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term probability o f  collision between NEAs and 
Earth. The risk o f  collision between NEAs and 
Earth is partially offset by  the fact that the 
NEAs have higher inclinations than previously 
thought, because NEAs  with higher inclinations 
are less l ikely to impact the Earth (12). The size 
and shape o f  the N E A  population is important 
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Fig. 3. Estimated distributions of the NEAs over 
the three orbital parameters: inclination (A), ec-
centricity (B), and semi-major axis (C). Each plot 
shows my estimate (black squares) of the popu- 
lation distribution with lo error bars (dotted lines 
and gray shading). Plotted for reference are the 
known NEAs (blue triangles) as of 9 October 
ZOO1 and the estimate recently published by 
Bottke e t  al. (3) (red circles). For comparison 
purposes, the curves from Bottke's model have 
been rescaled so that the total number of objects 
in the Bottke curves is the same as the total 
number of objects in the estimate given here. 
These curves include the estimates for the NEAs 
with H < 18.5 rather than H < 18 because the 
greatest number of detections used in this anal- 
ysis fell within the 18.0< H < 18.5 bin. The 
spikes in the semi-major axis distribution are 
probably random fluctuation because they are 
consistent with the error envelope. The spikes in 
the inclination distribution are probably real be- 
cause they appear in the known distribution. 

for understandinn the collision hazard for Earth. " 
and their availability for study by  space mis- 
sions and for utilization as space resources. The 
distribution o f  N E A  inclinations could provide 
insight into where the NEAs formed and how 
they move through the solar system. 
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The orbi ta l  distributions o f  prominent asteroid families are thought t o  be direct 
by-products o f  catastrophic disruption events among diameter D 100 kilo-
meter bodies. Ejection velocities derived f rom studying observed families, how- 
ever, are surprisingly high compared w i t h  results f r om impact experiments and 
simulations. One way t o  resolve th is apparent contradiction is b y  assuming tha t  
D 20 kilometer fami ly members, since their  formation, have undergone 
semimajor axis dr i f t  b y  the  thermal force called t he  Yarkovsky effect. Inter- 
actions between dr i f t ing fami ly members and resonances can also produce 
unique eccentricity and/or inclination changes. Together, these outcomes help 
explain (i)w h y  families are sharply bounded b y  nearby Kirkwood gaps, (ii) w h y  
some families have asymmetric shapes, and (iii) the  curious presence o f  fami ly 
members o n  short-lived orbits. 

Catastrophic collisions among large asteroids 
in the main belt are believed to produce 
asteroid families [e.g., ( I ) ] ;clusters o f  aster- 
o id  fragments w i th  similar proper semimajor 
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axes a, eccentricities e, and inclinations i(2, 
3); and spectral signatures consistent w i t h  an 
origin f rom a common parent body (4 ,5) . A s  
such, prominent asteroid families (e.g., K o -
ronis, Eos, Themis, Eunomia, and Vesta) are 
natural laboratories for  understanding high- 
velocity impact physics, one o f  the principal 
geologic processes affecting small bodies in 
the solar system. 

Although this formation scenario is 
straightforward, there are sti l l  many aspects 
o f  asteroid families that we do not yet under- 
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stand. We list a few below. 
Up to now, the ejection velocities of ob- 

served asteroid family members have been 
derived under the assumption that the semi- 
major axes of these bodies have been rela- 
tively constant since the family was created 
(6, 7). The diameter D 5 20 km fragment 
velocities inferred from this technique are 
typically several 100 m s-'. Curiously, these 
velocities are inconsistent with ejection ve- 
locities derived by other means. For example, 
numerical hydrocode experiments, which are 
capable of simulating hypervelocity colli- 
sions among large asteroids, indicate that 
mean ejection velocities of multikilometer 
fragments from family-forming impacts are 
-100 m s-' (8,9). Although limited data are 
available to validate these codes on large- 
scale asteroid collisions, they have success- 
fully reproduced results ranging from labora- 
tory impact experiments, where centimeter- 
sized projectiles are shot into targets, to un- 
derground nuclear explosions [e.g., (8)]. 

A second issue concerns the asymmetric 
and/or highly unusual (a, e, i) distributions of 
many asteroid families (10). As an example, 
we show the Koronis family in proper (a,e) 
and (a,i) (Fig. 1) (11). This family is nearly 
cut in two, with large proper a members more 
dispersed and actually offset in proper e than 
those with small proper a. In addition, both 
ends of the Koronis family are sharply brack- 
eted by powerful mean motion resonances 
with Jupiter. Apparently, few observed fam- 
ily members have crossed either resonance, 
even though these resonances are relatively 
narrow when compared with the span of the 
family. This surprising coincidence cannot 
easily be explained in a simple scenario 
where the family's ejection velocity field has 
an upper cutoff. 

A third issue involves the short-lived or- 
bits of many family members. Several mem- 
bers of asteroid families are "on the brink" of 
entering a resonance [e.g., Koronis family 
members (12)], are already inside a powerful 
resonance [e.g., Eos family members (91, or 
are part of the relatively short-lived near- 
Earth object population [V-type asteroids, 
which presumably were once part of the 
Vesta family before they escaped the main 
belt (13)l. Because the ages of families like 
Koronis, Eos, and Vesta are thought to be 1 
billion years (Gy) or more (14), it is difficult 
to understand how these family fugitives 
reached orbits with such short dynamical life- 
times [-lo million years (My) or less (15, 
1611. 

These inconsistencies. and recent advanc- 
es in our understanding of asteroid dynamics, 
have motivated us to consider a modified 
scenario for producing families: Family 
members, rather than being static after ejec- 
tion, instead undergo slow but steady migra- 
tion by the Yarkovsky effect. The Yarkovsky 

effect is a thermal radiation force that causes 
objects to undergo semimajor axis drift as a 
function of their size, spin, orbit, and material 
properties (1 7). Analytical and numerical re- 
sults show that this force can move an en- 
semble of D = 5 km asteroids inward and 
outward at mean drift rates of Idaldtl - 2 X 
lod5 astronomical units (AU) My-', where- 
as larger asteroids drift more slowly (e.g., 
D - 20 km asteroids drift at Idaldtl - 6 X 

AU My-') (18). These rates, which are 
relatively insensitive to the surface properties 
of the asteroids in the size regime considered, 
are in the right ballpark to explain the ob- 
served semimajor axis dispersions of most 
asteroid families, particularly those that are 
hundreds of My to Gy old (14). Moreover, 
because the magnitude of the Yarkovsky drift 
is size-dependent, the final semimajor axis 
distribution depends on the size of the ob- 
jects, as observed in (7). 

To check our hypothesis, we tracked the 
dynamical evolution of Koronis family mem- 
ber using the symplectic integration code 
SWIFT-RMVS3 (19), modified to accommo- 
date Yarkovsky thermal forces (1 7). We con- 
centrate on the Koronis family in this report 
primarily because it exhibits all of the singu- 
lar features described above and because its 
low (e,i) values keep it far from most poten- 
tial interlopers. Our family formation model 
results are described step by step below. 

Step 1: catastrophic disruption. For our 
starting conditions, we assume that the cata- 
strophic disruption of the Koronis parent 
body [D = 119 km (20)], arbitrarily placed at 
the orbit of (158) Koronis, ejected multikilo- 
meter-sized fragments at velocities 5 6 0  m 
s-'. We purposely chose velocities lower 
than the inferred ejection velocities of ob- 
served Koronis family members [5300 m 
s-' (7)] or even those of hydrocode simula- 
tions [- 100 m s-' (9)] in order to gauge the 
importance of the Yarkovsky effect. For this 
reason, no attempt was made to match the 
(e,i) span of Koronis family values near, say, 
2.87 AU, although more realistic initial con- 
ditions could readily do so. We tracked the 
evolution of 210 test asteroids with 2 < D < 
40 km. The test asteroids were given random 
spin axis orientations,.spin periods between 4 
and 12 hours, and thermal and material prop- 
erties consistent with regolith-covered aster- 
oids such as Koronis family member (243) 
Ida (21, 22). 

Step 2: dynamical evolution in semimajor 
axis. Our fragments were numerically integrat- 
ed for -700 My, less than the assumed age of 
the Koronis family [2.5 to 3.0 Gy (14,21)] but 
long enough to determine evolutionary trends 
for slower drifting bodies (Fig. 2). After 100 
My, most bodies have migrated in semimajor 
axis alone; few substantial changes in (e,i) are 
observed. Our largest fragments, being less sus- 
ceptible to the Yarkovsky effect, do not move 

very far. We expect them to gain some limited 
mobility over the age of the family through 
processes such as collisions and/or close en- 
counters with asteroids such as (1) Ceres, (2) 
Pallas, or (4) Vesta (23,24). 

Step 3: interactions with weak resonances. 
Yarkovsky forces drive many family mem- 
bers through numerous resonances where res- 
onant jumpingttrapping events produce no- 
ticeable changes in proper eccentricity, par- 
ticularly on the right side of Fig. 2. The most 
conspicuous effects are not caused by chaotic 
diffusion, because the widths of the few mean 
motion resonances existing in this region are 
tiny at small e values. Rather, the marked 
jumps are caused by interactions with secular 
resonances (e.g., g + 2g5 - 3g6 at 2.92 AU) 
that increase e but do not substantially change 
i (Fig. 1) (25). If the Yarkovsky effect did not 
exist, asteroids injected into the g + 2g5 - 
3g6 resonance would undergo cyclic e oscil- 
lations until removed from resonance by a 
collision or a close encounter with a large 
asteroid. With Yarkovsky, on the other hand, 
bodies drifting into the left separatrix in- 
crease their e values until reaching the right 
separatrix, where they can jump out of the 
resonance. This outcome gives Koronis fam- 
ily members passing through the g + 2g5 - 
3g6 resonance a permanent boost in e. Ulti- 
mately, the Yarkovsky effect splits the Koro- 
nis family into two distinct "clouds" in (a,e) 
space, with those on the right side predomi- 
nately made up of small, fast-drifting objects 

Semimajor axis a (AU) 

Fig. 1. Orbital distribution of 1322 Koronis 
family members (black dots) in proper semima- 
jor axis a versus proper eccentricity e (top) and 
inclination i (bottom) (77). The gray dots are 
main belt asteroids having proper e < 0.1 and 
proper sin i < 0.05. The family is bracketed by 
the 5:2 and 7:3 mean motion resonances with 
Jupiter. The left side of the 5:2 and the right 
side of the 7:3 show no substantial concentra- 
tions of asteroids in both (a,e) and (a,i) space. 
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(e.g., Fig. 1). Thus, the unusual (a,e) shape 
and size-orbit distribution of the Koronis 
family, together with the notable lack of dis- 
persion in (a,i) space, provide strong evi- 
dence for asteroid mobility through the Yark- 
ovsky effect. 

Step 4: interaction with strong resonances. 
Figure 2 shows that Koronis family members 
drifting far enough within 700 My can be- 
come trapped in the powerful 5:2 or 7:3 
mean motion resonances. By definition, these 
objects, with D - 2 km and obliquities near 
0" or 180°, have the fastest drift rates in our 
simulation. Despite this, none are seen to 
jump across the 5:2 or 7:3 resonances. Thus, 
resonance capture events explain why no 

2.82 2.84 2.86 2.88 2.90 2.92 2.94 2.96 
Semimajor axis a (AU) 

Fig. 2. Evolution of 210 simulated Koronis fam- 
ily members by the Yarkovsky effect. The test 
family members (blue lines) were started with- 
in -60 m s-' of (158) Koronis (proper ele- 
ments a = 2.87 AU, e = 0.045, sin i = 0.038) 
and were integrated for -700 My, short com- 
pared with the estimated age of the family 
(-2.5 Cy) but enough to determine evolution 
trends. The orbital tracks were averaged over a 
running 10-My window to compare them with 
the proper (a, e) of the Koronis family members 
(gold dots). Snapshots of the integration tracks, 
shown at 100, 300, and 700 My, indicate that 
these bodies interact with several resonances 
between 2.89 and 2.93 AU (25). with the sec- 
ular g + 29, -. 3g, resonance at 2.92 AU being 
most prominent. These jumps allow the simu- 
lated family members to reach the (a,e) posi- 
tions of many real family members. Fast-drift- 
ing bodies are seen to escape the main belt 
through the 5:2 and 7:3 mean motion reso- 
nances with Jupiter. 

concentrations of family members are ob- 
served on the leftlright sides of the 5:2/7:3 
resonances, respectively (Fig. 1). Once cap- 
tured, Koronis family members are pushed 
onto planet-crossing orbits, where they go on 
to strike the Sun or a planet, or are ejected 
from the inner solar system by a close en- 
counter with Jupiter [e.g., (16)l. 

We believe our simulation reproduces the 
overall (a,e,i) distribution, the apparent size 
sorting of the Koronis family, and the paucity 
of family members on the leftlright sides of 
the 5 :2 and 7:3 resonances, respectively, 
while also showing that some Koronis family 
members could be escaping out of powerful 
resonances today [i.e., Koronis member 
(2953) Vysheslavia, a 15-km body, is located 
so close to the 5:2 resonance that it will be 
ejected from the main belt within 10 to 20 My 
(26)l. On the basis of these results, we con- 
clude that the Yarkovsky effect, working in 
concert with resonances, can explain the mis- 
match between the observed spread of aster- 
oid families such as Koronis and the size- 
velocity distributions derived from hydro- 
code simulations, all within a consistent 
model. The drawback with this paradigm, 
unfortunately, is that the current orbital dis- 
tributions of D 5 20 km bodies among most 
asteroid families cannot be directly used to 
infer the properties of the original breakup. 

Our results imply that some asteroids ob- 
served in the Mars-crossing and/or near-Earth 
regions were family members produced bil- 
lions of years ago by catastrophic disruption 
events. Thus, because Yarkovsky drift rates 
are size-dependant, large near-Earth asteroids 
such as (433) Eros could have taken billions 
of years to escape the main belt. This char- 
acteristic potentially explains why so few 
D 2 20 km near-Earth asteroids exist and 
why (433) Eros has such a heavily cratered 
surface. Initially, the Yarkovsky effect was 
introduced into planetary dynamics as a pos- 
sible transportation mechanism for meteor- 
ites. Today, we are beginning to recognize 
that the Yarkovsky effect, together with res- 
onances, may be the dominant means by 
which D 5 20 km asteroids roam the main 
belt and reach the transportation resonances 
that can take them to the inner solar system 
(and Earth). 
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Reaccumulation: Forming 

mass equal to our mass resolution. This corre- Collisions and Gravitational sponds to boulder sizes of -1 to 4 km. These 
fragments and their corresponding velocity dis- 
tributions are fed into a gravitational N-body 
code, whch computes the evolution of the sys- 

Asteroid Families and Satellites tem over the following days. 
Because we are dealing with a large number 

Patrick Michel,'* Willy ~enz,'  Paolo Tanga,'s3 of bodies (up to 2 X lo5) that we want to follow 

Derek C. Richardson4 over long periods of time, we use a parallel 
N-body hierarchical tree code (15) to compute 

Numerical simulations of the collisional disruption of large asteroids show that the dynamics. The tree component of the code 
although the parent body is totally shattered, subsequent gravitational reac- provides a convenient means of consolidating 
cumulation leads t o  the formation of an entire family of large and small objects forces exerted by distant particles, reducing the 
with dynamical properties similar t o  those of the parent body. Simulations were computational cost. The parallel component di- 
performed in  two  different collisional regimes representative of asteroid fam- vides the work evenly among available proces- 
ilies such as Eunomia and Koronis. Our results indicate that all large family sors, adjusting the load at each time step accord- 
members must be made of gravitationally reaccumulated fragments; that the ing to the amount of work done in the previous 
post-collision member size distribution and the orbital dispersion are steeper force calculation. The code uses a straightfor- 
and smaller, respectively, than for the evolved families observed today; and that ward second-order leapfrog scheme for the in- 
satellites form frequently around family members. tegration and computes gravity moments from 

tree cells to hexadecapole order. Collisions are 
Observed asteroid families in the main asteroid In our simulations, we model the family identified at each step with a fast neighbor- 
belt are of collisional origin (I). More than 20 parent bodies as monolithic basalt objects, search algorithm. 
asteroid families have been identified, each cor- even though it is likely that they would have In order to keep the calculations tractable. 
responding to groups of bodies concentrated in been shattered by the numerous small im- we made some simplifications. We assume 
proper orbital element space (2) and sharing pacts taking place before a dispersing event. perfect sticking, which means that all collid- 
similar spectral properties (3). The theory of the However, before being dispersed, our parent ing fragments are forced to stick regardless of 
collisional origin of asteroid families rests en- bodies are also shattered and, because gravity their relative velocities (1 6). This assumption 
tirely on these similarities in dynamical and dominates over mechanical strength at these is justified because the initial impact results 
spectral properties and not on the understanding scales, this happens at correspondingly low in an overall expanding cloud of fragments of 
of the collisional physics itself Despite several energy costs (9). Consequently, although the relatively small individual masses, and col- 
attempts (4),numerical simulations of fragmen- collisional outcome may change in the de- liding fragments have typical relative veloc- 
tation, although reproducing laboratory exper- tails, we do not believe that the internal struc- ities that are smaller than their individual 
iments on centimeter scale, have not been able ture of the parent bodies can prevent reaccu- escape velocities. When two particles stick, 
to simultaneously explain the dynamical prop- mulation from occurring. they are merged into a single spherical parti- 
erties and the mass spectrum of asteroid fam- The outcome of the collision is computed cle with the same momentum. 
ilies (5, 6). with a three-dimensional smooth particle hydro- Because the initial conditions that give 

Here we explicitly simulate both the dynamics (SPH) code (10). T h s  code solves in rise to a particular family are unknown, we 
fragmentation of a parent body and the a Lagrangian framework the usual conservation must proceed by trial and error until the 
evolution of the debris cloud to late times, equations (mass, momentum, and energy) in outcome matches the characteristics of the 
typically several days after fragmentation. which the stress tensor has a nondiagonal part. largest family member. To speed up this 
We show that gravitational interactions be- We use the Tillotson equation of state for basalt phase of the process, we do not integrate 
tween fragments result in reaccumulations (11, 12), which is computationally expedient the system to late times using the N-body 
(Fig. 1) and lead to the formation of a while sophisticated enough to allow its applica- code but rather apply an iterative procedure 
family of bound aggregates (7). This clus- tion over a wide range of physical conditions. (9, 17)  to identify this largest member. 
ter, composed of well-dispersed "rubble Plasticity is introduced by modifying the stress- Except in the cases where its mass repre- 
piles"' (8)  of all sizes, eventually evolves es beyond the elastic limit with a von Mises sents less than 10% of the target's mass. 
into one of today's asteroid families. yielding relation. For the lower tensile stresses this procedure has been successful at pre- 

associated with brittle failure, we use a fracture dicting its actual characteristics. 
'Obse~ato i re  de la CBte d'Azur, B.P. 4229, 06304 model based on the nucleation of incipient Our first aim was to create a family with a 
Nice Cedex 4, France. ZPhysikalisches Institut, Univer- flaws, whose number density is given by a fairly large mass ratio of the largest remnant to 
sity of Bern, Sidlerstrasse 5, CH-3012 Bern, Switzer- weibull distribution (13, 14). the parent body M,,IMp,. A good example of 
land. 30sse~a to r i o  Astronomico di Torino, Strada 
OsseNatorio 20, 10025 PinoTorinese, Italy, 4Depart- Once the collision is over and fractures cease such a family is Eunomia. The list of family 
ment of Astronomy, University of Maryland, College to propagate, the hydrodynamic simulations are members is thought to be complete for bodies 
Park, MD 20742-2421, USA. stopped and intact fragments are identified. Typ- with diameters larger than 11 km; there are 1 10 
* T ~whom correspondence should be addressed, E- ically, for the collisions considered here, the Eunomia members larger than this value (18-
mail: michel@obs-nice.fr bodies are totally shattered into fragments of 20). The estimated diameter of the parent body 
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