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ABSTRACT

In the Nice model, the late heavy bombardment (LHB) is related to an ontstability of giant planets which causes a fast dynamical
dispersion of a transneptunian cometary disk. We stufcts produced by these hypothetical cometary projectiles on main-belt
asteroids. In particular, we want to check whether the observed codlifamilies provide a lower or an upper limit for the cometary
flux during the LHB.

We present an updated list of observed asteroid families as identified spéoe of synthetic proper elements by the hierarchical
clustering method, colour data, albedo data and dynamical consideratiohwe estimate their physical parameters. We selected
12 families which may be related to the LHB according to their dynamical &geshen used collisional models and N-body orbital
simulations to gain insight into the long-term dynamical evolution of synthetiB E&nilies over 4 Gyr. We account for the mutual
collisions between comets, main-belt asteroids, and family membershyiseal disruptions of comets, the Yarkovgk@®RP drift

in semimajor axis, chaotic flusion in eccentricitinclination, or possible perturbations by the giant-planet migration.

Assuming a “standard” size-frequency distribution of primordial canee predict the number of families with parent-body sizes
Dpg > 200 km — created during the LHB and subsequedatGyr of collisional evolution — which seems consistent with observations.
However, more than 100 asteroid families willkg > 100 km should be created at the same time which are not observed. This
discrepancy can be nevertheless explained by the following procésasteroid families areféciently destroyed by comminution
(via collisional cascade), ii) disruptions of comets below some criticahpkon distanced < 1.5 AU) are common.

Given the freedom in the cometary-disruption law, we cannot providegsint limits on the cometary flux, but we can conclude that
the observed distribution of asteroid families does not contradict with @&tzognLHB.

Key words. celestial mechanics — minor planets, asteroids: general — cometsalgeneethods: numerical

1. Introduction asteroid samples heated by impact events, together wittinalyn
ical modelling work, to suggest that the basin-forming jort
The late heavy bombardment (LHB) is an important periodén ttof the LHB lasted from approximately 4.1-4.2 to 3.7—3.8idill
history of the solar system. It is often defined as the prottests years ago on the Moon (Bogard 1995, 2011, Swindle et al. 2009,
made the huge but relatively young impact basins (a 300 kmBottke et al. 2012, Norman & Nemchin 2012).
larger diameter crater) on the Moon like Imbrium and Orienta  The so-called ‘Nice model’ provides a coherent explanation
The sources and extent of the LHB, however, has been undsfthe origin of the LHB as an impact spike or rather a “saw-
going recent revisions. In the past, there were two end-reemigpoth” (Morbidelli et al. 2012). According to this model,eth
schools of thought describing the LHB. The first school adjugyombardment was triggered by a late dynamical orbital insta
that nearly all lunar basins, including the young ones, wiegiele  pjjity of the giant planets, in turn driven by the gravitatad
by impacting planetesimals left over from terrestrial jgiafor-  jnteractions between said planets and a massive transnaptu
mation (Neukum et al. 2001, Hartmann et al. 2000, 2007; sgrk of planetesimals (see Morbidelli 2010 for a review)tHis
Chapman et al. 2007 for a review). The second school arguggnario, three projectile populations contributed to LthiB:
that most lunar basins were made during a spike of impacts thge comets from the original transneptunian disk (Gomes. et a
took place near 3.9 Ga (e.g., Tera etal. 1974, Ryder et a)200Q2005), the asteroids from the main belt (Morbidelli et al1@p

Recent studies, however, suggest that a compromise seen@fid those from a putative extension of the main belt towards
may be the best solution: the oldest basins were mainly madeMars, inwards of its current inner edge (Bottke et al. 20TRp
leftover planetesimals, while the last 12—15 or so lunainisas last could have been enough of a source for the LHB, as redorde
were created by asteroids driven out of the primordial mait bin the lunar crater record (Bottke et al. 2012), while theastls
by the dfects of late giant-planet migration (Tsiganis et al. 2005:0m the current main belt boundaries would have only been a
Gomes et al. 2005, Minton & Malhotra 2009, Morbidelli et alminor contributor (Morbidelli et al. 2010).

2010, Marchi et al. 2012, Bottke et al. 2012). This would mean The Nice model, however, predicts a very intense cometary
the LHB is limited in extent and does not encompass all luneBobmbardment of which there seems to be no obvious traces on
basins. If this view is correct, we can use studies of lunar athe Moon. In fact, given the expected total mass in the oaigin
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transneptunian disk (Gomes et al. 2005) and the size disitrib Finally, in Section 10 we analyse a curious portion of the
of objects in this disk (Morbidelli et al. 2009), the Nice nedd main belt, located in a narrow semi-major axis zone bounged b
predicts that about & 10* km-size comets should have hit thethe 5:2 and 7:3 resonances with Jupiter. This zone is sgverel
Moon during the LHB. This would have formed 20 km craterdeficient in small asteroids compared to the other zoneseof th
with a surface density of.I x 10°2 craters per krh But the main belt. For the reasons explained in the section, we thiak
highest crater densities of 20 km craters on the lunar higisa this zone best preserves the initial asteroid belt popriaand
is less than % 10~* (Strom et al. 2005). This discrepancy mightherefore we call it the “pristine zone”. We checked the num-
be explained by a gross overestimate of the number of sm@l bber of families in the pristine zone, their sizes, and agekves
ies in the original transneptunian disk in Morbidelli et@009). found that they are consistent with the number expectediin ou
However, all impact clast analyses of samples associatethto model invoking a cometary bombardment at the LHB time and a
jor LHB basins (Kring and Cohen 2002, Tagle 2005) show thatibsequent collisional comminution and dispersion of éineilfy
also the major projectiles were not carbonaceous chosdrite members.
similar primitive, comet-like objects. The conclusions follow in Section 11.

The lack of evidence of a cometary bombardment of the
Moon can be considered as a fatal flaw in the Nice mod
Curiously, however, in the outer solar system we see evile

of the cometary flux predicted by the Nice model. Such a flux Sithough several lists of families exist in the literatu#appah
consistent with the number of impact basins on lapetus (@zar et al. 1995, Nesvognet al. 2005, Parker et al. 2008, Nesvprn
et al. 2009), with the numt_)er and the size distribution of tr‘@lo)' we are going to identify the families once again. ®aer
irregular satellites of the giant planets (Nesvoet al. 2007, son is that we seek arpper limitfor the number obld families
Bottke et al. 2010) and of the Trojans of Jupiter (Morbidetli that may be significantly dispersed and depleted, while te p
al. 2005), as well as with the capture of D-type asteroid$ién tvious works often focussed on well-defined families. Morsov
outer asteroid belt (Levison et al., 2009). Moreover, theeNi we need to calculate sevenahysical parametersf the fami-
model cometary flux is required to explain the origin of thé cojies (such as the parent-body size, slopes of the sizedrexyu
lisional break-up of the asteroid (153) Hilda in th@ Besonance (istribution, a dynamical age estimate if not availablenimlter-
with Jupiter (located at 4 AU, i.e. beyond the nominal outer ature) which are crucial for further modelling. Last but restst,
border of the asteroid belt at3.2 AU; Broz et al. 2011). we use more precisg/ntheticoroper elements from the AstDyS
Missing signs of an intense cometary bombardment on thgtabase (Krigevic & Milani 2003, version Aug 2010) instead
Moon and the evidence for a large cometary flux in the outef semi-analytic ones.
solar system suggest that the Nice model may be correct in its We employed a hierarchical clustering method (HCM,
basic features, but most comets disintegrated as theyrpésbt zZappah et al. 1995) for thénitial identification of families in
deep into the inner solar system. the proper element spacay(e,, sinly), but then we had to per-
To support or reject this possibility, this paper focussete  form a lot of manual operations, because i) we had to select a
main asteroid belt, looking for constraints on the flux of @#n reasonable cutfbvelocity veuqr, usually such that the number
through this region at the time of the LHB. In particular weds of membersN(veuar) increases relatively slowly with increas-
on old asteroid families, produced by the collisional bregk ing v.yq. ii) The resulting family should also have a “reason-
of large asteroids, which may date back at the LHB time. \\gble” shape in the space of proper elements, which should-som
provide a census of these families in Section 2. how correspond to the local dynamical featu@g.We checked
In Section 3, we construct a collisional model of the maitaxonomic types (colour indices from the Sloan DSS MOC cat-
belt population. We show that, on average, this populationea alogue version 4, Parker et al. 2008), which should be ctamis
could not have produced the observed number of families wiéinong family members. We can recognise interlopers or over-
Dpg = 200-400km. Instead, the required number of familidapping families this way. iv) Finally, the size-frequendigtri-
with large parent bodies is systematically produced if ttera  bution should exhibit one or two well-defined slopes, othsew
oid belt was crossed by a large number of comets during tthe cluster is considered uncertain.
LHB, as expected in the Nice model (see Section 4). However, Our results are summarised in online Tables 1-3 and the po-
for any reasonable size distribution of the cometary pdjmria sitions of families within the main belt are plotted in Figut.
the same cometary flux that would produce the correct nunfberQur list is “optimistic”, so that even not very prominent féies
families with Dpg = 200—400 km would produce too many famare included her@.
ilies with Dpg ~ 100 km relative to what is observed. Therefore, There are, however, several potential problems we are aware
in the subsequent sections we look for mechanisms that migifit
prevent detection of most of these families.

More specifically, in Sec. 5 we discuss the possibility thal- There may bénconsistencieamong diferent lists of fam-
families with Dpg ~ 100km are so numerous that they can- 1i€S- For example, sometimes a clump may be regarded as
not be identified because they overlap with each other. InGec @ Single family or as two separate families. This may be the
we investigate their possible dispersal below detectgihiliie case of: Padua and Lydia, Rafita and Cameron.
to the Yarkovsky ffect and chaotic diusion. In Sec. 7 we dis- 2- 10_identify families we usedsynthetic proper elements,
cuss the role of the physical lifetime of comets. In Sec. 8 we Which are more precise than the semi-analytic ones.
analyse the dispersal of families due to the changes in the or Sometimes the families look more regular (e.g., Teutonia)
bits of the giant planets eXpeCte.d. in the N'Ce_ quel. In Sec. 9 For example, the Eos family has a complicated but still reasonable
we consider the subsequent collisional comminution oféime-f spape since it is determined by several intersecting high-order mean-
ilies. Of all investigated processes, the last one seeme théd motion or secular resonances, see Vokrouljliekal. (2006).
most promising fo_r reducing t_he number of V'S_'_b|e fam'“’aﬁw 2 0On the other hand, we do not include all of the small and less-
Dpg ~ 100 km while not &ecting the detectability of old fami- certain clumps in a high-inclination region as listed by Novakaitial.
lies with Dpg = 200—-400 km. (2011). We do not focus on small or higHamilies in this paper.

. A list of known families
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Fig. 1. Asteroids from the synthetic AstDyS catalogue plotted in the proper semimgi®a, vs proper eccentricitg, (top panels) and, vs
proper inclination sin, planes (bottom panels). We show the identified asteroid families (left jamitsthe positions of the largest members
indicated by red symbols, and also remaining background objects fdgiets). The labels correspond to designations of the asteroid families tha
we focus on in this paper. There are still some structures consistsmalfobjects in the background population, visible only in the inclinations
(bottom right panel). These “halos” may arise for two reasons: i) dlyams no sharp boundary and its transition to the background is smooth,
or ii) there are bodies escaping from the families due to long-term dynhevichition. Nevertheless, we checked that these halo objects do not

significantly d@fect our estimates of parent-body sizes.

or more tightly clustered (Beagle) when we use the syn- members as a first guess of the parent-body size, is essen-
thetic elements. This very choice may, howevéfeet re- tially similar to our approach.

sults substantially! A clear example is the Teutonia family

which also contains thbig asteroid (5) Astraea if the syn- A complete list of all families’ members is available

thetic proper elements are used, haot if the semi-analytic : . . . .
proper elements are used. This is due to the larjerdinces 2t . °Y" web site http://sirrah. troja.mff.cuni.cz/-

between the semi-analytic and synthetic proper elements 8'f1ra/ mp/fams/, including supporting figures.
(5) Astraea. Consequently, the physical properties ofitioe t

families difer considerably. We believe that the family deo ;A gefinition of the production function

fined from the synthetic elements is more reliable.

. Durda et al. (2007) often claimlarger size for the parent To compare observed families to simulations, we define a-“pro

body (e.g., Themis, Meliboea, Maria, Eos, Gefion), becaug@ction function” as the cumulative numbai(>D) of fami-
they try to match the SFD of larger bodies and the results gés with parent-body siz®pg larger than a giverd. The ob-
SPH experiments. This way they also account for small bogerved production function is shown in Figure 2, and it istvor
ies that existed at the time of the disruption, but whicmdd noting that it is very shallow. The number of families with
exist today since they were lost due to collisional grinding,; ~ 100 km is comparable to the number of families in the
and the Yarkovsky fect. We prefer to usBpyrdainstead of Dpg = 200-400 km range.
%t‘r? valuerB_estlm:;teg frforT“ the curr?ntlilgggservr?q hSFD' It is important to note that the observed production furrctio
€ geometric method of Tanga et al. ( X ), whic us likely to be dfected by biases (the family sample may not be
the sum of the diameters of the first and third largest fami bmplete, especially belo@pg < 100km) and also by long-
term collisionaldynamical evolution which may prevent a de-
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Fig.2. A production function (i.e. the cumulative numbi(>D) of
families with parent-body sizBpg larger tharD) for all observed fami-

Table4. Nominal thermal parameters for S anfXGaxonomic types of
asteroidsppyk denotes the bulk densitys,s the surface densit¥ the

thermal conductivityCy, the specific thermal capacitfgong the Bond
albedo and the infrared emissivity.

type Pbulk Psurf K Cin Agond €
(kg/m3)  (kg/m3) (W/m/K)  (J/kg/K)
S 2500 1500 0.001 680 0.1 0.9
C/X 1300 1300 0.01 680 0.02 0.9

drift rate is inversely proportional to the sizea/dt « 1/D, and
the size is related to the absolute magnitude via the Pogpaat e

lies (black) and families corresponding to catastrophic disruptions, (reffhpn H = —2.5 log,o(pvD?/D?), whereD, denotes the reference

i.e. with largest remnafgarent body mass ratio lower than 0.5. We als

plot a theoretical slope according to Eq. (1), assunajgge:= —3.2 and

Oproject = —1.2, which correspond to the slopes of the main belt popul

tion in the rangeD = 100-200 km andDd = 15-60 km, respectively.

a

Biameter andpy the geometric albedo (see Vokrouhlickt al.
2006 for a detailed discussion). The limiting value, for gbhi
all Eos family members (except interlopers) atwovethe cor-
responding curve, i€ = 1.5t0 20 x 10" AU. Assuming rea-
sonable thermal parameters (summarised in Table 4), wa-calc

tection of old comminutionedispersed families today (Marzarilate the expected Yarkovsky drift ratea/dt (using the theory

etal. 1999).
From the theoretical point of view, the slogef the produc-

tion functionN(>D) o D9 should correspond to the cumulative

slopes of the size-frequency distributions of the target jam-
jectile populations. It is easy to shéwhat the relation is

5
g = 2+ Gtarget+ éqproject- (1)

from Broz 2006) and consequently can determine the age to be
t<15t020Gyr.

The second method uses a histogriigC, C + AC) of the
number of asteroids with respect to t@eparameter defined
above, which is fitted by a dynamical model of the initial ve-
locity field and the YarkovskiY ORP evolution. This enables us

to determine théower limit for the age too (so the resulting age
estimate i¢ = 1.3721° Gyr for the Eos family).

Of course, real populations may have complicated SFDs, with In the third case, we start an N-body simulation using a mod-
different slopes in dierent ranges. Nevertheless, any populdfied SWIFT integrator (Levison and Duncan 1994), with the
tions that have a steep SFD (€CBhget = Gproject = —2.5) would YarkovskyYORP acceleration included, and evolve a synthetic
inevitably produce a steep production function:( —4.7). family up to 4 Gyr. We try to match the shape of the observed

In the following analysis, we drop cratering events anf@mily in all three proper orbital elementay(ey, sinlp). In prin-
discuss catastrophic disruptions only, i.e. families WHhive Cciple, this method may provide a somewhat independent esti-
largest remnayparent body mass ratio less than 0.5. The refate of the age. For example, there is a *halo’ of asteroidisen
son is that the same criterion LRB < 0.5 is used in colli- surroundings of the nominal Eos family, which are of the same
sional models. Moreover, cratering events were not yeegyat- taxonomic type K, and we may fit the rathhaio/Ncore Of the
ically explored by SPH simulations due to itfiscient resolution number of objects in the *halo’ and in the family ‘core’ (Eret
(Durda et al. 2007). al., in preparation).

The major source of uncertainty in all methods are unknown
bulk densities of asteroids (although we use the most likaly
ues for the S or X taxonomic classes, Carry 2012). The age

If there is no previous estimate of the age of a family, we usé§ales approximately asc ppu. Nevertheless, we are still able
one of the following three dynamical methods to determine #0 distinguish families that are young from those that ac loé-
i) a simple @, H) analysis as in Nesvojret al. (2005); ii) &C- cause the allowed ranges of de_ns_mes for S-types (2 1@
parameter distribution fitting as introduced by Vokroukfiet and GX-types (1to 2 gent’) are limited (Carry 2012) and so are
al. (2006); iii) a full N-body simulation described e.g. ind2 et the allowed ages of families.
al. (2011).
In the first approach, we assunzero init[al velocities,' 2.3. Which families can be of LHB origin?
and the current extent of the family is explained by the size-
dependent Yarkovsky semimajor axis drift. This way we can obhe ages of the observed families and their parent-bods size
tain only anupper limit for the dynamical age, of course. Weare shown in Figure 4. Because the ages are generally very un-
show an example for the Eos family in Figure 3. The extent ofrtain, we consider that any family whose nominal age isrold
the family in the proper semimajor axis vs the absolute magrhan 2 Gyr is potentially a family formed4 Gyr ago, i.e. at the
tude @y, H) plane can be described by the parametric relationLHB time. If we compare the number of “youngz® Gyr) and
old families &2 Gyr) with Dpg = 200—-400 km, we cannot see
0.2H = log lap — &l a significant over-abundance of old family formation eve@ts
' woc v the other hand, we almost do not find any small old families.
Only 12 families from the whole list may b@ossiblydated
back to the late heavy bombardment, because their dynamical
ages approack 3.8 Gyr (including the relatively large uncer-
3 Assuming that the strength is approximat@ly « D?in the gravity tainties; see Table 5, which is an excerpt from Tables 1-3).
regime, the necessary projectile size (Qg)Y/°D (Bottke et al. 2005), If we drop cratering events and the families of Camilla
and the number of disruptiomsoc D2D%argetq{%project, and Hermione, which do not exist any more today (their exis-

2.2. Methods for family age determination

)

wherea, denotes the centre of the family, a@ds the parameter.
Such relation can be naturally expected when the seminaajsr-
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4C=01x 107 A Table 5. Old families with ages possibly approaching the LHB. They
16 . are sorted according to the parent body size, wikygs, determined
by the Durda et al. (2007) method is preferred to the estirDatein-
14 ferred from the observed SFD. An additional ‘c’ letter indicates that we
> P ; = R extrapolated the SFD down © = 0km to account for small (unob-
E 1 8 i - — e e . served) asteroids, an exclamation mark denotes a significant mismatch
I \ i / 0" ] . betweerDpg andDpyrga.
10 | \‘\\' 15mzo)xw4Au . : :
W Eos family, Vot = 50 M/s - designation Dps Dourda note
8r Iikel)tl ifrfwterlopers -] _ (km) (km)
: : 24 Themis 209c  380-430!
2.95 3 3.05 31 3.15 10 Hygiea 410 442 cratering
a, /AU 15 Eunomia 259 292 cratering
) . ) 702  Alauda 218c  290-330! high-
Fig.3. An example of the Eos asteroid family, shown on the proper 87 Sylia 261 272 cratering
semimajor axis, vs absolute magnitude plot. We also plot curves 137 Meliboea 174c  240-290!
defi4ned by e_quation (2) and paramemcr_& _3.019 AU,C = ]_..5 to 20x 375 Ursula 198 240-280 cratering
10 AU, which is related to the upper limit of the dynamical age of the 107 Camilla >226 - non-existent
family. 121 Hermione >209 - non-existent
158 Koronis 122c  170-180
500 young ‘ __old 709  Fringilla 99c 130-140  cratering
b " 170 Maria 100c  120-130
400 | o1 8
T 300 5 i The scaling law is described by the polynomial relatiodd-
= & 137 notes radius in cm)
@ 3556 8 91
& 200 |+ i
° wp ot d 00 Q) = — (Qor® + Bor®) )
+ =
100 : i i : 2 - b Ofact 0 v
o+ +
0 Eee 2" t i . . . with the parameters corresponding to basaltic materiakat/s
0 0.5 1 15 2 25 3 35 4 (Benz & Asphaug 1999):
age [Gyr]

Fig. 4. The relation between dynamical ages of families and the sizesTdble 6. Parameters of the scaling law (Eq. (3)) corresponding to
their parent bodies. Red labels correspond to catastrophic disruptidsessaltic material at 5 kfs, according to Benz & Asphaug (1999).

while cratering events are labelled in black. Some of the families are
denoted by the designation of the largest member. The uncertainties of Q
both parameters are listed in Tables 1-3 (we do not include overlapping (g/cm?)  (erg/g)
error bars here for clarity).

a B b Gact
(ergg)

3.0 7x10° -045 2.1 119 1.0

tence was inferred from the satellite systems, Vokroulgliek Even though not all asteroids are basaltic, we use the gcalin
al. 2010), we end up witlonly five families created by catas-law above as a mean one for the main-belt population. Belaw, w
trophic disruptions that may potentially date from the LHiBe discuss also the case of significantly lower strengthst{igher
(i.e. their nominal age is more than 2 Gy). As we shall see {fc values).

Section 4, this is an unexpectedly low number. We selected the time span of the simulation 4 Gyr (not

Moreover, it is really intriguing that most “possibly-LHB” 4.5 Gyr) since we are interested in this last evolutionargsgh

families are larger thaDpg ~ 200 km. It seems that old fam- of the main belt, when its population and collisional atsivs
ilies with Dpg ~ 100km are missing in the observed sampld€arly same as today (Bottke et al. 2005). The outcome of-a sin
This is an important aspect that we have to explain, becaus@le simulation also depends on the “seed” value of the rardom

contradicts our expectation of a steep production function ~ number generator that is used in the Boulder code to decide
whether a collision with a fractional probability actuafigcurs

or not in a given time step. We thus have to run multiple simula
tions (usually 100) to obtain information on this stocheistiof

the collisional evolution process.

Before we proceed to scenarios involving the LHB, we try to The initial SFD of the main belt population conditions was
explain the observed families with ages spanning 0-4 Gyr agpproximated by a three-segment power law (see also thyn gre
result of collisions only among main-belt bodies. To this-puline in Figure 5, 1st row) with dferential slopes, = —4.3 (for

3. Collisions in the main belt alone

pose, we used the collisional code called Boulder (MorliideD > Dj), g = —2.2, . = —3.5 (for D < D;) where the size
et al. 2009) with the following setup: the intrinsic prodéhis ranges were delimited by, = 80 km andD, = 16 km. We also
P = 3.1 x 10 ®8km=2yr1, and the mutual velocitie¥in, = added a few big bodies to reflect the observed shape of the SFD

5.28 km/s for the MB vs MB collisions (both were taken fromat large sizesd > 400 km). The normalisation washom(D >

the work of Dahlgren 1998). The assumption of a singlg, D1) = 350 bodies in this case.

value is a simplification, but about 90 % collisions have mutu  We used the observed SFD of the main belt as the first con-
velocities between 2 and 8 kim(Dahlgren 1998), which assuresstraint for our collisional model. We verified that the oute®

a similar collisional regime. our model after 4 Gyr isot sensitive to the value af.. Namely,
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a change ofc by as much as:1 does not fiect the final SFD in ; , , : 15
any significant way. On the other hand, the values of the nemai
ing parametersog, b, D1, D2, Nnorm) are enforced by the ob-
served SFD. To obtain a reasonable fit, they canré¢rdinuch
(by more than 5-10 %) from the values presented above.

We donot use only a single number to describe the num-
ber of observed families (e.@N = 20 for Dpg > 100 km), but
we discuss a complete production function instead. Thdtsesu
in terms of the production function are shown in Figure 5t(lef
column, 2nd row). On average, the synthetic production func
tion is steeper andelowthe observed one, even though there i5ig. 6. The temporal evolgti‘on of the ilntrinsic collisional probability
approximately a 5% chance that a single realization of time-coPi (Pottom) and mean collisional velocitj, (top) computed for col-
puter model will resemble the observations quite well. Eit® lisions between cometary-disk bodies and the main-belt asteroids. The

atribg it _ _ e timet = Ois arbitrary here; the sudden increas®inalues corresponds
holds for the distribution 0Dpg = 200—400 km families in the to the beginning of the LHB.
course of time (age).

In this case, the synthetic production function @fg >
100 km_ families isnot significantly dfected by comminution. 4 7 Simple stationary model
According to Bottke et al. (2005), most Bf > 10 km fragments
survive intact and @pg 2 100 km family should be recognis-In a stationary collisional model, we choose an SFD for the
able today. This is also confirmed by calculations with Beuld cometary disk, we assumecarrentpopulation of the main belt;
(see Figure 5, left column, 3rd row). estimate the projectile size needed to disrupt a given tage

To improve the match between the synthetic and the of2rding to (Bottke etal. 2005)

served production function, we can do the following: i) mod- 13
ify the scaling law, or ii) account for a dynamical decay of thdgisrupt = (ZQB/Vifnp) Drarget» (4)

MB population. Using a substantially lower strengtiud = 5

in Eq. (3), which is not likely, though) one can obtain a swtith  whereQp denotes the specific energy for disruption and disper-
production function which isn averageconsistent with the ob- sion of the target (Benz & Asphaug 1999); and finally calaulat
servations in th®pg = 200400 km range. the number of events during the LHB as

Regarding the dynamical decay, Minton & Malhotra (2010)

! i
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suggest that initially the MB was three times more populbasit target
99 Y hop 79 Ntarget f Pi(t) Nprojec(t) dt

today while the decay timescale was very short: after 100 M?/?"ems_ 4
of evolution the number of bodies is almost at the currergllev ) .
In this brief period of time, about 50 % more families will bevherentagetandnpoject are the number of targets (i.e. main belt
created, but all of them will be old, of course. For the rerimajn asteroids) and the number of projectiles (comets), reséet

~ 3.9 Gyr, the above model (WithOUt any dynamica| decay) ighe actual number of bodies (27,000) in the dynamical simula
valid. tion of Vokrouhlicky et al. (2008) changes in the course of time,
nd it was scaled such that it was initially equal to the nurobe
rojectilesN(>dgisrupy inferred from the SFD of the disk. This

is clearly alower limit for the number of families created, since
he main belt was definitely more populous in the past.

The average impact velocity mp =~ 10knvs, so we need
following projectile sizes to disrupt given target size

(%)

To conclude, it is possible — though not very likely — thaEl
the observed families were produced by the collisionalvagti
in the main belt alone. A dynamical decay of the MB populatio
would create more families that are old, but technicallyagjray,
this cannot be distinguished from the LHB scenario, which lﬁe
discussed next.

Table 7. Projectile sizesdgisyp: Needed to disrupt targets with
SizeSDiarges as computed from EQ. (4Nargets denotes the number of
4. Collisions between a “classical” cometary disk targets in the main belQ} the specific energy needed for disruption,
and the main belt andpragelPproject the ratio of the respective bulk densities.

In this section, we construct a collisional model and estéinaa Duaget  Miargets Qs atisrupt for ;’;T'Jg; =3t06

expected number of families created during the LHB due te col (km) intheMB  (Jkg) (km)
lisions between cometary-disk bodies and main-belt aistero

We start with a simple stationary model and we confirm the re- %88 :12%2 iz 18: ‘llg'g :8 32
sults using a more sophisticated Boulder code (Morbidebile '
20009).
Using the data from Vokrouhligket al. (2008) for a “clas- We tried to use various SFDs for the cometary disk (i.e., with

sical” cometary disk, we can estimate the intrinsic cadligl various diferential slopesy for D > Dg andq, for D < Do,
probability and the collisional velocity between cometsl as- the elbow diameteby and total masgisk), including rather
teroids. A typical time-dependent evolution Bf and Vinp is  extreme cases (see Figure 7). The resulting numbers of LHB
shown in Figure 6. The probabilities increase at first, as tifemilies are summarised in Table 8. Usually, we obtain sev-
transneptunian cometary disk starts to decay, reachingoupetal families withDpg =~ 200 km and about 100 families with

6 x 1022 km2yr1, and after 100 Myr they decrease to zerdDpg ~ 100km. This result is robust with respect to the slope
These results doot differ significantly from run to run. 02, because even very shallow SFDs should produce a lot of
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Fig. 5. Results of three dlierent collisional models: main-belt alone which is discussed in SectiorftI@deimn), main-belt and comets from
Section 4 (middle column), main-belt and disrupting comets from Sectiatgfit (column). 1st row: the initial and evolved size-frequency
distributions of the main belt populations for 100 Boulder simulations; 2nd ttee resulting family production functions (in order to distinguish
100 lines we plot them using fiierent colours ranging from black to yellow) and their comparison to tisemtions; 3rd row: the production
function dfected by comminution for a selected simulation; and 4th row: the distributi@yrdhetic families withDpg > 50 km in the (age,
Dpg) plot for a selected simulation, without comminution. The positions of syiatfieemilies in the 4th-row figures may filer significantly for

a different Boulder simulation due to stochasticity and low-number statistics.dverein the middle and right columns, many families were
created during the LHB, so there are many overlapping crosses cldsgyto

these familied. The only way to decrease the number of famd.2. Constraints from (4) Vesta
ilies significantly is to assume the elbow at a larger diame-
ter Dg ~ 150 km.

It is thus no problem to explain the existence of approx
mately fivelarge families with Dpg = 200-400 km, which are

: - ; .~ lisional models, being a fierentiated body with a preserved
indeed observed, since they can be readily produced durang slona . . .
LHB. On the other hand, the high number Bfs ~ 100km F)asaltm crust (Keil 2002) and a 500 km large basin on itsaserf

i : ; ; (a feature indicated by the photometric analysis of Celéhal.
:mglsetsngliﬂg f(;(r)‘r?i}irsg;ctthsi Str;(iengservatlons, since weeoke 1987), which is significantly younger than 4 Gyr (Marchi et al
' 2012). Itis highly unlikely that Vesta experienced a catgstic
o , disruption in the past, and even large cratering events livare
4 The extreme case wittp, = 0 is not likely at all, e.g. because of . o
the continuous SFD of basins on lapetus and Rhea, which only é'i?—d' We thus have to check the number .Of c_oII|S|0ns_ between
hibits a mild depletion oD ~ 100km size craters; see Kircficg = 0N€D = 530km target and ~ 35km projectiles, which are
Schenk (2010). On the other hand, Sheppard & Truijillo (2010) repdigPable of producing the basin and the Vesta family (Thorhas e
an extremely shallow cumulative SFD of Neptune Trojans that is akil. 1997). According to Table 8, the predicted number of such
to low . events does not exceed2, so given the stochasticity of the re-

he asteroid (4) Vesta presents a significant constraintdbr
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Table 8. Results of a stationary collisional model between the cometary disk andaimebmit. The parameters characterise the SFD of the disk:
01, O are diferential slopes for the diameters largenaller than the elbow diametByp, Mgisx denotes the total mass of the disk, angnsis

the resulting number of families created during the LHB for a given pdvedy sizeDpg. The ranges ofieenisare due to variable density ratios
Prarget/ Pproject = lto 3/1.

O (0] Do Maisk Nevents notes
(km) (Mg) for Dpg > 100km Dpg>200km Vesta craterings
50 3.0 100 45 115-55 49-2.1 2.0 nominal case
50 20 100 45 35-23 4.0-2.2 1.1 shallow SFD
50 35 100 45 174-70 4.3-1.6 1.8 steep SFD
50 11 100 45 14-12 3.1-2.1 11 extremely shallow SFD
45 3.0 100 45 77-37 3.3-1.5 1.3 lovegr
50 3.0 50 45 225-104 7.2-1.7 3.2 smaller tufh-o
50 3.0 100 25 64-40 2.7-1.5 1.1 lowdpisk
50 3.0 100 17 34 1.2 1.9 Peomets= 500 kg/m?
50 3.0 150 45 77-23 3.4-0.95 0.74 larger tufh-o
50 0.0 100 10 1.5-1.4 0.5-04 0.16 worst case (geend low Mgigy)
4y = 5.0, Gy = 3.0, Dy = 100 km, Mgy = 45 Mg = Table 9. Parameters of the scaling law (Eq. (3)) corresponding to
12 4 =20 = basaltic material at 5kfs (first row), and to water ice (second row),
10 :z:i-i = according to Benz & Asphaug (1999).
D0=250km —
- 10t Do =150km — | P Qo a B b Gact
7 4 =45 - - (g/en?)  (erg/g) (ergg)
o Mgisk = 25 Mg — N =
5 4= 0.0, My = 10 Mg asteroids 3.0 * 10 -045 21 119 1.0
£ 100 , comets 1.0 ®Bx100 -039 12 126 3.0
2 10°f . The resulting size-frequency distributions of 100 indepen
z dent simulations with dierent random seeds are shown in
. Figure 5 (middle column). The number of LHB families (ap-
10° | ] proximately 10 withDpg ~ 200 km and 200 witlDpg ~ 100 km)
is evenlarger compared to the stationary model, as expected, be-
; ‘ A\ cause we had to start with a larger main belt to get a good fit of
10 1 10 100 the currently observed MB after 4 Gyr of collisional evoduti
D /km To conclude, the stationary model and the Boulder code give

. o o _results that are compatible with each other, but that clezmh-
Fig.7. Cumulative size-frequency distributions of the cometary disk jict the observed production function of families. Irrtjza
tested in this work. All the parameters of our nominal choice are glvel%r th dict far t famili M = 100k

in the top label; the other labels just report the parameters that changnt ,boctiai)e/spr,it If(i:rstagigohot Tfﬁgymg;mblgsinvtvelrpr;te d asnr])rgiz-th

relative to our nominal choice. : 1
there was no cometary LHB on the asteroids. Before jump-
ing to this conclusion, however, one has to investigate dret
there are biases against identifying@$g = 100 km families.
sults there is a significant chance that Vesta indeed exmerie |n Sections 5-9 we discuss several mechanisms that all con-
zero such impacts during the LHB. tribute, at some level, to reducing the number of observable
Dpg = 100 km families over time. They are addressed in order

4.3. Simulations with the Boulder code of relevance, from the least to the mosfeetive.

To confirm results of the simple stationary model, we alse p .
formed simulations with the Boulder code. We modified thescog' Families overlap
to include _atime—dependent colIisionaI probabiﬁm) and im- Because the number of expectBgs > 100 km LHB families
pact velocityVimp(t) of the cometary-disk population. is very high (of the order of 100) we now want to verify if these
We started a simulation with a setup for the cometary digkmilies canoverlapin such a way that they cannot be distin-
resembling the nominal case from Table 8. The scaling law dsiished from each other and from the background. We thus took
described by Eg. (3) with the parameters given in Table %; sui92 main-belt bodies witlh > 100 km and selected randomly
able for asteroids (basalt) and comets (water ice). 100 of them that will break apart. For each one we created-an ar
The intrinsic probabilities®; = 3.1 x 10 8km=2yr~! and tificial family with 10> members, assume a size-dependent ejec-
velocitiesVimp = 5.28 kny/s for the MB vs MB collisions were tion velocity V o« 1/D (with V = 50nys for D = 5km) and
again taken from the work of Dahlgren (1998). We do not athe size distribution resembling that of the Koronis familhe
count for comet—comet collisions since their evolutionasnit  choice of the true anomaly and the argument of perihelioheat t
nated by the dynamical decay. The initial SFD of the main béfistant of the break-up event was random. We then calculated

was similar to the one in Section 8, = -4.2, g = —-2.2, proper elementsag, &, sinlp) for all bodies. This type of anal-
gc = —3.5,D; = 80km,D, = 14 km, and only the normalisationysis is in some respects similar to the work of Bendjoya et al.
was increased up thom(D > D1) = 560 in this case. (1993).
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Fig.8. The proper semimajor axia, vs the proper eccentricitg, Fig.9. The proper semimajor axi, vs the proper inclination siky for

for 100 synthetic families created in the main belt. It is thagial 100 synthetic asteroid families (black dotsyolvedover 4 Gyr using
state, shortly after disruption events. We assume the size-frequeacylonte-Carlo model. The assumed SFDs correspond to the Koronis
distribution of bodies in each synthetic family similar to that of théamily, but we show onlyD > 10km bodies here. We also include
Koronis family (down toD =~ 2 km). Break-ups with the true anomalyD > 10 km background asteroids (grey dots) for comparison.

f ~ 0to 30 and 150 to 180 are more easily visible on this plot, even

though the choice of both and the argument of perihelian was ran-

dom for all families. 7. Reduced physical lifetime of comets in the MB
crossing zone

According to the resulting Figure 8 the answer to the queTe illustrate the &ects that the physical disruption of comets
tion is simple: the families daot overlap stficiently, and they (due to volatile pressure build-up, amorphtugstalline phase
cannot be hidden that way. Moreover, if we take only biggel-botransitions, spin-up by jets, etc.) can have on the cotiaio
ies © > 10km), these would be clustered even more tightlgvolution of the asteroid belt, we adopted here a simplasic
The same is true for proper inclinations, which are usualtyan sumption. We considered that no comet disrupt beyond 1.5 AU,
clustered than eccentricities, so families could be mosgiyea whereas all comets disrupt the first time that they peneinate
recognised. side 1.5 AU. Both conditions are clearly not true in realgggme

comets are observed to blow up beyond 1.5 AU, and others are

seen to survive on an Earth-crossing orbit. Thus we adopted o
6. Dispersion of families by the Yarkovsky drift disruption law just as an example of a drastic reduction ef th

number of comets with small perihelion distance, as redtioe

In this section, we model long-term evolution of syntheimf gy h1ain the absence of evidence for a cometary bombardment o
ilies driven by the Yarkovsky féect and chaotic diusion. For e Moon.

onesynthetic family located in the outer belt, we have perfatme  \y then removed all those objects from output of comet evo-

a full N-body integration with the SWIFT package (Levison & ion during the LHB that had a passage within 1.5 AU from
Duncan 1994), which includes also an implementation of thg, g b g ’

9 ; e Sun, from the time of their first passage below this thresh
YarkovskyYORP éfect (Braz 2006) and second-order integrag g \we then recomputed the mean intrinsic collision prabab

tor by Laskar & Robutel (2001). We included 4 giant planets ify, of 5 comet with the asteroid belt. The result is a fact@r
this simulation. To speed-up the integration, we used T@BSi ¢p5)1er than when no physical disruption of comets is takem i

smaller sizes of the test particles and thus a ten timeseshotl..,unt as in Fia. 6. The mean impact velocity with asteroids
time span (400 Myr instead of 4 Gyr). The selected time step§§50 decreases ?rom 12 fsrto 8 krns.p y

At = 91d. We computed proper elements, namely thefeci The resulting number of asteroid disruption events is ths d

encesiay, A&, Asinlp be_tween the initial and final positions. - ¢ e55eq by a factor4.5, which can be also seen in the produc-
Then we used a simplélonte-Carlo approach for the yion function shown in Figure 5 (right column). The prodocti
whole set of 100 synthetic families — we assigned a suitablg famlies with Dpg = 200-400 km is consistent with observa-
drift Aay(D) in semimajor axis, and also drifts in eccentrictjgns while the number dbpg ~ 100 km families is reduced to
ity A&, and inclinationA sinl, to each member of 100 families, 3n_70, pyt is still too high, by a factor 2—3. More importgnt|
respecting asteroid sizes, of course. This way we accoutéo o sjope of the production function remains steeper thah th
Yarkovsky semimajor axis drift and also for interactionsfwi of the observed function. Thus, our conclusion is that ptalsi
mean-motion and secular resonances. This Monte-Carloodetljisryptions of comets aloreannotexplain the observation, but

tends to smear all structures, so we can regard our restft® asyay he an important factor to keep in mind for reconciling the
upper limitsfor dispersion of families. model with the data.

While the eccentricities of small asteroids (downDo ~
2km) seem to be dispersed enough to hide the families, there
are still some persistent structures in inclinations, Whiould 8. Perturbation of families by migrating planets
be observable today. Moreover, large asteroldsx 10km) i e T i
seem to be clustered even after 4 Gyr, so that more than 50 %(ajumplng Jupiter scenario)
of families can be easily recognised against the backgr¢se®l In principle, families created during the LHB may be peradb
Figure 9). We thus can conclude that ihist possible to disperse by still-migrating planets. It is an open question what tle e
the families by the Yarkovskyfkect alone. act orbital evolution of planets was at that time. Neverhs] a
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Fig. 10. The proper semimajor axis vs the proper inclination for four synthetidlissn(distinguished by symbols) as perturbed by giant-planet
migration. Left panel: the case when families were evolved over the “jutup to the encounter between Jupiter and Neptune. Right panel: the
families created just after the jump and perturbed only by later phaseigtian.

plausible scenario called a “jumping Jupiter” was presging However, the situation in case of the LHB scenario t8ed
Morbidelli et al. (2010). It explains major features of thaim ent. Both the large population of comets and the severagim
belt (namely the paucity of high-inclination asteroidsebdthe larger main belt, which has to withstand the cometary boohbar
vg Secular resonance), and is consistent with amplitudeseof tinent, contribute to the enhanced comminution of the LHB fam-
secular frequencies of both giant and terrestrial planedsaéso ilies. To estimate the amount of comminution, we performed
with other features of the solar system. In this work, we thubke following calculations: i) for a selected collisionansila-
investigated this particular migration scenario. tion, whose production function is close to the average ore,
We used the data from Morbidelli et al. (2010) for the orbitalecorded the SFDs of all synthetic families created in thes®
evolution of giant planets. We then employed a modified SWIFGf time; ii) for each synthetic family, we restarted the siaiu
integrator, which read orbital elements for planets fromiran tion from the timetg when the family was crated until 4 Gyr and
put file and calculated only the evolution of test particlesur saved the final SFD, i.e. after the comminution. The resuéis a
synthetic families located in the inferiddlg/outer belt were in- shown in Figure 11.
tegrated. We started the evolution of planets at variousdim |t is now important to discuss criteria, which enable us to
ranging fromto to (to + 4 Myr) and stopped the integration atdecide if the comminutioned synthetic family would indeed b
(to + 4 My), in order to test the perturbation on families creategbservable or not. We use the following set of conditidbyss >
in different phases of migration. Finally, we calculated propg0km,D,r > 10 km (largesfragmentis the first or the second
elements of asteroids when the planets do not migrate a®ymasrgest body, where the SFD becomes steep)ABR< 0.5 (i.e. a
(We also had to move planets smoothly to their exact curregtastrophic disruption). Furthermore, we defigmpersas the
orbital positions.) number of theremainingfamily members larger than observa-
The results are shown in Figure 10. While the proper eccetibnal limit Djimit ~ 2 km and use a conditioNmempers> 10. The
tricities seem to be dliciently perturbed and families are dis-atter number depends on the position of the family withie th
persed even when created at late phases of migration, therranain belt, though. In the favourable “almost-empty” zone-(b
inclinations are not very dispersed, except for familieghia tweena, = 2.825 and 255 AU), Nmembers> 10 may be valid,
outer asteroid belt that formed at the very beginning of the tut in a populated part of the MB one would nédigkmpers> 100
ant planet instability (which may be unlikely, as there mhesta  to detect the family. The size distributions of synthetimiiées
delay between the onset of planet instability and the béginn selected this way resemble the observed SFDs of the matin-bel
of the cometary flux through the asteroid belt). In most cabes families.
axis vs inclination space. We do not see any of saghsinly)-  production functions after comminution for increasingues
clumps, dispersed in eccentricity, in the asteroid belt. of Nmembers families with Dpg = 200-400 km remairmore
The conclusion is clear: it isot possible to destroy low- prominentthan Dpg ~ 100km families simply because they
e and lowd families by perturbations arising from giant-planetontain much more members with > 10 km that survive in-
migration, at least in the case of the “jumping-Jupiterrm@®  tact. Our conclusion is thus that comminution may explai th
paucity of the observeBpg ~ 100 km families.

9. Collisional comminution of asteroid families

We have already mentioned that the comminutionassufi- 1. “pristine zone” between the 5:2 and 7:3
cient to destroy &pg = 100 km familyin the current environ-

mentof the main belt (Bottke et al. 2005). resonances

5 High-inclination families would be dispersed much more owing the now focus on the zone between the 5'2. anq 7:3 mean-motion
the Kozai mechanism, because eccentricities that dfecisntly per- resonances, withy = 2.'825 to_ 2955 AU, Wh'?h IS not as popu-
turbed exhibit oscillations coupled with inclinations. lated as the surrounding regions of the main belt (see Fitjure

6 The currently non-existent families around (107) Camilla an@Nis is @ unique situation, because both bounding resosaree
(121) Hermione — inferred from the existence of their satellites -Sirong enough to prevent any asteroids from outside to #riter
cannot be destroyed in the jumping-Jupiter scenario, unless the fag®ne owing the Yarkovsky semimajor axis drift. Any familyfo
lies were actuallypre-LHB and had experienced the jump. mation event in the surroundings has only a minor influence on

10
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Fig. 11. Left panel: the size-frequency distributions of the observed astanidiés. Middle panel: SFDs of 378 distinct synthetic families created
during one of the collisional simulations of the MB and comets. Initially, altlsgtic SFDs are very steep, in agreement with SPH simulations
(Durda et al. 2007). We plot only the SFDs that fulfil the following critelz > 50km, D, > 10km, LR/PB < 0.5 (i.e. catastrophic
disruptions). Right panel: the evolved SFDs after comminution. Only anitynaf families are observable now, since the number of remaining
members larger than the observational liDjt; ~ 2 km is often much smaller than 100. The SFD that we use for the simulaticeciios 10 is
denoted by red.
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Fig. 12. The “pristine zone” of the main belaf = 2.825 to 2955 AU) displayed on the proper eccentriaiyvs proper inclination sify, plot. Left
panel: the sizes of symbols correspond to the sizes of asteroids, titiegaare denoted by designations. Right panel: a subset of bodies it wh
SDSS data are available; the colours of symbols correspond to the SIif6 indicesa* andi — z (Parker et al. 2008).

this narrow region. It thus can be called “pristine zone"dese  we expect to find at least some “remnants” of the LHB families
it may resemble the betirior to creation of big asteroid families. here.

. o . . o Itis interesting that the SFD of an old comminutioned family
We identified nine previously unknown small families thaIIs very flatin the rangeD = 1 to 10km (see Figure 11) — simi-

are fyisib(lje k())n tne &, sinlp) pllot (see l;igure 12).|t')l'hdey ar€1ar to those of some of the “less certain” observed familigfe!

cNon Irmed by the SDSS colours and WISE albedos, to lay speculate that the families like (918) Itha, (5567) Bemi,
evertheless, th_ere snly (_)neb|g and old family in this zone (12573) 1999 Ngb, or (15454) 1998 YB (all from the pristine

(Deg > 100km), i.e. Koronis. zone) are actually remnants lafrger and olderfamilies, even

éhough they are denoted as young. It may be that the age esti-

“oristine zone” can give us a simple brobabilistic estimee mate based on they, H) analysis is incorrect since small bodies

tﬁe maximumnumbe? of disruptionps dSring the LHB. We takefwere destroyed by comminution and spread by the Yarkovsky ef

the 192 existing main-belt bodies which hawe> 100 km and beec%(}gﬂtl;g;gv\\llvai%ftrﬁgnfg;ﬁiIlargest remnant, so they can nadong

select randomly 100 of them that will break apart. We repgat t y-

selection 1000 times and always count the number of families  Finally, we have to ask an important question: what does

the pristine zone. The resulting histogram is shown in FEdl8. an oldcomminutioned family withDpg ~ 100 km look like in

As we can see, there is very low(.001) probability that the proper-element space? To this aim, we created a synthatic fa

y p y prop p Y

number of families in the pristine zone is zero or one. Onayer ily in the “pristine zone”, and assumed the family INigmbers™

we get eight families there, i.e. about half of the 16 astEroil100 larger thaD;mii ~ 2km and that the SFD is already flat in

with D > 100 km present in this zone. It seems that either thlee D = 1 to 10 km range. We evolved the asteroids up to 4 Gyr

number of disruptions should be substantially lower thahd0 due to the Yarkovskyfeect and gravitational perturbations, us-

That at most one LHB family (Koronis) is observed in th

11
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250 cometary bombardment at the time of the LHB and, if possible,

200 |- = | constrain the intensity of this bombardment.
Observations suggest that the number of collisional faili

150 | — | is a very shallow function of parent-body size (that we call i
— this paper the “production function”). We show that the ieoll
100 | | i sional activity of the asteroid belt as a closed systemwiithout
— any external cometary bombardment, in general does not pro-
50 1 , duce such a shallow production function. Moreover, the nemb
’J— ] of families with parent bodies larger than 200 km in diameter
0 is in general too small compared to the observations. Horveve
6 2 4 6 8 10 12 14 16 there is a lot of stochasticity in the collisional evolutiohthe

Niamiies between a = 2.25 - 2.955 AU asteroid belt, and about 5% of our simulations actually fit th

Fig. 13. The histogram for the expected number of LHB families locate@bservational constraints (shallowness of the produdtiom-

z

in the “pristine zone” of the main belt. tion and number of large families) quite well. Thus, in pipie,
there is no need for a bombardment due to external agents (i.e
035 , , , , , , the comets) to explain the asteroid family collection, jed
a=282-2.97 AU that the real collisional evolution of the main belt was acky’
03 | t=a6y - one and not the “average” one.
If one accounts for the bombardment provided by the comets
025 - i crossing the main belt at the LHB time, predicted by the Nice

model, one can easily justify the number of observed familie
with parent bodies larger than 200 km. However, the regltin
production function is steep, and the number of families pro
duced by parent bodies of 100 km is almost an order of magni-
tude too large.

We have investigated several processes that may decimate
the number of families identifiable today with 100 km parent
bodies, without considerablyftacting the survival of families

02 - b

sinl,

0.15 | 4

0.1 - . B

005 - 1 formed from larger parent bodies. Of all these processesdh
lisional comminution of the families and their dispersalthg
0 : : : 1 1 * Yarkovsky dfect are the mostfiective ones. Provided that the
0 005 004 0202 03 0% physical disruption of comets due to activity reduced tiiece
° tive cometary flux through the belt by a factor=b, the result-

Fig. 14. The proper eccentricity vs proper inclination of one synthetig1g distribution of families (and consequently the Nice s
old/comminutioned family evolved dynamically over 4 Gyr. Only a fenconsistenwith observations.
family members Il ~ 10") remained from the original number of  To better quantify theféects of various cometary-disruption
N(D > 2km) = 10°. The scales are the same as in Figure 12, so Waws, we computed the numbers of asteroid families for dif-
can compare it easily to the “pristine zone”. ferent critical perihelion distanceg,; and for diferent disrup-
tion probabilitiespcri; of comets during a given time stept(=
500yr in our case). The results are summarised in Figure 15.
ing the N-body integrator as in Section 6. Most of e 2km  Provided that comets are disrupted frequently enough, lyame
bodies were lost in the course of the dynamical evolution, dfe critical perihelion distance has to be at leggt > 1 AU,
course. The resulting family is shown in Figure 14. We can algvhile the probability of disruption igcic = 1, the number of
imagine that this family is placed in the pristine zone amoriges > 100 km families drops by the aforementioned factor of
other observed families, to get a feeling of whether it islgas~ 5. Alternatively,dcix may be larger, but then comets have to
observed or not (refer to Figure 12). survive multiple perihelion passages (iggqi: have to be lower
It is clear that such family idardly observableeven in the than 1). It would be very useful to test these conditionsrby
almost empty zone of the main belt! Our conclusion is that tiependentmodels of the evolution and physical disruptions of
comminution (as given by the Boulder codedn explainthe comets. Such additional constraints on cometary-dissogéws
paucity of Dpg =~ 100 km LHB families, since we can hardlywould then enable study of the original size-frequencyridist
distinguish old families from the background. tion of the cometary disk in more detail.
We can also think of two “alternative” explanations: i) phys
ical lifetime of comets was strongly size-dependent so that
11. Conclusions smaller bodies break up easily compared to bigger onesgi)h
velocity collisions between hard targets (asteroids) sad/
In this paper we investigated the cometary bombardmenteof tiveak projectiles (comets) may result ifffdrent outcomes than
asteroid belt at the time of the LHB, in the framework of thedNi in low-velocity regimes explored so far. Our work thus masoal
model. There is much evidence of a high cometary flux througlerve as a motivation for further SPH simulations.
the giant planet region, but no strong evidence of a cometary We finally emphasize that any collisioy@ynamical models

bombardment on the Moon. This suggests that many cometshe main asteroid belt would benefit from the following ad-
broke up on their way to the inner solar system. By investigajances:

ing the collisional evolution of the asteroid belt and conipg
the results to the collection of actual collisional fanslieur aim i) determination of reliable masses of asteroids of various
was to constrain whether the asteroid belt experiencedansa classes. This may be at least partly achieved by the Gaia

12
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Table 1. A list of asteroid families and their physical parameters. There are tlevfog columnsvey: is the selected cutfovelocity for the hierarchical clusteringy the corresponding number

of family memberspy the adopted value of the geometric albedo for family members which deavetmeasured diameters (from Tedesco et al. 2002 or Masier®614l. a letter 'w’ indicates
it was necessary to use the WISE data to obtain méiean albedo), taxonomic classification (according to the Sloan DSS M@{@drs, Parker et al. 2008ppg parent body size, an additional-
'c’ letter indicates that we prolonged the SFD slope down to £&(a typical uncertainty is 10 %Ppuqa PB size inferred from SPH simulations (Durda et al. 2007), an exclamatark denotes
a significant mismatch witbpg, LR/PB the ratio of the volumes of the largest remnant to the parent bodyn¢@artainty corresponds to the last figure, a range is given if Deghand Dpyq, are

known), vesc the escape velocityy, the slope of the SFD for largdd, g, the slope for smalleb (a typical uncertainty of the slopes is 0.2, if not indicated otherwise)aajcal age including its

uncertainty.

designation Veutof N pv tax. Dee  Dpurda LR/PB Vese 01 [ age notes, references
m/s km km mis Gyr
3  Juno 50 449 0.250 S 233 72 0.999 139-4.9 -32 <0.7 cratering, Nesvosnet al. (2005)
4  \Vesta 60 11169 0.351w V 530 425! 0.995 314-45 -29 10+0.25 cratering, Marchi et al. (2012)
8 Flora 60 5284 0.304w S 150c 160 0.81-0.68 88-3.4 -29 10+05 cut byvg resonance, LL chondrites
10 Hygiea 70 3122 0.055 C,B 410 442 0.976-0.78 24342 -32 20+10 LHB? cratering
15 Eunomia 50 2867 0.187 S 259 292 0.958-0.66  1535.6 -2.3 25+ 05 LHB? Michel et al. (2002)
20 Massalia 40 2980 0.215 S 146 144 0.995 86-5.0 -30 03+0.1
24 Themis 70 3581 0.066 C 268c  380-430! 0.43-0.09 1582.7 -24 25+10 LHB?
44  Nysa (Polana) 60 9957 0.278w S 81c ? 0.65 48-6.9 -2.6(0.5)<1.5 overlaps with the Polana family
46 Hestia 65 95 0.053 S 124 153 0.992-0.53  74-33 -2.0 <0.2 cratering, close to JBresonance
87 Sylvia 110 71 0.045 &X 261 272 0.994-0.88 154 -52 -24 1.0-3.8 LHB? cratering, Vokrouhligket al. (2010)
128 Nemesis 60 654 0.052 C 189 197 0.987-0.87 11234 -33 02+01
137 Meliboea 95 199 0.054 C 174c 240-290! 0.59-0.20 1021.9 -1.8 <3.0 old?
142  Polana (Nysa) 60 3443 0.055w C 75 ? 0.42 45-7.0 -3.6 <1.5 overlaps with Nysa
145 Adeona 50 1161 0.065 C 171c 185 0.69-0.54 10452 -2.8 07+05 cut by J32 resonance
158 Koronis 50 4225 0.147 S 122¢ 170-180 0.024-0.009 68-3.6(0.3) -2.3 25+10 LHB?
163 Erigone 60 1059 0.056 /& 79 114 0.79-0.26 46 ? -36 03+0.2
170 Maria 80 3094 0.249w S 107c 120-130 0.070-0.048 63-2.5(0.3) -2.8 30+10 LHB?
221 Eos 50 5976 0.130 K 208c 381! 0.13-0.020 12335 -21 13+0.2
283 Emma 75 345 0.050 - 152 185 0.92-0.51 90 ? -32 <1.0 satellite
293 Brasilia 60 282 0.175w KX 34 ? 0.020 20 -14(05)-37 0.05+0.04 (293) is interloper
363 Padua (Lydia) 50 596 0.097 /C 76 106 0.045-0.017 45 -18 -30 03+02
396 Aeolia 20 124 0171 K 35 39 0.966-0.70 20 ? -4.3 <0.1 cratering
410 Chloris 90 259 0.057 C 126c 154 0.952-052 74 ? -21 07+04
490 \feritas - - - CPD - 100-177 - - - - .@83+ 0.0005 (490) s likely interloper (Michel et al. 2011)
569 Misa 70 543 0.031 C 88c 117 0.58-0.25 52-39 -23 05+02
606 Brangane 30 81 0.102 S 37 46 0.92-0.48 22 ? -38 0.05+0.04
668 Dora 50 837 0.054 C 85 165! 0.031-0.004 50-4.2 -19 05+0.2
808 Merxia 50 549 0.227 S 37 121! 0.66-0.018 22-27 -34 03+0.2
832 Karin - - - S - 40 - - - - (M058+ 0.0002
845 Naema 30 173 0.081 C 77c 81 0.35-0.30 46-5.2 -29 0.1+0.05
847 Agnia 40 1077 0.177 S 39 61 0.38-0.10 23-238 -31 02+0.1
1128  Astrid 50 265 0.079 C 43c 2 0.52 25 -17 -26 01+0.05
1272 Gefion 60 19477 0.20 S 74c 100-150! 0.001-0.004 606-4.3 -25 0.48+ 0.05 Nesvorg et al. (2009), L chondrites
1400 Tirela 80 1001 0.070 S 86 - 0.12 86 —4.2 -34 <1.0
1658 Innes 70 621 0.246w S 27 ? 0.14 16-4.9 -35 <0.7 (1644) Rafita is interloper
1726 Hdfmeister 40 822 0.035 C 93c 134 0.022-0.007 55-45 -2.7 03+0.2
3556 Lixiaohua 60 439 0.044w /R 62 220! 0.029-0.001 35 -61 -33 0.15+0.05 Novakovt et al. (2010)
3815 Konig 60 177 0.044 C 33 ? 0.32 20 ? -3.0 <0.1 (1639) Bower is interloper
4652  lannini - - - S - - - - - - @05+ 0.005
9506 Telramund 40 146 0.217w S 22 - 0.05 13-39 -37 <0.5
18405 1993 FY, 50 44 0171w X 15 - 0.23 15 -24 -2.4 <0.2 cut by J® resonance
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Table 2. Continuation of Table 1.

designation Veutof N  pv tax. Dpg Dpuda LR/PB Vesc [ [ age notes, references
m/s km km nms Gyr
158 Koronigy) - - - S 35 - - - - 0015+ 0.005 cratering, Molnar & Haegert (2009)
298 Baptistina 50 1249 0.160w /X 35c - 0.17 21 -36 -24 <0.3 part of the Flora family
434 Hungaria 200 4598 0.35 E 25 - 0.15 15 -59 -31 05+0.2 Warner et al. (2010)
627 Charis 80 235 0.081 S >60 - 0.53 35 ? -34 <1.0
778 Theobalda 85 154 0.060 C 97c - 0.29 57 ? =29 0.007+ 0.002 cratering, Novako#i(2010)
302 Clarissa 30 75 0.054 C 39 - 0.96 23 ? =31 <0.1 cratering, Nesvogn(2010)
656 Beagle 24 63 0.089 C 64 - 0.56 38 -13 -14 <0.2
752  Sulamitis 60 191 0.042 C 65 - 0.83 39 -65 -23 <0.4
1189 Terentia 50 18 0.070 C 56 - 0.990 33 ? -267? <0.2 cratering
1892  Lucienne 100 57 0223w S 14 - 0.71 8 ? -44 <0.3
7353 Kazvia 50 23 0.206w S 16 - 0.57 8 ? -18 <0.1
10811 Lau 100 15 0273w S 11 - 0.77 5 ? -28 <0.1
18466 1995 Sk} 40 71 0241w S 14 0.045 7 ? -50 <0.3
1270 Datura - - - S - - - - 0.00045-0.00060 identified in osculatingaels space,
14627  Emilkowalski - - - o~ - - - - - - 0.00019-0.00025 Nesvoyr& Vokrouhlicky (2006)
16598 1992 YG - - - S - - - - - - 0.00005-0.00025
21509 Lucascavin - - - S - - - - - 0.0003-0.0008
2384  Schulhof - - - S - - - - 0.0007-0.0009 Vokrouhljc& Nesvorry (2011)
27 Euterpe 70 268 0.260w S 118c - 0.998 70 -29 -22 <1.0 cratering, Parker et al. (2008)
375 Ursula 80 777 0.057w C 203c 240-280 0.71-0.43  120-41 -23 <3.5 old?
1044 Teutonia 50 1950 0.343 S 27-120 - 0.17-0.98 16-A35 -39 <0.5 depends on (5) Astraea membership
1296 Andree 60 401 0.290w S 17-74 - 0.010-0.95 1043 ? -29(05) <1.0 depends on (79) Eurynome membership
2007 McCuskey 34 236 0.06 C 29 - 0.41 17 ? -56 <0.5 overlaps with Nys®&olana
2085 Henan 54 946 0.200w S 27 - 0.13 16 -42 -32 <1.0
2262 Mitidika 83 410 0.064w C 49-79¢ - 0.037-0.81 26-46-45 -22 <1.0 depends on (785) Zwetana membership,
(2262) is interloper, overlaps with Juno
2 Pallas 200 64 0.163 B 498c - 0.9996 295 ? =22 <0.5 highd, Carruba (2010)
25 Phocaea 160 1370 0.22 S 92 - 0.54 55 -31 -24 <2.2 old? hight/e, cut byvs resonance, Carruba (2009)
148 Gallia 150 57 0.169 S 98 - 0.058 58 ? -36 <0.45 hight
480 Hansa 150 651 0.256 S 60 - 0.83 35 -49 -32 <1.6 high4
686 Gersuind 130 178 0.146 S 52c - 0.48 40 ? =27 <0.8 highd, Gil-Hutton (2006)
945 Barcelona 110 129 0.248 S 28 - 0.77 16 ? -35 <0.35 hight, Foglia & Masi (2004)
1222 Tina 110 37 0.338 S 21 - 0.94 12 ? 41 <0.15 hight
4203 Brucato - - - - - - - - <1.3 in freq. space
31 Euphrosyne 100 851 0.056 C 259 - 0.97 153 -49 -39 <15 cratering, high- Foglia & Massi (2004)
702 Alauda 120 791 0.070 B 218c 290-330! 0.025 129 -39 -24 <35 old? hight, cut by J21 resonance, satellite
(Margot & Rojo 2007)
107 Camilla ? ? 0.054 - >226 ? ? ? ? ? 3.8? LHB? Cybele region, non-existent today,
121 Hermione ? ? 0.058 - >209 ? ? ? ? ? 3.8? LHB? Vokrouhliglet al. (2010)




Table 3. Continuation of Table 1.

designation Veuto N pv tax. Dpg Dpurda LR/PB Vesc 1 [ age notes, references
m/s km  km s Gyr
1303 Luthera 100 142 0.043 X 92 - 0.81 54 -3.9 -2.7 <0.5 above (375) Ursula
1547 Nele 20 57 0311w X 19 - 0.85 1 2 -2.8(0.3) <0.04 close to (3) Juno
2732 Witt 60 985 0.260w S 25 - 0.082 15 -4.0(03) -3.8 <1.0 only part with sid > 0.099, above (363) Padua
81 Terpsichore 120 70 0.052 C 119 - 0.993 771 ? -4.4 <0.5 cratering, less-certain families in the “pristine zone”
709  Fringilla 140 60 0.047 X 99c 130-140 0.93-0.41 59-6.2 -1.7 <2.5 old?
918 Itha 140 63 0.23 S 38 - 0.16 22 2.7 -15 <1.5 shallow SFD
5567 Durisen 100 18 0.044w X 42 - 0.89 25 2 -1.7 <0.5 shallow SFD
5614 Yakovlev 100 34 0.05 C 22 - 0.28 13 ? -32 <0.2
12573 1999 Ns} 40 13 0.190w C 15 - 0.13 9 ? -2.0(05) <0.6 incomplete SFD
15454 1998 YB 50 14 0.054w C 21 - 0.41 13 ? -1.6(03) <0.5 shallow SFD
15477 1999 C@ 110 144 0.098w S 25 - 0.065 14 2 -46(05) <15
36256 1999 XT; 60 30 0.210w S 17 - 0.037 10 ? -1.4(05) <0.3 shallow SFD
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