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Cratering rate on the jovian system: the contribution from Hilda aster
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Abstract

We study the dynamical evolution of the Hilda group of asteroids trough numerical methods, performing also a collisional pseudo-
of the present population, in order to calculate the rate of evaporation and its contribution to the cratering history of the Galilean
If the present population of small asteroids in the Hilda’s region follows the same size distribution observed at larger radii, we find
family is the main contributor to the production of small craters (i.e., crater with diametersd ∼ 4 km) on the Galilean system, overcoming t
production by Jupiter Family Comets and by Trojan asteroids. The results of this investigation encourage further observational c
in order to determine the size distribution function of small Hilda asteroids.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Impact cratering has been a natural and common pro
in the Solar System. The collision of bodies was a fun
mental and frequent mechanism during planetary accre
Although the impact rate has been decreasing as the S
System was stabilizing, we have a considerable amoun
evidence of an intense impact process in the past, for alm
all the bodies of the Solar System. The impact process o
inner Solar System has been vastly studied, mainly, tro
studies of lunar cratering.

To study the impact cratering history of bodies in t
outer Solar System we have a natural and appropriate
nario, the four Galilean satellites: Io, Europa, Ganyme
and Callisto. Io has no known impact craters. Europa, is
icy world crossed by a network of dark fractures. The ex
tence of few impact craters suggest that geologic proce
are active today, and that it has a young surface. The la
Galilean satellite, the icy moon Ganymede, has a dark, h
ily cratered terrain with more recent brighter grooved terra
It also shows evidence of geologic activity, but its surfa
is very old, dating from the Late Heavy Bombardment
earlier. Also Callisto is very old. Its surface is complete
saturated by craters. One feature unique to Callisto is
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remnant structures of numerous impacts. The recent im
obtained by the Galileo mission raise crucial questions a
the nature of impactor populations in the jovian system.

Zahnle et al., 1998 (Z98), studied a number of po
lations that produced the craters on the Galilean satell
They discussed in detail the Jupiter Family Comets (JF
using the numerical study of Levison and Duncan (199
Other sources, like Long Period Comets, Trojan astero
and asteroids from the main belt were also considered.
also analyzed the production of 10- and 20-km craters
estimated ages for Europa and Ganymede’s surfaces.

Levison and Duncan (1997) performed a numerical sim
lation where the dynamical evolution of 2200 massless
ticles was followed for 1× 109 yr, under the gravitationa
influence of the Sun and the four giant planets, from th
origin in the Kuiper Belt. As a by product, they have c
culated the impact rates of ecliptic comets on the plan
In particular they found for impacts on Jupiter one co
sion every 400 years; this number was found by dire
counting the impacts during the simulation. Z98, used th
data to characterize the orbits of JFCs encountering Jup
and using a Monte Carlo model, simulated the interac
of comets from this orbital distribution with Jupiter and
satellites, determining the impact velocities and relative
pact probabilities with respect to Jupiter. They obtained
at least 90% of the cratering on the Galilean satellite
due to impacts by JFCs. Subsequently, Levison et al., 2
reevaluated the impact rates on the planets from ecl

http://www.elsevier.com/locate/icarus
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comets. They found that current impact rates on the g
planets are actually about four times smaller than in L
son and Duncan (1997). For Jupiter they calculated a v
of 6.3× 10−4 col. per yr or a collision every 1600 yr. So, th
estimates done by Z98 for the Galilean satellites shoul
corrected by that factor. One uncertainty of those estim
is the relative importance of inactive comets. In this se
another correction has to be done to the rates, taking int
count a new estimate of the number of JFCs withq < 2.5 AU
given by Bottke et al. (2002). Based on scaling the num
of inactive comets, rather than active comets, they obta
that the number of kilometer-size comets in the JFC reg
is a factor of 3 lower than the estimates done by Leviso
al. (2000). This factor directly affects the impact rates on
Galilean satellites, reducing by a factor of three the imp
by JFCs previously obtained. So the values in Z98 hav
be reduced by a factor of 12.

For the Trojan asteroids, Z98 consider the fact that a
Trojan asteroids escape from the resonance they follow
orbital evolution like that of JFCs. They stated that the ra
of trojans to all JFCs is 1/40, so depending on the Troja
mass distribution, they contribute at a 1–10% level to
craters on the Galilean satellites.

With respect to the main belt asteroids, Z98 used
analysis of Gladman et al. (1997) who studied the orb
evolution of asteroids escaped from unstable resonan
Scaling the impacts on the Galilean satellites to the N
impact rate on the Earth, Z98 found that the contribu
of asteroids from the main belt to the cratering rate on
Galilean system is negligible with respect to the one
JFCs. The well-known fact that the region of the main b
interior to the 3: 1 mean motion resonance does not sup
asteroids to the external region of the Solar System (Fer
dez et al., 2002) is probably the reason for this low va
However, the contribution to the cratering of the Galile
satellites by the external main belt was not analyzed in Z
and so we have focused our attention to this zone.

The Hilda group of asteroids is placed in the 3: 2 mean
motion resonance with Jupiter. Taxonomically, they
mainly of P class and there are some D class, too. T
spectra may indicate mineralogies rich in low tempera
materials, such as carbon compounds, complex orga
clays, water, and volatiles. The P and D taxonomic cla
are probably transitional objects, between the rocky a
oids of the main belt and the volatile-rich comets in
Kuiper Belt and the Oort Cloud. The Hilda asteroids
an important population characterized by a great dynam
stability on its central zone where an asteroid can last fo
age of the Solar System (Nesvorný and Ferraz-Mello, 1
Ferraz-Mello et al., 1998). However, this thin zone is s
rounded by a strongly unstable boundary, where the c
acteristic permanence times are very short. Therefor
asteroid entering in these zones is quickly ejected from
resonance.

In this paper we study the dynamical evolution of Hil
asteroids escaping from the resonance and performed a
-

.

-

,

l-

lisional pseudo-evolution, in order to calculate their con
bution to the cratering history of the Galilean satellites.

The paper is organized as follows: In Section 2 we pre
the initial conditions and the relevant results of the num
ical simulation of the dynamical evolution of a sample o
fictitious population of asteroids in the 3: 2 mean motion
resonance with Jupiter. In Section 3 we perform the sca
of impacts onto Jupiter vs. impacts onto the Galilean sa
lites. Section 4 is devoted to studying the population of
Hilda asteroids and the rate of evaporation of the popula
due to catastrophic collisions. In Section 5 we compute
cratering rate on the Galilean satellites and the last secti
devoted to the conclusions.

2. Initial conditions and numerical simulation

We have performed a numerical integration of 500 m
less particles under the gravitational influence of the Sun
the planets from Mercury to Neptune, with the hybrid si
plectic integrator EVORB (Fernández et al., 2002). The
tial conditions of the objects in semi major axis, eccentri
and inclination were generated at random, but following
distributions of orbital parameters of the real Hilda astero
taken from the asteroid data base of the Lowell Obse
tory. The distributions in the space of orbital elementsa, e, i

are shown in Fig. 1. We are not interested here in the
bility of asteroids inside the 3: 2 resonance, nor in the ra
of the dynamical “evaporation” of the resonance, but in
dynamical evolution the asteroids follow after escape fr
the resonance. At present, the main mechanism of ev
ration of the resonance is collisional evolution. Gil Hutt
and Brunini (2000) have shown that mutual collisions m

Fig. 1. Orbital elements of the real population of Hilda asteroids and d
bution of the same elements of our fictitious test particles.
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change the orbital elements of stable Hilda asteroids, m
ing them to unstable regions, where they can escape sh
after. In addition, a collision also changes the critical an
(Ferraz-Mello, personal communication). For this reas
the initial longitude of the perihelion, ascending node a
mean anomaly were generated at random, so our test p
cles are not, in general, resonant objects, but represen
of fragments recently moved from their original stable
bits. The sample was integrated for 1× 109 yr.

After the total time span of the numerical integratio
nearly 80% of the objects left the region of the Hilda as
oids. In the way we have generated the initial conditions,
number cannot be interpreted as representative of the ra
dynamical evaporation of the Hilda group, and in fact it w
be not used in our further calculations. In Section 5 we w
analyze the evaporation rate of the Hilda group in detail.

The information extracted form the simulation that w
be used in our further calculations is the following

1. 8% of the objects leaving the resonance end up imp
ing Jupiter. By comparison, the fraction of Jupiter T
jans that, after leaving both the L4 and L5 swarms,
up colliding Jupiter, is only of about 2% (Fernández a
Mallada, personal communication, 2002). It is also s
nificant compared with the 2% of JFCs that hit Jup
in the Levison and Duncan (1997) simulation.

2. The relative velocity of impact between escapees f
the Hilda region and the Galilean satellites. Rather t
using any approximation, it was possible to comput
directly from the simulation. We have recorded po
tions and velocities relative to Jupiter in about 3× 104

close encounters at less than 2 Hill radii, at very sm
time steps. Therefore, it was possible to obtain the r
tive velocity of the objects with respect to Jupiter wh
they were at a distance from the planet comparabl
the orbital semi major axes of the Galilean satellites.
have defined spherical shells centered at Jupiter, w
mean radius equal to the orbital semimajor axis of e
Galilean satellite, and with a half width of about±5% of
each satellite physical radius. As the geometry of the
counters within 2 Hill’s radii of Jupiter is near isotropi
the mean velocity of all the objects entering these sh
are representative of the typical relative velocity wh
the objects intersect the orbit of each one of the Galil
satellites. The values so obtained are summarized in
ble 1. Varying the 5% threshold from 1 to 10%, on
affects the dispersion of the means, but the means th
selves vary by less than 3%.

As our initial conditions have been not generated in a w
self consistent with a collisional process, we have repe
our calculations dividing the sample of escaped particle
two subsamples: one with the particles escaped during
first 500 Myr, and a second subsample with the ones esc
during the last 500 Myr (i.e., those particles from more s
-
e

f

-

d

Table 1
Satellite data and impact velocities

Io Europa Ganymede Callisto

as 5.9 9.4 15.0 26.4
rs 1820 1570 2630 2400
vs 17.3 13.7 10.9 8.2
v0 24.3± 0.5 19.6± 0.4 15.7± 0.1 12.0± 0.1
vimp 29.6 23.7 19.1 14.5
Ṅsat/ṄJupiter 1.32× 10−4 6.32× 10−5 1.17× 10−4 5.93× 10−5

as : semi major axis of the satellite [jovian radii].rs : satellite geometri-
cal radii [km]. vs : satellite orbital velocity [km s−1]. v0: mean velocity of
Hilda asteroids when they intersect the Galilean satellite orbit [km s−1].
vimp: mean velocity of impact onto each Galilean satellite [km s−1].

Ṅsat/ṄJupiter: rate of impacts onto each Galilean satellite/rate of impa
onto Jupiter.

ble regions). We have not observed statistically signific
differences.

The velocity of impact on the Galilean satellites w
computed assuming that the geometry of the collision
isotropic. In this situation, if the satellite orbital veloci
is vs , the most probable collision velocity may be compu
as

(1)vimp =
√
v2
s + v2

0,

wherev0 is the mean velocity of Hilda asteroids, when th
intersect the Galilean satellite orbit.

The values of the collision velocities, listed in Table
are very similar to the ones computed by Z98 for impact
Jupiter family comets onto the Galilean satellites, and di
only in about 10%.

3. Impact rate on the Galilean satellites

It is possible now to obtain the probability of impact
each Galilean satellite, relative to probability of impact o
Jupiter. In principle, there are several ways to compute th
values, and we follow the very easy procedure derived
Harris and Kaula (1975). The relative impact rate is giv
by

(2)
Ṅsat

Ṅplanet
=

(
rs

rp

)2(1+ 7θrp/rs
1+ 2θ

)
,

wherers andrp are the satellite and planetary radii, resp
tively, andθ is a dimensionless parameter first introduced
Safronov (1969), whose expression is

(3)θ = Gmp

rpv2∞
,

wheremp is the planetary mass,G the constant of gravi
tation, andv∞ is the relative velocity of the objects whe
entering in the Hill’s sphere of the planet. In our case
was possible to compute this relative velocity, in a fash
very similar to the one used to computev0, being v∞ =
5.45 km s−1, which is very similar to the value for Jupite
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family comets obtained by Z98, ofv∞ ∼ 5 km s−1. There-
fore, as the only different parameter entering in Eq. (1)
these two populations is the relative velocity, we would
pect very similar results for the probability of impacts
Jupiter for Hildas and JFC. The values ofṄsat/ṄJupiter are
shown in Table 1, where it is possible to observe that
relative differences with the values shown in Z98 (in th
Table I) for JFC, and obtained by means of a more soph
cated Öpik formalism, are less than 6%.

4. Hilda population

As of October 31, 2002, 814 Hilda asteroids were c
loged in the asteroid data base of the Lowell Observa
(http://asteroid.lowell.edu). From this sample, a subsamp
of 35 asteroids have had their diameters estimated. F
displays the relation between the diameterD, and the cata
loged absolute magnitudeH of this sub-sample. Also show
in Fig. 2 is a least square fit of the form

(4)logD(km)= sH + b,

wheres = −0.189± 0.01 andb = 3.673± 0.14. Extrapolat-
ing this fit to the whole sample (i.e., assuming that the m
geometric albedo does not change with size), it is poss
to estimate the diameters of the entire population. The
mulative number of objects with diameter greater thanD0,
N(> D0), is shown in Fig. 3. Although the sample at ve
large sizes should not be included, since it has not bee
fected by collisional evolution, it is possible to perform
unique power law fit to the cumulative number of obje
of the sample, up toD ∼ 12 km, of the form

(5)N(>D0)∝D
q

0 ,

revealing that the observed sample is complete up to thi
ameter, a result already reported by Davis et al. (2003).
best fit is obtained forq = −2.11±0.008, which agrees with
an outcome of a collisional cascade. Roig et al. (2002) h
performed a similar study, foundq = −2.17. It is worth not-

Fig. 2. Known Hilda asteroids with well determined diameters and the
square fit of the relation between the absolute magnitudeH and the diame-
ter in km.
-

Fig. 3. Population of all known Hilda asteroids. The slope of the least sq
fit to the relation between log(N) and log(D) is q = −2.11± 0.008.

ing thatq is not too sensible to the upper limit included
the sample.

Extrapolating to smaller diameters with this exponent,
obtain a total population of Hildas larger thanD0 = 2 km
(i.e., radiusr = 1 km) of about 25000 asteroids, which
about 8% of the estimated population at the L4 and L5 T
jan swarms, of about 3.2× 105 objects (Jewitt et al., 2000
As it is the case for Trojan asteroids, there is no genera
consensus about the Hilda population at small diameters
a smaller population than the number quoted above is
sible (Davis et al., 2003). Therefore, more observations
needed in order to shed light on this question.

With all these information at hand, it is possible now
compute the diameter of a simple crater produced by ob
from the Hilda region. We have used the same express
recommended by Schmidt and Housen (1987). They pro
to use the scaling relation

(6)ds = 1.4

(
ma

2ρs

)0.26(
ρa

ρs

)0.073

g−0.22
s v0.44

imp cm,

wherema andρa are the mass and density of the impac
that we have assumed to be 2.5 g cm−3, ρs is the density of
the target andgs its surface gravity. It is worth noting tha
the crater diameter is rather insensitive to the bulk den
adopted for the projectile. This expression is to be ev
ated in cgs units. It is worth noting that the uncertainty
crater diameter for a given impactor is probably about 3
We have also included an additional correction for comp
craters, because larger craters are considerably shal
and wider than the simple crater described by Eq. (6).
crater diametersds > dc predicted by Eq. (6), the final crat
diameter is computed by (McKinnon et al., 1991)

(7)d = d1.13
s d−0.13

c ,

wheredc is the transition between simple and complex cra
structure. Following Chapman and Mc Kinnon (1986),
adopted a value ofdc = 4 km for craters on Ganymede. Th
numerical coefficient in Eq. (6) was computed conside
the most probable incident angle of 45◦.

http://asteroid.lowell.edu
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Table 2
Population of Hildas capable of producing craters withd > 10 km

Satellite ma Da N(>Da)

Io 1.86E+14 0.522 4× 105

Europa 3.68E+13 0.304 13× 105

Ganymede 5.72E+13 0.352 10× 105

Callisto 8.10E+13 0.396 8× 105

Population of Hilda asteroids capable of producing craters withd > 10 km
as computed from our cumulative size distribution function.ma is the
minimum mass [g] of a Hilda asteroid capable of producing a crate
d = 10 km on each one of the Galilean satellite.Da is the corresponding
asteroid diameter [km], assuming a bulk density of 2.5 g cm−1.N(>Da) is
the number of Hilda asteroids larger than this diameter.

Table 2 shows the estimated population of Hilda aster
capable of producing craters ofd > 10 km on each one of th
Galilean satellite.

5. Rate of evaporation of the Hilda asteroid resonant
group by collisions

Hilda asteroids from the stable zone may reach the
stable boundary of the resonance following some dynam
route. In general, these routes of diffusion are very sl
and the evaporation rate of the resonance is very slow
However, the Hilda asteroids form a population subject
strong collisional evolution. As for Trojans, exchange of i
pulse during collisions is the most efficient way to reach
unstable regions of the boundary of the resonance and es
from it. Therefore, to compute the rate of evaporation of
Hilda swarm, a collisional evolution model should be stu
ied. As our interest is limited to compute the present rat
evaporation, we have performed only one step in the pro
of collisional evolution of the population, following the pr
scriptions of Davis et al. (2003) and Gil Hutton and Brun
(2000), i.e., a sort of a collisional “pseudo-evolution,” whe
the population is considered in steady state. In a real
lisional evolution, the population evolves, therefore we
considering that this evolution is at present slower than
relevant time scales involved in our problem.

To study the collisional evolution of the Hilda popul
tion we will look for catastrophic collisions, which as usu
are defined as the collisions where the largest piece resu
from them contains 50% or less of the initial target ma
The radiusrp of the smallest projectile capable of shatter
a target with radiusra is (Davis et al., 1989)

(8)rp = ra ×
(

4S

ρav2

)1/3

,

whereρa is the density of the asteroid,v = 4.6 km s−1 the
collision velocity (Gil Hutton and Brunini, 2000) betwee
Hildas, andS is the impact strength. For this last param
ter, we used the energy scaling algorithm recommende
Davis et al. (1994)

(9)S = S0 + 4πkGρ2
ar

2
a ,
15
e

whereS0 = 3×107 erg cm−3,G is the gravitational constan
andk is a dimensionless parameter, that we have adop
following Davis et al. (2003), equal to one.

Then the catastrophic collision probability per unit tim
of an asteroid of radiusra is

(10)P(ra)= Pi

rmax∫
rp

(ra + r)2n(r) dr,

wherermax is the largest object in the population,Pi is the
intrinsic probability of collision andn(r) is the differen-
tial size distribution of the population. For the case of
Hilda asteroids, we have obtainedn(r) ∝ r−3.11. For the
Hilda asteroids we adoptedPi = 0.65× 10−18 km−2 yr−1

(Gil Hutton and Brunini, 2000). These set of values
different than those found by Dell’Oro et al. (2001), i.
Pi = 1.93× 10−18 km−2 yr−1 andv = 3.14 km s−1. These
differences probably arise from the different methods
computing them. Nevertheless, a computation with this
have not offered noticeable differences in our final res
(within a 7%). It is probably due to the fact that a high
intrinsic probability of collisionPi is partially compensate
by a lower typical collision relative velocityv. Per unit time,
the number of asteroids of radiusra receiving a catastrophi
collision is given by

(11)Ncol(ra)=N(ra)P (ra),

whereN(ra) is the number of objects with radiusra .
The outcome of a catastrophic collision is a numbe

fragments, distributed in an incremental size distribution
the form

(12)N(> m)∝m−p

(Greenberg et al., 1978; Zapalá et al., 1984; Fujiwara e
1989), whereN(> m) is the number of fragments havin
masses larger thanm. The exponentp is a function of the
mass of the largest fragment normalized to the mass o
original bodyma . Equations (8) to (12) allow us to com
pute the number of fragments larger than a given diam
produced in the Hilda region by unit time. However, only
fraction of the fragments can escape the gravitational at
tion of the largest body and eventually, if the velocity is hi
enough, can also escape from the resonance. The cum
tive velocity distribution of the fragments is modeled w
the usual formulation (Gault et al., 1963)

(13)f (> V )= (V /V0)
−9/4,

f (> V ) is the fraction of objects moving faster thanV ,
andV0 is a lower cutoff for the fragment velocities, whic
is obtained from the energy partitioning coefficient defin
as the fraction of the collisional kinetic energy which go
with the fragment motion, and is often taken to be betw
1 and 10%. We have adopted the conservative value of
although we have carried out experiments exploring all
range of possible values not obtaining too different resu
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To compute the number of fragments escaping from the
onance, we adopted the same prescription as in Gil Hu
and Brunini (2000). If the fragment acquires a small impu
its orbital velocity changes a small amount"V . In this situ-
ation we can write, by means of Gauss’ equations

(14)"a = 2

n
"VT ,

where"VT is the component of"V in the direction of
motion, a is the semimajor axis of the fragment andn is
the mean motion. From Ferraz-Mello et al. (1998) we
tain "a ∼ 0.05 AU as the half width of the stable regio
therefore, a fragment originally placed at the center of
resonance can reach its unstable boundaries if its veloc
incremented by an amount of"VT > 0.094 kms−1. If the
relative velocities of collisions between the projectile a
the target are assumed equally partitioned between the
components, the ejection velocity needed to escape the
onance is"V > 0.163 kms−1. It should be compared wit
the ejection velocity obtained by the same procedure fo
Trojan asteroids, which is of 0.65 km s−1, i.e., four times
higher than for Hilda asteroids, revealing that the Tro
population is dynamically more stable against collisions

Equations (8) to (14) are therefore the relations that a
us to compute the rate of production of fragments larger
a given diameter escaping from the resonance as a res
the collisional evolution.

Cratering collisions should also be considered, altho
the exchange of impulse during this kind of event is less
fective to produce ejection from the resonance. It is wo
noting also that in this case only one object (if any) c
escape from the resonance at each collision, so the con
tion from this regime to the cratering history of the Gallile
satellites should not be important.

6. Cratering rate

With all this information at hand it is possible to compu
the rate of production of fragments escaping from the H
swarm, and capable of producing craters larger than a g
diameter on each one of the Galilean satellites. We ass
that after escaping from the resonance by collisional ev
tion, the asteroids will follow a dynamical evolution simil
to the one obtained in our simulation (see Section 2). Th
fore only 8% of the fragments escaped from the resona
will end up impacting Jupiter, and only a small fractio
which is given in Table 1, will impact a given Galilean sat
lite. As we have computed the rate of escape form the H
region in the preceding section, it is possible to compute
rate of impact on each one of the Galilean satellite. The
of production of craters (̇C), larger than a given diamete
may be now computed from the expressions given in S
tion 4.

The results of these calculations are shown in Table
terms of the smallest target diameterra to which the size dis
tribution function at larger diameters may be extrapola
e
-

f

-

Table 3
Cratering rate for craters with d> 10 km

r > ra [km] Ċ−1
I [y] Ċ−1

E [y] Ċ−1
G [y] Ċ−1

C [y]

0.4 2.1× 107 1.5× 107 1.1× 107 2.6× 107

0.6 6.9× 107 4.9× 107 3.6× 107 8.9× 107

0.8 1.6× 108 1.2× 108 8.4× 107 2.1× 108

1.0 3.2× 108 2.3× 108 1.6× 108 4.1× 108

1.5 1.1× 109 7.7× 108 5.5× 108 1.4× 109

(JFC) 2.6× 107 1.5× 107 1.0× 107 2.6× 107

Ċ−1: Mean interval between impacts on the Galilean satellites in ye
capable to produce craters withd > 10 km.ra is the radius of the minimum
target considered to be member of the Hilda population. The last row
the mean intervals between craters withd > 10 km computed by Z98 fo
JFC, and corrected by the factor of 12.

because this is the main uncertainty factor in our calc
tions.

It is worth noting that we are considering that the Hi
population follows the same cumulative size distribut
function up to very small diameters. Not only the diam
ters of the small targets but the much smaller diameter
the smallest projectile capable to shatter them. For exam
the diameter of the smallest projectile capable of shatte
an asteroid ofD = 400 m is of aboutD = 20 m.

However, the current observational cumulative size
tribution function of the Hildas shows a break of the slo
in D = 12 km (see Fig. 2). The small width in semima
axis of the resonance, and the low escape velocity from
means that small fragments produced by collisions clos
the boundary of the resonance can easily escape. This
produce a depletion of the Hildas size distribution for l
diameters and a permanent loss of small fragments, (Gil
ton and Brunini, 2000). On the other hand, the collisio
evolution produces small objects from greater ones, so
could balance the low diameter depletion.

However, a high collisional activity at present seems
be not compatible with a collisionally relaxed populatio
Therefore, following Davis et al. (2003) we assume that
change of slope observed atD ∼ 12 km is due to an obse
vational selection, and under this assumption (i.e., tha
Hildas follow the same size distribution at smaller radii),
crater production from Hilda asteroids is comparable to
rate of production by Jupiter Family Comets. We give
results in terms of the smallest target considered in the c
sional evolution model.

Europa has only 27 known craters withd > 4 km (Moore
et al., 2001). Although Bierhaus et al. (2001) states tha
vast majority of small craters are secondaries, probabl
craters larger than 2 km are primary craters. So,d > 4 km
seems to be a safe election for primary craters. In Tab
we give the same information than in Table 3 but for cra
with d > 4 km. It is possible to see that different conside
tions regarding the population of the Hilda group at sma
diameters may change substantially the determination o
age of Europa’s surface features, although in any case
very young.
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Table 4
Cratering rate for craters with d> 4 km

r > ra [km] Ċ−1
I [y] Ċ−1

E [y] Ċ−1
G [y] Ċ−1

C [y]

0.2 2.5× 105 2.3× 105 1.6× 105 4.1× 105

0.4 2.0× 106 1.8× 106 1.3× 106 3.3× 106

0.6 6.7× 106 6.2× 106 4.4× 106 1.1× 107

0.8 1.6× 107 1.5× 107 1.0× 107 2.6× 107

1.0 3.1× 107 2.9× 107 2.0× 107 5.1× 107

2.0 2.5× 108 2.3× 108 1.6× 108 4.1× 108

3.0 8.3× 108 7.7× 108 5.5× 108 1.4× 109

Ċ−1: Mean interval between impacts on the Galilean satellites, capab
produce craters withd > 4 km.

We want to mention that the last rows in Tables 3 an
should be taken with caution, because the time intervals
too long as to neglect the evolution of the Hilda populat
due to collisional evolution.

It is worth noting that two stable populations relative
isolated from the main asteroid belt (i.e., Trojan and Hi
asteroids), have such different contributions to the crate
rate of the Galilean satellites. The population of Trojan
probably 13 times the population of Hilda asteroids, ho
ever:

• The intrinsic collision probability for Hildas is 2 time
higher than for Trojans (Gil Hutton and Brunini, 2000
so, although the Hilda region is 13 times less popula
than both Trojan swarms, collisions are only 13/2= 6.5
times less frequent than among Trojans.

• Another factor of 1/2 must be considered, because
Trojans are occupying two almost independent gro
(i.e., the L4 and L5 swarms).

• The fact that the escape velocity of Trojans is four tim
the one for Hildas, makes it more difficult a fragme
to escape from the resonance (the Trojans are more
ble than the Hildas against evaporation due to collisio
evolution).

• Numerical simulations of the dynamical evolution of t
Trojan swarms (Fernández and Mallada, 2002, pers
communication), have shown that only 2% of esca
Trojans impact Jupiter. This is a low value compa
with the 8% for the Hildas.

All these factors together make the Hilda contribution
the cratering rate on the Galilean satellites to be 4–5 ti
more important than the one due to the Trojan asteroids

A major difference between the cratering rates from Hi
asteroids and JFC is regarding the time-scales involve
the process. As it is shown in Fig. 4, nearly 75% of
objects that impact Jupiter do so in less than 5× 104 yr
after escape from the resonance. It represents a very
time as compared with the 40 Myr that typically spen
a comet to travel from the Kuiper Belt to the Jupiter reg
(Levison and Duncan, 1997). We could speculate that
ter a catastrophic collision, many fragments escape from
Hilda region. A considerable number of them end-up col
-

l

t

Fig. 4. Distribution of the time elapsed after escape from the 3: 2 resonance
up to the collision with Jupiter, for 31 asteroids from the simulation, w
this end-state.

ing Jupiter (∼ 8%) during the relatively short time interv
of some 104 yr. If some signature of this kind of process
found on the surfaces of the Gallilean satellites, it would
nish important clues regarding the past history of the Hild

7. Conclusions

We have found that the Hilda asteroid population could
the main source of small impact craters on Jupiter satell
even overcoming the contribution from JFCs. From our
merical simulations of the dynamical evolution of fictitio
Hilda asteroids, we have obtained that 8% of the parti
that leave the resonance hit Jupiter. None of them hit
terrestrial planets. In contrast, Z98, based in the nume
simulation made by Gladman et al. (1997) about the dyna
cal evolution of objects in asteroid belt resonances interio
3.5 AU, demonstrated that the main asteroid belt contrib
a negligible fraction to the Galilean satellite cratering. O
could say that the cratering history of the inner and ou
Solar System is different, and the fact that a compact p
ulation such as the Hilda family could be the main sou
responsible for the production of small craters in the zon
Jupiter, makes us think that the catering histories of bo
of the outer Solar System have to be separately analyze
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