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Abstract. The collision velocities and collision frequencies oéccentricities and inclinations of two objects to calculate the
Hilda asteroids have been investigated numerically. The coliellision velocities and impact rate between them. Wetherill’s
sion probabilities and collision velocities have been determindteory was refined by Bottke et al. (1994) by also including
from a data base of close encounters, obtained by numerical inikee relative probability of all possible collision geometries be-
grations of the orbits of 909 asteroids for 55 000 years. The intereen each asteroid pair, which earlier was assumed to be equal
grationincluded all known main-belt, Cybele, Hilda, and Trojafor all geometries. A different approach was taken by Vedder
objects larger than 50 km in diameter. The mean collision prot{d996) using a purely statistical method to derive the collisional
bility is lower for Hilda asteroids than for main-belt, Cybele angroperties of asteroids.

Trojan asteroids. Out of ten collisions involving a Hilda object, The collisional properties of the Trojan asteroids were stud-
about seven are with main-belt objects, and the other three detl by Marzari et al. (1996), performing numerical integrations
lisions are evenly distributed among the three outer-belt group§Trojan orbits, and analysing the close encounter data obtained
The collision probabilities of individual Hilda asteroids have during the numerical integration. They also included Hilda as-
strong correlation with the eccentricity of their orbits, resultingeroids in their study because their orbits may intersect the orbits
in a wide range (about a factor of six) of collision probabilitiesf Trojan asteroids.

among the Hilda objects. The mean collision velocity of the The collisional properties of the Hilda asteroids have as yet
Hilda asteroids is 4.Bms™—! , which is 0.%ms~! lower than not been studied as they were not included in the main-belt
the average for main-belt objects. The mean collision velocisyudies mentioned above. In the study by Marzari et al. (1996)

of individual Hilda objects range from 3.3 to & s~ . main-belt objects were not included and therefore their results
concerning the collision probabilities of the Hilda asteroids are
Key words: asteroids of minorimportance. Since the orbits of Hilda asteroids intersect

orbits of both main-belt and Trojan asteroids, objects from the
whole asteroid belt have to be accounted for to correctly inves-
tigate the collisional properties of Hilda asteroids. The aim of
1. Introduction this paper is to determine the collisional properties of the Hilda

Objects in the asteroid belt collide with each other due to thgpulation since thesg quantities are (_:rucial when t.rying to im-
simple fact that they have elliptic orbits. Collisions of asteroidg Ove our understanc_:img of thg rotational prqpemes, shapes,
is believed to be an essential process behind the physical ragl lifetimes of the Hilda asteroids. Extrapolating the collision
rameters of asteroids that we observe today, such as rotati gpabilities and collision velocities from the main-belt studies
properties, shapes, surface morphologies, and size distribut@ntSing the incomplete results from the Trojan study can lead

CoIIisionveIocitiesandimpactratesarealsokeyfactorstodetg}-ser'ousde"ﬁrs' llisional . fthe Hild ids th
mine the lifetime of asteroids. In this paper, which is the third in To study the collisional properties of the Hilda asteroids the

a series about Hilda asteroids, their collisional properties will %guanons of motion for a representative population of asteroids,

investigated. See Dahlgren & Lagerkvist (1995), and Dahlgré@™ the inn_er parts of the main-belt to the Trojan CIOUdS’. have
et al. (1997) for the previous papers. een numerically integrated and close encounters occurring be-

The first contributions to our understanding of collision vdweenthe asteroids have been detected. The close encounter data

locities and impact rates in the main-belt have been madevl‘ﬁl be analysed to infer collision velocities and collision proba-
Opik (1951) and Wetherill (1967). Later studies by Farinellities of objects in the asteroid belt. The analysis relies on the
& Davis (1992) and Bottke et al. (1994) also used Wethegssumptions that there are no significant differences between

ill's theory, which only needs the values of semi-major axe@,e close encounter data and the objects that actually collide.
The advantage of the numerical method used in this study,

Send offprint requests 1. Dahigren compared to Wetherill's, is that the close encounter data will
Correspondence tMats.Dahlgren@astro.uu.se give accurate result even when the angular orbital elements of
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the asteroids have non-random distributions or couplings B@ble 1. Orbital parameters for the asteroid sample. The number of
tween them. This is the case for Hilda and Trojan asteroids delgectsN, range in semi-major axig, mean and ¥ of eccentricitye
to their residence in the 3:2 and 1:1 mean motion resonanégd inclination: are given for the four groups.
with Jupiter. Ideally, the integrations should be carried out fora
sufficiently long time span so that any temporary fluctuations in N a (e) (i)
the osculating elements will be averaged out. In this study the AU deg
numerical integrations were carried out for 55 000 years whiClzin-pelt 680 2.20-3.26 0.140.07 10.8+6.1
is about equal to the longest period in the osculating elementsybeles 46 3.33-3.77 0.10005 104+6.4
of the Hilda asteroids. This is likely to average out any tem-Hildas 40 3.87-4.01 0.16:0.05 6.8+4.1
porary fluctuations in the derived collisional properties due tdrrojans 148 5.08-5.33 0.080.05 16.5+8.3
thead hocstarting time of the numerical integrations (see also
Farinella & Davis 1992; Marzari et al. 1996). & 273 Thule witha = 4.28 AU is included

In the analysis the asteroid population has been divided 76 are in theL cloud and 67 in th&s cloud.
into four groups: main-belt, Cybele, Hilda and Trojan aster-
oids. The four groups gave ten ‘collisional populations’, namely:
main-belt-main-belt (MM), Cybele—Cybele (CC), Hilda—Hild&0 km than presently known (C.-I. Lagerkvist, private commu-
(HH), L4 Trojan—Ly Trojan (TTy), L5 Trojan—Ls Trojan (TTs),  nication). The orbital elements are from Bowell (1997) and,
Cybele-main-belt (CM), Hilda—Cybele (HC), Hilda—main-bekyhen available, the asteroid diameters were taken from IRAS
(HM), Hilda—L, Trojan (HTy), and Hilda—ls Trojan (HTs). data (Tedesco & Veeder 1992). The diameters for asteroids with
These populations will be analysed separately, but the resysiRAS diameter was estimated from the absolute magnitude
will be discussed with emphasis on the Hilda asteroids singe(Bowell et al. 1989) by assigning asteroids with a semi-major
they are the primary concern of this paper. In the discussigRis < 2.7 AU an albedg, = 0.15, representative of S-type
of the collision velocities and collision probabilities the Trojaibedos, and whea > 2.7 AU, the albedos were set tg =
clouds have been treated as one unit, giving the Trojan—Tro@04 to mimic typical albedos of C-type surfaces. The change
(TT) and the Hilda-Trojan (HT) collisional populations. Noten p, was made to approximate the compositional change with
that in the case of collision probabilities it has been taken infliocentric distance seen in the asteroid belt. Tests showed that
account that the Trojan clouds are two separate populationsthe obtained population is not sensitive to the exact value of
P, Or the limit in semi-major axis. An asteroid sample of 909
asteroids was obtained (see Tdble 1 for details of their orbital
properties).
In an ideal case the asteroid sample should include all asteroidsThe equations of motion of the 909 asteroids were numeri-
there is down to a relevant size limit. For instance, to obtaincally integrated with the RADAU integrator (Everhart 1985) and
complete picture of the collision properties of asteroids largetth Jupiter and Saturn as perturbing planets. For each integra-
than 50 km in diameter, all asteroids larger thath km (or even tion time step (set to 3 days) the distance between all asteroids
smaller) should be included in the sample. This ideal case (and planets) were computed. When the distance between two
however, for several reasons not obtainable. The number of asteroids was less than 0.03 AU the position and velocity vectors
teroids larger then 1 km is not known, but is certainly to large for both asteroids were saved. However, for reasons explained
be handled easily computationally. To overcome this problentalow, only encounters with separatigr0.02 AU were used in
representative sample of asteroids should be selected downtieeaanalysis. The recorded close encounters have to be further
size where the sample is reasonably complete and large enopigitessed to calculate the final values of the position and veloc-
that most types of orbits are represted in the sample. When thisggerectors at the (true) minimum distance of each encounter.
criteria are satisfied the collision probabilities and collision vék more accurate minimum distance was searched for in the
locities determined should be close to the ‘real’ values obtaintahe interval+ 1.5 days, with a time step of 10 minutes with
with a much larger population. This assumes that there arekeplerian orbits of the two objects to obtain the final position
significant differences between the orbits of the used popuémd velocity vectors. The close encounter data will be biased
tion and the real population down to smaller sizes. Whethertowards low-velocity-deep encounters because the time spent
not this is a valid assumption is difficult to assess, but it iskey two asteroids within 0.03 AU from each other have an in-
reasonable assumption to use. creasing probability to be less than the integration time step for

In order to obtain a population as free as possible from ohigh-velocity-shallow encounters. Therefore a significant part
servational biases, and representative of asteroids even indhéhese encounters will be lost. To get statistically unbiased
outer-belt groups, all asteroids with > 50 km were included close encounter data only encounters with distan@02 AU
in the asteroid sample. Most certainly, only a few asteroids wittill be used in the analysis. Together with the time step of the
D > 50km are still not discovered in the main-belt to Hilda reaumerical integration (3 days), this ensures that close encoun-
gion of the asteroid belt. (Cellino et al. 1991; Farinella & Daviters with relative velocitiest 26km s~ will be detected. This
1992; Lagerkvist et al. 1996). In the Trojan region, howeverelocity is high enough to ensure that all close encounters oc-
there may be up to a factor of two more asteroids wWith> curring with the used asteroid sample will detected.

2. Asteroid sample and calculations
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g 0.15 0.15 Table 2. The obtained mean, median, rms collision velocities, standard
g 0.1 cC deviations, and number of close encounters for the populations and
S groups shown in Fig&l1 afdl 2.
3 0.05 i
s " Collisional (V) Vinedian ~ Vems o N
0 5 10 15  population kms~') (kms™') (kms™') (kms™!)
g 015 MM 5.28 4.97 5.78 2.36 352715
5 0.1 CcC 4.39 3.96 4.90 2.17 1372
5 HH 3.09 2.92 3.43 1.47 889
s 0.05 TT 5.20 4.93 5.84 2.67 14838
w 0 CM 4.89 453 5.38 2.26 22842
HC 4.12 3.87 4.50 1.81 1364
S 0.15 HM 4.78 455 5.10 1.78 8333
& HT 4.59 4.35 4.90 1.71 663
5 0.1 0.1
5 Group
T 0.05 0.05
E main-belt 5.24 4.93 5.74 2.35 383890
0 0, 5 15 Cvbeles 4.82 4.46 5.31 2.24 25578
Hildas 4.56 4.33 491 1.82 11249
§ 0.15 0.15 Trojans 5.17 4.89 5.80 2.64 15101
5 0.1 0.1
5
5 005 0.05 i) lower keplerian velocities at larger semi-major axes. ii) quite
T low eccentricities and inclinations of Hilda asteroids (Téable 1).
0 5 10 15 0 5 10 5 i) a non-random distribution of the apsidal lines of the Hilda

. . -1 . ) -1
Relative velocity (km ™) Relative velocity (kms™) o rpits preventing collisions between two Hilda asteroids if one

Fig. 1. Histograms of collision velocities for the different populationstS close to aphelion and the other is close to perihelion, which is
MM) main-belt—-main-beltCC) Cybele—CybeleHH) Hilda—Hilda, the orbital configuration giving the largest relative velocity. The
TT) Trojan—TrojanCM) Cybele—-main-beltiC) Hilda—CybeleHM)  correspondingV’) for HH collisions in the study by Marzari et
Hilda—main-belt, andHT) Hilda—Trojan collisions (see also Table 2).al. (1996) is 2.%ms! .
The bin size is 0.5ms ™" . The mean collision velocity for HM is about
0.4kms~! lower than in MM collisions. This difference
is quite small because the Hilda asteroids plunge into the outer
parts of the main-belt when they approach their perihelia (i.e.,
From the obtained data base of close encounters, histogramataffieir highest orbital velocity), and will collide with main-belt
the collision velocities for the eight collision populations arebjects having higher keplerian velocities. The mean velocity
shown in Fig[d, and their mean, median and rms collision vef HC collisions is about 1.km s~! lower than MM collisions,
locities are given in Tablg2. Some general conclusions canrbainly due to lower keplerian velocities of the objects in the
drawn from these histograms. There is a large spread in the @ybele and Hilda groups.
lision velocities, from 1 to 15ms~! . The high velocity tails The mean collision velocity of Trojan asteroids are similar
and sharp cut-off at low velocities gives a clear non-Gaussimthe main-belt value, despite the lower keplerian velocities at
shape of the velocity distributions. There are also very narrdie heliocentric distance of the Trojan clouds. This is fully com-
peaks in the velocity distributions probably from specific apensated by a higher mean inclination of the Trojan asteroids
teroid pairs making series of encounters at similar geometrimmmpared to main-belt objects (Table 1). The collision veloci-
(these are smoothed out by the binning in the histogramsti@s of the Trojan asteroids is likely to increase when the Trojan
Fig.[d). Considering the wide range in semi-major axes of tkample is complete, due to the discovery bias against high incli-
objects, the mean velocities are quite similar, ranging from 4nation Trojan asteroids. This bias arises from from the observing
to 5.3km s~ in the different collisional populations, with onestrategy applied by most surveys (i.e., they only search for ob-
exception, HH collisions which havg/) = 3.1kms~! . The jectsrelatively close to the ecliptic plane). This is consistent with
velocity distribution of TT collisions have a less pronouncedur result, which is about 0}an s~ higher than the result by
and broader peak than the other populations. The MM distritMarzari et al. (1996) which used a smaller sample (114 Trojans)
tion have mean, median and rms velocities of 5.28, 4.97, antlich had a smaller mean inclinatiofi= 15.5’) compared to
5.78km s~ !, which is remarkably similar to the result by Bottkehe sample used in this papgf = 16.5. The collision velocity
et al. (1994) in their Fig. 7, (5.29, 5.03, and 5kfs~!). distributions of the four groups (Figl 2 and Talble 2) are similar
As mentioned above only mutual collisions among the Hilda the dominating collision population in each group, (i.e., MM,
asteroids have a significantly lower mean velocity. As point&M, HM, and TT collisions for main-belt, Cybele, Hilda, and
out by Marzari et al. (1996) there are three main reasons for tHisojan asteroids, respectively).

3. Collision velocities
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0 from earlier investigation (Farinella & Davis 1992; Bottke et al.
f:;’ 0.1 i belt 0.1 Cybeles 1994; Marzari et al. 1996).
§ 0.08 0.08
,g 0.06 0.06 4. Collision probabilities
§ 0.04 0.04 With the number of close encounters recorded for each popula-
g 0.02 0.02 tion (given in Tabl€R), we can obtain a first glimpse of the rela-
w 0 0 tive importance of the different populations to the total collision
0 5 10 15 0 5 10 15 probability of the Hilda asteroids. Collisions experienced by
Hilda asteroids are dominated by HM collisions (74%), whereas
the low velocity HH collisions only contribute 7% to the num-
£ ber of collisions involving Hilda asteroids. Similar contributions
g 01 Hildas 0.1 Trojans come from the HC and HT collisions, which add respectively,
S 0.08 0.08 10% and 7% to the number of collisions involving Hilda objects.
§ 0.06 0.06 The results for the other groups show that the Trojan asteroids
° collide with themselves (in their respective two clouds) and to a
2 0.04 0.04 small extent (5%) with Hilda asteroids. Collisions involving ob-
g 0.02 0.02 jects from the Cybele group are mostly from the MC collisions
* 0 0 (91%) with small contributions from CC (5%) and HC (4%)
0 5 10 15 0 5 10 15 populations. Collisions involving main-belt objects have small
Relative velocity (km s ) Relative velocity (km s %) contributions from the CH (5%) and the HM (2%) populations

Fig. 2. Histograms of the obtained collision velocities for main-bell"fldded to their total number of collisions.

Cybele, Hilda and Trojan asteroids. The bin size iS5~ .
4.1. Intrinsic collision probability

Table 3. The obtained collision velocity componerits, Vy, andVz  Tg obtain more quantitative results the close encounter data have
of the_ populations. The mean and standard deviations of the relatﬁlgen used to calculate the intrinsic collision probabiftybe-
velocity components are given. tween objects (Wetherill 1967). The intrinsic collision probabil-
ity describes the probability for collision between two objects,
andP; is the probability of collision between two objects with

r1 + r9 = 1km, wherer; andrs are their respective radii. The
MM 1.87 1.87 3.86 1.42 1.42 4.65 intrinsic collision probability is only dependent on the orbital
cC 108 110 3.78 141 1.43 4.46  elements of the two objects, and when two orbits do not intersect
HH 121 1.22 1.97 1.69 1.74 242 the intrinsic collision probability is zero.

TT 086 0.76 4.97 1.10 0.98 °.65 The number of close encounteé¥awithin a specific distance

ﬁl\é 12; igi ?2)231) ;.?)i 1:22 g'.i(?) Rtoanobjectis expectgd to be a function of the_fd\rmc R_z,

HM 208 212 304 2 46 2 a8 371 bgcause the cross section of a close encounﬂe‘ﬁ?; To verl_fy

HT 141 1.46 3.70 155 1.64 47 this the number of close encounters as a function of distance
were calculated for some of the asteroids, and the best fitting
N « R? function were determined. The results for three Hilda
asteroids are given in F[g. 3. The encounter data of these Hilda
objects were selected to validate that fiiex R? approxima-

tion is acceptable for wide ranges, orbital eccentricity and

The Cartesian velocity components(V;,, ;) of the collisions  inclination of the objects. _

are given in Tablgl3, which lists the mean velocities and the stan- Using the N oc R? dependence, wher® is the num-
dard deviations for the populations. THe,) components (i.e., ber of close encounters within a specific distance (in this case
perpendicular to the ecliptic plane) are 1.5-5.0 times larger thrr 0-02 AU), the intrinsic collision probability of an object is
the correspondingVs) and(V;,) components. The populations

involving Hilda asteroids (HH, HM, HC, and HT) hav#,) /  Fi =~ (1)
(Vi) in the lower part of this range, froffi,) / (Vi) = 1.5 for P
HH collisions to (V) / (Vi) = 2.2 for HT collisions. This is where T is the time interval used to obtdihclose encounters,
due to the low mean inclinations of Hilda asteroidg € 7°) andn,, is the number of possible collision pairs in the interac-
giving a more isotropic distribution of the velocity componention population(s). In the case of the MM, CC, HH, 4 Tand
than in the other groups. This leads to the conclusion that thi€; populations, each object is a possible target for all the other
inclinations of the orbits to a large extent determine the relative— 1 objects in the population, giving, = n(n —1)/2 possi-
velocities in the asteroid belt, which is consistent with the restilte pairs. In the case of the other collisional populations (CM,

Vi) (Vyl) (Val)  ov, ovy ov,
(kms™!) (kms™!) (kms™!) (kms ') (kms~!) (kms™!)

3.1. Velocity components of the collisions
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80 | ' ' ' "] Table 4. Mean intrinsic collision probability P;) for the collisional
60} 1256 Normannia © populations and for the main-belt, Cybele, Hilda, and Trojan groups.
Z 40
20} (P)
0 : . . . 107 ¥ km2yr~!
4000 0.005 0.01 0.015 0.02 MM 3104002
CcC 2.69+ 0.10
1877 Marsden HH 2.31+ 0.10
Z 200 TT 5.9440.10
CM 1.48+ 0.07
oo , , , , HC 1.51+ 0.06
0 0.005 0.01 0.015 0.02 HM 0.62+0.04
600 T - - : HT 0.24+ 0.06
400} 2483 Guinevere main-belt 2.8H4 0.03
z Cybeles 1.53t 0.01
200 Hildas 0.68+ 0.03
0 . . . . Trojans 3.86+ 0.10
0 0.005 0.01 0.015 0.02

R (AU . . -
(AJ) Table 5. Mean collision probability Pi) for the collisional popula-

Fig. 3. Number of encounter as a function of distance for three Hild&ns involving Hilda asteroids, and for the main-belt, Cybele, Hilda,
asteroids and the best fittifg o< R? functions. and Trojan groups.

(Pa)
107 ¥ km2yr!

HM, HC, and HT) the number of possible pairsis = ning

wheren; andn, are the number of objects in the respective""'| 1.13+0.05

population. When calculating th& for objects with respect to 111851 8'23

all interacting populations the number of pairs were calculate O.égi 0:12

asn, = Ning + Next Wheren;y,, = nq(nq — 1)/2 is the num-

ber of internal pairs and.., = > _, nin; is the number of ~Main-belt 56.4+0.41

external pairs between the— 1 interacting populations. Since CYPeles 27.6t 1.13

P, is the collision probability per cross section urlith{~?2) of H'lo.las 16.0+0.83
Trojans 11.0+ 0.34

the object, the total collision probability of an object can be ob-
tained by multiplying with the actual cross section of the object
in question.

The intrinsic collision probability of each object has been The (P,) for HM collisions are much lower than for HH
calculated with Eq. 1, and the resulting mean intrinsic collisiaollisions, this is mainly due to that HM collisions only are
probability( P,) of the different populations are given in Table 4possible when Hilda asteroids are close to their perihelia. An
where the given dispersions are the standard error of the mearen lower P;) was found for HT collisions, this is because the
Also the calculated P;) for the main-belt, Cybele, Hilda, andcollisions can only occur during the small fraction of the orbit
Trojan groups are given in Taljlk 4. when Hilda objects are close to one of the Trojan clouds. The

Among the collisional populations involving Hilda aster{P;) of HT collisions is not affected by the incomplete Trojan
oids, the highes{P,) was found for HH collisions. However, population, due to the normalisation) of P,. The(7;) found
the small Hilda population results in a small contribution to thier HC collisions is relatively high, reflecting that objects from
total collision probability of Hilda asteroids. The determinethe two populations can collide during large fractions of their
(P;) of HH collisions is 14% lower than the value obtained bgrbits.

Marzari et al. (1996). This difference can be due to the differ- The obtained ;) for MM collisions are higher than the
ent (larger) Hilda population which has slightly different orbitainain-belt value(P;) = 2.86 x10~'18km~2 yr~! obtained by
parameters used by Marzari and co-workers. However, a m&mattke et al. (1994). The difference is probably due to the dif-
plausible explanation comes from the fact that their numeridarent ‘main-belt’ used by Bottke and co-workers, they also
integrations were carried out for about £.10* years, thereby included Cybele asteroids in their main-belt. Therefore a more
not allowing the longest period in the osculating orbital eccereasonable comparison can be made with the result for the main-
tricity of the Hilda orbits to complete a whole cycle. This cabelt group, which also includes collisions from objects in the
give a biased P;) since the collision probability of the Hilda Cybele and Hilda populations, but excludes CC collisions. The
objects varies with time as the shape of their orbits varies withtained ;) for the HT and TT populations are also consistent
time (around a stable mean value). with the mean values obtained by Marzari et al. (1996).
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Fig. 5. Collision probability Py versus average semi-major axis dur-
ing time T' for main-belt &), Cybele ¢), Hilda (), and Trojan )
asteroids. Note tha®y for the Trojan asteroids are lower limits due to
undiscovered objects with > 50 km.

Fig. 4. Histograms of collision probabilitie®y for the 39 Hilda as-
teroids versus different populationdH) Hilda—Hilda, HM) Hilda—
main-belt,HC) Hilda—Cybele, andHT) Hilda—Trojan collisions.

4.2. Collision probabilities of Hilda asteroids . . o
The collision probabilitiesd’; of the 909 asteroids included

Due to the normalisation of the intrinsic collision probabilitiesn the asteroid sample versus their semi-major axis are given
the relative importance of the entries in Table 4 are not obviolis, Fig[8. The main-belt objects( have Py approximately
since(FP;) is the collision probability per object in the differenthbetween 40-85<10~'8 km~2 yr—! with peak values at about
populations. In order to obtain a better view of the importangeé AU, and decreasing towards the inner and outer parts of
of the collisional populations involving Hilda objects, the folthe main-belt. The Cybele asteroids have decreasin@y

lowing collision probability was derived through the group, ranging from about 45 at 3.3 AU down to
N 10 x10~ ¥ km~? yr—! at 3.6 AU. The Hilda asteroids)at 4.0
Py = T (2) AU havePy from about3to30<10~ ¥ km—2yr—'. At5.2 AU
H

the Trojan asteroids hav; from 2t0 20x10~1® km 2 yr—!.
whereny is the number of Hilda objects. However, this normalfhe mean values and standard errorpf for the main-belt,
isation is dependent on the numbers of objects in the main-b€&lybele, Hilda, and Trojan groups are listed in Table 5. There is
Cybele, Hilda and Trojan groups. When extrapolating the reensiderable scatter aroufiffy) for individual objects in the
sults down to smaller size$X < 50 km), Py will change if the populations, thereforéPy) of the population is a bad approxi-
relative numbers of objects in the groups are different down teation for most individual objects.

the considered size. This dependencePgfis also discussed ~ The mean collision probabilityPy) for Hilda asteroids is
below in connection to the incomplete Trojan sample. The digbout 3.5 times lower than for objects in the main-belt, and about
tributions of Py for the 39 Hilda objects with their interacting2 times lower than in the Cybele population. The determined
populations (HH, HM, HC, and HT) are given in Hig. 4, andPy) of the Trojan asteroids are somewhat lower than for the
mean values are listed in Table 5. The dominating contributidtilda asteroids, howeveFy of the Trojan asteroids are lower
from HM collisions is evident, while the contributions from thdimits due to undiscovered Trojan asteroids with> 50 km.

HH, HC, and HT populations are quite equal, and about a fdoereasing the population of Trojan asteroids larger than 50 km
tor ten smaller then the HM collisions. TH#; distributions of with ~ 15% will make(Py) for the Trojan and Hilda popula-
HH and HM are quite narrow, indicating similar collision probtions about equal. But as noted above the Trojan population may
abilities between most Hilda and Cybele objects, whereas H& incomplete by as much as a factor of two. This will increase
collisions have a wide range of collision probabilities. Howevethe collision probabilities among the Trojans up to about a fac-
the very lowPy of HT collisions found for some of the Hilda tor of six. This makes is very likely that the Hilda asteroids have
asteroids are based on few encounters and should be interprétedowest collision probabilities of the asteroids considered in
with some caution. this paper. The main reason for the @) of the Hilda as-
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Fig. 6. Collision probabilityPy (in units of 10~ km =2 yr~') versus _

mean eccentricity (upper panel), and versus mean collision velocith%

(lower panel) for 39 Hilda asteroids.

7. Collision velocity distributions for four Hilda asteroids:
Ismene, 1256 Normannia, 1877 Marsden and 2483 Guinevere. The
areas under the histograms are proportional to the collision probability
Py (and P,) of the objects. The figures are shown to the same scale to

teroids are that they are in ‘void regions’ during a large part &cilitate comparison between the objects. The bin size &@.5 * .

their orbit, out of reach for both main-belt and Trojan asteroids.

Most objects in the main-belt and Trojan clouds can however,

collide with objects anywhere in their orbits.

in the eccentricityPy correlation is due to objects with higher

or lower inclinations than average. Somewhat surprisingly the

range inPg among the Hilda asteroids is almost a factor of six

The collision probability of the Hilda asteroids are dominateahen including the two low eccentricity objects (334 Chicago

by HM collisions that only occurs when they are relatively closgnd 1256 Normannia), but the range reduces to a factor of three

to their perihelia. Depending on the individual eccentricities @fhen excluding these two objects. Note that the eccentrigity-

the Hilda asteroids they will reach unequally deep into the maicerrelation is not due to the increased orbital velocity close to

belt. The deeper into the main-belt the Hilda asteroids can regarihelia of objects with higher eccentricity.

they will increase their probability of encountering a main-belt Fig[8 (lower panel) gives the mean relative velocity versus

asteroid for two reasons. The Hilda orbit will cross the orbitBy for the Hilda asteroids. The mean velocities range from 3.3to

of a larger fraction of main-belt objects, and the Hilda astero&lOkm s~ , and a tentative correlation betwe®p and(V') is

will be in the ‘main-belt space’ during a larger fraction of itsndicated in the datar(= 0.46), because larger eccentricities

orbit. result in both higher collision velocities and higher collision
Schubart (1982) showed that the eccentricity of individuarobabilities. ThePy plotted in Fig[®6, together with the ob-

Hilda objects oscillates around a fixed mean value for at leasined mean, median, rms, collision velocities and the standard

10° years. An extension of Schubart’s study has been madieviations of the velocity distributions are given in TdBle 6.

(unpublished) with a numerical integration taking into account To illustrate the scatter of collision properties of the Hilda

perturbations from Venus to Neptune. The results showed tpapulation, the distribution of collision velocities of four Hilda

the Hilda orbits are stable for atle@st 10° years. Also Franklin asteroids are given in Fig. 7. The areas under the histograms

et al. (1993) concluded that the orbits of Hilda asteroids seemre proportional to the collision probabilityy (and P,) of the

to be stable during the history of the Solar System. objects. In the velocity distribution of 190 Ismene, 3% of the
The stability of the mean eccentricity gives the expectati@ncounters have a very low velocity,~ 0.3kms~!. All these

that there will be a strong correlation between mean eccentriciiycounters are with the Hilda asteroid 2246 Bowell. This shows

and collision probability for Hilda objects. This is also indicatethat due to the similar shapes of Hilda orbits the relative velocity

by the wide range aPy among the Hilda asteroids seenin Elg. Soetween two objects can be very low at an encounter, or at a
This is verified in Figlh, which shows a very strong correlaeries of encounters. This gives a low velocity tail in the velocity

tion between the mean eccentricity during tiffiend the col- distributions for some of the Hilda asteroids, which is also seen

lision probability (correlation coefficient= 0.90). The scatter in the velocity distribution of HH collisions in Fifl1.

5. Collisional properties of individual Hilda asteroids
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Table 6. Collision probabilitiesPy for the 39 Hilda asteroids obtained with 909 asteroids vtk 50 km, together with mean, median, and
rms collision velocities of the Hilda objects. Also the standard deviations of the collision velocities are given. The intrinsic collisionifiesbabil
for the Hilda objects can be calculated with= 39/909 x Py.

Hilda asteroid Py (V) Vinedian Vims o
107 km2yr ') (kms™') (kms™') (kms') (kms!)
153 Hilda 17.0+ 0.7 4.52 4.21 4.86 1.79
190 Ismene 16.1+ 0.7 4.11 3.95 4.48 1.80
334 Chicago 6.3 0.5 3.25 2.93 3.53 1.38
361 Bononia 20.5-0.7 5.12 491 5.47 1.93
499 Venusia 24.5% 0.7 4.30 4.22 4.61 1.65
748 Simeisa 14.9 0.7 4.05 4.02 4.37 1.63
958 Asplinda 15.2- 0.7 4.19 4.00 4.50 1.66
1162 Larissa 14.# 0.7 3.47 3.25 3.79 1.53
1180 Rita 16.1 0.7 4.09 4.08 4.41 1.64
1202 Marina 12.6: 0.5 3.73 3.58 4.08 1.65
1212 Francette 156 0.7 5.97 5.79 6.38 2.25
1256 Normannia 3502 3.39 3.16 3.63 1.30
1268 Libya 13.1: 0.5 3.77 3.58 4.04 1.47
1269 Rollandia 13.5 0.7 3.47 3.17 3.76 1.45
1345 Potomac 19.8¢ 0.7 5.19 5.01 5.56 2.00
1439 Vogtia 17.9- 0.7 4.24 4.12 4.52 1.56
1512 Oulu 18.6+ 0.7 4.56 4.50 4.87 1.69
1529 Oterma 12.4 05 4.20 4.02 4.55 1.75
1578 Kirkwood 26.6+ 0.9 4.28 4.25 4.58 1.63
1746 Brouwer 10.& 0.5 4.30 3.97 4.65 1.77
1748 Mauderli 19.3: 0.7 4.06 3.75 4.40 1.71
1754 Cunningham 154 0.7 4.93 4.77 5.28 1.87
1877 Marsden 15.6 0.7 5.97 5.79 6.38 2.25
1902 Shaposnikov 148 0.7 5.06 4.96 5.34 1.70
1911 Schubart 22.6 0.7 4.27 4.19 4.56 1.62
2067 Aksnes 19.8 0.7 3.89 3.62 4.22 1.62
2246 Bowell 15.4+ 0.7 4.77 4.54 5.15 1.94
2312 Duboshin 9.2 05 3.52 3.16 3.86 1.59
2483 Guinevere 28 0.9 4.98 4.79 5.29 1.79
2760 Kacha 15.20.7 5.20 5.02 5.59 2.06
3134 Kostinsky 17.: 0.7 4.66 4.39 4.99 1.79
3577 Putilin 18.8: 0.7 4.33 4.09 4.58 1.51
3694 Sharon 10.3 0.5 3.87 3.66 4.16 1.52
3843 OISCA 11.2+ 0.5 3.63 3.39 3.97 1.62
3990 Heimdal 15.4- 0.7 4.77 4.54 5.15 1.94
4317 Garibaldi 21.4-0.7 4.97 4.88 5.27 1.76
5603 Rausudake 11805 3.94 3.71 4.24 1.56
5661 Hildebrand 17.2 0.7 5.65 5.54 6.05 2.16
1994 VG 13.3+ 0.7 5.28 5.05 5.55 1.73

The great difference in collisional probability amond. Conclusions
the Hilda asteroids are illustrated by 1256 Normannia a
2483 Guinevere, which has the lowest and higtiggtrespec-
tively. The spread in collision velocities among the Hilda po
ulation are illustrated by 1256 Normanni@() = 3.39%ms ')
and the high inclination object 1877 MarsdesrX7°), which
have the highest mean collision velocit{) = 6.0kms™1),
and a high velocity tail reaching velocities of abouthds— .

Q%e collision probabilities and collision velocities of the as-
teroid belt have been derived and analysed with emphasis on
FEhe Hilda asteroids. Good agreement is found (where compar-
isons are possible) between results obtained in this study and
the results of earlier studies of main-belt and Trojan asteroids
by Bottke et al. (1994) and Marzari et al. (1996). The analy-
sis of the collision properties of Hilda asteroids have given the
following new results:
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i) Out of ten collisions experienced by a Hilda asteroid, vii) The non-isotropic collision geometries among asteroids
approximately seven of these are with main-belt objects, and fband in earlier investigations, with large velocity components
remaining three collisions are about equally distributed betwegarpendicular to the ecliptic plane, are confirmed. However, the
objects in the Cybele, Hilda, and Trojan groups. collision geometries for Hilda objects are more isotropic than

if) The mean collision probabilities are lower for Hilda asfor the other groups of asteroids, due to a small inclinations of
teroids than for any other group of asteroids (i.e., the main-behe Hilda type orbits.

Cybele and Trojan groups), indicating that the Hilda asteroids

are less collisionally evolved than other groups of asteroidicknowledgementsP. Magnusson, C.-I. Lagerkvist, and A. Erikson
Since not all Trojan asteroids with > 50 km are discovered are thanked for their valuable comments on the manuscript.

at this time, the frequency of collisions between Hilda and Tro-

jan asteroids is underestimated. However, this will not alter tieferences

conclusion above because of the small relative importance of
HT collisions Bottke W. F., Nolan M. C., Greenberg R., Kolvoord R. A., 1994, Icarus

107, 255

iii) The range of collision probabilities for individual objectsBOWeII E., 1997, The asteroid orbital elements database, WWW-page,
in the Hilda group is about a factor of six. This is larger than ftp://ftp.lowell.edu/publelgb/astorb.html.

the range found in the main-belt and Cybele groups, andggwell E., Hapke B., Domingue D., Lumme K., Peltoniemi J., Harris
comparable to the spread in collision probabilities among the A w., 1989, Application of photometric models to asteroids. In:
Trojan asteroids. Binzel R.P., Gehrels T., Matthews, M.S. (eds.) Asteroids Il, Univ.
iv) There is a strong correlation of collision probability with  of Arizona Press, Tuscon. p. 524.
eccentricity for Hilda asteroids, giving rise to the large range fellino A., Zappa, V., Farinella P., 1991, MNRAS 263, 561.
collision probabilities among Hilda objects. This is due to thiahlgren M., Lagerkvist C.~I., 199% & A 302, 907.
possibility of Hilda objects to encounter a larger fraction of thgahlgren M., Lagerkvist C ., Fitzsimmons A., Williams . P., Gordon
objectsinthe main-belt when the eccentricities of their orbits are M., 1997 A & A 323, 606.
larger. There is also a preference for Hilda asteroids with hiEP{eir:asrt 'IEn fsgéfungefgc:ge n:/gmltseegcr:;(iar(g&ast;Eesn(;ﬁ?:ss;?aﬁ;zgc-
collision probability to have higher mean collision velocities. Tﬁei'r O.rigi'n and evolutién Proceedings.oftri/e IAU Coll. 83 Rei-.
This i.s. due to that Iarger gccentricitig's. results in both higher del, Dordrecht p. 185. ' o
velocities and higher collision probabilities. Farinella P., Davis D. R., 1992, Icarus 97, 111
v) Two of the Hilda objects, 334 Chicago and 1256 Normamranklin F., Lecar M., Murison M., 1993, Astron. J. 105, 2336
nia, have very low collision probabilities and collision velocit agerkvist C.—I., Hernius O., Lindgren M., Tancredi G., 1996, The
ties, indicating that they may be among the least collisionally Uppsala-ESO Survey of Asteroids and Comets—UESAC, In: A.
evolved objects of the 909 asteroids in the sample. Lopez Garcia et al. (eds.) The third International Workshop on
vi) The mean collision velocity of Hilda asteroids is Positional Astronomy and Celestial Mechanics. p. 9.
4.6kms—!, which is about 0.5m s~ ! lower than the mean ve- Marzari F., Scholl H., Farinella P., 1996, Icarus 119, 192
locity in the main-belt. The mean velocity for collisions amonéchubart J., 1982 & A 114, 200. _
Hilda asteroids is only 3m s~ , (confirming the result by edesco E.F, Veeder G.J., 1992, IMPS albedo and diameters catalog. In:

. . . Tedesco, E.F., (eds.) Infrared Astronomical Satellite Minor Planet
Marzari et al. 1996). However, these collisions contribute less Survey. Phillips Laboratory Technical Report No. PL-TR-92-2049.
than 10% to the collision probabilities of Hilda objects. A low  4nséom Air Force Base, MA. p. 243
velocity tail (down tol” & 0.3km s~ ') from mutual Hilda colli- \edder J. D., 1996, Icarus 123, 436.
sionsis found, indicating the occurrence of very ‘soft’ collisiong/etherill G. W., 1967, J. Geophys. Res. 72, 2429

between Hilda asteroids. Opik E. J., 1951, Proc. R. Irish Acad. A54, 165.
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