternatively, one can also use our analytical formula:

prnd =
∑︁n

k=n2 C(n, k)V ′(nbox − 1, n− k)
V ′(nbox, n) , (2.1)

where n denotes the total number of bodies, nbox is the total number of boxes (3 in our
case), n2 is the observed number of bodies in the middle box, k is the number of observed
bodies in the current box, C(n, k) are combinations without repetitions, i.e. the total number
of trials to select k bodies observed in the current box from the total number of n bodies;
V ′(nbox−1, n−k) are variations with repetitions, i.e. the total number of trials to distribute
the remaining bodies into the remaining boxes; and V ′(nbox, n) are also variations with
repetitions, i.e. the total number of trials to distribute all n bodies into all nbox boxes. We
verified the results of the analytical formula (2.1) by the MC method.

We plot the results in Figure 2.4 for both the L4 and L5 clouds. In comparison with
Figure 2.1, one can see that for all clusters we identified as families the probability Prnd
varies between 2 · 10−3 and 5 · 10−5, i.e. the probability that clusters are random fluctuations
is indeed very low.

We also re-evaluated all families identified by the hierarchical clustering method using the
“randombox” method, which makes our decision whether the cluster is a real family much
more quantitative.

2.4.2 Hierarchical clustering method

We also used the HCM independently to extract significant clusters. Families identified
by both the “randombox” and HCM methods are listed in Table 2.1. For each family, we
constructed a dependence of the number of members of the cluster Nmemb on the cutoff
velocity vcutoff . Because the number of members of a real collisional family rises first slowly
with rising vcutoff (Brož and Rozehnal, 2011) — in contrast with random clusters which are
merging very quickly with the background — the constructed dependence allows us to guess
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Figure 2.4: The statistical significance p expressed as colour on the logarithmic scale for
observed asteroids in the proper semi-major axis vs proper inclination plane (ap, sin Ip) (i.e.
the same data as in Figure 2.1). L4 Trojans are on the top, L5 Trojans on the bottom. We
computed the values of p for 7 times 18 boxes using our “randombox” method The range
in proper eccentricity is 0.00 to 0.20. Statistically significant groups appear as orange boxes
and they correspond to the families reported in Table 2.1.
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a realistic number of family members Nmemb. For all families listed in Table 2.1 we were
convinced that they fulfill this criterion. However, we cannot distinguish possible interlopers
this way, and it is also possible that some fraction of family members with high vcutoff (so called
halo, as in Brož and Morbidelli, 2013) remains unidentified in the surrounding background.

2.5 Properties of statistically significant families

2.5.1 Eurybates

As we have already demonstrated in Brož and Rozehnal (2011), the family associated with
asteroid (3548) Eurybates is the largest collisional family, and it is the only family among Tro-
jans with the parent body size DPB > 100 km, which originated by a catastrophic disruption
(this means that the mass ratio of the largest remnant to the parent body MLR/MPB < 0.5).

Using new albedos derived by Grav et al. (2012), we recalculated the overall SFD slope
of the family to be γ = −3.4± 0.1. As the WISE sample provides albedos for only about 1/5
of the family members, we calculated two values of γ: the first one assuming that remaining
asteroids have a constant albedo pV = 0.06, the second one by assigning albedos randomly
from the WISE distribution, as described in Section 2.3.2. Both values are equal within
their errorbars. The new slope γ is significantly steeper than our previous calculation (γ =
−2.5± 0.1), derived with the assumption of a constant albedo of all members of the family.
The lower value was most likely caused by a significant observational incompleteness in the
size range from D = 12 km to D = 30 km.

We also derived the new value of the parent body diameter, which is still above the limit
of 100 km. An extrapolation of the SFD by a power law gives the value DPB ≃ 140 km. By
fitting the synthetic SFDs from SPH simulations (Durda et al., 2007), we obtained the value
DPB(SPH) ≃ 155 km.

2.5.2 Hektor — the first D–type family

Since asteroid (624) Hektor is a close binary with a satellite (Marchis et al., 2014), i.e. an
exceptional object, we want to address its association with the family. The cluster around the
largest Trojan asteroid appears in the space of proper elements as a relatively compact group,
which is limited particularly in proper inclinations, Ip ∈ ⟨18.13◦; 19.77◦⟩, and with resonant
semimajor axes located in the interval ap ∈ ⟨5.234; 5.336⟩ au. The number of members of this
group slowly increases with increasing cutoff velocity up to vcutoff ≃ 110 m s−1, above which
it quickly joins the background. With our randombox method, we estimated the probability
that the family is just a random fluke to be as low as Prnd ≃ 2 · 10−3.

The nominal diameter of asteroid (624) Hektor derived from its albedo is 164 km (Grav et
al., 2012), but the albedo measured by AKARI pV = 0.034± 0.001 (Usui et al., 2011) totally
differs from that measured by WISE, pV = 0.087±0.016. and these values do not match even
within the error limits. This may be caused by applying a thermal model assuming spheres
to the bilobed shape of the asteroid (Marchis et al., 2014). We hence do not determine
Hektor’s diameter from its albedo, but from fits of Marchis et al. (2014), which effective
value D = (250±26) km is suitable within its uncertainty for all possible geometries (convex,
bilobe and binary). For other bodies in family we use a nominal value pV = 0.072, which is
the median of WISE measurements.

Asteroid (624) Hektor is often classified as D-type (e.g. Cruikshank et al., 2001; Emery
et al., 2006, 2011). We tried to evaluate taxonomical classification of other family members
and we have found colours for two more expected family members in SDSS-MOC version 4
(Ivezic et al., 2002): asteroids (65000) 2002 AV63 and (163702) 2003 FR72. Even though the
photometric noise in individual bands is not negligible (σi = 0.02 mag up to σu = 0.12 mag)
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both of them are D-types, with principal components (aka slopes) PC1 > 0.3. This seems to
support the D-type classification of the whole family.

We also tried to constrain the taxonomic classification of the family members by compar-
ing their infrared albedos pIR and visual albedos pV as described in Mainzer et al. (2011),
but there are no data for family members in the W1 or W2 band of the WISE sample, which
are dominated by reflected radiation.

The fact that we observe a collisional family associated with a D–type asteroid is the
main reason we use word “exceptional” in connection with the Hektor family. As we claimed
in Brož et al. (2013), in all regions containing a mixture of C–type and D–type asteroids
(e.g. Trojans, Hildas, Cybeles), there have been only C–type families observed so far, which
could indicate that disruptions of D–type asteroids leave no family behind, as suggested by
Levison et al. (2009). Nevertheless, our classification of the Hektor family as D–type is not in
direct contradiction with this conclusion, because Levison et al. (2009) were concerned with
catastrophic disruptions, while we conclude below that the Hektor family originated from a
cratering event, i.e. by an impactor with kinetic energy too small to disrupt the parent body.

Simulations of long-term dynamical evolution

To get an upper limit of the age of the Hektor family, we simulated a long-term evolution
of seven synthetic families created for different breakup geometries. Our model included
four giant planets on current orbits, integrated by the symplectic integrator SWIFT (Levison
and Duncan, 1994), modified according to Laskar and Robutel (2001), with the time step of
∆t = 91 days and time span 4 Gyr.

We also accounted for the Yarkovsky effect in our simulations. Although in a first-order
theory, it is not effective in zero-order resonances (it could just shift libration centre, but
there is no systematic drift in semimajor axis) and the observed evolution of proper elements
is mainly due to chaotic diffusion, in higher-order theories the Yarkovsky effect can play
some role. In our model, we assumed a random distribution of spins and rotation periods
(typically several hours), the bulk and surface density ρbulk = ρsurf = 1.3 g cm−3, the thermal
conductivity K = 0.01 W m−1 K−1, the specific heat capacity C = 680 J kg−1 K−1, the Bond
albedo AB = 0.02 and the IR emissivity ϵ = 0.95.

We created each synthetic family by assigning random velocities to 234 bodies (i.e. 3 times
more than the number of the observed family members), assuming an isotropic velocity field
with a typical velocity of 70 m s−1, corresponding to the escape velocity from parent body
(Farinella et al., 1993). Here we assumed the velocity of fragments to be size independent.
Possible trends in the ejection velocity field cannot be easily revealed in the (a, H) space in
the case of the Hektor family, because of its origin by a cratering event – there is a large
gap in the range between absolute magnitude of (624) Hektor (H = 7.20) and other bodies
(H > 11.9), so we are not able to distinguish a simple Gaussian dispersion from the physical
dependence (cf. Carruba and Nesvorný, 2016). Either way, we are interested in the orbital
distribution of mostly small bodies. Our assumption of size-independent ejection velocity is
also in good agreement with results of SPH models (see Subsection 2.7.3 and Figure 2.13).

To create a synthetic family in the same position as occupied by the observed Hektor
family, we integrated the orbit of asteroid (624) Hektor with osculating elements taken from
AstOrb catalogue (Bowell et al., 2002), until we got appropriate values of the true anomaly f
and the argument of pericentre ω. We tried values of f ranging from 0◦ to 180◦ with the step
of 30◦ and ω always satisfying the condition f + ω = 60◦, i.e. we fixed the angular distance
from the node to ensure a comparably large perturbations in inclinations.

Initial positions of synthetic families members just after the disruption, compared to the
observed Hektor family, are shown in Figure 2.5. To make a quantitative comparison of
the distribution in the space of proper elements, we used a two-dimensional Kolmogorov–
Smirnov test to compute KS distance of the synthetic family to the observed one with the
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output timestep of 1 Myr. The results for different initial geometries are shown in Figure 2.6.
Our two best fits corresponding to the lowest KS distance are displayed in Figure 2.7.

As we can see from the image of the whole Trojan L4 population, Hektor seems to be near
the outskirts of the librating region (cf. Figure 2.1). In Figure 2.5, we can note, that there
are almost no observed asteroids in the shaded area with ap > 5.32 au, but we can see some
synthetic family members in the left panel of Figure 2.7 (initial geometry f = 0◦, ω = 60◦).

On the other hand, when we look at right panel of Figure 2.7 (initial geometry f = 150◦,
ω = 270◦), we can see that there are many fewer bodies in the proximity of the border of the
stable librating region. One can also see the initial “fibre-like” structure is still visible on the
left, but is almost dispersed on the right.

Hence, we conclude that the geometry at which the disruption occurred is rather f = 150◦,
ω = 270◦ and the corresponding age is between 1 and 4 Gyr. The second but less likely
possibility is that the disruption could have occured more recently (0.1 to 2.5 Gyr) at f = 0◦,
ω = 60◦.

Parent body size from SPH simulations

We tried to estimate the parent body size of Hektor family and other families by the method
described in Durda et al. (2007). To this point, we calculated a pseudo−χ2 for the whole set
of synthetic size-frequency distributions as given by the SPH simulations results (see Figure
2.8).

Parent body sizes DPB(SPH) and mass ratios of the largest fragment and parent body
MLF/MPB estimated by this method are listed in Table 2.2. The parent body size for Hektor
family we derived from SPH simulations is DPB(SPH) = (260±10) km, the impactor diameter
Dimp = (24 ± 2) km, the impactor velocity vimp = (4 ± 1) km s−1 and the impact angle
φimp = (60◦±15◦). We will use these values as initial conditions for simulations of collisional
evolution below.

2.5.3 1996 RJ — extremely compact family

In our previous work, we mentioned a small cluster associated with asteroid (9799) 1996 RJ,
which consisted of just 9 bodies. With the contemporary sample of resonant elements we
can confirm that this cluster is indeed visible. It is composed of 18 bodies situated near
the edge of the librating zone on high inclinations, within the ranges Ip ∈ ⟨31.38◦; 32.27◦⟩
and ap ∈ ⟨5.225 ; 5.238⟩ au. As it is detached from the background in the space of proper
elements, it remains isolated even at high cutoff velocity vcutoff = 160 m s−1.

Unfortunately, we have albedos measured by WISE for just 4 members of this family.
These albedos are not much dispersed. They range from pV = 0.079± 0.019 to pV = 0.109±
0.029 and, compared to the median albedo of the whole L4 population ˜︂pV = 0.072 ± 0.017,
they seem to be a bit brighter, but this statement is a bit inconclusive.

2.5.4 Arkesilaos

This family is located on low inclinations Ip ∈ ⟨8.52◦; 9.20◦⟩, in the range of major semi-axes
ap ∈ ⟨5.230 ; 5.304⟩ au. It is clearly visible in the space of proper elements, although this
area of L4 cloud is very dense.

Still, it is difficult to find the largest remnant of the parent body, because this region
is populated mainly by small asteroids with absolute magnitudes H > 12. The only four
asteroids with H < 12 are (2148) Epeios with H = 10.7, (19725) 1999 WT4 with H =
10.7, (38600) 1999 XR213 with H = 11.7 and (20961) Arkesilaos with H = 11.8. The only
diameter derived from measured albedo is that of (2148) Epeios, which is D = (39.02 ±
0.65) km. Diameters of remaining bodies were calculated from their absolute magnitude
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Figure 2.5: Initial conditions for simulations of long-term evolution of synthetic families (red),
compared to the observed Hektor family (blue) in the space of proper elements (ap, ep). Each
figure shows a different disruption geometry with different values of the true anomaly f and
the argument of pericentre ω. Note the shaded area in the top left figure – there are only
two observed asteroids with ap > 5.32 au. This is due to the proximity to the border of the
stable librating region. As there are many more synthetic asteroids in this region in all cases
of initial distributions, we need to simulate a dynamical evolution of the family.
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Figure 2.6: Kolmogorov–Smirnov distance DKS vs time for 7 different synthetic families
compared with the observed Hektor family. Two-dimensional KS test was computed for
the distributions of synthetic and observed families in the space of proper elements (ap, ep)
(top) and (ap, Ip) (bottom). The synthetic families were created assuming different impact
geometries, namely the true anomaly f = 0◦, 30◦, 60◦, 90◦, 120◦, 150◦, 180◦ and the argument
of pericenter ω = 60◦, 30◦, 0◦, 330◦, 300◦, 270◦, 240◦, which were combined so that the sum
f + ω = 60◦. The averaged distance DKS changes in the course of dynamical evolution and
we can see two minima: for f = 0◦ and ω = 60◦ (red curve) it is at about (350± 100) Myr;
for f = 150◦ and ω = 270◦ (yellow curve) there is a flat minimum at (2800 ± 1500) Myr.
Since the red and yellow curves are overlapping in the range from 1800 Myr to 2500 Myr, we
adopt the values of possible ages as 100 to 2500 Myr for the f = 0◦ and ω = 60◦ geometry
(red curve) and 1000 to 4000 Myr for the f = 150◦ and ω = 270◦ geometry (yellow curve).
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Figure 2.7: Two evolved synthetic families in the space of proper elements (ap, ep), which
correspond to the minima of KS distance in Figure 2.6. Upper picture shows the synthetic
family (red) with f = 0◦ and ω = 60◦ after 364 Myr of evolution in comparison with the
observed Hektor family (blue). Lower picture corresponds to the synthetic family with f =
150◦ and ω = 270◦ after 3100 Myr of evolution. These two pictures differ in fine details, which
cannot be accounted for in the KS statistics: i) the “fibre-like” structure of the relatively
young family is still visible in the left picture; ii) there are many fewer synthetic bodies in
the shaded area of the right picture (ap > 5.32 au) than on the left, which is closer to the
observed reality.
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on impact geometry than on impact velocity.
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assuming albedo pV = 0.072, which is the median of L4 Trojans. Although (20961) Arkesilaos
has the diameter only D = (24 ± 5) km, it is the only asteroid with H < 12, for which the
associated family has a reasonable number of members Nmemb even for small values of the
cutoff velocity vcutoff (see Section 2.4.2). As this is also the only larger body located near
the center of the family in the space of proper elements, we treat (20961) Arkesilaos as the
largest remnant of the parent body, whose diameter we estimate to be DPB(SPH) ≃ 87 km.
Given that the mass ratio of the largest remnant and the parent body, as derived from SPH
simulations of Durda et al. (2007), is MLR/MPB ≃ 0.02 only, it seems this family inevitably
originated from a catastrophic disruption.

2.5.5 Ennomos

In our previous work, we reported a discovery of a possible family associated with asteroid
(4709) Ennomos. With new data, we can still confirm that there is a significant cluster near
this body, but when we take into account our “Nmemb(vcutoff)” criterion described above,
it turns out that the family is rather associated with asteroid (17492) Hippasos. It is a
relatively numerous group composed of almost 100 bodies, situated near the border of the
stable librating zone L5 at high inclinations, ranging from Ip ∈ ⟨26.86◦; 30.97◦⟩, and ap ∈
⟨5.225; 5.338⟩ au.

2.5.6 2001 UV209

Using new data, we discovered a “new” family around asteroid (247341) 2001 UV209, which is
the second and apparently the last observable family in our sample. Similar to the Ennomos
family, it is located near the border of the L5 zone on high inclinations Ip ∈ ⟨24.02◦; 26.56◦⟩
and ap ∈ ⟨5.218; 5.320⟩ au. This family has an exceptionally steep slope of the SFD, with
γ = −8.6±0.9, which may indicate a recent collisional origin or a disruption at the boundary
of the libration zone, which may be indeed size-selective as explained in Chrenko et al. (2015).

2.6 Collisional models of the Trojan population

In order to estimate the number of collisional families among L4 Trojans, we performed a set
of 100 simulations of the collisional evolution of Trojans with the Boulder code (Morbidelli
et al., 2009) with the same initial conditions, but with different values of the random seed.

2.6.1 Initial conditions

We set our initial conditions of the simulations such that 4 Gyr of collisional evolution leads
to the observed cumulative SFD of L4 Trojans (red curve in Figure 2.9). We constructed
the initial synthetic SFD as three power laws with the slopes γa = −6.60 in the size range
from D1 = 117 km to Dmax = 250 km, γb = −3.05 from D2 = 25 km to D1 and γc = −3.70
from Dmin = 0.05 km to D2. The synthetic initial population was normalized to contain
Nnorm = 11 asteroids with diameters D ≥ D1.

To calculate the target strength Q∗
D, we used a parametric formula of Benz and Asphaug

(1999):

Q∗
D = Q0Ra

PB + BρbulkRb
PB, (2.2)

where RPB is the parent body radius in centimetres, ρbulk its bulk density, which we set
to be ρbulk = 1.3 g cm−3 for synthetic Trojans (cf. Marchis et al., 2014). As of constants
a, b, B and Q0 we used the values determined by Benz and Asphaug (1999) for ice at the
impact velocity vimp = 3 km s−1, which are: a = −0.39, b = 1.26, B = 1.2 erg cm3 g−2 and
Q0 = 1.6 · 107 erg g−1.
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Figure 2.9: Simulations of the collisional evolution of L4 Trojans with the Boulder code
(Morbidelli et al., 2009). Shown here is the initial cumulative SFD of a synthetic population
(black) and the SFD of the observed one (red). Green are the final SFDs of 100 synthetic
populations with the same initial SFD but with different random seeds, after 4 Gyr of a
collisional evolution. The evolution of bodies larger than D > 50 km is very slow, hence we
can consider this part of the SFD as captured population.

In our model, we take into account only Trojan vs Trojan collisions, as the Trojan region
is practically detached from the main belt. Anyway, main-belt asteroids with eccentricities
large enough to reach the Trojan region are usually scattered by Jupiter on a time scale
significantly shorter than the average time needed to collide with a relatively large Trojan
asteroid. We thus assumed the values of collisional probability Pi = 7.80 · 10−18 km−2 yr−1

and the impact velocity vimp = 4.66 km s−1 (dell’Oro et al., 1998). Unfortunately, Benz and
Asphaug (1999) do not provide parameters for ice at the impact velocities vimp > 3 km s−1.

We also ran several simulations with appropriate values for basalt at impact velocity
vimp = 5 km s−1 (a = −0.36, b = 1.36, B = 0.5 erg cm3 g−2 and Q0 = 9 · 107 erg g−1).

Both models qualitatively exhibit the same evolution of SFD and they give approximately
the same total numbers of disruptions and craterings occured, but for basalt the model gives
three times fewer observable families originated by cratering than for ice. The results for the
ice match the observation better, so we will further discuss the results for ice only.

2.6.2 Long-term collisional evolution

The results of our simulations of the collisional evolution are shown in Figure 2.9. Our
collisional model shows only little changes above D > 50 km over the last 3.85 Gyr (i.e. post-
LHB phase only). Slopes of the initial synthetic population and the observed L4 population
differ by ∆γ < 0.1 in the size range from 50 km to 100 km, while a relative decrease of the
number of asteroids after 3.85 Gyr of collisional evolution is only about 12 % in the same size
range. Hence, we can consider this part of the Trojan population as a representative sample
of the source population, which is not much affected by collisional evolution. Therefore, these
Trojans provide very useful information about the source population, from which they were
captured (as modeled in Nesvorný et al., 2013).
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Figure 2.10: The dependence of the cumulative number (an average over 100 simulations) of
catastrophic disruptions among Trojans (upper panel) and cratering events (lower panel) on
the target diameter DPB (black boxes), and a subset of those Trojan families, which should
be detected in contemporary observational data, i.e. with the number of fragments N(D >
10 km) > 10 (green boxes for disruptions and blue boxes for craterings). In other words,
colour boxes represent simulated detections of families based on the expected effectiveness
of our detection methods. This is the reason, why the cumulative number of the observable
families does not strictly increase with the decreasing parent body size, but is rather constant
under the limit of about 95 km in the case of catastrophic disruptions and 145 km in the case
of craterings. There are also observed families marked for a comparison. Three of the four
observed families in L4 cloud originated by catastrophic disruption, while only one (Hektor)
originated by cratering event (cf. Table 2.1).
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2.6.3 An estimate of the number of observable families

From our set of simulations, we also obtained the number of collisions leading to colli-
sional families among L4 Trojans, namely catastrophic disruptions, where the mass ratio
of the largest remnant and the parent body MLR/MPB < 0.5, and cratering events, where
MLR/MPB > 0.5. As one can verify in Figure 2.10, these numbers are dependent on the
diameter of the parent body DPB.

However, not all of these collisions produce families which are in fact observable (de-
tectable). There are generally two possible obstacles in the detection of a family in the space
of proper elements: i) somewhat more concentrated background population, due to which our
detection methods (both “randombox” and HCM, see Chapter 2.4) may fail, if the number
of observed fragments is too low in comparison with the background, and ii) an observational
incompleteness, which means that in the case of Trojans, a substantial part of fragments with
sizes D < 10 km is still unknown, what again reduces a chance of a family detection.

For these reasons, we constructed a criterion of observability that a synthetic family
must fulfill in order to be detectable in the current conditions (i.e. we simulated a detection
of synthetic families by the same methods we used to detect the real ones). The simplest
criterion could be that a family must contain at least Nmin = 10 fragments with diameter
D ≥ 10 km.

Within 100 simulations, there were 93 catastrophic disruptions of bodies with diameters
DPB > 100 km, but only 50 of them produced more than 10 fragments with D ≥ 10 km, see
Figure 2.10. Hence, the probability that we would observe a collisional family originated by
a catastrophic disruption of a parent body with DPB > 100 km is only 0.50, which matches
the observations (namely Eurybates family with DPB(SPH) ≃ 155 km, see Table 2.2). This
value is also roughly consistent with our previous estimate based on the stationary model
(Brož and Rozehnal, 2011), which gives the value 0.32 with new observational data.

As one can also see in Figure 2.10, the number of cratering events is about one to two
orders higher than the number of catastrophic disruptions, however, they do not produce
enough fragments larger than D ≥ 10 km. For the parent body size DPB > 100 km there
occurred almost 45,000 cratering events within 100 simulations which produced the largest
fragment with DLF ≥ 1 km, but only 10 of them fulfill our criterion of observability. Hence,
the probability that we can observe a family originated by a cratering of a parent body with
DPB > 100 km is only 0.10, at least with contemporary data. From a statistical point of
view, this can actually correspond to the Hektor family.

As we have already demonstrated in Brož and Rozehnal (2011), the number of families is
not significantly affected by chaotic diffusion or by a ballistic transport outside the libration
zone.

2.7 SPH simulations of Hektor family

As we have already mentioned in Section 2.5.2, (624) Hektor is very interesting Trojan asteroid
with possibly bilobed shape and a small moon. Diameters of (624) Hektor stated in Marchis
et al. (2014) are as follows: equivalent diameter Deq = (250 ± 26) km for a convex model,
the individual diameters of the lobes DA = (220 ± 22) km, DB = (183 ± 18) km for a
bilobed version. Estimated parameters of the moon are: the diameter Dm = (12±3) km, the
semimajor axis am = (623 ± 10) km, the eccentricity em = (0.31 ± 0.03) and the inclination
(with respect to the primary equator) Im = (50± 1)◦.

As we associate (624) Hektor with the collisional family, we would like to know, how the
properties of the family are influenced by the shape of target body. We therefore performed
a series of SPH simulations aiming to explain the origin of the Hektor family, for both cases
of convex and bilobed shape of its parent body.
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Table 2.3: Material constants used in our SPH simulations for basalt and silicated ice (30 %
of silicates). Listed here are: the zero-pressure density ρ0, bulk modulus A, non-linear
compressive term B, sublimation energy E0, Tillotson parameters a, b, α and β, specific
energy of incipient vaporization Eiv, complete vaporization Ecv, shear modulus µ, plastic
yielding Y , melt energy Emelt and Weibull fracture parameters k and m. Values we used for
silicated ice are identical to those of pure ice, except density ρ0, bulk modulus A and Weibull
parameters k and m. All values were adopted from Benz and Asphaug (1999).

quantity basalt silicated ice unit
ρ0 2.7 1.1 g cm−3

A 2.67 · 1011 8.44 · 1010 erg cm−3

B 2.67 · 1011 1.33 · 1011 erg cm−3

E0 4.87 · 1012 1.00 · 1011 erg g−1

a 0.5 0.3 –
b 1.5 0.1 –
α 5.0 10.0 –
β 5.0 5.0 –

Eiv 4.72 · 1010 7.73 · 109 erg g−1

Ecv 1.82 · 1011 3.04 · 1010 erg g−1

µ 2.27 · 1011 2.80 · 1010 erg cm−3

Y 3.5 · 1010 1.0 · 1010 erg g−1

Emelt 3.4 · 1010 7.0 · 109 erg g−1

k 4.0 · 1029 5.6 · 1038 cm−3

m 9.0 9.4 –

2.7.1 Methods and initial conditions

We simulated a collisional disruption using the smoothed-particle hydrodynamic code SPH5
(Benz and Asphaug, 1994). We performed two sets of simulations. In the first one, we
simulated an impact on a single spherical asteroid. In the second, on a bilobed asteroid
represented by two spheres positioned next to each other. The two touching spheres have a
narrow interface, so that the SPH quantities do not easily propagate between them. In this
setup, we are likely to see differences between sinlge/bilobed cases as clearly as possible.

As for the main input parameters (target/impactor sizes, the impact velocity and the
impact angle) we took the parameters of our best-fit SFDs, obtained by Durda et al. (2007)
scaling method, see Section 2.5.2 and Figure 2.8.

To simulate a collision between the parent body and the impactor we performed a limited
set of simulations: i) a single spherical basalt target with diameter DPB = 260 km vs a basalt
impactor with diameter Dimp = 48 km; ii) the single basalt target DPB = 260 km vs an ice
impactor (a mixture of ice and 30 % of silicates) with Dimp = 64 km (impactor diameter
was scaled to get the same kinetic energy); iii) a bilobed basalt target approximated by two
spheres with diameters DPB = 200 km each (the total mass is approximately the same) vs a
basalt impactor with Dimp = 48 km; iv) a single spherical ice target DPB = 260 km vs an ice
impactor Dimp = 38 km (impactor diameter was scaled to get the same ratio of the specific
kinetic energy Q to the target strength Q∗

D).
The integration was controlled by the Courant number C = 1.0, a typical time step thus

was ∆t ≃ 10−5 s, and the time span was tstop = 100 s. The Courant condition was the same
in different materials, using always the maximum sound speed cs among all SPH particles,
as usually.

We used NSPH,st = 105 SPH particles for the single spherical target and NSPH,bt = 2 · 105

for the bilobed one. For impactor NSPH,i = 103 SPH particles. We assumed the Tillotson
equation of state (Tillotson, 1962) and material properties, which are listed in Table 2.3.

We terminated SPH simulations after 100 s from the impact. This time interval is needed
to establish a velocity field of fragments and to complete the fragmentation. Then we handed

→ 35 ←



 1

 10

 100

 1000

 10  100

n
u
m

b
e
r 

o
f 
a
s
te

ro
id

s
 N

(>
D

)

diameter D [km]

observed Hektor family
single basalt target, basalt impactor

single basalt target, ice impactor
bilobe basalt target, basalt impactor

single ice target, ice impactor

Figure 2.11: A comparison of size-frequency distributions of the observed Hektor family
(red dotted) and SFDs of synthetic families created by different SPH simulations, always
assuming the impactor velocity vimp = 4 km s−1 and the impact angle φimp = 60◦. For a
single spherical target (green lines) we assumed the diameter DPB = 260 km, for a bilobe
target (blue line) we approximated the lobes as spheres with diameters DPB = 200 km each.
The impactor size was assumed to be Dimp = 48 km in the case of basalt, Dimp = 64 km in
the case of silicate ice impacting on basalt target (scaled to the same Eimp) and Dimp = 38 km
in the case of silicate ice impacting on ice target (scaled to the same Q/Q∗

D). Fragments of
the impactor were purposely removed from this plot, as they do not remain in the libration
zone for our particular impact orbital geometry.

the output of the SPH simulation as initial conditions to the N–body gravitational code
Pkdgrav (Richardson et al., 2000), a parallel tree code used to simulate a gravitational reac-
cumulation of fragments. Unlike Durda et al. (2007), who calculated radii of fragments R
from the smoothing length h as R = h/3, we calculated fragments radii from their masses m
and densities ρ as R = (m/(4πρ))1/3.

We ran Pkdgrav with the time step ∆t = 5.0 s and we terminated this simulation after
tevol = 3 days of evolution. To ensure this is sufficiently long, we also ran several simulations
with tevol = 5 days, but we had seen no significant differences between final results.

We used the nominal value for the tree opening angle, dθ = 0.5 rad, even though for the
evolution of eventual moons it would be worth to use even smaller value, e.g. dθ = 0.2 rad.

2.7.2 Resulting size-frequency distributions

From the output of our simulations we constructed size-frequency distributions of synthetic
families, which we compare to the observed one, as demonstrated in Figure 2.11. As one can
see, there are only minor differences between SFDs of families created by the impacts on the
single and bilobed target, except the number of fragments with diameter D < 5 km, but this
is mostly due to different numbers of SPH particles. However, there are differences between
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ice and basalt targets. Basalt targets provide generally steeper SFDs with smaller largest
remnants than the ice target.

To make the comparison of these synthetic initial SFDs to each other more realistic, we
removed the fragments of the impactor from our synthetic families. This is because fragments
of the impactor often do not remain in the libration zone. Note that this procedure does not
subtitute for a full simulation of further evolution; it serves just for a quick comparison of
the SFDs.

To match the observed SFD of the Hektor family more accurately, we should perform a
much larger set of simulations with different sizes of projectiles and also different compositions
(mixtures of ice and basalt). However, material parameters of these mixtures are generally not
known. Regarding the material constants of pure ice, we have them for the impact velocity
vimp = 3 km s−1 only (Benz and Aspaugh, 1999). There are also some differences between
SFDs of single and bilobe targets, so we should perform these simulations for each target
geometry. However, we postpone these detailed simulations for future work; in this work we
further analyse results of simulations with basalt targets and we focus on the evolution of the
SFDs.

It should be emphasized that the SFDs presented here correspond to very young synthetic
families, hence they are not affected by any dynamical and collisional evolution yet. To reveal
possible trends of the evolution by a ballistic transport and chaotic diffusion, we prepared
initial conditions for the SWIFT integrator, similarly as described in Section 2.5.2, let the
simulation run and monitored the corresponding evolution of the SFD. The results can be seen
in Figure 2.12. The biggest difference between t = 0 and t = 1 Myr is caused by a ballistic
transport outside the libration zone — fragments (especially of the impactor) missing from
the SFD at t = 1 Myr were perturbed too much to remain in the libration zone, at least
for a given impact geometry. We actually tested two impact geometries: in the direction
tangential and perpendicular to the orbit.

This may be important for the method we used in Section 2.5.2 to derive a preliminary
parent body size and other properties of the family. The SFDs obtained by Durda et al.
(2007) were directly compared in their work to the main-belt families, however, there is a
part of fragments among Trojans (in our case even the largest ones, see Figure 2.12), which
cannot be seen in the space of resonant elements, because they do not belong to Trojans any
more. Fortunately, values of pseudo-χ2 we computed in Section 2.5.2 depend rather weakly
on the distribution of a few largest bodies. Even so, we plan to analyze SFDs of synthetic
families more carefully in future works.

2.7.3 Resulting velocity fields

In our N -body simulations, we used the model of isotropic disruption (Farinella et al., 1994).
As we compared the synthetic family with the observed one (see Section 2.5.2), we simulated
only the evolution of bodies with relatively low ejection velocities (v < 200 m s−1), because the
observed family is confined by the cutoff velocity vcutoff = 110 m s−1. Very small fragments
with higher velocities may be still hidden in the background.

Here, we compare Farinella’s model to the velocity fields of fragments from SPH simu-
lations, see Figure 2.13. We realized that Farinella’s model is not offset substantially with
respect to other velocity histograms, especially at lower velocities, v < 200 m s−1. On the
other side, there remained some fragments of the impactor with velocities v > 2 km s−1 in
our SPH simulations, which are not produced in the isotropic model. It does not affect a
comparison of the synthetic and observed families in the space of proper elements, as these
high-velocity fragments leaved the Trojan region in our case, but it does affect the SFD of
the synthetic family. As a consequence, one should always analyse SFDs and velocity fields
together.

We also simulated a further evolution of the velocity field. After just 1 Myr of evolution,
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Figure 2.12: A simulation of evolution of the SFD of a synthetic Hektor family due to a
ballistic transport and chaotic diffusion. One can see here a rapid change of SFD within
the first 1 Myr after the breakup as the fragments of the impactor leaved the libration zone
in our impact geometry. This ballistic transport resulted in a reduction of the number of
particularly larger bodies in our case. Further evolution due to the chaotic diffusion seems
to cause the reduction of mostly smaller bodies. Note that the initial SFD (0 Myr) contains
some fragments of the impactor, so the blue solid curve looks different than the curve in
Figure 2.11, where the fragments of the impactor were removed.
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→ 39 ←



Table 2.4: A comparison of the sizes and the orbital parameters (i.e. semimajor axis a,
eccentricity e and period P ) of the observed moon of (624) Hektor as listed in Marchis et
al. (2014), with the parameters of synthetic moons SPH I and SPH II captured in our SPH
simulation of impact on the bilobed target.

desig. diam. [km] a [km] e P [days]
observed 12± 3 623.5± 10 0.31± 0.03 2.9651± 0.0003
SPH I 2.2 715 0.82 1.2
SPH II 2.7 370 0.64 0.4

there remained no bodies with v > 1.5 km s−1 in our impact geometries, and as one can see in
Figure 2.13, there was a rapid decrease in the number of fragments with initial v > 300 m s−1.
The resulting histogram is again similar to that of the simple isotropic model.

2.7.4 Synthetic moons

In our simulation of the impact of basalt projectile on the bilobe-shape basalt target, we spot-
ted two low-velocity fragments with original velocities 130 m s−1 and 125 m s−1, which were
consequently captured as moons of the largest remnant. Their sizes and orbital parameters
are listed in Table 2.4.

These satellites were captured on orbits with high eccentricities (e = 0.82 and 0.64 re-
spectively), which are much higher than the eccentricity of the observed moon determined
by Marchis et al. (2014) (e = 0.31± 0.03). However, this could be partly caused by the fact,
that we handed the output of (gravity free) SPH simulations to the gravitational N-body
code after first 100 s. Hence, fragments leaving the parent body could move freely without
slowing down by gravity. More importantly, we do not account for any long-term dynamical
evolution of the moons (e.g. by tides or binary YORP).

When compared to the observed satellite, the diameters of the synthetic moons are several
times smaller. This is not too surprising, given that the results for satellite formation are
at the small end of what can be estimated with our techniques (median smoothing length
h = 2.3 km; satellite radius r ≃ 1.2 km). The size of captured fragments could also be
dependent on impact conditions as different impact angles, impactor velocities and sizes (as
is the case for scenarios of Moon formation) which we will analyze in detail in the future and
study with more focused simulations.

2.8 Conclusions

In this paper, we updated the list of Trojans and their proper elements, what allowed us to
update parameters of Trojan families and to discover a new one (namely 2001 UV209 in L5
population). We focused on the Hektor family, which seems the most interesting due to the
bilobed shape of the largest remnant with a small moon and also its D-type taxonomical
classification, which is unique among the collisional families observed so far.

At the current stage of knowledge, it seems to us there are no major inconsistencies among
the observed number of Trojan families and their dynamical and collisional evolution, at least
in the current environment.

As usual, we “desperately” need new observational data, namely in the size range from
5 to 10 km, which would enable us to constrain the ages of asteroid families on the basis of
collisional modeling and to decide between two proposed ages of Hektor family, 1 to 4 Gyr
or 0.1 to 2.5 Gyr.

As expected, there are qualitative differences in impacts on single and bilobed targets. In
our setup, the shockwave does not propagate easily into the secondary, so that only one half
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Figure 2.14: A comparison of SPH simulations of a disruption of a single body (basalt) with
diameter Dtarget = 250 km, by an impactor with the diameter Dimp = 48 km (silicate ice)
(top) and a disruption of a bilobe basalt target, with Dtarget = 198 km for each sphere, by
an impactor with Dimp = 46 km (silicate ice) (bottom). Time elapsed is t = 80.1 s in both
cases. There are notable physical differences between the two simulations, especially in the
propagation of the shock wave, which is reflected from free surfaces, the number of secondary
impacts, or the fragmentation (damage) of the target. Nevertheless, the amount of ejected
material and the resulting size-frequency distributions do not differ that much (cf. Figure
2.11).
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the mass is totally damaged as one can see in Figure 2.14. On the other hand, the resulting
SFDs are not that different, as we would expect.

Even so, there is a large parameter space, which is still not investigated (i.e. the impact
geometry with respect to the secondary, secondary impacts, the position in the orbit). SPH
simulations of impacts on bilobed or binary targets thus seem very worthy for future research.

Our work is also a strong motivation for research of disruptions of weak bodies (e.g.
comets), better understanding the cometary disruption scaling law and also for experimental
determination of material constants, which appear in the respective equation of state.

As a curiosity, we can also think of searching for the remaining projectile, which could
be still present among Trojans on a trajectory substantially different from that of family. A
substantial part of projectile momentum is preserved in our simulations, so we may turn the
logic and we may assume the projectile most likely came from the Trojan region and then it
should remain in this region too.
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Chapter 3

Eurybates — the ‘only’ asteroid
family among Trojans?

3.1 Introduction

Trojans of Jupiter, which reside in the neighbourhood of L4 and L5 Lagrangian points, serve as
an important test of the planetary migration theory (Morbidelli et al. 2005). Their inclination
distribution, namely the large spread of I, can be explained as a result of chaotic capture
during a brief period when Jupiter and Saturn encountered a 1:2 mean-motion resonance.
Moreover, the Late Heavy Bombardment provides the timing of this resonant encounter
≃3.8 Gyr ago (Gomes et al. 2005). It is thus important to understand the population of
Trojans accurately.

There are several unresolved problems regarding Trojans, however, for example the num-
ber of families, which is a stringent constraint for collisional models. Roig et al. (2008) studied
as many as ten suggested families, using relatively sparse SLOAN data and spectra. They
noted most families seem to be heterogeneous from the spectroscopic point of view, with one
exception — the C-type Eurybates family. As we argue in this paper, the number of families
(with parent-body size D ≳ 100 km) is indeed as low as one.

Another strange fact is the ratio of L4 and L5 Trojans. Szabó et al. (2007) used SLOAN
colour data to reach fainter than orbital catalogues and estimated the ratio to N(L4)/N(L5) =
1.6± 0.1. There is no clear explanation for this, since the chaotic capture as a gravitational
interaction should be independent of size or L4/L5 membership. Any hypothesis involving
collisions would require a relatively recent disruption of a huge parent body, which is highly
unlikely (O’Brien and Morbidelli, 2008, D. O’Brien, personal communication). This is again
related to the actual observed number of Trojan families.

Brož and Vokrouhlický (2008) studied another resonant population, the so called Hilda
group in the 3/2 mean-motion resonance with Jupiter, and reported only two families: Hilda
and Schubart with approximately 200 and 100 km parent bodies. This number might be in
accord with low collisional probabilities, assuming the Hilda family is very old and experienced
the Late Heavy Bombardment (Brož et al. 2011).

Levison et al. (2009) compared the observed distribution of D-type asteroids and the
model of their delivery from transneptunian region. They found a good match assuming the
D-types (presumably of cometary origin) are easy-to-disrupt objects (with the strength more
than 5 times lower than that of solid ice). Note that Trojan asteroids are a mixture of C-
and D-type objects and we have to discriminate between them with respect to collisional
behaviour.

All of the works mentioned above are a good motivation for us to focus on asteroid
families in the Trojan population. The paper is organised as follows. First, we describe our
data sources and methods in Section 3.2. A detailed study of orbital and physical properties
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of families (and other ‘false’ groupings) is a matter of Section 3.3. Section 3.4 is devoted
to the modelling of long-term dynamical evolution. Finally, there are concluding remarks in
Section 3.5.

3.2 Methods

3.2.1 Resonant elements

We use the symplectic SWIFT integrator (Levison & Duncan 1994) for orbital calculations.
Our modifications include a second order scheme of Laskar & Robutel (2001) and on-line
digital filters, which enable us to compute suitable resonant proper elements: libration am-
plitude d of the a − a′ oscillations, where a is the osculating semimajor axis of an asteroid
and a′ that of Jupiter, eccentricity e and inclination sin I. (In figures, we usually plot a mean
value ā of semimajor axis plus the libration amplitude d.) We employ their definition from
Milani (1993). The source of initial osculating elements is the AstOrb catalogue, version
JD = 2455500.5 (Oct 31st 2010).

There are actually two independent filters running in parallel: in the first one, we sample
osculating elements every 1 yr, compute mean elements using the filter sequence B, B with
decimation factors 3, 3 (refer to Quinn et al., 1991) a store this data in a buffer spanning
1 kyr. We then estimate the libration frequency f by a linear fit of ϕ(t) = λ−λ′−χ, where λ,
λ′ are the mean longitudes of an asteroid and Jupiter and χ = ±60◦ for L4 or L5 respectively.
The revolution of angle ϕ(t) must not be confined to the interval [0, 360◦), of course. The
amplitude of d is computed for the already known f by a discrete Fourier transform. Finally,
an off-line running-average filter with a window 1 Myr is used to smooth the data.1

In the second filter, we compute proper eccentricity e and proper inclination sin I by
sampling osculating elements (1 yr step), computing mean elements using a filter sequence
A, A, B and decimation factors 10, 10, 3, and then we apply a frequency modified Fourier
transform (Sidlichovský and Nervorný, 1997), which gives us the relevant proper amplitudes.

The values of the resonant elements agree very well with those listed in the AstDyS
catalogue by Knežević & Milani (see Figure 3.1). There are only few outliers, probably due
to a different time span of integration. We computed proper elements for 2647 L4 and 1496
L5 Trojan asteroids.2 This sample is roughly twice larger than previously analysed. The
ratio of populations valid for H ≲ 15 mag asteroids is thus N(L4)/N(L5) ≃ 1.8.

The overall distribution of Trojans in the (d, e, sin I) space is shown in Figure 3.2. Note
there is only one cluster visible immediately in the bottom-left panel — around (3548) Eu-
rybates. The reason is its tight confinement in inclinations (sin I = 0.125 to 0.135).

3.2.2 Hierarchical clustering

In order to detect clusters in the resonant element space we use a hierarchical clustering
method (Zappalá et al. 1994) with a standard metric d1, with δa substituted by d. We
run the HCM code many times with various starting bodies and different cut–off velocities
vcutoff and determine the number of bodies N in the given cluster. We find the N(vcutoff)
dependence a very useful diagnostic tool. We can see these dependences for L4 and L5 Trojans
in Figure 3.3.

It is easy to recognise, if a cluster has a concentration towards the centre — even at low
vcutoff it must have more than one member (N ≫ 1). It is also instructive to compare clusters

1Equivalently, we may compute the amplitude D of mean longitudes λ − λ′. Anyway, there is a linear
relation between d and D.

2The data are available on our web site http://sirrah.troja.mff.cuni.cz/˜mira/mp/. We use also
one-apparition orbits for the purposes of physical studies. Of course, orbital studies require more precise
multi-apparition data.
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Figure 3.1: Comparison of the resonant eccentricity calculated by our code to that of Knežević
& Milani (AstDyS catalogue). There is a line x = y to aid a comparison.

with a random background (thin lines), which we generated artificially by a random-number
generator in the same volume of the (d, e, I) space. Insignificant (random) clusters usually
exhibit an abrupt increase of N at a high cut–off velocity.

As starting bodies we selected those listed in Roig et al. (2008). Only three clusters,
namely the Eurybates, Aneas, 1988 RG10 seem to be somewhat concentrated, i.e., denser
than the background. The Hektor cluster is also concentrated but it contains only a relatively
low number of members (20 to 70) before it merges with the background. In other words,
smaller asteroids do not seem concentrated around (624) Hektor. Remaining clusters are
more or less comparable to the background.

Nevertheless, we report a detection of a previously unknown cluster around (4709) En-
nomos in L5. It is relatively compact, since the minimum cut-off velocity is 70 m/s only. The
cluster contains mostly small bodies which were discovered only recently.

Finally, let us point out a very tight cluster around (9799) 1996 RJ, associated already
at vcutoff = 20 m/s. It is located at high inclinations and contains 9 bodies, three of them
having short arcs. The cluster seems peculiar in the osculating element space too since it
exhibits a non-random distribution of nodes and perihelia (see Table 3.1). This is similar to
very young families like the Datura (Nesvorny et al., 2006) and it makes the 1996 RJ cluster
a particularly interesting case with respect to collisional dynamics. Because one has to use
slightly different methods for studies of such young families we postpone a detailed analysis
to a next paper.

Let us compare Trojan clusters to the well known asteroid families in the outer Main
Belt (Figure 3.4). Most families (e.g., Themis, Koronis, Eos) exhibit a steady increase of N
until they merge with another families or the entire outer Main Belt. Eurybates, Aneas
and 1988 RG10 are the only Trojan clusters which behave in a similar fashion. The Veritas
family (dynamically young, Nesvorný et al. 2003) exhibits a different behaviour — for a large
interval of vcutoff the number of members N remains almost the same, which indicates a clear
separation from the background population. With respect to the N(vcutoff) dependence, the
Ennomos cluster is similar to Veritas.
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Figure 3.2: The resonant elements (a ≡ ā+d, sin I) and (e, sin I) for L4 and L5 Trojans. The
crosses indicate relative sizes of bodies, taken either from the AstOrb catalogue or computed
from absolute magnitude H and geometric albedo pV . In this plot, we assumed pV = 0.058
for L4 Trojans and 0.045 for those in L5 (it corresponds to medians of known pV ’s). The
asteroids (3548) Eurybates in L4 and (4709) Ennomos in L5, around which significant clusters
are visible, are shown in red. Moreover, the asteroid (9799) 1996 RJ in L4, which is surrounded
by a small cluster, is denoted by a blue circle. (This cluster is so tight, that its members are
located inside the circle on the (e, sin I) plot.)

Table 3.1: List of nine members of the (9799) 1996 RJ cluster and their proper (a, e, sin I)
and osculating (Ωosc, ϖosc) elements and absolute magnitude H. Note the distribution of
nodes and perihelia is not entirely uniform. Asteroids with short-arc orbits (<60 days) are
denoted by a * symbol.

number designation a e sin I Ωosc ϖosc H/mag
9799 1996 RJ 5.2252 0.0412 0.5269 115.4 259.6 9.9

89938 2002 FR4 5.2324 0.0394 0.5274 70.0 23.1 12.5
226027 2002 EK127 5.2316 0.0399 0.5263 62.8 352.9 12.6
243316 2008 RL32 5.2340 0.0398 0.5268 27.3 358.2 12.8

2005 MG24 5.2275 0.0404 0.5252 172.3 236.5 13.1
2008 OW22 * 5.2276 0.0401 0.5274 53.7 340.9 13.9
2009 RA17 * 5.2258 0.0409 0.5272 257.7 194.5 13.7
2009 RK63 * 5.2305 0.0407 0.5260 56.4 5.6 12.8
2009 SR30 5.2362 0.0409 0.5258 103.6 22.0 13.3
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Figure 3.4: The N(vcutoff) dependence for seven outer main-belt families. If we would consider
only a subset of asteroids brighter than H = 15 mag, which is an approximate observational
limit for Trojans, the N(vcutoff) dependencies would be qualitatively the same, only slightly
shifted to larger cut–off velocities.

3.2.3 Size-frequency distribution

At first, let us assume a single value of albedo for all family members. It is a reasonable
assumption if the family is of collisional origin. We can then calculate sizes from absolute
magnitudes and construct size-frequency distributions. Figure 3.5 shows a comparison of
SFD’s for the clusters detected by the HCM3 and for the whole population of L4 and L5
Trojans.

A slope γ of the cumulative distribution N(>D) ∝ Dγ is an indicative parameter. For
L4 and L5 Trojans it equals to −2.0± 0.1 and −1.9± 0.1 in the intermediate size range 15 to
60 km. (These numbers are compatible with the study of Yoshida & Nakamura, 2008.) The
slope is steeper at large sizes. The uncertainties are mainly due to a freedom in selection
of the size range and the difference between L4 and L5 SFD’s does not seem significant.
The clusters have typically similar slope as background (within 0.1 uncertainty), thought
sometimes the results are inconclusive due to small number of members. The Eurybates
family with −2.5 ± 0.1 slope is on the other hand significantly steeper than the mean slope
of the whole Trojan population.4 There are two more groups which exhibit a relatively steep
slope, namely Laertes in L4 (γ = −3.1) and 1988 RG10 in L5 (γ = −2.6).

We should be aware, however, that even the background exhibits a trend with respect
to inclinations (see Figure 3.6). Slope γ typically decreases with inclination sin I, which is
especially prominent in case of the L4 cloud. We have to admit if we compare the Eurybates
family to its surroundings only (sin I = 0.1 to 0.15), the difference in slopes is not so promi-
nent. An interesting feature of the L5 cloud is a dip in the interval sin I = 0.05 to 0.1. This
corresponds to the approximate location of the 1988 RG10 group.

The γ(sin I) dependence among Trojans is not unique. E.g. low-inclination bodies in
the J3/2 resonance also have the SFD steeper than background (γ = −2.5 ± 0.1 versus
−1.7± 0.1), without any clear family and a few big interlopers. May be, this feature reflects

3Of course, we have to select a ‘suitable’ value of the cut–off velocity for all clusters. Usually, we select that
value for which N(vcutoff) is flat. Size-frequency distribution is not very sensitive to this selection anyway.

4Thought the number of the Eurybates members (105) is so small that it almost does not affect the mean
slope of the whole L4 population.

→ 48 ←



 1

 10

 100

 1000

 10  100

n
u

m
b

e
r 

o
f 

a
s
te

ro
id

s
 N

 (
>

D
)

diameter D / km

 −2.0

 −2.5

 −3.1

L4 Trojans
Eurybates

Laertes

other families

 1

 10

 100

 1000

 10  100

n
u

m
b

e
r 

o
f 

a
s
te

ro
id

s
 N

 (
>

D
)

diameter D / km

 −1.9

 −1.8

 −2.6

L5 Trojans
Aneas

1988 RG10

other families

Figure 3.5: Left panel: size distributions of L4 Trojans and the following clusters (there is
a selected cut–off velocity in the parenthesis): Eurybates (vcutoff = 50 m/s), Laertes (94),
Hektor (160), Teucer (175), Sinon (163), 1986 WD (120). Right panel: SFD’s of L5 Trojans
and the following clusters: 1988 RG10 (at vcutoff = 130 m/s), Aneas (150), Asios (155),
Panthoos (130), Polydoros (130).

different source reservoirs of low- and high-inclination bodies among Trojans and J3/2?5 It
may be also in concert with a colour–inclination dependence reported by Szabó et al. (2007).

We also test albedo distributions dependent on size, since the measurements by Fernández
et al. (2009) suggested small Trojans are significantly brighter and thus smaller. Large
asteroids have pV = 0.044± 0.008 while small pV = 0.12± 0.06. This is a significant change
of the SFD, which occurs around the size D ≃ 30 km. The SFD thus becomes shallower
below this size, e.g. for Eurybates we would have γ = −1.6 and for L4 Trojans γ = −1.5,
so the SFD’s become comparable with respect to the slope. Thought, as we stated above,
for a real collisional family we expect the albedo distribution to be rather homogeneous and
independent of size.

3.2.4 Colour and spectral data

We used the Sloan Digital Sky Survey Moving Object catalogue version 4 (SDSS-MOC4) to
check the families are spectrally homogeneous, as we expect. Due to a larger uncertainty in
the u colour in SDSS-MOC4, we used the color indices a∗ and i− z, where a∗ = 0.89(g− r) +
0.45(r − i)− 0.57 (defined by Parker et al. 2008).

The result is shown in Figure 3.7. It is clearly visible that the distribution of the Eurybates
family in the space of (a∗, i−z) colours is different from the Trojan background. On contrary,
the 1988 RG10 group covers essentially the same area as the background. The Aneas is only
slightly shifted towards larger a∗ and i − z with respect to the background. There is a
lack of data for the Ennomos group — three bodies are not sufficient to compare the colour
distributions.

Alternatively, we may use principal component analysis of the SDSS colour indices. We
use only data with uncertainties smaller than 0.2 mag, which resulted in 70 887 records. We
calculated eigenvalues (λ1,2,3,4 = 0.173, 0.0532, 0.0249, 0.0095), corresponding eigenvectors

5Both Trojan and J3/2 regions are dynamically unstable during Jupiter–Saturn 1:2 mean motion resonance,
so we expect the same bodies entering Trojan region may enter J3/2.
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Figure 3.6: Slopes γ of the size-frequency distributions N(>D) for L4 and L5 Trojans and
their dependence on the inclination sin I. The range of diameters for which the SFD’s were
fitted is Dmin = 12 km, Dmax = 30 km. Thin lines were calculated for different ranges,
which were varied as Dmin ∈ (10, 15) km, Dmax ∈ (20, 40) km. Their spread indicates the
uncertainty of γ in a given interval of sin I. The populations are observationally complete
down to D ≃ 10 km, because the characteristic change of slope due to incompleteness occurs
at smaller sizes (see also Yoshida and Nakamura 2008).
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and constructed the following three principal components (Trojanová 2010):

PC1 = 0.235 (u− g) + 0.416 (g − r) + 0.598 (g − i)
+ 0.643 (g − z) , (3.1)

PC2 = 0.968 (u− g)− 0.173 (g − r)− 0.147 (g − i)
− 0.106 (g − z) , (3.2)

PC3 = 0.078 (u− g) + 0.601 (g − r) + 0.330 (g − i)
− 0.724 (g − z) , (3.3)

which have a clear physical interpretation: PC1 corresponds to an overall slope, PC2 is
a variability in the u band, and PC3 a depth of the 1 µm absorption band. The Eurybates
family is different from Trojans in all three principal components (mean PC1 of the Eurybates
members is smaller, PC2 and PC3 larger). The Aneas group has the same distribution of
PC2 and PC3 as Trojans and the 1988 RG10 group is similar to Trojans even in all three
components.

Hence, we confirm the Eurybates family seems distinct in color even in the fourth version
of the SDSS-MOC. This fact is consistent with previous work of Roig et al. (2008), who
used third version of the same catalogue and classified Eurybates family members as C-type
asteroids.

Finally, note that De Luise et al. (2010) pointed out an absence of ice spectral features
at 1.5 and 2.0 µm on several Eurybates members and Yang and Jewitt (2007) concluded the
same for (4709) Ennomos. This puzzling fact may indicate that pure ice covers at most 10 %
of the Ennomos surface.

→ 51 ←



3.2.5 Impact disruption model

We use a simple model of an isotropic disruption from Farinella et al. (1994). The distribution
of velocities ”at infinity” follows the function

dN(v) = Cv(v2 + v2
esc)−(α+1)/2 , (3.4)

with the exponent α being a free parameter, C a normalisation constant and vesc the escape
velocity from the parent body, which is determined by its size RPB and mean density ρPB.
The distribution is cut at a selected maximum allowed velocity vmax to prevent outliers.
We typically use vmax = 300 m/s. The orientations of velocity vectors in space are assigned
randomly. We assume the velocity of fragments is independent on their size.6

There are several more free parameters, which determine the initial shape of the family
in the space of proper elements: initial osculating eccentricity ei of the parent body, initial
inclination ii, as well as true anomaly fimp and argument of perihelion ωimp at the time of
impact disruption.

An example of a synthetic family just after disruption and its comparison to the observed
Eurybates family is shown in Figure 3.8. Usually, there is a significant disagreement between
this simple model of impact disruption and the observations. Synthetic families usually look
like thin ‘filaments’ in the (d, e, sin I) space, which are curved due to the mapping from
osculating elements to resonant ones. On the other hand, observed groups among Trojans
are much more spread. However, this only indicates an importance of further long-term
evolution by chaotic diffusion and possibly by planetary migration.7

In case of the Ennomos group members, they are distributed mostly on larger semi-
major axes than (4709) Ennomos, thought isotropic impact disruptions produce fragments
distributed evenly on larger and smaller a. May be, it is an indication of an anisotropic
velocity field? Or a different parent body of this cluster?

3.2.6 Planetary migration

If asteroid families are very old, planetary migration might influence their current shape. In
order to study of late stages of planetary migration, which is caused by interactions with
a planetesimal disk, we construct the following model. We treat the migration analytically
within a modified version of the numerical symplectic SWIFT-RMVS3 integrator (Levison
& Duncan 1994), which accounts for gravitational perturbations of the Sun and four giant
planets and includes also an energy-dissipation term, as described in Brož et al. (2011).
The speed of migration is characterised by the exponential time scale τmig and the required
total change of semimajor axis ai − af . We use an eccentricity damping formula too, which
simulates the effects of dynamical friction and prevent an unrealistic increase of eccentricities
(Morbidelli et al. 2010). The amount of damping is determined by the parameter edamp.

We try to adjust initial orbital parameters of planets and the parameters of migration
in such a way to end up at currently observed orbits. The integration time step is ∆t =
36.525 days and the time span is usually equal to 3τmig, when planetary orbits almost stop
to migrate.

3.2.7 Inefficient Yarkovsky/YORP effect

On long time scales, the Yarkovsky thermal force might cause significant perturbations of
orbits. We use an implementation of the Yarkovsky thermal effect in the SWIFT N-body

6If we use a size-dependent relation for velocities similar to Vokrouhlický et al. (2006), our results do not
change much, because the overall shape of the velocity distribution is quite similar to the size-independent
case.

7Only very young clusters like the Karin family (Nesvorný et al. 2002) exhibit this kind of a ‘filament’
shape.
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integrator (Brož 2006). It includes both the diurnal and seasonal variants.
The YORP effect (thermal torques affecting spin states; Vokrouhlický et al. 2006) was

not taken into account in our simulations. The reason is that the respective time scale τYORP
is of the order 100 My to 1 Gyr So as a ‘zero’ approximation, we neglect the YORP effect on
these ”short” time scales and keep the orientations of the spin axes fixed.

For Trojan asteroids captured in a zero-order mean motion resonance, the Yarkovsky
perturbation only affects the position of libration centre (Moldovan et al. 2010). Note that
the perturbation acts ‘instantly’ — there is no systematic secular drift in eccentricity nor in
other proper elements which is an important difference from first-order resonances, where a
e-drift is expected (Brož & Vokrouhlický 2008, Appendix A). This is another reason we do
not need a detailed YORP model here.

The thermal parameter we use are reasonable estimates for C/X-type bodies: ρsurf =
ρbulk = 1300 kg/m3 for the surface and bulk densities, K = 0.01 W/m/K for the surface
thermal conductivity, C = 680 J/kg for the heat capacity, A = 0.02 for the Bond albedo and
ϵIR = 0.95 for the thermal emissivity.

3.3 Asteroid families and insignificant groups

In this section, we briefly discuss properties of selected clusters: Eurybates, Ennomos, Aneas
and 1988 RG10. We focus on these four clusters, since they seem most prominent according
to our previous analysis.

3.3.1 Eurybates family

The Eurybates family can be detected by the hierarchical clustering method for cut–off ve-
locities vcutoff = 38 to 78 m/s, when it merges with Menelaus (see Figure 3.3). Yet, we do not
rely just on the HCM! Another selection criterion we use is a ‘meaningful’ shape of the family
and its changes with respect to vcutoff . A very important characteristic of the Eurybates fam-
ily at low values of vcutoff is a tight confinement of inclinations (sin I within 0.01). It breaks
down at vcutoff ≃ 68 m/s, so we consider this value as an upper limit. The Eurybates family
is also confined in semimajor axis, being approximately twice smaller than other groups.

The diameter of the parent body is DPB
.= 97 km for albedo pV = 0.055 if we sum the

volumes of the known bodies. Of course, in reality it is slightly larger due to observational
incompleteness. If we prolong the slope of the SFD γ = −2.5 down to zero we obtain DPB

.=
110 km. The geometric method of Tanga et al. (1999) gives an upper limit DPB ≃ 130 km.

Spectral slopes of family members are rather homogeneous and correspond to C/P-types
(Roig et al. 2008).

3.3.2 Ennomos group

The cluster around (4709) Ennomos can be recognised for a wide interval of cut–off ve-
locities vcutoff ∈ (69, 129) m/s when it stays compact and confined in inclinations (sin I =
0.451 to 0.466). Very probably, there are several interlopers, because we can count 4 to 10
asteroids in the surroundings, i.e., in the same volume of the (d, e, sin I) space (see Figure 3.9).
Since small bodies dominate the Ennomos group we suspect large bodies might be actually
interlopers.

A very intriguing feature is a high albedo of (4709) Ennomos pV ≃ 0.15 measured by
Fernández et al. (2003). Apart from other explanations, the authors speculated it may result
from a recent impact which covered the surface with pristine ice. If true the relation between
the fresh surface and the collisional family might be a unique opportunity to study cratering
events.
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Figure 3.9: A detail of the L5 Trojan population where the Ennomos group is visible. Left
panel: resonant semimajor axis a vs eccentricity e. Only asteroids occupying the same
range of inclinations as the Ennomos group sin I ∈ (0.448, 0.468) are plotted to facilitate a
comparison with the density of surroundings space (background). The sizes of plus signs are
proportional to diameters of the asteroids. Probable family members are denoted by small
red circles and probable interlopers by small grey crosses. Right panel: a vs inclination sin I,
with range of eccentricities e ∈ (0.02, 0.045).

We cannot exclude a possibility that (4709) Ennomos is actually an interloper and the
family is not related to it at all. Nevertheless, our hypothesis is testable: family members
should exhibit a similarity in spectra and albedos. The only information we have to date are
SDSS colours for three members: 98362, 2005 YG204 are probably C-types and 2005 AR72 is
a D-type. In case new data become available we can remove interlopers from our sample and
improve our analysis.

The size distribution of the Ennomos group is barely constrained, since small bodies are at
the observational limit. Moreover, removal of interlopers can change the SFD slope completely
(from γ = −1.4 to −3.2 or so). The minimum parent body size is about DPB ≃ 67 km if all
members have high albedo pV = 0.15.

3.3.3 Group denoted Aneas

The Aneas group looks like a middle portion of the L5 cloud with approximately background
density. It spans whole range of semimajor axes, as background asteroids do.

The minimum size of a hypothetical parent body is DPB = 160 to 170 km (for albedo
pV = 0.055 to 0.041). This size is very large and an impact disruption of such body is less
probable (see Section 3.4.4). The size-frequency distribution is shallow, with approximately
the same slope as background.

According to Roig et al. (2008) the colours are rather homogeneous and correspond to
D-types, with ≃ 10 % of probable interlopers.

3.3.4 Group denoted 1988 RG10

The group around asteroid (11487) 1988 RG10 again looks like a lower portion of the L5 cloud
at low inclinations, with sin I ∈ (0.06, 0.1). The SFD is steeper (γ = −2.6 ± 0.1) than
surroundings in L5 and the resulting parent body size D ≃ 60 km is relatively small. The
colours seems heterogeneous (Roig et al. 2008) and we can confirm this statement based on
the new SDSS-MOC version 4 data.

The remaining clusters (Hektor, Teucer, Sinon, 1986 WD, Laertes, Asios, Polydoros,
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Panthoos, etc.) may be characterised as follows: (i) they have a density in (d, e, sin I) space
comparable to that of background (surroundings); (ii) when identified by the HCM their
semimajor axes span the whole range of Trojan region; (iii) the slopes of their SFD’s are
comparable to the background; (iv) they are often inhomogeneous with respect to colours
(according to Roig et al. 2008). These reasons lead us to a conclusion that these clusters are
not necessarily real collisional families.

3.4 Long-term evolution of Trojan families

3.4.1 Evolution due to chaotic diffusion

We try to model long-term evolution of the Eurybates family. At first, we generate a synthetic
family (consisting of 42 bodies) by an impact disruption of the parent body with required
size. Then we integrate the synthetic family and compare it at particular time to the observed
Eurybates family. The time span of the integration is 4 Gyr.

The main driving mechanism is slow chaotic diffusion (the Yarkovsky effect is present but
inefficient in the Trojan region). Initially, the spread of inclinations of the synthetic family is
consistent with the observed one. On the other hand, the shape in (a, e) elements is clearly
inconsistent.

Since the inclinations evolve only barely we focus on the evolution of in the (a, e) plane
(see Figure 3.10). The point is the synthetic family, namely the ‘filament’ structure, has to
disperse sufficiently. After 500 Myr it is still recognisable but after 1 Gyr of evolution it is
not. So we may constrain the age of the Eurybates family from 1 to 4 Gyr.8

A similar analysis for the Ennomos group indicates that chaotic diffusion is faster in this
region (given the large inclination) and the most probable age thus seems to be from 1 to
2 Gyr. Beyond 2 Gyr the inclinations of the synthetic family become too large compared to
the observed Ennomos group, while the eccentricites are still compatible.

We try to model Aneas and 1988 RG10 groups too (see Figure 3.11). In these two cases,
there is a strong disagreement between our model and observations. The observed groups
are much larger and chaotic diffusion in respective regions is very slow. Even after 4 Gyr of
orbital evolution, the synthetic family remains too small.

The only free parameter which may substantially change our results is the initial velocity
distribution. Theoretically, the distribution might have been strongly anisotropic. However,
we cannot choose initial velocities entirely freely, since their magnitude should be comparable
to the escape velocity from the parent body, which is fixed by the size DPB and only weakly
dependent on a-priori unknown density ρPB.

Another solution of this problem is possible if we assume families are very old and they
experienced perturbations due to planetary migration.

3.4.2 Stability during planetary migration

The major perturbation acting on Trojans are secondary resonances between the libration
period PJ1/1 of the asteroid in the J1/1 mean-motion resonance with Jupiter and the period
P1J−2S of the critical argument of Jupiter–Saturn 1:2 resonance (Morbidelli et al. 2005)

PJ1/1 = nP1J−2S , (3.5)

8We verified these estimates by a 2-dimensional Kolmogorov–Smirnov test of the (a, e) distributions: ini-
tially the KS distance is DKS = 0.30 and the probability pKS(>D) = 0.02, which means the distribution are
incompatible. At t = 1 Gyr, the values are DKS = 0.20 and pKS(>D) = 0.32, which indicates a reasonable
match.
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Figure 3.11: Evolution of the synthetic family over 4 Gyr versus the observed Aneas group.
Chaotic diffusion is slow and it seems impossible to match the large spread of the observed
group even after 4 Gyr.

where n is a small integer number. Typical libration periods are PJ1/1 ≃ 150 yr and P1J−2S
changes as planets migrate (it decreases because Jupiter and Saturn recede from their mutual
1:2 resonance).9

All synthetic families are strongly unstable when P1J−2S ≃ 150 yr and even during later
stages of migration with P1J−2S ≃ 75 yr the eccentricities of family members are perturbed
too much to match the observed families like Eurybates or Ennomos (see Figure 3.12). There
are practically no plausible migration scenarios – regardless of time scale τmig – which would
produce a sufficiently compact group, unless Jupiter and Saturn are almost on their current
orbits. We tested τmig = 0.3, 3, 30 Myr and even for ∆aJ ≡ aJf − aJi as small as −0.08 AU
and ∆aS = +0.25 AU the perturbation was too strong. The reason is that one has to avoid
n = 2 secondary resonance to preserve a low spread of a synthetic family.

Let us conclude if any of Trojan families was created during planetary migration and if
the migration was smooth (exponential) the family cannot be visible today. However, we
cannot exclude a possibility that final stages of migration were entirely different, e.g., similar
to the ‘jumping-Jupiter’ scenario (Morbidelli et al. 2010).

3.4.3 Families lost by the ejection of fragment outside the resonance

We studied a possibility that some families cannot be identified because the breakup occurred
at the outskirts of the stable libration zone and some fragments were ejected outside the
J1/1 resonance. We thus chose 30 largest asteroids near the edge of the L4 libration zone
and we simulated breakups of these asteroids which create families with 30 fragments each.
We assumed the diameter of all parent bodies equal to DPB = 100 km and their density
ρPB = 1.3 g cm−3. The breakups always occurred at the same geometry fimp = 0◦, ωimp = 30◦.

9Another source of instability might be a secondary resonance with P2J−5S (the so called Great Inequality
period) thought it is weaker than P1J−2S. We find no asteroids perturbed by secondary resonances connected
with P3J−7S or P4J−9S which are present ‘en route’. Neither Uranus nor Neptune play an important role.
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After the breakup, we calculated proper elements of the family members and plotted their
distribution (see Figure 3.13). We can see all 30 synthetic families can be easily identified.
In most cases, more than 95 % of family members remained within the stable libration zone.
We can thus conclude that the ejection of fragments outside the libration zone does not affect
the number of observed families among Trojans.

3.4.4 Collisional rates

We can estimate collisional activity by means of a simple stationary model. Trojan–Trojan
collisions play a major role here, because Trojans are detached from the Main Belt. In case
of Eurybates, the target (parent body) diameter Dtarget = 110 km, the mean impact velocity
Vimp = 4.7 km/s (Dell’Oro et al. 1998), the strength Q⋆

D = 105 J/kg (Benz & Asphaug 1999)
and thus the necessary impactor size (Bottke et al. 2005)

ddisrupt =
(︂
2Q⋆

D/V 2
imp

)︂1/3
Dtarget ≃ 23 km . (3.6)

Number of ≥23 km projectiles among L4 Trojans is nproject = 371 and we have ntarget = 8
available targets. An intrinsic collision probability for Trojan–Trojan collisions Pi = 7.8 ×
10−18 km−2 yr−1 (Dell’Oro et al. 1998) and corresponding frequency of disruptions is

fdisrupt = Pi
D2

target
4 nprojectntarget ≃ 7 · 10−11 yr−1 . (3.7)

Over the age of the Solar System TSS ≃ 4 Gyr (after the LHB), we have a very low number
of such events nevents = TSSfdisrupt ≃ 0.28. This number seems to be in concert with only one

→ 60 ←



D ≥ 100 km family currently observed among Trojans.10 In a less-likely case, the material
of the Eurybates parent body was very weak and its strength may be at most one order of
magnitude lower, Q⋆

D ≃ 104 J/kg (see Leinhardt & Stewart 2009, Bottke et al. 2010). We
then obtain ddisrupt ≃ 10 km and nevents ≃ 1.0, so the conclusion about the low number of
expected Trojan families remains essentially the same.

The parent body of Aneas group is 1.5 larger and consequently the resulting number of
events is more than one order of magnitude lower. On the other hand, clusters with smaller
parent bodies (DPB ≪ 100 km) or significantly weaker (Q⋆

D ≪ 105 J/kg) might be more
frequent.

During the Late Heavy Bombardment epoch we may assume a substantial increase of
collisional activity (Levison et al. 2009). Hypothetical old families were however probably
‘erased’ due to the late phases of planetary migration (see Section 3.4.2) unless the migration
time scale for Jupiter and Saturn was significantly shorter than the time scale of the impactor
flux from transneptunian region which is mainly controlled by the migration of Uranus and
Neptune.

3.5 Conclusions

Increasing number of Trojan asteroids with available proper elements enables us to get new
insights into this important population. Essentially, new faint/small asteroids filled the ‘gaps’
in the proper-element space between previously known clusters and today it seems most
clusters are rather comparable to background. One should be aware that the number of
families among Trojans may be low and one should not take the number of ≃ 10 families as
a rule.

Only the C-type Eurybates family fulfils all criteria to be considered a collisional family.
This is probably also true for the newly discovered Ennomos group. Moreover, there might
be a potentially interesting relation between the high-albedo surface of (4709) Ennomos and
the collisional family thought we do not have enough data yet to prove it independently (by
colours, spectra or albedos).

Note there may exist clusters among Trojans which are not of collisional origin. They
may be caused by: (i) differences in chaotic diffusion rates; (ii) a/e/I-dependent efficiency
of original capture mechanism; or (iii) it may somehow reflect orbital distribution in source
regions.

We cannot exclude a hypothetical existence of old families which were totally dispersed
by dynamical processes, e.g., by perturbations due to planetary migration which is especially
efficient in the Trojan region.

Finally, note there seem to be no D-type families anywhere in the Solar System — neither
in the Trojan region, nor in the J3/2 (Brož et al. 2011) and Cybele regions (Vokrouhlický
et al. 2010). May be, the D-type parent bodies are too weak and the target is completely
pulverized during a collision? This might have important implications for collisional models
of icy bodies.
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Chapter 4

SPH simulations of high-speed
collisions

This part is devoted to a study of mutual collisions of asteroids with cometary nuclei occur-
ring at high relative velocities. We simulate impacts of icy, low-density (ρbulk = 1.14 g.cm−3)
projectiles to basaltic monolithic targets at the velocity of 8 to 15 km/s. We focus on possible
differences in the propagation of the shock wave, ejection of fragments and resulting differ-
ences in the size-frequency distribution (SFD) of synthetic asteroid families. We compare our
results with simulations of mutual collision of basalt bodies, occuring at lower velocities (3
to 7 km/s), typical for the main asteroid belt. We also discuss a scaling of SFDs with respect
to the ‘nominal’ target diameter D = 100 km, for which a number of simulations have been
done so far (e.g., Durda et al. 2007; Benavidez et al. 2012, 2018; Jutzi 2015; Ševeček et al.
2017, 2019).

The purpose of this numerical experiment is to better understand impact processes shap-
ing the early Solar System, namely the primordial asteroid belt during the Late Heavy Bom-
bardment (LHB; as a continuation of Brož et al. 2013). For all hydrodynamical simulations
we use a standard smoothed-particle hydrodynamics method (SPH), namely the lagrangian
SPH5 code (Benz and Asphaug, 1994). Gravitational interactions between fragments (during
the subsequent reaccumulation phase) are computed with the Pkdgrav tree-code (Richardson
et al., 2000).

4.1 Introduction

In our work Brož et al. (2013), we asked a question whether some of the main-belt asteroid
families had been formed by collisions with (originally trans-neptunian) comets during the
period of the late heavy bombardment, as predicted by the Nice model (Gomes et al., 2005;
Morbidelli et al., 2005), or its newer variants (Morbidelli et al., 2010; Nesvorný and Morbidelli,
2012).

We concluded that if asteroid families were created during the LHB, the final number
of catastrophic disruptions with parent bodies larger than DPB ≃ 100 km should be ∼ 100,
i.e., almost one order of magnitude larger than the observed number (20). Also the synthetic
production function, i.e., the number of families vs the respective DPB, is significantly steeper
than observed.

There are three possible explanations for this discrepancy (apart from secondary dis-
ruptions of families members, which certainly contributes to the decrease of kilometre-sized
bodies):

i) cometary flux could have been reduced by 80 % due to intrinsic activity and breakups
of the cometary nuclei during their close approaches to the Sun;
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ii) physical lifetime of the comets may be size-dependent, so that small comets are disin-
tegrated substantially more than the large ones;

iii) collisions between solid monolithic targets (asteroids) and less cohesive projectiles (comets)
occurring at high velocities (vimp > 10 km s−1) can be generally different from collisions
at lower velocities, which have been studied so far (Benz and Asphaug, 1999; Durda
et al., 2007; Benavidez et al., 2012, 2018; Jutzi, 2015; Ševeček et al., 2017, 2019).

In this work, we focus on the latter possibility.

4.2 Methods

The method we chose for the simulations of collisions between a solid bodies is a meshless
Lagrangian particle method – smooth particle hydrodynamics (SPH) (e.g. Benz (1990);
Monaghan (1992); Benz and Asphaug (1994)).

Gas and solid bodies are modelled by the respective set of partial differential equations,
which is summarized as follows (e.g., Brož 2021):

dρ

dt
= −ρ∇ · v , (4.1)

dv
dt

= −1
ρ
∇P −∇Φ + 1

ρ
∇ · S , (4.2)

dU

dt
= −1

ρ
P∇ · v + 1

ρ

1
2(∇v + (∇v)T) : S (4.3)

∇ · ∇Φ = 4πGρ , (4.4)

dS
dt

= ∇ · µ1(∇v + (∇v)T) + (µ2 −
2
3µ1)∇ · vI , (4.5)

dD

dt
=
(︃

cg
Rs

)︃3
+
(︃

m + 3
3 α

1
3 ϵ

m
3

)︃3
, (4.6)

P ≃ A

(︃
ρ

ρ0
− 1

)︃
+ B

(︃
ρ

ρ0
− 1

)︃2
+ bρU

1
U
U0

ρ2
0

ρ2 + 1
+ aρU , (4.7)

S := (1−D) min
[︄

Y 2

3
2S : S

; 1
]︄

S , (4.8)

P := H(P ) +H(−P )(1−D)P , (4.9)

where ρ denotes the bulk density, v velocity, P pressure, Φ gravitational potential, S stress
tensor, U specific internal energy (per unit mass), D scalar damage, µ1 shear modulus, µ2
bulk modulus, Y von Mises limit, cg crack propagation speed, Rs equivalent particle size,
α ≡ 8πc3

gk/[(m+1)(m+2)(m+3)], k, m parameters of the Weibull distribution, n(ϵ) = kϵm,
ϵ flaw activation limit, H the Heaviside step function. The individual terms (right-hand sides)
can be briefly described as follows: expansion, pressure gradient, gravity, stress, work, viscous
heating, Poisson eq., shear stress, bulk stress, crack growth, activation, solid-state pressure,
quadratic term, corrective term, ideal-gas term, fracture, plasticity, ditto for pressure. In the
SPH5 code we used, the spatial discretisation of Eqs. (4.1)–(4.9) is performed in the standard
SPH way (Monaghan, 1992; Benz and Asphaug, 1994), including the artificial viscosity to
handle shocks. For the temporal discretisation, the predicor-corrector method is used (or
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alternatively, we implemented the Bulirsch-Stoer). We assumed the Tillotson equation of
state (Eq. (4.7); Tillotson 1962) and material properties, which were listed in Table 2.3.

We performed 125 simulations of impacts of various projectiles on targets with diameters
DPB = 100 km. The projectile velocity vimp was 8, 10, 12, 14 and 15 km.s−1 and the impact
angle φimp was 15◦, 30◦, 45◦, 60◦ and 75◦.

The target was always basalt with the bulk density ρtarg = 2.7 g.cm−3, while the projec-
tiles consisted of silicated ice (30 % silicates) with the bulk density (ρimp = 1.14 g.cm−3).

The integration was controlled by the Courant number C = 1.0, a typical time step thus
was ∆t ≃ 10−5 s, and the time span was tstop = 100 s. The Courant condition was the same
in different materials, using always the maximum sound speed cs among all SPH particles,
as usually.

We used NSPH,st = 105 SPH particles for the single spherical target. Impactor was
modelled by NSPH,i = 103 SPH particles.

We terminated SPH simulations after 50 s from the impact. This time interval is needed
to establish a velocity field of fragments and to complete the fragmentation in our set of
simulations. Then we handed the output of the SPH simulation as initial conditions to the
N–body gravitational code Pkdgrav (Richardson et al., 2000), what is a parallel tree code
used to simulate a gravitational reaccumulation of fragments. Unlike Durda et al. (2007),
who calculated radii of fragments R from the smoothing length h as R = h/3, we calculated
fragments radii from their masses m and densities ρ as R = (m/(4πρ))1/3.

We ran Pkdgrav with the time step ∆t = 5.0 s and we terminated this simulation after
tevol = 3 days of evolution. To ensure this is sufficiently long, we also ran several simulations
with tevol = 5 days, but we had seen no significant differences between final results.

We used the nominal value for the tree opening angle, dθ = 0.5 rad, even though for the
evolution of eventual moons it would be worth to use even smaller value, e.g. dθ = 0.2 rad.

To compare resulting SFDs properly, we varied the mass (and thus the size) of the projec-
tile to obtain the same ratio of impactor specific energy Q to the target strength Q∗

D within
each simulation set.

4.3 Results

We processed the results of simulations and plotted spatial distribution at the end of fragmen-
tation phase (e.g. Fig. 4.1 for the impact angle 45◦), size-frequency distributions (Fig. 4.2),
velocity histograms (Fig. 4.3), or energy vs. time (Fig. 4.4).

Impacts follow a regular pattern cratering → reaccumulative → catastrophic → super-
catastrophic disruptions with increasing impact energy, as one can see by comparing Figures
4.1, 4.8 – 4.11. For low-energy impacts, there is cratering only, the bulk of the target remains
with low ejection velocities (see Fig. 4.1) and its fragments are almost immediately reaccu-
mulated; the target is fully damaged though. The impactor is vaporized, typically for low
impact angles, or dispersed by the reverse shock, if its part misses the target.

The low-energy and high-impact-angle impacts are poorly resolved (Fig. 4.11, top left),
and we should keep it in mind when interpreting the results.

Size-frequency distributions. At the end of reaccumulation phase, we used the original
target density ρ0 to compute diameters of fragments and derive the corresponding SFDs.
Regarding the largest remnant (LR), the largest fragment (LF) as well as other fragments,
they may be ‘puffed-up’ in our simulations. This procedure corresponds to a subsequent
compaction of bodies (on long time scales).

Similarly as above, the SFDs follow a regular pattern. The LR becomes smallish for high-
energy impacts until it ‘disappears’; these are super-catastrophic disruptions. Consequently,
the LF becomes bigger and bigger, until it turns to be smaller for the highest-energy impacts.
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The largest largest fragment (‘LLF’) reaches D ≃ 20 km in our simulations (see, e.g., Fig. 4.2,
bottom right). A part of fragment distribution with sizes ranging somewhere (but not always)
from D ≃ 5 km up to D ≃ 20 km can be described by a power law log N(>D) = c log D + d.
Typically it is steep, with slope c ≪ −2.5, i.e., steeper than a collisional equilibrium of
Dohnanyi (1969), but for super-catastrophic impacts this steep slope soon becomes shallow
around D ≃ 10 km. This is because these disruptions produce more fragments with diameter
D > 10 km and the the total mass must be conserved (Mtot = MPB + mimp).

Velocity distributions. Regarding velocity distributions, we performed a transformation
to the barycentre frame after the reaccumulation phase. To avoid a ‘contamination’ of our
fragment sample by the fragments of impactor, we removed outliers, with the ejection velocity
vej > 1000 m s−1.

For low-energy impacts, there is a peak at about the escape velocity, which is vesc =
61 m s−1 for our targets. Practically all fragments are ejected within 2vesc (see Fig. 4.3; note
the ordinate is logarithmic).

For high-energy impacts with a head-on geometry (the impact angle φimp ≤ 45◦, a second
peak appears at about 3vesc, probably due to a direct momentum transfer from the projectile
to the target. Eventually, the whole distribution shifts towards higher velocities (and the
peaks merge). These observations are very similar to those in Ševeček et al. (2017).

Energy conservation. Let us note we experienced some problems with the energy con-
servation. In a majority of simulations the total energy (kinetic plus internal, target plus
impactor) is conserved to within 1 % (or better). However, in a minority of simulations, in
particular highest-energy and highest-impact-angle simulations, the energy is conserved to
within 10 % (or even worse).

Regarding high impact angles, we tracked-down this issue to projectile particles which ex-
hibit a strong shearing very late in the fragmentation phase, when the projectile is essentially
‘cut’ by the target. Practically, it does not affect the target at all, because this ‘shearing
instability’ occurs elsewhere (approximately ∼ 300 km away from the impact site).

Parametric relations. In order to describe the overall statistical properties of collisions, it
is useful to derive parametric relations, which describe the dependence of the largest remnant
mass Mlr, the largest fragment mass Mlf , or the fragment size-distribution slope q on a suitable
measure of energy.

To this point, we use the scaling law (as Benz and Asphaug 1994):

Q(R) = Q0Ra + BρRb , (4.10)

and define the effective strength (as Ševeček et al. 2017)

Qeff =
1
2mv2

Mpb

A

πr2 , (4.11)

where the interacting cross section A, at the closest distance d = (r + R) sin(ϕ), is:

A =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
πr2 for d ≤ R− r ,

r2 arccos d2+r2−R2

2dr + R2 arccos d2+R2−r2

2dR −
− 1

2
√︁

(R + r − d)(d + r −R)(d− r + R)(d + r + R) for d ∈ (R− r; R + r) ,

0 for d ≥ R + r .

(4.12)
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Using all our SPH simulations outcomes, we plotted Figs. 4.5, 4.6, 4.7 and derived the
following relations for the LR:

Mlr(Qeff)
Mtot

=

⎧⎪⎪⎨⎪⎪⎩
1− 0.2 Qeff/Q⋆

D for Qeff/Q⋆
D < 0.2 ,

0.96− 0.46
0.8 (Qeff/Q⋆

D − 0.2) for Qeff/Q⋆
D < 1 ,

0.5− 0.15 (Qeff/Q⋆
D − 1.0) for Qeff/Q⋆

D ≥ 1 ;
(4.13)

for the LF:
Mlf(Qeff)

Mtot
= 0.003

(︄
Qeff
Q⋆

D

)︄1.5

exp

⎡⎣−(︄ Qeff
4.5Q⋆

D

)︄1.2
⎤⎦ ; (4.14)

and for the slope:

q(Qeff) = −8.0 + 7.0
(︄

Qeff
Q⋆

D

)︄0.9

exp

⎡⎣−(︄ Qeff
2.0Q⋆

D

)︄0.6
⎤⎦ . (4.15)

These relations are approximations of our distributions, which are more complex, and exhibit
numerous (possibly interesting) outliers. Uncertainties of the numerical parameters are of the
order of the last digit.

Alternatively, we can fit SFDs with two slopes q1, q2 (similarly as in Ševeček et al. 2017):

K(x) = 1
2(q1 + q2)x + 1

2
q1 − q2

k
ln(2 cosh kx) , (4.16)

where log N(>D) = K(log D − log d) + c, with q1, q2, c, d treated as free parameters and the
assumed values of k = 10, but the scatter of q values is even larger and the fit still does not
fully describe the outcomes of collisions. It may be even useful to think about a different
implementation of fragmentation in the Boulder code, in order to account for the stochasticity
of collisions (in terms of Mlr, Mlf , q).

4.4 Comparison with low-speed collisions

We can compare Eqs. (4.13) to (4.15) with the original parametric relations of Morbidelli
et al. (2009), corresponding to low-speed collisions (see also the respective Figs. 4.5 to 4.7).

While MLR seems to be very similar to previous results thanks to the appropriate scaling
by Qeff , MLF exhibits systematic differences, in particular, the peak is shifted to even higher
energies. For cratering events and sub-catastrophic disruptions, with the ratio of impactor
specific energy Q to the target strength Q⋆

D smaller than ∼ 0.4, the LF is substantially smaller
by almost an order of magnitude in mass (or a factor of 2 in diameter).

This may have important consequences, because the observability of asteroid families
is practically given by the presence of sufficiently massive LF; if it is too small, secondary
collisions are unable to sustain the SFD for a long time and the family ‘disappears’. This may
at least partly explain the problem with the (excessive) number of LHB families, outlined in
(Brož et al., 2013), but their arguments were based on catastrophic disruptions, not craterings.

In the super-catastrophic regime (Qeff/Q⋆
D ≳ 10), our simulations show the LF (again, the

LR doesn’t exist anymore) is substantially bigger, which would make the observability prob-
lem even worse, but these collisions are rare. Nevertheless, our simulations also suggest that
high-speed impacts produce actually more D ≳ 10 km fragments, which may (temporarily)
enhance the collisional cascade by secondary disruptions.
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Figure 4.5: Mass of the largest remnant Mlr vs. the effective strength Qeff . Individual out-
comes of our high-speed SPH simulations are plotted as points. The parametric relation
Eq. (4.13) is also plotted (red line). In accord with the scaling law, Mlr/Mtot ≃ 0.5 for
Q = 1. For comparison, we show the parametric relations for low-speed collisions (Morbidelli
et al., 2009) and D = 10 km bodies (Ševeček et al., 2017).
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Figure 4.6: Mass of the largest fragment Mlf vs. the effective strength Qeff . Eq. (4.14) is
plotted as red line. The largest remnant mass Mlr is also plotted, as it subsequently ‘disap-
pears’ for high-energy impacts. For comparison, there are parametric relations of Morbidelli
et al. (2009), Vernazza et al. (2018).
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Figure 4.7: Power-law slope of the size-frequency distribution q vs. the effective strength Qeff .
Eq. (4.15) is plotted as red line. There is a large scatter for low-energy impacts though.
Parametric relations of Morbidelli et al. (2009), Ševeček et al. (2017) are also shown.

4.5 Conclusions

Let us finally recall that relations for macroscopic rubble-pile bodies were derived in Cibulková
et al. (2014) and for smaller D = 10 km targets in Ševeček et al. (2017).

As a future work, we plan to use all these relations in complex collisional models of the
late heavy bombardment, or the main belt composed of two (or more) rheologically different
populations.

4.6 Supplementary figures

Figures for all simulations are attached: fragmentation phase (Figs. 4.8 to 4.11), size-frequency
distributions (Figs. 4.12 to 4.16), velocity histograms (Figs. 4.17 to 4.20), energy vs. time
(Figs. 4.21 to 4.24).

References are appended at the end of the thesis.
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Figure 4.25: Same as Fig. 4.5, but with the nominal strength Q, instead of the effective
stregth Qeff (given by Eq. (4.11)). In this case, oblique impacts cannot follow the same
dependence Mlr(Q).
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Chapter 5

Conclusions

In this work, we used various models, whose combination allowed us to better understand
Jupiter Trojans and to interpret the respective observations with a great amount detail.

For dynamical simulations, we used the orbital model based on the SWIFT symplectic
integrator (Levison and Duncan, 1994), appropriately modified to include the Yarkovsky and
YORP effects. Numerical simulations of the collisional evolution were based on the Boulder
code (Morbidelli et al., 2009). Hydrodynamic simulations of impacts were performed with the
SPH5 code (Benz and Asphaug, 1994) and the gravitational tree-code Pkdgrav (Richardson
et al., 2000). For statistical analysis of orbital elements, we developed a new ‘randombox’
method, working independently on the common hierarchical clustering method (HCM).

We focused on populations (incl. families) rather than on individual bodies, because their
distribution is non-random and statistically significant, although their central bodies (e.g.,
(3458) Eurybates or (624) Hektor) are of utmost interest!

Using the methods mentioned above and various independent data sources (e.g., MPCORB,
SDSS-MOC, WISE/NEOWISE), we discovered several collisional families among Trojans
(and we also rejected several families proposed earlier).

We successfully simulated the formation of the Hektor family by a cratering event and we
managed to show that the moon of Hektor could have been formed at the same time.

We also described differences in the outcomes of low-speed and high-speed collisions,
which were not studied so far, in the context of the late heavy bombardment (LHB). These
findings contribute to the LHB modelling and to the theories describing the early evolution
of the Solar System and its orbital instabilities.

Future work. An ongoing development of observational technology, e.g., the VLT/SPHERE
instrument capable of adaptive-optics imaging of central bodies of asteroid families (as in
Vernazza et al. 2018; Marsset et al. 2020), or in-situ observations with the Lucy spacecraft
(Levison and Lucy Science Team, 2016; Souza-Feliciano et al., 2020) will allow us to study
populations of small bodies in even more detail, providing us with a possibility to construct
even more complex asteroid family models.

New description of overall statistical properties of various impacts, together with ob-
served cratering records (and projectile→ crater scaling laws), will allows us to constrain the
‘integral’ of collisional evolution and ‘initial’ conditions some 4–4.567 Gy ago.

New asteroid moons or possibly ‘minimoons’ (Granvik et al., 2012) will be soon dis-
covered, e.g., with the VLT/Eris instrument, providing us with precise information about
masses (volumes, densities, porosities, . . . ) of central bodies. This will remove one of the
largest uncertainties in the modelling of impacts and subsequent orbital evolution due to
non-gravitational effects.

We are also looking forward to further discoveries of very young families, composed of
small bodies (H > 20 mag), as well as very old (“diffuse”) families (Delbo’ et al., 2017),
possibly affected by early accretion (and fragmentation), as well as planetary migration.
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Appendix A

Reprint of Rozehnal et al. (2016)
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Appendix B

Reprint of Brož and Rozehnal
(2011)
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Appendix C

Reprint of Brož et al. (2013)
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Bottke, W.F., Brož, M., O’Brien, D.P., Campo Bagatin, A., Morbidelli, A., Marchi, S., 2015.
The Collisional Evolution of the Main Asteroid Belt. pp. 701–724. doi:10.2458/azu\
_uapress\_9780816532131-ch036.

Bowell, E., Virtanen, J., Muinonen, K., Boattini, A., 2002. Asteroid Orbit Computation. pp.
27–43.

Brasser, R., Morbidelli, A., Gomes, R., Tsiganis, K., Levison, H.F., 2009. Constructing the
secular architecture of the solar system II: the terrestrial planets. Astron. Astrophys. 507,
1053–1065. doi:10.1051/0004-6361/200912878, arXiv:0909.1891.
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2013. Constraining the cometary flux through the asteroid belt during the late heavy
bombardment. Astron. Astrophys. 551, A117. doi:10.1051/0004-6361/201219296,
arXiv:1301.6221.

Brož, M., Rozehnal, J., 2011. Eurybates — the only asteroid family among Trojans?
Mon. Not. R. Astron. Soc. 414, 565–574. doi:10.1111/j.1365-2966.2011.18420.x,
arXiv:1109.1109.
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Nesvorný, D., Morbidelli, A., 2012. Statistical Study of the Early Solar System’s Instability
with Four, Five, and Six Giant Planets. Astron. J. 144, 117. doi:10.1088/0004-6256/
144/4/117, arXiv:1208.2957.

Nesvorny, D., Vokrouhlicky, D., Bottke, W.F., 2006. The Breakup of a Main-Belt Asteroid
450 Thousand Years Ago. Science 312, 1490. doi:10.1126/science.1126175.
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2012). In our previous work (Brož & Rozehnal 2011), we concluded that there is only one
collisional family with parent body size larger than 100 km among Trojans, namely the Eury-
bates. This finding was based on the analysis of the observed size distributions, colour data
from the Sloan Digital Sky Survey, and simulations of orbital evolution. The WISE albedos
serve as an independent source of information which allows us to verify our previous results.
We also update our database of suitable resonant elements (i.e. the libration amplitude D,
eccentricity e, inclination I) of Trojans and we look for new (to-be-discovered) clusters by the
Hierarchical Clustering Method. Using the WISE diameters, we can construct more precise
size-frequency distributions of Trojans in both the leading/trailing clouds which we compare
to SFD of the cluster(s) mentioned above. We then prepare a collisional model (based on
the Boulder code, Morbidelli et al. 2009). Initial conditions of our model are based on
an assumption that the Trojans were captured from a destabilised transplanetary disc while
Jupiter jumped during its close encounter with a Neptune-mass planet — the so-called “jump
capture” (Nesvorný et al. 2013). Within the framework of this model we try to constrain the
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age of the Eurybates family.

https://ui.adsabs.harvard.edu/abs/2013DPS....4511212R/abstract

Long-term evolution of asteroid families among Jovian Trojans

Rozehnal, Jakub; Brož, Miroslav

We updated the database of resonant elements (i.e. the libration amplitude ∆, eccen-
tricity e, inclination I) of Jupiter Trojans and we identified and verified clusters by both the
Hierarchical Clustering Method and Monte Carlo simulations, which allow us to assess also
the statistical significance of the asteroid families. Apart from the Eurybates family (Brož &
Rozehnal 2011), we also found five clusters of potentially collisional origin — namely fami-
lies around asteroids (20961) Arkesilaos, (624) Hektor and (9799) 1996 RJ in L4 cloud and
(17492) Hippasos and (247341) in L5 cloud. As these clusters fulfill our criteria for colli-
sional families (i.e. statistical significance, albedo homogeneity, steeper SFD than that of
background), we tried to simulate their origin and consequential orbital evolution in different
scenarios of planetary migration (e.g. Nesvorný et al. 2013). Using the WISE albedos and
diameters (Grav et al. 2011, 2012), we constructed size-frequency distributions of Trojans
in both the leading/trailing clouds which we compared to SFDs of the families. We then
simulated the collisional evolution of the families (using the Boulder code, Morbidelli et al.
2009). The results show that the evolution of bodies larger than D > 50 km is very slow and
they exhibit only little evolution over the last 3.85 Gyr (i.e. post-LHB phase). Hence we
can consider this part of the SFD as primordial. In the frame of this model, we also tried
to constrain ages of the families. We also analyzed the dependence of the total number of
catastrophic disruptions on the target diameter.

https://ui.adsabs.harvard.edu/abs/2014acm..conf..452R/abstract

SPH simulations of high-speed collisions

Rozehnal, Jakub; Brož, Miroslav

Our work is devoted to a comparison of: i) asteroid-asteroid collisions occurring at lower
velocities (about 5 km/s in the Main Belt), and ii) mutual collisions of asteroids and cometary
nuclei usually occurring at significantly higher relative velocities (> 10 km/s). We focus on
differences in the propagation of the shock wave, ejection of the fragments and possible dif-
ferences in the resulting size-frequency distributions of synthetic asteroid families. We also
discuss scaling with respect to the “nominal” target diameter D = 100 km, projectile velocity
3 to 7 km/s, for which a number of simulations were done so far (Durda et al. 2007, Benavidez
et al. 2012). In the latter case of asteroid-comet collisions, we simulate the impacts of brittle
or pre-damaged impactors onto solid monolithic targets at high velocities, ranging from 10 to
15 km/s. The purpose of this numerical experiment is to better understand impact processes
shaping the early Solar System, namely the primordial asteroid belt during during the (late)
heavy bombardment (as a continuation of Broz et al. 2013).For all hydrodynamical sim-
ulations we use a smoothed-particle hydrodynamics method (SPH), namely the lagrangian
SPH3D code (Benz & Asphaug 1994, 1995). The gravitational interactions between frag-
ments (re-accumulation) is simulated with the Pkdgrav tree-code (Richardson et al. 2000).

https://ui.adsabs.harvard.edu/abs/2016DPS....4832912R/abstract
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Recent impact on (4709) Ennomos?

Rozehnal, Jakub; Brož, Miroslav

In this work, we try to associate the albedo variations of the Trojan L5 asteroid (4709)
Ennomos (Emery et al., 2016) with a relatively recent impact structure on its surface. Al-
though the mean visual albedo of Trojans is generally very low (pV ≃ 0.07, Grav et al.,
2012), especially for asteroids with diameter D > 50 km, Fernández et al. (2003) reported
unusually high albedo of (4709) Ennomos (pV ≃ 0.12 to 0.18), which diameter is D ≃ 80 km.
However, the albedo of (4709) Ennomos determined from the WISE data by Grav et al.
(2012) is only pV ≃ 0.09 and the same albedo derived from AKARI is about pV ≃ 0.08 (Usui
et al., 2011). One possible explanation for these discrepancies is that the albedo of (4709)
Ennomos is strongly dependent on its rotational phase. Emery et al. (2016) reported a clear
evidence of spectral slope variations of (4709) Ennomos with its rotation, what may also
suggest an existence of a bright spot on its surface, caused e.g. by impact. As we reported
the asteroid family associated with (4709) Ennomos in our previous works (e.g. Brož and
Rozehnal, 2011, Rozehnal et al., 2016), we try to simulate the family origin by SPH simula-
tions (Benz & Aspaugh, 1994). Because the albedo variations could be in principle used to
estimate an approximate size of the impact structure (in the case of cratering event, what
means MLR/MPB > 0.5) on the family parent body an hence an approximate size of the
impactor, this is a unique chance to compare it with the results of the SPH simulations. In
our work we also try to determine the age of the Ennomos family by simulating the dynam-
ical evolution of our synthetic families in different impact geometries (with different f and ω).

https://ui.adsabs.harvard.edu/abs/2017DPS....4911041R/abstract
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