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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.

Keywords: asteroids – Solar System – Trojans – orbital dynamics – collisional dynamics

v



vi



Contents

1 Introduction 3
1.1 Trojans as a key to understand the Solar System . . . . . . . . . . . . . . . . 3
1.2 Citations and implications of our works . . . . . . . . . . . . . . . . . . . . . 7

2 Hektor | an exceptional D-type family among Jovian Trojans 15
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2 New observational data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2.1 Resonant elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.2.2 WISE and AKARI albedos and diameters . . . . . . . . . . . . . . . . 16

2.3 Physical characterisation of Trojan populations . . . . . . . . . . . . . . . . . 17
2.3.1 Albedo distribution and taxonomy . . . . . . . . . . . . . . . . . . . . 17
2.3.2 Size-frequency distributions . . . . . . . . . . . . . . . . . . . . . . . . 17

2.4 Families detection methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.4.1 Randombox method . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.4.2 Hierarchical clustering method . . . . . . . . . . . . . . . . . . . . . . 22

2.5 Properties of statistically signi�cant families . . . . . . . . . . . . . . . . . . . 24
2.5.1 Eurybates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.5.2 Hektor | the �rst D{type family . . . . . . . . . . . . . . . . . . . . . 24
2.5.3 1996 RJ | extremely compact family . . . . . . . . . . . . . . . . . . 26
2.5.4 Arkesilaos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.5.5 Ennomos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.5.6 2001 UV209 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.6 Collisional models of the Trojan population . . . . . . . . . . . . . . . . . . . 31
2.6.1 Initial conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.6.2 Long-term collisional evolution . . . . . . . . . . . . . . . . . . . . . . 32
2.6.3 An estimate of the number of observable families . . . . . . . . . . . . 34

2.7 SPH simulations of Hektor family . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.7.1 Methods and initial conditions . . . . . . . . . . . . . . . . . . . . . . 35
2.7.2 Resulting size-frequency distributions . . . . . . . . . . . . . . . . . . 36
2.7.3 Resulting velocity �elds . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.7.4 Synthetic moons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3 Eurybates | the `only' asteroid family among Trojans? 43
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.2.1 Resonant elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.2.2 Hierarchical clustering . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.2.3 Size-frequency distribution . . . . . . . . . . . . . . . . . . . . . . . . 48
3.2.4 Colour and spectral data . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.2.5 Impact disruption model . . . . . . . . . . . . . . . . . . . . . . . . . . 52

! 1  



3.2.6 Planetary migration . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.2.7 Ine�cient Yarkovsky/YORP e�ect . . . . . . . . . . . . . . . . . . . . 52

3.3 Asteroid families and insigni�cant groups . . . . . . . . . . . . . . . . . . . . 54
3.3.1 Eurybates family . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.3.2 Ennomos group . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.3.3 Group denoted Aneas . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.3.4 Group denoted 1988 RG10 . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.4 Long-term evolution of Trojan families . . . . . . . . . . . . . . . . . . . . . . 56
3.4.1 Evolution due to chaotic di�usion . . . . . . . . . . . . . . . . . . . . 56
3.4.2 Stability during planetary migration . . . . . . . . . . . . . . . . . . . 56
3.4.3 Families lost by the ejection of fragment outside the resonance . . . . 58
3.4.4 Collisional rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4 SPH simulations of high-speed collisions 63
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.4 Comparison with low-speed collisions . . . . . . . . . . . . . . . . . . . . . . . 71
4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.6 Supplementary �gures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5 Conclusions 93

A Reprint of Rozehnal et al. (2016) 95

B Reprint of Bro �z and Rozehnal (2011) 111

C Reprint of Bro �z et al. (2013) 123

References 141

List of publications 151

! 2  



Chapter 1

Introduction

Small bodies of the Solar System are in
uenced 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 e�ect,
the YORP e�ect, the Poynting{Robertson e�ect, radiation pressure, solar wind, cometary
outgassing, mutual collisions, mass shedding, etc. The character of small-body populations is
highly in
uenced 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 signi�cant changes to the
orbits of planets had to occur (e.g. Malhotra, 1995; Gomes et al., 2005; Nesvorn�y, 2018).

1.1 Trojans as a key to understand the Solar System

Trojan asteroids are small bodies that oscillate around two lagrangian pointsL 4 and L 5 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;�Cuk 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 con�guration 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 L 4 and L 5 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 e�cient,
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Figure 1.1: Semimajor axisa 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 withH � 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 di�usion, as was shown also in our
long-term dynamical simulations (Bro�z 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 di�erent 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 (M E) to less
than 0:1M E , 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, thesecondaryresonances 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 (Nesvorn�y et al., 2013;
Nesvorn�y, 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. Nesvorn�y
et al. (2013) found that a majority of Trojans were captured from the scattered TNOs
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Figure 1.3: Positions of L 4 and L 5 Trojans with respect to the Sun and Jupiter projected
to the ecliptic ( x; y) plane (as of Apr 2020). The trajectory of (624) Hektor in the frame
corotating with Jupiter is plotted in red. Its time span 150 yr corresponds to the mean
libration period of Trojans. Critical equipotentials of the restricted 3-body problem (RTPB)
are overplotted in blue; Jupiter's orbits is eccentric (e = 0 :022) and perturbed though.

Figure 1.4: Size-frequency distribution (SFD)N (>D ) of L 4 and L 5 Trojans. Its extrapolation
to D = 1 km is plotted by a dashed line. For comparison, the main belt and the near-Earth
asteroids SFDs are plotted (Bottke et al., 2015; Harris et al., 2015).
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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 (Nesvorn�y
et al., 2014).

Because there is statistically low probability that the ice giant would remain in the
planetary system after the encounter, Nesvorn�y and Morbidelli (2012) proposed an al-
ternative scenario with a �fth ice giant (see also Nesvorn�y, 2018)). If true, a substantial
population of free-
oating exoplanets may be present in our galaxy (Mr�oz 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; Nesvorn�y 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 (Bro�z 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 Nesvorn�y, 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; Bro�z 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 asymmetricL 4=L5 ratio (Szab�o
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 (Bro�z 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 Bro�z and Rozehnal
(2011), and 72 to Bro�z et al. (2013). They include, e.g., Nesvorn�y et al. (2013), Christou
(2013), Di Sisto et al. (2014), Wong et al. (2014), Wong and Brown (2016), Wong and Brown
(2017), �Cuk 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), Nesvorn�y (2018), Sugiura et al.
(2018), Vokrouhlick�y 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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Figure 1.5: Resonant eccentricitye vs. resonant inclination I for L 4 Trojans, computed using
recent catalogues (Apr 2020). Gray scale and sizes correspond to the absolute magnitudeH .
The principal bodies of asteroid families identi�ed by Rozehnal et al. (2016) are indicated by
colour.

Figure 1.6: Same as Fig. 1.5 forL 5 Trojans.
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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 Bro�z 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
identi�ed 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 Eurybatesm = (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, identi�ed 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-� uncertainty.

A pair of Jovian Trojans at the L4 Lagrange point (Holt et al., 2020b). Both our works Bro�z
and Rozehnal (2011) and Rozehnal et al. (2016), namely the so-called \randombox" method
for clustering identi�cation 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 �rst 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 �ssion 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 identi�ed 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
classi�ed 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 Bro�z 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 cuto� 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 classi�cation, which identi�es 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)
con�rmed that \Yarkovsky perturbations are ine�ective in determining secular changes in
all proper elements, what implies that all Trojan families are fossil families, frozen with the
original �eld of relative velocities, possibly augmented by slow chaotic di�usion", 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 di�usion (see Bro�z 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 �nd 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-�t
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 (Nesvorn�y, 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 identi�ed in Bro�z 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 
at 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 withD > 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 (Vokrouhlick�y 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 Bro�z and Rozehnal (2011):

Capture of Trojans by jumping Jupiter (Nesvorn�y and Morbidelli, 2012). Nesvorn�y 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 observedasymmetry 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 identi�ed in our work Bro�z
and Rozehnal (2011). On the other hand, they note that at the faint end the sample is
incomplete, and the ratio of L 4 vs. L 5 bodies can be in
uenced by a few large collisions that
generated a lot of small debris, as also suggested by Bro�z 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 Bro�z and Rozehnal (2011) is mentioned in the context of rarity of
local concentrations among Trojans and of the ine�cient Yarkovsky e�ect for orbits captured
in 1:1 mean-motion resonances. However, the Yarkovsky e�ect may be more important in
Mars' case, at 1.5 au (Christou, 2013).

Yarkovsky-driven spreading of the Eureka family of Mars Trojans ( �Cuk et al., 2015). In
their paper, �Cuk 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 e�ect. They conclude the cluster is a genetic family
formed either by a collision or by multiple rotational �ssions 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 e�ect. If con�rmed, Gy-
scale dominance of the seasonal drift may indicate a suppression of the diurnal drift by the
related YORP e�ect. They compare their results with our Eurybates family study (Bro�z and
Rozehnal, 2011), where the Yarkovsky e�ect is present, but ine�ective 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 Bro�z and Rozehnal (2011) is
compared with a semi-analytical approach of Beaug�e and Roig (2001). Di Sisto et al. (2014)
found that both methods yield very similar results (although signi�cant di�erences can be
found for bodies that were not numbered in 2011, which is not so surprising). Regarding the
asymmetry, authors con�rm it cannot be explained by di�erences in chaotic di�usion between
L 4 and L 5.

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) con�rm the previously reported bimodality of the spectral slope (in visible), indicative
of two sub-populations with di�ering 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 (Bro�z 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 di�erent colour populations
among Trojans: the `red' (R) one and the `less red' (LR) one. They suggest that R and LR
Trojans formed in di�erent 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 Bro�z 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.

Identi�cation of asteroid families in Trojans and Hildas (Vinogradova, 2015). Vinogradova
(2015) was partly concerned with the same goal we dealt in Bro�z et al. (2013) and Rozehnal
et al. (2016) | the identi�cation of families among Jupiter Trojans. Four families were
found in L 4: (3548) Eurybates, (2148) Epeios, (624) Hektor, and (9799) 1996RJ . Regarding
L 5, no reliable families have been identi�ed. This seems to be (partly) at odds with our
conclusions, because we found four families inL 4, associated with asteroids (3548) Eurybates,
(624) Hektor, (9799) 1996RJ and (20961) Arkesilaos; but in L 5, we identi�ed two families:
(4709) Ennomos (actually more associated with asteroid (17492) Hippasos), and (247341)
2001 UV209. In L 4, the Epeios family described in Vinogradova (2015) and the Arkesilaos
family described in Rozehnal et al. (2016) are the same clusters indeed. We identi�ed (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
cuto� velocity; it is also the only larger body located near the center in the proper-element
space. RegardingL 5, 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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Di�erent origins or di�erent 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 Bro�z 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 L 4 and L 5 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;
Nesvorn�y et al., 2013), which is preferred in our solar system. Since the librating regions
are very stable in the current con�guration 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 con�rmed the presence of several families among Trojans (e.g.
Nesvorn�y et al., 2015; Vinogradova, 2015). The Trojan region as such is very favourable for
dynamical studies of asteroid families, because there is no signi�cant 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 Bro�z 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 inclinationI p.
In Section 2.4 we identify families among Trojans with our new \randombox" method. We
discuss properties of statistically signi�cant families in Section 2.5. Then we focus mainly on
the Hektor family because of its unique D{type taxonomical classi�cation, which is the �rst
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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L 4 Trojans L 5 Trojans

Figure 2.1: The resonant semi-major axis vs inclination (ap; I p) (top) and eccentricity
vs inclination ( ep; I p) (bottom) for L 4 (left) and L 5 Trojans (right). The circles indicate
relative diameters of bodies, as determined by WISE (Grav et al. 2011), or when unavailable,
computed from the absolute magnitudeH and geometric albedopV , which we assumed to
be pV = 0 :07 for both the L 4 and L 5 Trojans (WISE median value is pV = 0 :072 for L 4

and pV = 0 :069 for L 5 Trojans). Colours correspond to the values ofpV , 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; I p), because they tend to be con�ned in inclinations.

2.2 New observational data

2.2.1 Resonant elements

We computed resonant elements, i.e. the averaged semimajor axisa�, libration amplitude
� ap, eccentricity ep and inclination I p of 3907 Trojans in L 4 cloud and 1945 Trojans inL 5

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 Bro�z & Rozehnal (2011). Positions of Trojans in the space of proper elements
(ap, I p), where ap = a� + � ap, and (ep, I p), calculated with a suitably modi�ed 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 wholeL 4 and L 5 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/.

! 16  



al. (2012). We also compared the respective values to AKARI (Usui et al., 2011).2

We used albedo values of 1609 Trojans in bothL 4 and L 5 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 albedospV 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
L 4 and L 5 populations. The median albedo of WISE sample isepv = 0 :072� 0:017 for L 4

and epv = 0 :069 � 0:015 for L 5. These values of visible albedos mostly correspond to C
or D taxonomical classes in Tholen taxonomic classi�cation scheme (Mainzer et al., 2011).
However, there is a signi�cant presence of small asteroids (D < 15 km) with apparently high
albedo | almost 20 % of asteroids in L 4 and 13 % of asteroids inL 5 have albedopV > 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 signi�cant.

When we compute the median albedo from AKARI data, we realize that its value is
slightly lower ( epv = 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 (epv = 0 :061� 0:012). What is more serious, AKARI and WISE data di�er
considerably for large asteroids withD > 100 km | the average di�erence between albedos
is jpV AKARI � pV WISE j = 0 :02. The same di�erence 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 arti�cial sub-
populations with pV < 0:08 and pV > 0:08 respectively, and then we compute distributions
of these subpopulations with respect to the resonant inclinationI p, we get two di�erent pic-
tures. As can be seen in Figure 2.2, most bodies have resonant inclinationsI p < 15� , but
there are 77 % of bodies with higher albedo withI p < 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 di�erent upper limits in inclinations for
di�erent 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 inL 4 and
L 5. However, the sample measured by WISE is not complete. In our previous work (Bro�z
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
di�erent SFDs constructed with di�erent random generator seeds and we realized that the

2While there are some di�erences between individual values even at 3� level, they do not seem to be
important for population studies like ours.
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Figure 2.2: The di�erential histogram of the resonant inclination I p for L 4 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
 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 L 4 and L 5 clouds look slightly di�erent, especially in the size range from
60 km to 100 km. This part of the SFD is not in
uenced by the Eurybates family, the largest
family among Trojans, because all its members have diametersD < 50 km. We used these
SFDs to determine the ratio of the number of asteroids inL 4 and L 5 clouds. There are 2746
asteroids with diameter D > 8 km in L 4 and 1518 asteroids inL 5. When we remove all family
members with diametersD > 8 km, we have 2436 asteroids inL 4 and 1399 inL 5. However,
this sample may be still in
uenced 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 magnitudeH ' 12, and removing
family members, we get the ratio NL 4 =NL 5 = 1 :3 � 0:1. As this is entirely consistent with
value of Nesvorn�y et al. (2013), which was derived for Trojans with H > 12, and with Grav
et al. (2012), whose estimate isNL 4 =NL 5 = 1 :4� 0:2, we can con�rm a persisting asymmetry
between the number ofL 4 and L 5 Trojans in new data. Although for bodies with diameter
D > 100 km, the L 5 cloud has more asteroids thanL 4, the total number of these bodies is
of the order of 10, so this is just an e�ect of small-number statistics and does not a�ect the
NL 4 =NL 5 ratio much.

2.4 Families detection methods

A brief inspection of the resonant-element space (ap, ep, I p) (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 di�usion and due to e�ects of secular and high-order resonances. To
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L 4 Trojans

L 5 Trojans

Figure 2.3: Size-frequency distributions for bothL4 and L 5 Trojans, constructed using the
albedos measured by WISE satellite (Grav et al. 2012). Since WISE data cover just about
18 % of L 4 and 29 % of L 5 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 �ts of each SFD in the rangeD = 12
to 30 km by the power law N (> D ) = CD 
 . As we can see, both clouds seem to be near
the collisional equilibrium ( 
 ' � 2:5, Dohnanyi 1969), while most families have slope

signi�cantly steeper. Of course, we can expect the slopes of the SFDs become shallower for
smaller D due to observational incompleteness.
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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 di�erent from that of the whole L 4 and L 5 population; iii) the last criterion is usually
spectral, or at least, albedo homogeneity of family members, but so far, there are not enough
su�ciently 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, Zappal�a et al., 1990), we applied a \randombox" method, based on numerical Monte-
Carlo simulations. This method allows us to compute the statistical signi�cance 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 I p).

We divided the space of proper elements into equally sized \boxes" with dimensions
� ap = 0 :025 au, � ep = 0 :2 and � sin I p = 0 :025. Then we createdN = 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 probabilityPrnd , that the
observed number of bodies in the box is random:Prnd = N + =N.

Alternatively, one can also use our analytical formula:

prnd =
P n

k= n2
C(n; k)V 0(nbox � 1; n � k)

V 0(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 ofn bodies;
V 0(nbox � 1; n � k) are variations with repetitions, i.e. the total number of trials to distribute
the remaining bodies into the remaining boxes; andV 0(nbox ; n) are also variations with
repetitions, i.e. the total number of trials to distribute all n bodies into all nbox boxes. We
veri�ed the results of the analytical formula (2.1) by the MC method.

We plot the results in Figure 2.4 for both the L 4 and L 5 clouds. In comparison with
Figure 2.1, one can see that for all clusters we identi�ed as families the probabilityPrnd

varies between 2� 10� 3 and 5� 10� 5, i.e. the probability that clusters are random 
uctuations
is indeed very low.

We also re-evaluated all families identi�ed 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 signi�cant clusters. Families identi�ed
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 clusterNmemb on the cuto�
velocity vcuto� . Because the number of members of a real collisional family rises �rst slowly
with rising vcuto� (Bro�z 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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L 4 Trojans

L 5 Trojans

Figure 2.4: The statistical signi�cance p expressed as colour on the logarithmic scale for
observed asteroids in the proper semi-major axis vs proper inclination plane (ap; sin I p) (i.e.
the same data as in Figure 2.1).L 4 Trojans are on the top, L 5 Trojans on the bottom. We
computed the values ofp for 7 times 18 boxes using our \randombox" method The range
in proper eccentricity is 0.00 to 0.20. Statistically signi�cant 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 membersNmemb . For all families listed in Table 2.1 we were
convinced that they ful�ll this criterion. However, we cannot distinguish possible interlopers
this way, and it is also possible that some fraction of family members with highvcuto� (so called
halo, as in Bro�z and Morbidelli, 2013) remains unidenti�ed in the surrounding background.

2.5 Properties of statistically signi�cant families

2.5.1 Eurybates

As we have already demonstrated in Bro�z 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 bodyM LR =MPB < 0:5).

Using new albedos derived by Grav et al. (2012), we recalculated the overall SFD slope
of the family to be 
 = � 3:4 � 0:1. As the WISE sample provides albedos for only about 1/5
of the family members, we calculated two values of
 : the �rst one assuming that remaining
asteroids have a constant albedopV = 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
 is signi�cantly steeper than our previous calculation (
 =
� 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 signi�cant observational incompleteness in the
size range fromD = 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 valueDPB ' 140 km. By
�tting the synthetic SFDs from SPH simulations (Durda et al., 2007), we obtained the value
DPB(SPH) ' 155 km.

2.5.2 Hektor | the �rst 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, I p 2 h18:13� ; 19:77� i , and with resonant
semimajor axes located in the intervalap 2 h5:234; 5:336i au. The number of members of this
group slowly increases with increasing cuto� velocity up to vcuto� ' 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 
uke 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
di�ers 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 �ts of Marchis et al. (2014), which e�ective
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 valuepV = 0 :072, which is
the median of WISE measurements.

Asteroid (624) Hektor is often classi�ed as D-type (e.g. Cruikshank et al., 2001; Emery
et al., 2006, 2011). We tried to evaluate taxonomical classi�cation 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 (� i = 0 :02 mag up to � u = 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 classi�cation of the whole family.

We also tried to constrain the taxonomic classi�cation of the family members by compar-
ing their infrared albedos pIR and visual albedospV 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 re
ected 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 Bro�z 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 classi�cation 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 familiescreated for di�erent breakup geometries. Our model included
four giant planets on current orbits, integrated by the symplectic integrator SWIFT (Levison
and Duncan, 1994), modi�ed 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 e�ect in our simulations. Although in a �rst-order
theory, it is not e�ective 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 di�usion, in higher-order theories the Yarkovsky e�ect 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� bulk = � surf = 1 :3 g cm� 3, the thermal
conductivity K = 0 :01 W m� 1 K � 1, the speci�c heat capacity C = 680 J kg� 1 K � 1, the Bond
albedo AB = 0 :02 and the IR emissivity � = 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 �eld
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 �eld 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 Nesvorn�y, 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 anomalyf
and the argument of pericentre! . We tried values of f ranging from 0� to 180� with the step
of 30� and ! always satisfying the condition f + ! = 60 � , i.e. we �xed 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 di�erent initial geometries are shown in Figure 2.6.
Our two best �ts 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 withap > 5:32 au, but we can see some
synthetic family members in the left panel of Figure 2.7 (initial geometry f = 0 � , ! = 60 � ).

On the other hand, when we look at right panel of Figure 2.7 (initial geometry f = 150� ,
! = 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 \�bre-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 ratherf = 150� ,
! = 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 � ,
! = 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� � 2 for the whole set
of synthetic size-frequency distributions as given by the SPH simulations results (see Figure
2.8).

Parent body sizesDPB(SPH) and mass ratios of the largest fragment and parent body
M LF =MPB estimated by this method are listed in Table 2.2. The parent body size for Hektor
family we derived from SPH simulations isDPB(SPH) = (260 � 10) km, the impactor diameter
D imp = (24 � 2) km, the impactor velocity vimp = (4 � 1) km s� 1 and the impact angle
' imp = (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 con�rm 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 rangesI p 2 h31:38� ; 32:27� i
and ap 2 h5:225 ; 5:238i au. As it is detached from the background in the space of proper
elements, it remains isolated even at high cuto� velocity vcuto� = 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 frompV = 0 :079� 0:019 to pV = 0 :109�
0:029 and, compared to the median albedo of the wholeL 4 population fpV = 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 I p 2 h8:52� ; 9:20� i , in the range of major semi-axes
ap 2 h5:230 ; 5:304i au. It is clearly visible in the space of proper elements, although this
area of L 4 cloud is very dense.

Still, it is di�cult to �nd the largest remnant of the parent body, because this region
is populated mainly by small asteroids with absolute magnitudesH > 12. The only four
asteroids with H < 12 are (2148) Epeios withH = 10:7, (19725) 1999 WT4 with H =
10:7, (38600) 1999 XR213 with H = 11:7 and (20961) Arkesilaos withH = 11:8. The only
diameter derived from measured albedo is that of (2148) Epeios, which isD = (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
�gure shows a di�erent disruption geometry with di�erent values of the true anomaly f and
the argument of pericentre ! . Note the shaded area in the top left �gure { there are only
two observed asteroids withap > 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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(ap; ep)

(ap; I p)

Figure 2.6: Kolmogorov{Smirnov distance DKS vs time for 7 di�erent 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; I p) (bottom). The synthetic families were created assuming di�erent impact
geometries, namely the true anomalyf = 0 � ; 30� ; 60� ; 90� ; 120� ; 150� ; 180� and the argument
of pericenter ! = 60 � ; 30� ; 0� ; 330� ; 300� ; 270� ; 240� , which were combined so that the sum
f + ! = 60 � . The averaged distanceDKS changes in the course of dynamical evolution and
we can see two minima: forf = 0 � and ! = 60 � (red curve) it is at about (350 � 100) Myr;
for f = 150� and ! = 270� (yellow curve) there is a 
at 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 thef = 0 � and ! = 60 � geometry
(red curve) and 1000 to 4000 Myr for thef = 150� and ! = 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 ! = 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 ! = 270� after 3100 Myr of evolution. These two pictures di�er in �ne details, which
cannot be accounted for in the KS statistics: i) the \�bre-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.

! 29  



Figure 2.8: Our best-�t size-frequency distribution of Hektor family by scaled SFDs from SPH
simulations of Durda et al. (2007). In this particular caseDPB(SPH) = 257 km, impactor diam-
eter D imp = 48 km, impactor velocity vimp = 4 km s � 1 and impact angle' imp = 60 � . However,
other �ts with similar pseudo- � 2 suggest the uncertainties are as follows: �DPB(SPH) = 10 km,
� D imp = 2 km, � vimp = 1 km s � 1 and � ' imp = 15 � . SFD shape seems to be more dependent
on impact geometry than on impact velocity.
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assuming albedopV = 0 :072, which is the median ofL 4 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 membersNmemb even for small values of the
cuto� velocity vcuto� (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 beDPB(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 M LR =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 con�rm that there is a signi�cant cluster near
this body, but when we take into account our \Nmemb(vcuto� )" 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 L 5 at high inclinations, ranging from I p 2 h26:86� ; 30:97� i , and ap 2
h5:225; 5:338i au.

2.5.6 2001 UV 209

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 L 5 zone on high inclinationsI p 2 h24:02� ; 26:56� i
and ap 2 h5:218; 5:320i au. This family has an exceptionally steep slope of the SFD, with

 = � 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 amongL 4 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 di�erent 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 L 4 Trojans (red curve in Figure 2.9). We constructed
the initial synthetic SFD as three power laws with the slopes
 a = � 6:60 in the size range
from D1 = 117 km to Dmax = 250 km, 
 b = � 3:05 from D2 = 25 km to D1 and 
 c = � 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 + B� bulk Rb
PB ; (2.2)

where RPB is the parent body radius in centimetres, � bulk its bulk density, which we set
to be � bulk = 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 L 4 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 �nal SFDs of 100 synthetic
populations with the same initial SFD but with di�erent random seeds, after 4 Gyr of a
collisional evolution. The evolution of bodies larger thanD > 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
signi�cantly shorter than the average time needed to collide with a relatively large Trojan
asteroid. We thus assumed the values of collisional probabilityPi = 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 velocitiesvimp > 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 fewerobservablefamilies 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 aboveD > 50 km over the last 3.85 Gyr (i.e. post-
LHB phase only). Slopes of the initial synthetic population and the observedL 4 population
di�er by � 
 < 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 a�ected by collisional evolution. Therefore, these
Trojans provide very useful information about the source population, from which they were
captured (as modeled in Nesvorn�y 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 fragmentsN (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 e�ectiveness
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 inL 4 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 amongL 4 Trojans, namely catastrophic disruptions, where the mass ratio
of the largest remnant and the parent body M LR =MPB < 0:5, and cratering events, where
M LR =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
sizesD < 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 ful�ll 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 withD � 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
(Bro�z 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 thanD � 10 km. For the parent body sizeDPB > 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 ful�ll 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 Bro�z and Rozehnal (2011), the number of families is
not signi�cantly a�ected by chaotic di�usion 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 diameterDeq = (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 diameterDm = (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) I m = (50 � 1)� .

As we associate (624) Hektor with the collisional family, we would like to know, how the
properties of the family are in
uenced 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� 0, bulk modulus A, non-linear
compressive termB , sublimation energy E0, Tillotson parameters a, b, � and � , speci�c
energy of incipient vaporization E iv , complete vaporization Ecv, shear modulus � , 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� 0, bulk modulus A and Weibull
parametersk and m. All values were adopted from Benz and Asphaug (1999).

quantity basalt silicated ice unit
� 0 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 {
� 5.0 10.0 {
� 5.0 5.0 {

E iv 4:72� 1010 7:73� 109 erg g� 1

Ecv 1:82� 1011 3:04� 1010 erg g� 1

� 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 �rst 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 di�erences 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-�t 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 diameterDPB = 260 km vs a basalt
impactor with diameter D imp = 48 km; ii) the single basalt target DPB = 260 km vs an ice
impactor (a mixture of ice and 30 % of silicates) with D imp = 64 km (impactor diameter
was scaled to get the same kinetic energy); iii) a bilobed basalt target approximated by two
spheres with diametersDPB = 200 km each (the total mass is approximately the same) vs a
basalt impactor with D imp = 48 km; iv) a single spherical ice targetDPB = 260 km vs an ice
impactor D imp = 38 km (impactor diameter was scaled to get the same ratio of the speci�c
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 waststop = 100 s. The Courant condition was the same
in di�erent materials, using always the maximum sound speedcs among all SPH particles,
as usually.

We usedNSPH;st = 105 SPH particles for the single spherical target andNSPH;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 �eld of fragments and to complete the fragmentation. Then we handed
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Figure 2.11: A comparison of size-frequency distributions of the observed Hektor family
(red dotted) and SFDs of synthetic families created by di�erent SPH simulations, always
assuming the impactor velocity vimp = 4 km s � 1 and the impact angle ' imp = 60 � . For a
single spherical target (green lines) we assumed the diameterDPB = 260 km, for a bilobe
target (blue line) we approximated the lobes as spheres with diametersDPB = 200 km each.
The impactor size was assumed to beD imp = 48 km in the case of basalt,D imp = 64 km in
the case of silicate ice impacting on basalt target (scaled to the sameE imp ) and D imp = 38 km
in the case of silicate ice impacting on ice target (scaled to the sameQ=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 fragmentsR
from the smoothing length h as R = h=3, we calculated fragments radii from their massesm
and densities� as R = ( m=(4�� ))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 su�ciently long, we also ran several simulations
with tevol = 5 days, but we had seen no signi�cant di�erences between �nal results.

We used the nominal value for the tree opening angle, d� = 0 :5 rad, even though for the
evolution of eventual moons it would be worth to use even smaller value, e.g. d� = 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 di�erences between SFDs of families created by the impacts on the
single and bilobed target, except the number of fragments with diameterD < 5 km, but this
is mostly due to di�erent numbers of SPH particles. However, there are di�erences between

! 36  



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 di�erent sizes of projectiles and also di�erent 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 di�erences 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 a�ected by any dynamical and collisional evolution yet. To reveal
possible trends of the evolution by a ballistic transport and chaotic di�usion, 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 di�erence betweent = 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-� 2 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 �elds

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 con�ned by the cuto� velocity vcuto� = 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 �elds of fragments from SPH simu-
lations, see Figure 2.13. We realized that Farinella's model is not o�set 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 velocitiesv > 2 km s� 1 in
our SPH simulations, which are not produced in the isotropic model. It does not a�ect 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 a�ect the SFD of
the synthetic family. As a consequence, one should always analyse SFDs and velocity �elds
together.

We also simulated a further evolution of the velocity �eld. 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 di�usion. One can see here a rapid change of SFD within
the �rst 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 di�usion 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 di�erent than the curve in
Figure 2.11, where the fragments of the impactor were removed.
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Figure 2.13: Velocity distributions of fragments originated in various SPH simulations (green,
violet) in comparison with the model of Farinella et al. (1994) we used in our N -body
simulations of isotropic disruption and dynamical evolution (see Section 2.5.2). Shown here
is also the distribution of velocities after 1 Myr of evolution, i.e. of fragments that remained
in libration zones.
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Table 2.4: A comparison of the sizes and the orbital parameters (i.e. semimajor axisa,
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 withv > 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 initialv > 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 �rst 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 di�erent 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 L 5

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
classi�cation, 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 di�erences in impacts on single and bilobed targets. In
our setup, the shockwave does not propagate easily into the secondary, so that only one half

! 40  




	Introduction
	Trojans as a key to understand the Solar System
	Citations and implications of our works

	Hektor — an exceptional D-type family among Jovian Trojans
	Introduction
	New observational data
	Resonant elements
	WISE and AKARI albedos and diameters

	Physical characterisation of Trojan populations
	Albedo distribution and taxonomy
	Size-frequency distributions

	Families detection methods
	Randombox method
	Hierarchical clustering method

	Properties of statistically significant families
	Eurybates
	Hektor — the first D–type family
	1996RJ — extremely compact family
	Arkesilaos
	Ennomos
	2001 UV209

	Collisional models of the Trojan population
	Initial conditions
	Long-term collisional evolution
	An estimate of the number of observable families

	SPH simulations of Hektor family
	Methods and initial conditions
	Resulting size-frequency distributions
	Resulting velocity fields
	Synthetic moons

	Conclusions

	Eurybates — the `only' asteroid family among Trojans?
	Introduction
	Methods
	Resonant elements
	Hierarchical clustering
	Size-frequency distribution
	Colour and spectral data
	Impact disruption model
	Planetary migration
	Inefficient Yarkovsky/YORP effect

	Asteroid families and insignificant groups
	Eurybates family
	Ennomos group
	Group denoted Aneas
	Group denoted 1988 RG10

	Long-term evolution of Trojan families
	Evolution due to chaotic diffusion
	Stability during planetary migration
	Families lost by the ejection of fragment outside the resonance
	Collisional rates

	Conclusions

	SPH simulations of high-speed collisions
	Introduction
	Methods
	Results
	Comparison with low-speed collisions
	Conclusions
	Supplementary figures

	Conclusions
	Reprint of Rozehnal et al. (2016)
	Reprint of Brož and Rozehnal (2011)
	Reprint of Brož et al. (2013)
	References
	List of publications

