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Figure 7. Two evolved synthetic families in the space of proper elements (@, ep,), which correspond to the minima of KS distance in Fig. 6. Left-hand picture
shows the synthetic family (red) with f = 0° and w = 60° after 364 Myr of evolution in comparison with the observed Hektor family (blue). Right-hand
picture corresponds to the synthetic family with f = 150° and w = 270° after 3100 Myr of evolution. These two pictures differ in fine details, which cannot be
accounted for in the KS statistics: (i) the ‘fibre-like’ structure of the relatively young family is still visible in the left-hand picture; (ii) there are many fewer
synthetic bodies in the shaded area of the right picture (a, > 5.32 au) than on the left, which is closer to the observed reality.
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Figure 8. Our best-fitting size—frequency distribution of Hektor family by
scaled SFDs from SPH simulations of Durda et al. (2007). In this par-
ticular case, Dpp(spn) = 257 km, impactor diameter Djmp = 48km, im-
pactor velocity vimp = 4km s~! and impact angle gimp = 60°. However,
other fits with similar pseudo-x? suggest the uncertainties are as follows:
ADpp(spny = 10km, ADjpp = 2km, Avjy, = 1km s~ and A@imp = 15°.
SFD shape seems to be more dependent on impact geometry than on impact
velocity.

5.4 Arkesilaos

This family is located on low inclinations I, € (8.52°; 9.20°), in
the range of a, € (5.230;5.304) au. It is clearly visible in the
space of proper elements, although this area of L, cloud is very
dense.

Still, it is difficult to find the largest remnant of the parent body,
because this region is populated mainly by small asteroids with
absolute magnitudes H > 12. The only four asteroids with H <
12 are (2148) Epeios with H = 10.7, (19725) 1999 WT, with
H = 10.7, (38600) 1999 XR,;; with H = 11.7 and (20961) Arke-
silaos with H = 11.8. The only diameter derived from mea-
sured albedo is that of (2148) Epeios, which is D = (39.02 £
0.65) km. Diameters of remaining bodies were calculated from their

MNRAS 462, 2319-2332 (2016)

absolute magnitude assuming albedo py = 0.072, which is the me-
dian of L, 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 mem-
bers Nyemp €ven for small values of the cut-off velocity veyos
(see Section 4.2). As this is also the only larger body located
near the centre of the family in the space of proper elements, we
treat (20961) Arkesilaos as the largest remnant of the parent body,
whose diameter we estimate to be Dpg(spr) = 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 My r/Mpp =~ 0.02
only, it seems this family inevitably originated from a catastrophic
disruption.

5.5 Ennomos

In our previous work, we reported a discovery of a possible family
associated with asteroid (4709) Ennomos. With new data, we can
still confirm that there is a significant cluster near this body, but
when we take into account our ‘Npemp(Veuofr)’” 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 Ls at high inclinations, ranging from /, € (26286; 30297), and
ap € (5.225; 5.338) au.

5.6 2001 UV

Using new data, we discovered a ‘new’ family around asteroid
(247341) 2001 UV, 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 Ls zone on high inclinations
I, € (24202; 26256) and a, € (5.218; 5.320) au. This family has
an exceptionally steep slope of the SFD, with y = —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).
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Table 2. Derived properties of Trojan families. We list here the family designation, the diameter of the largest remnant Dy r, the minimal
diameter of the parent body min Dpg, obtained as the sum of all observed family members, the diameter of the parent body Dpp(spH) and the
mass ratio M r/Mpp of the largest fragment and the parent body, both derived from our fits by scaled SPH simulations performed by Durda
et al. (2007). We use this ratio to distinguish between the catastrophic disruption (M r /Mpg < 0.5) and the cratering (M r /Mpp > 0.5). Finally,
there is the escape velocity ves. from the parent body and estimated age of the family derived in this and our previous work (BroZ & Rozehnal

2011).

Family designation Dy r (km) min Dpg Dpg(spH) My r/Mpp Vesc(ms™ 1) Age (Gyr) Notes, references
Hektor 250 + 26 250 257 0.92 73 0.3-3 1,3
Eurybates 594+1.5 100 155 0.06 46 1.0-3.8 2

1996 RJ 58.34+0.9 61 88 0.29 26 - 2,4
Arkesilaos 2445 37 87 0.02 16 - 2
Ennomos 552409 67-154 95-168 0.04-0.19 29-66 1-2 2,5

2001 UVyg9 163+ 1.1 32 80 0.01 14 - 2

Notes. ' Dy derived by Marchis et al. (2014),

2Dy R derived by Grav et al. (2012),

3bilobe, satellite (Marchis et al. 2014),

4very compact, Broz & Rozehnal (2011),

3Dpg strongly influenced by interlopers,

The largest fragment of Ennomos family is (17492) Hippasos.
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Figure 9. Simulations of the collisional evolution of L4 Trojans with the
Boulder code (Morbidelli et al. 2009). Shown here is the initial cumulative
SFD of a synthetic population (black) and the SFD of the observed one (red).
Green are the final SFDs of 100 synthetic populations with the same initial
SFD but with different random seeds, after 4 Gyr of a collisional evolution.
The evolution of bodies larger than D > 50 km is very slow, hence we can
consider this part of the SFD as captured population.

6 COLLISIONAL MODELS OF THE TROJAN
POPULATION

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

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,
Trojans (red curve in Fig. 9). We constructed the initial synthetic
SFD as three power laws with the slopes y, = —6.60 in the size
range from D; = 117km to Dy, = 250km, y, = —3.05 from
D, =25km to Dy and y. = —3.70 from Dy, = 0.05km to D;.

The synthetic initial population was normalized to contain Ny =
11 asteroids with diameters D > D;.

To calculate the target strength Q7,, we used a parametric formula
of Benz & Asphaug (1999):

03 = QoRiy + BpouRyg, 2)

where Rpg is the parent body radius in centimetres, ppy its bulk
density, which we settobe ppux = 1.3 g cm ™ for synthetic Trojans
(cf. Marchis et al. 2014). As of constants a, b, B and Q,, we used
the values determined by Benz & Asphaug (1999) for ice at the
impact velocity vimp = 3 km s~!, which are a = —0.39, b = 1.26,
B=12ergecm?*g2and Qp = 1.6-107ergg".

In our model, we take into account only Trojan versus Trojan
collisions, as the Trojan region is practically detached from the
main belt. Anyway, main-belt asteroids with eccentricities large
enough to reach the Trojan region are usually scattered by Jupiter
on a time-scale significantly shorter than the average time needed
to collide with a relatively large Trojan asteroid. We thus assumed
the values of collisional probability P, = 7.80- 10~'8 km=2 yr™!
and the impact velocity vj,, = 4.66 km s~ (Dell’Oro et al. 1998).
Unfortunately, Benz & Asphaug (1999) do not provide parameters
for ice at the impact velocities vi,p, > 3km sl

We also ran several simulations with appropriate values for basalt
at impact velocity vip, = 5kms™! (a = —0.36, b = 1.36, B =
0.5ergem®g2and Qp =9 10" ergg™).

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

6.2 Long-term collisional evolution

The results of our simulations of the collisional evolution are shown
in Fig. 9. Our collisional model shows only little changes above
D > 50km over the last 3.85 Gyr (i.e. post-LHB phase only). Slopes
of the initial synthetic population and the observed L, population
differ by Ay < 0.1 in the size range from 50 to 100 km, while
a relative decrease of the number of asteroids after 3.85 Gyr of
collisional evolution is only about 12 percent in the same size

MNRAS 462, 2319-2332 (2016)

/TOZ ‘TT Afenuer uo pue A Jo AisAIUN e /610°Seulnolploixoseluw;//:dny woly papeojumoq


http://mnras.oxfordjournals.org/

2328  J. Rozehnal et al.

Cumulative number of families (avg. of 100 simulations)

@ 1000 T T T T

S families originated by catastrophic disruption ——

kS observable families originated by catastrophic disruption

S L

= 100 4

(2]

o

o —

K] 10 | E

2

3 (T ‘ observed families in L4 (cat. dis.)

g O

= 1k M Eurybates family

5 —

ks —r

g 0.1 ¢ -

[S

2

-023 0.01 k ’_—‘ J

k]

=}

£

8 0.001 L L L L !
50 100 150 200 250

Parent body diameter [km]

1000 T — T T T

nilies originated by cratering ———

bservable famiti riginated by cratering =——3
100 | —
10 | E
1F Hektor familys | 4

0.1 ¢ A A A

0.01 ¢ ]

0.001 L L . L I
50 100 150 200 250

Parent body diameter [km]

Figure 10. The dependence of the cumulative number (an average over 100 simulations) of catastrophic disruptions among Trojans (left-hand panel) and
cratering events (right-hand panel) on the target diameter Dpp (black boxes), and a subset of those Trojan families, which should be detected in contemporary
observational data, i.e. with the number of fragments N(D > 10km) > 10 (green boxes for disruptions and blue boxes for craterings). In other words, colour
boxes represent simulated detections of families based on the expected effectiveness of our detection methods. This is the reason, why the cumulative number
of the observable families does not strictly increase with the decreasing parent body size, but is rather constant under the limit of about 95 km in the case of
catastrophic disruptions and 145 km in the case of craterings. There are also observed families marked for a comparison. Three of the four observed families
in Ly cloud originated by catastrophic disruption, while only one (Hektor) originated by cratering event (cf. Table 1).

range. Hence, we can consider this part of the Trojan population as
arepresentative sample of the source population, which is not much
affected by collisional evolution. Therefore, these Trojans provide
very useful information about the source population, from which
they were captured (as modelled in Nesvorny et al. 2013).

6.3 An estimate of the number of observable families

From our set of simulations, we also obtained the number of col-
lisions leading to collisional families among L4 Trojans, namely
catastrophic disruptions, where the mass ratio of the largest rem-
nant and the parent body M r/Mpg < 0.5, and cratering events,
where M r/Mpg > 0.5. As one can verify in Fig. 10, these numbers
are dependent on the diameter of the parent body Dpg.

However, not all of these collisions produce families which are
in fact observable (detectable). There are generally two possible
obstacles in the detection of a family in the space of proper el-
ements: (i) somewhat more concentrated background population,
due to which our detection methods (both ‘randombox’ and HCM,
see Chapter 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 substan-
tial part of fragments with sizes D < 10 km is still unknown, what
again reduces a chance of a family detection.

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

Within 100 simulations, there were 93 catastrophic disruptions of
bodies with diameters Dpg > 100 km, but only 50 of them produced
more than 10 fragments with D > 10km, see Fig. 10. Hence, the
probability that we would observe a collisional family originated
by a catastrophic disruption of a parent body with Dpg > 100 km
is only 0.50, which matches the observations (namely Eury-
bates family with Dpgspny 2 155 km, see Table 2). This value is
also roughly consistent with our previous estimate based on the
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stationary model (BroZ & Rozehnal 2011), which gives the value
0.32 with new observational data.

As one can also see in Fig. 10, the number of cratering events
is about one to two orders higher than the number of catastrophic
disruptions, however, they do not produce enough fragments larger
than D > 10km. For the parent body size Dpg > 100km, there
occurred almost 45 000 cratering events within 100 simulations
which produced the largest fragment with Dy g > 1 km, but only 10
of them fulfill our criterion of observability. Hence, the probability
that we can observe a family originated by a cratering of a parent
body with Dpg > 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 BroZ & Rozehnal (2011), the
number of families is not significantly affected by chaotic diffusion
or by a ballistic transport outside the libration zone.

7 SPH SIMULATIONS OF HEKTOR FAMILY

As we have already mentioned in Section 5.2, (624) Hektor is very
interesting Trojan asteroid with possibly bilobed shape and a small
moon. Diameters of (624) Hektor stated in Marchis et al. (2014) are
as follows: equivalent diameter D.q = (250 & 26) km for a convex
model, the individual diameters of the lobes Dy = (220 & 22) km,
Dg = (183 £ 18) km for a bilobed version. Estimated parameters
of the moon are: the diameter D, = (12 & 3) km, the semimajor
axis ay, = (623 £ 10) km, the eccentricity e,, = (0.31 £ 0.03) and
the inclination (with respect to the primary equator) I, = (50 £ 1)°.

As we associate (624) Hektor with the collisional family, we
would like to know, how the properties of the family are influenced
by the shape of target body. We therefore performed a series of SPH
simulations aiming to explain the origin of the Hektor family, for
both cases of convex and bilobed shape of its parent body.

7.1 Methods and initial conditions

We simulated a collisional disruption using the SPH code SPH5
(Benz & Asphaug 1994). We performed two sets of simulations. In
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Table 3. Material constants used in our SPH simulations for basalt and sili-
cated ice (30 per cent of silicates). Listed here are: the zero-pressure density
p0, bulk modulus A, non-linear compressive term B, sublimation energy Eo,
Tillotson parameters a, b, « and 8, specific energy of incipient vaporization
E;y, complete vaporization Ey,, shear modulus p, plastic yielding Y, melt
energy Emelr and Weibull fracture parameters k and m. Values we used for
silicated ice are identical to those of pure ice, except density pg, bulk mod-
ulus A and Weibull parameters k and m. All values were adopted from Benz
& Asphaug (1999).

Quantity Basalt Silicated ice Unit
£0 2.7 1.1 gcm™?
A 2.67 - 10! 8.44 .10'0 ergem ™3
B 2.67 - 10! 1.33- 10" ergem™>
Eoy 4.87 - 1012 1.00 - 10! ergg™!
a 0.5 0.3 -

b 1.5 0.1 -

o 5.0 10.0 -

B 5.0 5.0 -
Ey 472100 773 - 10° ergg™!
Eey 1.82-10'" 3.04 - 10" ergg™!
m 2.27- 10" 2.80 - 10'0 ergcm 3
Y 3.5.10° 1.0- 10" ergg™!
Emelt 3.4.10%0 7.0-10° ergg™!
k 4.0-10% 5.6-10%8 cm™3
m 9.0 9.4 -

the first one, we simulated an impact on a single spherical asteroid.
In the second, on a bilobed asteroid represented by two spheres
positioned next to each other. The two touching spheres have a
narrow interface, so that the SPH quantities do not easily propagate
between them. In this setup, we are likely to see differences between
sinlge/bilobed cases as clearly as possible.

As for the main input parameters (target/impactor sizes, the im-
pact velocity and the impact angle), we took the parameters of our
best-fitting SFDs, obtained by Durda et al. (2007) scaling method,
see Section 5.2.2 and Fig. 8.

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

The integration was controlled by the Courant number C = 1.0,
a typical timestep thus was At ~ 107> s, and the timespan was
top = 100s. The Courant condition was the same in different ma-
terials, using always the maximum sound speed ¢, among all SPH
particles, as usually.

We used Nspus = 10° SPH particles for the single spherical
target and Nspyne = 2 - 10° for the bilobed one. For impactor
Nsp,; = 10° SPH particles. We assumed the Tillotson equation of
state (Tillotson 1962) and material properties, which are listed in
Table 3.

We terminated SPH simulations after 100 s from the impact. This
time interval is needed to establish a velocity field of fragments
and to complete the fragmentation. Then we handed the output of
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Figure 11. A comparison of size—frequency distributions of the ob-
served Hektor family (red dotted) and SFDs of synthetic families cre-
ated by different SPH simulations, always assuming the impactor velocity
Vimp = 4 km s~! and the impact angle @imp = 60°. For a single spherical
target (green lines), we assumed the diameter Dpg = 260 km; for a bilobe
target (blue line), we approximated the lobes as spheres with diameters
Dpp = 200 km each. The impactor size was assumed to be Djpp = 48 km
in the case of basalt, Dimp = 64 km in the case of silicate ice impacting
on basalt target (scaled to the same Ejmp) and Dimp = 38 km in the case of
silicate ice impacting on ice target (scaled to the same Q/ Q7). 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 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 re-accumulation of fragments. Unlike
Durda et al. (2007), who calculated radii of fragments R from the
smoothing length /& as R = h/3, we calculated fragments radii from
their masses m and densities p as R = (m/(47tp))'/>.

We ran Pkdgrav with the timestep At = 5.0 s and we terminated
this simulation after f.,,, = 3 d of evolution. To ensure this is
sufficiently long, we also ran several simulations with f.,q = 5 d,
but we had seen no significant differences between final results.

We used the nominal value for the tree opening angle, d0 =
0.5 rad, even though for the evolution of eventual moons, it would
be worth to use even smaller value, e.g. d6 = 0.2 rad.

7.2 Resulting SFDs

From the output of our simulations, we constructed SFDs of syn-
thetic families, which we compare to the observed one, as demon-
strated in Fig. 11. As one can see, there are only minor differences
between SFDs of families created by the impacts on the single
and bilobed target, except the number of fragments with diameter
D < 5km, but this is mostly due to different numbers of SPH parti-
cles. However, there are differences between 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 substitute for a full simulation of further evolution; it serves
just for a quick comparison of the SFDs.

MNRAS 462, 2319-2332 (2016)
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Figure 12. A simulation of evolution of the SFD of a synthetic Hektor
family due to a ballistic transport and chaotic diffusion. One can see here
a rapid change of SFD within the first 1 Myr after the breakup as the
fragments of the impactor leaved the libration zone in our impact geometry.
This ballistic transport resulted in a reduction of the number of particularly
larger bodies in our case. Further evolution due to the chaotic diffusion
seems to cause the reduction of mostly smaller bodies. Note that the initial
SFD (0 Myr) contains some fragments of the impactor, so the blue solid
curve looks different than the curve in Fig. 11, where the fragments of the
impactor were removed.

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

It should be emphasized that the SFDs presented here correspond
to very young synthetic families, hence they are not affected by any
dynamical and collisional evolution yet. To reveal possible trends
of the evolution by a ballistic transport and chaotic diffusion, we
prepared initial conditions for the SwWIFT integrator, similarly as de-
scribed in Section 5.2.1, let the simulation run and monitored the
corresponding evolution of the SFD. The results can be seen in
Fig. 12. The biggest difference between t = 0 and 1 Myr is caused
by a ballistic transport outside the libration zone — fragments (es-
pecially 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 5.2.2
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 Fig. 12), which cannot be seen in the space of resonant elements,
because they do not belong to Trojans any more. Fortunately, values
of pseudo-x> we computed in Section 5.2.2 depend rather weakly

MNRAS 462, 2319-2332 (2016)
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Figure 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 dy-
namical evolution (see Section 5.2.1). Shown here is also the distribution
of velocities after 1 Myr of evolution, i.e. of fragments that remained in
libration zones.

on the distribution of a few largest bodies. Even so, we plan to
analyse SFDs of synthetic families more carefully in future works.

7.3 Resulting velocity fields

In our N-body simulations, we used the model of isotropic disruption
(Farinella et al. 1994). As we compared the synthetic family with the
observed one (see Section 5.2.1), we simulated only the evolution
of bodies with relatively low-ejection velocities (v < 200ms™),
because the observed family is confined by the cut-off velocity
Veuoff = 110m s~ 1. Very small fragments with higher velocities
may be still hidden in the background.

Here, we compare Farinella’s model to the velocity fields of
fragments from SPH simulations, see Fig. 13. We realized that
Farinella’s model is not offset substantially with respect to other
velocity histograms, especially at lower velocities, v < 200ms~'.
On the other side, there remained some fragments of the impactor
with velocities v > 2kms~! in our SPH simulations, which are not
produced in the isotropic model. It does not affect a comparison
of the synthetic and observed families in the space of proper ele-
ments, as these high-velocity fragments leaved the Trojan region in
our case, but it does affect the SFD of the synthetic family. As a
consequence, one should always analyse SFDs and velocity fields
together.

We also simulated a further evolution of the velocity field.
After just 1 Myr of evolution, there remained no bodies with
v > 1.5kms™! in our impact geometries, and as one can see in
Fig. 13, there was a rapid decrease in the number of fragments with
initial v > 300ms~'. The resulting histogram is again similar to
that of the simple isotropic model.

7.4 Synthetic moons

In our simulation of the impact of basalt projectile on the bilobe-
shape basalt target, we spotted two low-velocity fragments with
original velocities 130 and 125ms~', which were consequently
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Table 4. A comparison of the sizes and the orbital parameters (i.e. semi-
major axis a, eccentricity e and period P) of the observed moon of (624)
Hektor as listed in Marchis et al. (2014), with the parameters of synthetic
moons SPH I and SPH II captured in our SPH simulation of impact on the
bilobed target.

Desig. Diam. (km) a (km) e P (d)
Observed 12+£3 6235+ 10 031+£0.03 29651 %+ 0.0003
SPH I 2.2 715 0.82 1.2
SPH II 2.7 370 0.64 0.4

captured as moons of the largest remnant. Their sizes and orbital
parameters are listed in Table 4.

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

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

8 CONCLUSIONS

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

At the current stage of knowledge, it seems to us there are no ma-
jor 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 modelling
and to decide between two proposed ages of Hektor family, 1-4 Gyr
or 0.1-2.5 Gyr.

As expected, there are qualitative differences in impacts on single
and bilobed targets. In our setup, the shockwave does not propagate
easily into the secondary, so that only one half the mass is totally
damaged as one can see in Fig. 14. On the other hand, the resulting
SFDs are not that different, as we would expect.

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

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

As a curiosity, we can also think of searching for the remaining
projectile, which could be still present among Trojans on a trajectory
substantially different from that of family. A substantial part of
projectile momentum is preserved in our simulations, so we may
turn the logic and we may assume the projectile most likely came
from the Trojan region and then it should remain in this region
too.
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Figure 14. A comparison of SPH simulations of a disruption of a single body (basalt) with diameter Dyyger = 250km, by an impactor with the diameter
Dimp = 48km (silicate ice) (left) and a disruption of a bilobe basalt target, with Dyyger = 198 km for each sphere, by an impactor with Diyp = 46 km (silicate
ice) (right). Time elapsed is # = 80.1 s in both cases. There are notable physical differences between the two simulations, especially in the propagation of the
shock wave, which is reflected from free surfaces, the number of secondary impacts, or the fragmentation (damage) of the target. Nevertheless, the amount of
ejected material and the resulting size—frequency distributions do not differ that much (cf. Fig. 11).
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