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evolution and dynamical depletion of multiple interacting size-fre-
quency distributions (SFDs)13,14. This code was modified to use an
improved algorithm for handling the outcome of individual colli-
sions, taken from ref. 15. We tracked five populations: (1) indigenous
main-belt objects (a, 2.82AU), (2) indigenous OMB objects, (3)
captured OMB objects, (4) Hildas and (5) Trojans. The collision
probabilities and impact velocities with both themselves and each
other were computed from the observed objects or, in the case of the
Trojans, were taken from refs 16Ð18. Populations 1 and 2, which
represent native asteroids, had a bulk density of 2.7 g cm2 3 and were
assumed to follow the disruption scaling law for rocky objects13. We
also assumed that the indigenous main-belt SFDs had approximately
the same shape 3.9 Gyr ago as they do today13,14.

The captured populations (3, 4 and 5) have a bulk density of
1 g cm2 3. We assumed that the initial shape of their SFDs was the
same as that of the currently observed Trojans (Fig. 2 and
Supplementary Information, section S2.2). Because the cometary
disruption scaling law is not well understood, we performed four

series of simulations in which this parameter was varied. In particu-
lar, following ref. 19, we assumed that the amount of energy required
to catastrophically disrupt a comet is the same as that for solid ice20,
divided by a factorfQ (Supplementary Information, section S2.2). We
studiedfQ 5 1, 3, 5 and 8 (the limit found in ref. 19). The required
dynamical depletion rates were taken from the dynamical simula-
tions described above, whereas those of the indigenous asteroids
came from existing calculations of asteroid-belt depletion4 in the
Nice model (see the discussion about population 3 in Supplemen-
tary Information, section S1).

The results of our collisional calculations are shown in Fig. 2. Our
model reproduces the SFDs of both the Trojan and Hilda populations
for diameterD . 40 km fairly well. This agreement is important
because each population has unique characteristics that test our
modelÕs assumptions. For example, comminution in the Trojan
population comes mainly from members hitting one other, whereas
that in the Hilda population is driven by impactors from across the
asteroid belt. Matching the SFDs of these populations simultaneously
in the same model, therefore, increases our confidence that our
assumptions are reasonable.

The final state of the captured cometary OMB is strongly depend-
ent on the disruption scaling laws used. ForfQ 5 1, the model pre-
dicts that all of the OMB objects withD . 40 km are captured. For
fQ 5 3, 5 and 8 we find that captured objects represent 48%, 20% and
16% of the OMB, respectively. This decrease is due to a much larger
fraction of the captured objects being destroyed by impacts than their
stronger indigenous counterparts. The best available bias-corrected
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Figure 1| The orbital element distributions of real and modelled asteroids.
The distributions of eccentricity,e(a), and inclination,i (b), as functions of
semi-major axis,a, of asteroids in Hilda (objects which orbit in the 2:3 mean-
motion resonance with Jupiter near 3.9AU), Trojan and main-belt
populations. The small green pluses show all the numbered objects with
diameters greater than 40 km (the asteroid belt is probably complete at these
sizes) in the International Astronomical UnionÕs Minor Planet Center
database. We calculated the diameters from published absolute magnitudes,
assuming the albedos (Supplementary Information, section S2.1). The black
symbols show the D-type asteroids as catalogued in refs 11 and 12. It is
important to note that asteroid (336) Lacadiera, ata5 2.25AU, e5 0.1 and
i 5 5.6u, which is classified as a D-type in ref. 11, has an unusual spectrum
(H. Campins, personal communication), and thus is probably a different
type of object. We therefore use a smaller symbol to plot the location of this
object and did not include it in our analysis. We only include D-type
asteroids here because it is difficult to distinguish P-types from other, more
processed, asteroids, with the result that the catalogue of P-types probably
suffers from significant contamination30. The red dots show the location of
objects captured during our simulations. The main result of our simulations
is that, in addition to the resonant asteroids, a significant number of objects
are trapped in the outer main belt (OMB). Unfortunately, it is not possible to
perform a direct comparison between the orbital element distribution of our
trapped objects and that of the D-types because the observations are biased
owing to selection criteria, asteroid families and the like. However, we find
noteworthy the fact that the inner edge of each populations is ata< 2.6AU.
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Figure 2 | The beginning and end states of the SFDs in the three regions
studied. a, Trojans;b, Hildas;c, OMB objects. The blue curves show the
initial conditions for the captured comets in our CoDDEM simulations. The
shapes of the initial SFDs for these populations were taken from the currently
observed Trojan SFD. We chose the Trojans because these objects have been
least affected by collisional grinding. In particular, using the cumulative
number N(. D) / D2 q, we assigned values ofq5 5.5 for D . 105 km and
q5 1.8 forD , 105 km, whereD is diameter. The overall scales of the SFDs
for the captured populations are derived from a combination of the observed
Trojans and the results of the 10-Myr migration simulations (Supplementary
Information, section S2.2). For each value offQ, we performed, 10
simulations using different random number generator seeds. The red curves
show an average of these simulations and thus are our predictions for the
present-day SFDs of the captured objects. In particular, the dotted, solid,
dashed, and dashÐdot red curves correspond tofQ5 1, 3, 5 and 8,
respectively. For the Hildas and Trojans, we expect the model SFD to match
observations (black curves; note that the roll-off at small sizes is due to
observational incompleteness). The agreement is quite good given the
uncertainties in our models (Supplementary Information). Of particular
note, the Trojans are known to have a significantly steeper SFD at
D > 100 km than the Hildas. Our model reproduces this because the Hildas,
which cross the main belt, undergo more collisional grinding. For the main
belt, the model also predicts that the SFD of the primitive bodies is steeper
than that of the indigenous population forD > 20 km, so the fraction of
D/P-types should increase as diameter decreases. This appears to match
observations21. The solid and dotted green curves inc refer to the indigenous
OMB objects at the beginning and end of the simulation, respectively.
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corresponding to particle sizes larger than 1 mm rising to, 1 cm near
the crossed filaments. The narrowing of the tail (Fig. 2) occurs because
particles launched perpendicularly to the orbit reach maximum height
above the orbit plane one quarter-orbit (10 months) after ejection. The
width of the dust tail implies out-of-plane dust velocitiesdv< 0.2 m s2 1.
Relative velocities measured between the nucleus N and sub-nuclei in the
filaments (for example, between N and C in Fig. 1) aredv, 0.2 m s2 1.

The effective scattering cross-section of the dust tail is comparable to
the area of a circle of radiusre5 2,100 m. If contributed by particles in the
millimetre to centimetre size range, this cross-section corresponds to a
dustmassM 5 (6Ð60)3 107kg,equivalent toasphereof thesamedensity
and having a radiusr 5 17Ð36 m (see Supplementary Information).

One possibility is that P/2010 A2 was disrupted by rotational burst-
ing,perhapscausedbyspin-up under the actionof radiation torques (the
timescale for spin-up is very uncertain but it can be less than a hundred
thousand years for a sub-kilometre body12,13). If the dust following
P/2010 A2 was produced by an impact,r gives an upper limit to the
radius of the projectile,rp, because, in a hypervelocity impact, orders-of-
magnitude more mass is ejected from the target than is delivered by the
projectile. We infer that the projectile was of the order of a few metres in
radius, tiny compared to the primary nucleus. The velocity dispersion
among asteroids in the main belt isDV < 5 km s2 1 (ref. 1). From these
parameters we infer that the energy per unit target mass in the impact
responsible wasE/M5 K (rp/rn)

3DV2< (103Ð104) J kg2 1, wherern is
the radius of the nucleus. This range encompasses theE/M needed for
catastrophic fragmentation in a direct impact14. Hypervelocity impact
experiments15and calculations16show that most mass is displaced at low
velocities, consistent with the speeds measured.

The expected interval between collisional disruptions of 0.1-km-
diameter asteroids in the main belt is about one year17, whereas
damaging but non-disruptive impacts should be more frequent.
Because the duration of visibility of the P/2010 A2 debris cloud exceeds

one year, we should expect to find one or more similar objects at any
time, in any all-sky survey with sensitivity equal to that of LINEAR or
greater. Comparable disruption events occurring annually will release
about 2 to 20 kg s2 1 of dust into the zodiacal cloud, on average. This is
only 0.1% to 1% of the 600Ð1,000 kg s2 1 mass injection rate needed to
keep the zodiacal cloud in steady state18, suggesting that most of the
mass comes from comets19 or another source.

Received 10 May; accepted 25 August 2010.

1. Bottke, W. F., Nolan, M. C., Greenberg, R. & Kolvoord, R. A. Velocity distributions
among colliding asteroids. Icarus 107, 255Ð268 (1994).
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Figure 3 | Position angle of the tail as a function of time showing changes
caused by the viewing geometry.Measured position angles of the tail (black
symbols) are shown with error bars denoting one standard deviation. Calculated
position angles of different synchrones (colour-coded curves) are shown as
functions of the epoch of observation. The position angle of the projected orbit is
shownasadashedgrey line.Tomeasure thedifferencebetween thepositionangles
of the tail and of the projected orbit, we rotated the images so as to align thex axis
with the projected orbit. At constant intervals, we obtained profiles perpendicular
to the orbit by averaging over 200 pixels parallel and 10 pixels perpendicular to the
orbit. To each profile we fitted a Gaussian function. We then fitted a linear
function to the peak of the Gaussian versus the distance from the nucleus. The
slope and root-mean-square of the slope give us the position angle of the tail and
the corresponding error bars. The coloured curves indicate the position angles of
specific synchrones, that is, dust emitted at a specific date in 2009 (see synchrone
labels) with zero relative velocity. Simulations demonstrate that dust emitted at a
given time with zero speed is seen in projection along a straight line starting from
the nucleus and with the distance to the nucleus proportional to the radiation
pressure coefficientbwith larger particles (with smallerb) closer to the nucleus for
a given release time. For a given observation date, the position angle of the
synchrones is a unique function of the time of emission. The coloured lines show
the change of the synchrone position angles with time, primarily owing to the
changing viewing geometry. In particular, all synchrones were projected to the
south of the orbit before the Earth crossed the orbital plane of the comet on 9
February 2010, and to the north afterwards. The measured position angles of the
tail are best matched by the 2 March 2009 synchrone and are inconsistent with
synchrones more than a few weeks before or after that date.
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Figure 2 | Hubble Space Telescope images of P/2010 A2 at the eight
indicated epochs.Images in each panel have been rotated so that the tail lies
approximately horizontally. The images, from Wide Field Camera 3 on the
Hubble Space Telescope, have 0.04-arcsecond pixels and are combinations of
images with total integration times of about 2,600 s through the F606W filter.
Each panel subtends 10 arcseconds in height. Numerous cosmic rays and
trailed background objects have been removed from the data. Residual streaks
in some panels (such as the diagonal streaks on 25 and 29 January 2010) are due
to the incomplete removal of trailed background stars and galaxies.
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