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The present population of asteroids in the main belt is largely the
result of many past collisions". Ideally, the asteroid fragments
resulting from each impact event could help us understand the
large-scale collisions that shaped the planets during early
epochs®®. Most known asteroid fragment families, however, are
very old and have therefore undergone significant collisional and
dynamical evolution since their formation®. This evolution has
masked the properties of the original collisions. Here we report
the discovery of a family of asteroids that formed in a disruption
event only 5.8 = 0.2 million years ago, and which has sub-
sequently undergone little dynamical and collisional evolution®’.
We identified 39 fragments, two of which are large and compar-
able in size (diameters of ~19 and ~14 km), with the remainder
exhibiting a continuum of sizes in the range 2-7 km. The low
measured ejection velocities suggest that gravitational re-
accumulation after a collision may be a common feature of
asteroid evolution. Moreover, these data can be used to check
numerical models of larger-scale collisions®.

Up to now, ejecta from a few tens of major collisions (that is,
asteroid families) have been observed in the main belt™'. To identify
an asteroid family, researchers look for clusters of asteroid positions
in the space of so-called proper orbital elements: the proper
semimajor axis (ap), proper eccentricity (ep) and proper inclination
(ip). The orbital elements describe the size, shape and tilt of orbits.
Proper orbital elements, being more constant over time than
instantaneous orbital elements'!, provide a dynamical criterion of
whether or not a group of bodies has a common ancestor. Unfortu-
nately, the observed asteroid families are old enough (that is,
hundreds of millions to billions of years old®'?) to have been
substantially eroded and dispersed by: (1) secondary collisions’,
(2) chaotic orbital evolution'>", and (3) semimajor axis mobility
due to radiation effects’. These effects make it difficult to determine
the conditions that existed immediately after the family breakup
event and the age of the family itself.

Fragments produced by recent collisions, on the other hand,
would suffer little erosion in the interim following a breakup event,
and thus would provide better examples for understanding impact
physics than older families. To search for recently formed asteroid
families, we applied a cluster-detection algorithm called the hier-
archical clustering method’ (HCM) to a proper-element data-
base'"'*. The output of the HCM algorithm is a number of
clusters in the (ap, ep, ip) space. Each cluster consists of member
bodies linked by a ‘chain’ in the (ap, ep, ip) space, with the length of
each link, d (see Methods section), corresponding to a proper-
element difference not exceeding d .y of. In order to detect signa-
tures of compact, and presumably young, collisional clusters, we
used d o = 10ms ™', This value is an order of magnitude less
than what is usually used for asteroid family searches.

The HCM algorithm found nine clusters with five or more
member asteroids. Among them, four clusters form a promi-
nent compact feature of 39 bodies within the region known as
the Koronis family (Fig. 1). At dyoie = 15m s, the four clusters
join together, but also agglomerate a dozen additional asteroids,
forming a similar but more loosely connected structure. In this
work, we analyse the orbital and size-frequency distribution of
the 39 asteroids detected at duofr = 10ms™'. This 39-body
cluster is statistically significant at greater than the 99% level
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(see Methods section).

The orbital distribution of the 39-body cluster is diagonally
shaped in (ap, ep), and appears to fit inside one of the similarly
shaped ‘equivelocity’ ellipses shown in Fig. 1. To create these
ellipses, we launched test bodies isotropically from the centre of
the cluster (presumably the impact site) at a selected velocity
impulse 6V. Using Gauss’s equations (see, for example, ref. 14),
we then computed the change in their proper elements (6ap, éep,
6ip). To determine the size, shape and orientation of the ellipses, we
experimented with various values of V., the maximum velocity
among our test bodies, the true anomaly f of the parent body (that
is, the angle between the parent body’s location and the perihelion
of its orbit) and the parent body’s perihelion argument w at the
instant of the impact (that is, the angle between the perihelion and
the ascending node).

We found that ellipsoids having V.=~ 15ms™ ',
—30° = f= 30° and —45° < w + =< 45° provide good fits to
our 39-body cluster (Fig. 1). These results indicate that the disrup-
tion event occurred while the parent body was near perihelion, and
that the fragments were ejected in nearly isotropic directions.

No other known asteroid family shows a comparable fit to that
shown in Fig. la. Instead, most observed families have box-like
shapes in (ap, ep, ip) space. We believe these observed family
configurations are by-products of long-term dynamical evol-
ution”"® rather than the result of an unusual 6V distribution.
Similarly, our numerical experiments suggest that the structure of
the 39-body cluster in (ap, ep, ip) space cannot be older than a few
times 10 years, or it would have been erased by asteroid mobility
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Figure 1 The asteroid family in orbital phase space. The orbital structure of the identified
cluster is compatible with a recent asteroid breakup at its location: @, ap and ep; b ap and
ip. The size of each blue symbol is proportional to the diameter of a body. Gold dots
indicate the background bodies in the Koronis family. The equivelocity ellipses were
computed from Gauss’s equations. The red ellipses correspond to isotropic ejection fields
with 8/=15ms ™" and different values of fand w (see text). In a, f= 30° (black), 60°,
90°, 120° and 150° are shown. In b, the equivelocity ellipses were computed for

w + F=0°, 45° (black), 70° and 90°. The diagonal shape of the 39-body cluster in the
(ap, ep) plane suggests that the collision occurred near the perihelion of the parent’s
body orbit. The overall structure in (ap, ep, /p) provides a reasonable match to the ellipses
with parameters 6V < 15ms™', —30° < f=< 30°and —45° < w + =< 45°.
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mechanisms”". Thus, we conclude that the 39-body cluster must be
young—so young, in fact, that it may be the first essentially
unaltered disruption structure ever identified in the main belt.

To determine the age of the cluster, we numerically integrated the
orbits of our 39 bodies into the past. Our goal was to show that in
some previous epoch, the heliocentric orbits of all cluster members
were nearly the same. As 6V << V4, where V., is the orbital
velocity of cluster members, we expect that this conjunction of
orbital elements should have occurred shortly after the parent body
disrupted.

There are two angles that determine the orientation of an orbit in
space: the longitude of the ascending node (£2), and the argument of
perihelion (w). Owing to planetary perturbations, these angles
evolve with different but nearly constant speeds for individual
asteroid orbits (for example, precession periods of ~19,000 yr and
9,500 yr, respectively, for cluster members). Today, the orbits of the
cluster members are oriented differently in space because their
slightly dissimilar periods of £ and w produce slow differential
rotation of their orbits with respect to each other. Eventually, this
effect allows 2 and w to obtain nearly uniform distributions in [0°,
360°]. For a short time after the parent body breakup, however, the
orientations of the fragments’ orbits must have been nearly the
same.

To deal solely with well-determined orbits, we used the orbital
elements of the 13 cluster members that have a number desig-
nation'®. The orbits were propagated backward in time using a
symplectic integration scheme (the Wisdom—Holman map in the
software package Swift'”'®) with a 0.01-year step size. The inte-
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Figure 2 The convergence of angles at about 5.8 Myr ago strongly suggests that the
identified cluster was created by a recent catastrophic collision. The plot shows past
orbital histories of the 13 numbered members of the 39-body cluster: a, nodal longitude
0, and b, perihelion argument w. Values relative to (832) Karin are shown. For clarity, the
evolutions were smoothed by a 0.5-Myr running time window. £ and w have small
oscillations about the average values. At t = —5.8 Myr (broken vertical line), the nodal
longitudes and perihelion arguments of all 13 asteroids were nearly the same. Thus, at
t= —5.8Myr, all orbits were nearly identical.
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gration accounted for the gravitational effect of the four giant
planets, but neglected the effect of the inner planets, radiation
forces and relativistic corrections. Given the small eccentricities and
inclinations of the cluster, its location in a regular part of the main
belt and the short integration interval, the latter effects can be
ignored. We nevertheless verified that the inclusion of the inner
planets in the integration did not change our results.

We find that about 5.8 Myr ago, all integrated orbits had nearly
the same orientation in space (Fig. 2). This convergence did not
happen by chance; we estimate that the probability that 13 unrelated
orbits would randomly meet at one time over the age of the Solar
System is <10~ °. We also tested this idea by integrating their orbits
forwards and backwards by 50 Myr. No other alignment was found.
Thus, we conclude that the cluster members had a common
collisional origin about 5.8 Myr ago.

To roughly estimate the error on this age (Af), we did the
following. First, we computed the angular distance between the
cluster members’ ascending nodes at various times
(t= —5.8 = At). Next, we averaged these values for each f. The
minimum average value, found at t = —5.8 Myr, was about 10°. For
At = 0.2 Myr, the average angular distance had doubled to 20°.
Thus, we estimate that the breakup event occurred 5.8 = 0.2 Myr
ago.
The size—frequency distribution of the 39-body cluster shows two
large bodies, (832) Karin and (4507) 1990 FV, with absolute
magnitudes H = 11.2 (diameter D = 19km for a 16% albedo)
and 11.8 (D = 14.4km), respectively. As (832) Karin is the largest
body in the observed population, we adopt the name ‘Karin cluster’.
The Karin cluster’s size—frequency distribution shows 6, 15, 11, 3
and 2 bodies in 0.5-mag bins between H = 13.5 mag and 16.0 mag
(D = 6.6-2.1 km). The size-frequency distribution of this conti-
nuum is strongly affected by observational incompleteness.

To compute the size of the parent body of the Karin cluster, we
need to account for its undetected members. Using a reasonable
estimate of the observational incompleteness of the main belt for
asteroids with H < 16.0 mag (ref. 19), we infer that the diameter of
the parent body was Dpg = 24.5 = 1km. Dpp corresponds to a
spherical body with volume equal to the estimated total volume of
the bodies with H < 16.0 mag. It is likely that the actual size of the
parent body was larger than Dpp because the contribution of the
population at H > 16.0 mag was not used. According to the above
estimate, (832) Karin contains 47 = 6% of the mass of the parent
body. The estimated disruption rate of asteroids in the main belt
with D = 25km (1 per ~5 Myr) is consistent with our derived age
for the Karin cluster (D. Durda, personal communication).

According to numerical models?, an impact at 5kms ™' of a ~3-
km-diameter projectile on the 24.5-km-diameter parent body of the
Karin cluster produces a fragment comparable to the size of (832)
Karin. The next largest Karin cluster member, however, is only
~25% smaller than (832) Karin itself. Because impacts onto solid
homogeneous parent bodies are thought to yield large fragments
with significant diameter differences’, these measurements suggest
that either the parent body was fractured before the breakup event
or the parent body had a heterogeneous interior structure.

Another possibility is that low ejection velocities allowed gravita-
tional reaccumulation to modify the sizes of the largest fragments.
Assuming f = *£30°and w + f = +45°, we invert Gauss’s equations
and find that typical 8V values are < 15ms '. We also find a
correlation between the calculated 6V values and the size of a body,
with 8V oc D', These ejection velocities are comparable to the
escape velocity of a spherical, 25-km-diameter body with a bulk
density of 2.5 g cm ™ (that is, Veee = 15ms~"). We expect that the
largest cluster members will agglomerate fragments having ejection
velocities Vo < Vi, assuming reasonable distributions of Vi
(ref. 20).

The relative youth and known age of the members of the Karin
cluster may help us answer several important questions in asteroid

721




letters to nature

geology and impact physics. Recent work has suggested that S-type
asteroids with ‘fresh’ surfaces may have spectra that resemble (or
trend towards) ordinary chondrite spectra (see, for example, ref.
21). Because Karin cluster asteroids are S-type** and have probably
experienced minimal space weathering®, we believe they could be
used to examine this possibility. It would also be useful to compare
the spectra of various Karin cluster asteroids, all of which should
share the same age (that is, 5.8 Myr). Similarities and differences
might help us to determine the rate of space weathering among S-
type main-belt asteroids, and whether spectral alterations by space
weathering are a function of time alone or are also dependent on
asteroid size. Moreover, if the surfaces of the Karin-cluster members
were given fresh surfaces by impact 5.8 Myr ago, the craters formed
since that time by hypervelocity impacts may be used to infer the
current crater production rate in the main belt, and the unknown
shape of the main-belt’s size distribution at small asteroid sizes.

It is possible that the Karin cluster may be the source of some
asteroidal material evolving towards Earth. For example, we believe
that impacts on Karin cluster asteroids could be the source of the
zodiacal dust 8-band discovered by the IRAS satellite**. We base this
idea on two pieces of evidence: (1) the Karin cluster and the model-
derived source of the 3-band both have mean inclinations near 2.1°,
and (2) the narrow inclination span of the $-band source
(Ai = 0.09°) is analogous to that of our compact 39-body cluster
(Ai = 0.08°)”. (The inclination span of the Koronis family, which
has generally been taken as the source of the $-band, is Ai = 0.45°).
As a second example, we believe the Karin breakup event could have
produced some meteorites. These putative objects would need to
have compositions consistent with S-type asteroids and cosmic-ray
exposure® ages < 5.8 Myr. d

Methods

Hierarchical clustering method

The hierarchical clustering method (HCM) starts with an individual asteroid position in
the proper elements space, and identifies bodies in its neighbourhood with mutual
distances less than a threshold limit (d cuofr). We define the distance in the (ap, ep, ip) space
by:

d=napy/C.(6ar fap)? + C(bep)? + Ci(Bsini)? M

where 1 ap is the heliocentric velocity of an asteroid on a circular orbit having the
semimajor axis ap. dap = Ia(l,l) — a(l,z)l, Sep = Ie(l,l) - ei,z)l7 and 8sinip = [sin ii,l) —sin ii,zll.
The indices (1) and (2) denote the two bodies under consideration. C,, C, and C; are
constants: we use C, = 5/4, C, = 2 and C; = 2 (ref. 10). Other choices of these constants

found in the literature yield similar results.

Statistical significance of the 39-body cluster

To demonstrate the >99% statistical significance of the 39-body cluster, we generated 100
synthetic orbital distributions corresponding to the Koronis family determined at

d eurot = 60m s~ ' (that is, 1,500 asteroid positions at 2.83 < ap < 2.95 AU,

0.04 < ep < 0.06 and 0.033 < ip < 0.04), and applied our HCM algorithm to these data.
Applying d cyioir = 10m s~ !, we were unable to find a cluster containing more than five
members. We also used the HCM algorithm on 100 computer-generated asteroid belts
(that is, 66,000 random orbital positions at 2.1 < ap < 3.25AU, ep < 0.3 and ip < 0.3).
Once again, deyof = 10ms ™' yielded no meaningful structures.
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Using molecules as electronic components is a powerful new
direction in the science and technology of nanometre-scale
systems'. Experiments to date have examined a multitude of
molecules conducting in parallel*’, or, in some cases, transport
through single molecules. The latter includes molecules probed
in a two-terminal geometry using mechanically controlled break
junctions®’ or scanning probes®’ as well as three-terminal single-
molecule transistors made from carbon nanotubes®, Cg, mol-
ecules’, and conjugated molecules diluted in a less-conducting
molecular layer'. The ultimate limit would be a device where
electrons hop on to, and off from, a single atom between two
contacts. Here we describe transistors incorporating a transition-
metal complex designed so that electron transport occurs
through well-defined charge states of a single atom. We examine
two related molecules containing a Co ion bonded to polypyridyl
ligands, attached to insulating tethers of different lengths. Chan-
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