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ASTEROID “CLANS”:
SUPER-FAMILIES OR MULTIPLE EVENTS?

ALBERTO CELLINO and VINCENZO ZAPPALA
Osservatorio Astronomico di Torino

Abstract. Among the recently determined asteroid families (Zappala‘ et al., 1992) a number of very
large clusterings are recognized. Some of them agglomerate few families previously identified as
single groupings. In most cases, the new big families (called "clans™) seem to be composed by different
sub-clusterings connected each other by very narrow "bridges". In the present paper we analyze their
possible origin and evolution: a primordial single event followed by subsequent collisions of the
fragments, a super-catastrophic original impact or different collisional events overlapping by chance.
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1. Introduction

During the last two years the general improvement of the techniques of asteroid
proper elements computation and the use of new clustering analysis procedures
has allowed to shed some light on the old-debated subject of asteroid dynamical
families. As a matter of fact, a good agreement has been achieved between the re-
sults obtained by means of hierarchical clustering techniques of Multivariate Data
Analysis (Zappala et al., 1990) and by means of a Wavelet Cluster Analysis method
(Bendjoyaet al., 1991). Both techniques have been applied to the extensive data set
of asteroid proper elements provided by Milani and KneZevié (1990, version 4.2).
The effectiveness of the family identification methods applied in the above papers
has been recently tested by means of suitable numerical simulations by Bendjoya
et al. (1992). The results of the tests show that both techniques give in general sat-
isfactory results in cases bearing a general resemblance with the situations which
are encountered in the study of the real asteroid belt. This allows to be confident
on the overall reliability of the family lists presented in the above papers. The
large discrepancy between the results obtained by both Zappala et al. (1990) and
Bendjoya et al. (1991) with respect to the results of the family searches carried out
by Williams (1979, 1989), who found a much larger number of families, has been
explained by Zappala et al. (1991) as a consequence of the differences between the
adopted identification methods (the Williams’ method being more “liberal’””) more
than as a consequence of the different data sets of asteroid proper elements used.

Farinella et al. (1991) have pointed out that the family list of Zappala et al. (1990),
allows to recognize different kinds of asteroid “families”: in particular, while the
term “family” itself should be applied only to clusters of objects showing both a
definite statistical significance and a consistency from the point of view of further
physical evidence of a common genetic relationship (taxonomic consistency), the
statistically significant clusterings found by Zappala et al. (1990) can be generally
separated in two main categories: well defined clusterings formed by a number of
members very close in the space of proper elements, and with sharp boundaries
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Fig. 1. A stalactite diagram showing the difference between typical “clusters” (sharp arms
of stalactites, like 1726, 668, 145, 1272) and a “clan” (the large arm identified by no. 15)

(type I families or “clusters”, following the Farinella et al. proposed nomencla-
ture), and large groupings of objects with uncertain boundaries, such that the final
membership of these groupings is strongly determined by the adopted choice of
the critical distance level at which statistically significant clusterings are defined
in different zones of the belt (type III families, or “clans’). This can be more easily
understood by means of an inspection to the “stalactite diagrams” introduced in
the Zappala et al. (1990) paper (see Fig. 1). These diagrams show for different
levels of the adopted distance in the proper elements space (for an explanation of
the chosen notion of distance see Zappala et al., 1990, and Milani et al., 1992)
the different existing groupings of objects (identified by means of their lowest-
numbered member); the statistically significant groupings are found on the basis
of the derivation of a critical distance level (Quasi Random Level QRL, see again
Zappala et al., 1990, for further explanations). Thus, an inspection to Fig. 1 shows
the most apparent differences between a typical “cluster”, represented by a deep
and sharp stalactite, and a typical “clan”, which appears as a large stalactite arm
which erodes and splits progressively for lower values of the distance. As pointed
out by Zappala and Cellino (1992), and Bendjoya et al. (1992), in the case of
“clans” the choice of the QRL is critical, in the sense that a restrictive choice (i.e.,
alow value of the critical distance) can lead to identify only a minor fraction of the
really existing family members, while a more “liberal” choice of the QRL leads to
alarger fraction of family members, but with a largely increased amount of random
interlopers, which can represent even a 50% of the derived clustering members, in
some cases.
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The existence of “clusters” and “clans” can be related to different causes: more or
less dense background of non-family objects, different ejection velocities of the
fragments, leading to a more or less pronounced spread of the family, etc. Among
the possible explanations, one which cannot be ruled out is the superposition of
different clusterings in a same portion of the proper elements space. This can be
due either to the purely random chance to have two independent break-up events
in a same cell of the proper elements space, involving completely unrelated parent
bodies, but could be also due to multigeneration disruptions of bodies coming orig-
inally from the same parent. This fact is confirmed by a recent paper by Farinella
and Davis (1992), which have computed the intrinsic collision probabilities for
the entire set of asteroids for which an estimate of proper elements is currently
available, and have shown that in some cases (like the asteroids belonging to the
Koronis family) the probability of impact between members of the same family is
noticeably higher with respect to the impact probability with the rest of the asteroid
population.

Recently, a new enlarged data set of asteroid proper elements (version 5.7 by
Milani and KneZevié¢, 1992) has become available. This list comprehends also
a significant amount of non-numbered objects for which a reliable estimate of
orbital proper elements is anyhow available. The Hierarchical Clustering Method
of Zappala et al., (1990) has been applied to this enlarged data set (Zappala et
al., 1992), taking profit of the overall improvements of the adopted procedure of
clustering identification which have been suggested on the basis of the experience
achieved by means of the numerical tests performed by Bendjoya et al. (1992).
While the results of this analysis will be published elsewhere, we want here to
focus our attention on the differently identified “clans”, analyzing in some detail
their properties, in order to see whether some indication on their possible origin
can be derived from the (limited) knowledge of the physical properties of their
members (essentially albedo and taxonomic types), and from the observed features
of these clusterings in the space of orbital proper elements. The “clans” identified
are 5, and are listed, according with the name of their lowest-numbered member, as
the Flora, Vesta, Eunomia, Nysa and Hygiea clans. Each of them will be separately
analyzed in what follows.

2. Flora

Zappala et al. (1990) did not identify a single clustering in the so-called Flora
region in the inner belt; this was due to the relatively large errors of their adopted
proper elements in this region close to the important v secular resonance, and to
the restrictive procedure used for identifying families; on the other hand, Cellino et
al. (1991) noticed that the size distribution of the asteroids in the Flora region can
be described by a power law characterized by a steep slope, which is not typical
of the “normal” asteroidal population, but is common in the case of the families
identified in the Zappala et al. paper. The results of the simulations performed by
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Fig. 2. (a) a’-sin#’ plot for the Flora clan. The sizes of the symbols are proportional to
the diameters of the corresponding objects; the larger objects 8 Flora and 43 Ariadne are
indicated by crosses. (b) The same as (a), but only objects with a known albedo py are
plotted (filled symbols: py < 0.10; open symbols: py > 0.10.

Bendjoya et al. (1992) suggested some improvements to the adopted procedure of
families identification in cases in which very dense backgrounds like that found in
the Flora region are concemned. As a result, Zappala et al. (1992) find now a typical
“clan” in the Flora region. Fig. 2(a) shows the plot a’-sin ¢’ of this grouping: the
members are plotted as circles whose size is proportional to the diameter of the
object; 8 Flora and 43 Ariadne are represented by crosses having a reduced size
with respect to the scale chosen for the rest of the clan, since both of them are much
larger than the other members. We have to notice that the diameters were taken,
when available, from the IRAS list of asteroid diameters; alternatively, they were
computed on the basis of the known absolute V magnitude (H) and assuming the
average albedo derived from the IRAS-observed objects of the clan (0.11). This
can introduce in the case of the Flora clan some error due to the large dispersion
of the IRAS albedos of this group (Fig. 3), but on the other hand the sizes of most
of the Flora members are so small that the derived uncertainties on their derived
diameters cannot be very high.

Fig. 2(a) shows an apparent sub-grouping located at @' = 2.20 approximately; 8
Flora and 43 Ariadne are located at the edge of this subgrouping. On the other hand,
we know that 8 Flora is captured by the clan at high values of distance, so it could
be actually an interloper. Since Fig. 3 shows that the Flora clan is characterized
by a high non-homogeneity of albedo, it can be interesting to see whether objects
with similar albedo tend to form some definite sub-cluster; Fig. 2(b) is the same as
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Fig. 3. Albedo histogram for the asteroids belonging to the Flora clan.

Fig. 2(a), but the fact that only objects for which a direct estimate of the albedo pv
is available are plotted, using different symbols for objects having py < 0.1 and
pv > 0.1. This Figure shows that no definite trend related to albedo is apparent.
The subgrouping at a’ = 2.20 is formed only by “bright” objects, but their number
is too low for indicating a real separation from the rest of the clan.

As a conclusion, the Flora clan is one for which it is hard to infer any information
about its origin; this is due to the lack of available data on albedos, and to the in-
trinsically complicated structure of this clan, which is probably strongly influenced
also by the proximity to important mean motion and secular resonances.

3. Vesta

In their previous search, Zappala et al. (1990) found two distinct families very
close in the space of proper elements: one had as the lowest-numbered asteroid
4 Vesta, while the other was associated to 1933 Tinchen. The Vesta family is
particularly important, since the unique taxonomic type of this object (V), due to
its peculiar basaltic surface composition (see, €.g., Gaffey et al., 1989) makes it an
ideal candidate for any check of the real collisional origin of a family based on an
analysis of the taxonomic types of its members. For this reason, the fact that four
asteroids belonging to the Vesta and the Tinchen families found by Zappala et al.
(1990) have been found to show a clear evidence of a basaltic composition (Binzel,
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private communication), must be considered of the highest importance.
Moreover, the Hierarchical Clustering method applied to the new extended data set
of asteroid proper elements allows now to identify a single clan which incorporates
the two Vesta and Tinchen groups previously found. These two groupings cannot
be separated at the critical distance level QRL found in that zone of the belt,
but they split into two different “arms of stalactite” at lower distance levels. The
objects for which a basaltic composition has been inferred by the observations are
equally shared out among the two sub-groupings. Fig. 4(a) shows the a’-¢’ plot of
the clan; the position of the very big asteroid 4 Vesta (occultation observations by
Millis et al., 1989, give a diameter of 561 £ 3 km) is indicated by a large asterisk.
Two filled circles indicate two objects belonging to the C taxonomic type, which
should be considered as probable interlopers; this conclusion is supported by the
fact that both these objects are found at the edges of the clan. Four small asterisks
indicate the position of the basaltic members of the clan. Fig. 4(b) is analogous to
the previous one, but the asteroids belonging to the two subgroupings of Vesta and
Tinchen are indicated by different symbols (the two probable C-type interlopers
are not included in this plot). One can see that the two subgroupings are separated,
with Vesta occupying a position just at the edge of both of them. The four basaltic
objects are close to Vesta, two being found in each subgrouping. This fact suggests
a common genetic relationship for the two subgroupings; on the other hand, it is not
clear whether a single cratering event on Vesta can have originated simultaneously
the whole clan, or different collisional events can explain what is observed. In this
case, it is still not evident whether all these (at least two) events occurred on Vesta
itself, or if some second generation disruption can have formed (at least partially)
one of the two subgroupings. One observational constraint which should be taken
into account is that polarimetric and photometric data indicate the presence of a
large, hemispheric albedo spot on Vesta (see Cellino et al., 1987). This could be
related to the presence of a single large crater, but the uncertainties are too big for
drawing any definite conclusion.

The importance of the Vesta clan is special also taking into account that a very
energetic cratering event on this large asteroid can probably explain the existence
of a class of meteorites, the eucrites, which are known to bear a strict resemblance
with the material which constitutes the surface of Vesta on the basis of the physical
properties inferred from the optical observations; actually, some fragments of the
surface could have reached the 3/1 mean motion resonance, and/or the v secular
resonance, from where they could have been injected into Earth-crossing orbits
(see, e.g., Wisdom, 1987, and Scholl et al., 1989). Recently, Cruikshank et al.
(1991) have discovered some V-type objects having Earth-crossing orbits. These
facts suggest a common origin for a variety of basaltic objects found in the inner
solar system; this hypothesis will be tested quantitatively in a forthcoming paper
(Rosa et al., 1993).
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Fig. 4. (a) a’-¢’ plot for the Vesta clan. Symbol sizes proportional to the corresponding
diameters, but for Vesta, indicated by a large asterisk. Filled symbols: two (probable
interlopers) C objects. The four basaltic objects identified by observations have an asterisk
superimposed to their symbol. (b) Same as (a), but the objects belonging to the Vesta and
Tinchen sub-groupings are plotted with different symbols: open circles: Vesta sub-grouping;
filled rhombs: Tinchen sub-grouping. Crosses indicate objects not belonging to the above
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Fig. 5. (a) Same as Fig. 4(a), but for the Eunomia clan. Here the asterisks show the location
of the objects 15 Eunomia and 85 Io. (b) Same as (a), but only objects with a known albedo
are plotted. The meaning of the different symbols is the same as in Fig. 3(b).
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Fig. 6. Albedo histogram for the asteroids belonging to the Eunomia clan.

4. Eunomia

The Eunomia clan does not present any noticeable splitting in well defined sub-
groupings. This fact is qualitatively confirmed by Fig. 5(a), which shows the a’-¢’
plot; also in this case, the size of each symbol representing the clan members is
proportional to the size of each object, but for the case of the bigger asteroids 15
Eunomia and 85 Io, whose position is indicated by asterisks. Even in this case,
the size of the non-IRAS observed members was derived on the basis of their
absolute V-magnitude H and the average albedo of the clan, which turmed out to
be 0.11. Also in this case, however, the dispersion of the albedo for the objects for
which this parameter is known is not negligible (Fig. 6), suggesting some surface
heterogeneity among the members of the clan. Fig. 5(b) is analogous to Fig. 5(a),
but the fact that only objects for which an albedo estimate is available are plotted,
with different symbols for objects having py lesser or greater of 0.10. No definite
conclusion can be drawn by this figure. The Eunomia clan could be either the
product of a single break-up, or the result of two mutually overlapping families,
possibly related to the two big objects 15 Eunomia and 85 lo, which are of different
taxonomic types (S and C). On the other hand, a dozen of interlopers are expected
for the Eunomia clan, based on the properties of the background in that zone of
the belt (Zappala et al., 1992), thus the observed albedo heterogeneity could be
actually less substantial.
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Fig. 7. ¢’-sin ¢’ plot for the Nysa clan. Symbol sizes proportional to the objects’ diameters,
but for 44 Nysa and 135 Hertha, indicated by asterisks. The filled symbols refer to objects
belonging to the F taxonomic type.

5. Nysa

Fig. 7 shows the ¢’-sin ¢’ plot in the case of the Nysa clan. The two sizable objects
44 Nysa and 135 Hertha are indicated by asterisks. These two objects, classified,
respectively, as E and M, may be chance interlopers of the clan, since they are
clearly distinct with respect to the majority of the clan members, which are low-
albedo objects, with a consistent fraction of asteroids classified as F (indicated by
filled circles in the Figure). The fact that Nysa and Hertha can be interlopers is
confirmed by an analysis of the observed distribution of asteroids in the immediate
vicinities of the clan, which can be compared with the number of interlopers which
is expected for this clan (Fig. 8). The presence of a significant amount of members
belonging to the unusual taxonomic type F is obviously puzzling, and suggests a
common origin for these objects, even if we have to notice that other F asteroids
not belonging to any cluster exist in this zone of the belt. Fig. 7 suggests also
a possible sub-splitting of the Nysa clan: in particular, a subgrouping having as
the lowest-numbered object 878 Mildred, and formed mostly by small objects not
including any F, is apparent in the bottom-right part of the plot. Hertha is located
close to the edge of this sub-grouping. Since nothing is known about the albedo
and taxonomic type of these objects, we cannot draw from this plot any definite
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Fig. 8. Number of asteroids found in the immediate vicinity of the Nysa clan. The number
of objects having diameter larger than 50 km is also indicated. These data suggest that 44

Nysa itself and 135 Hertha may be actually random interlopers of this clan.
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Fig. 9. a’-sin#’ plot of the Hygiea clan. 10 Hygiea is indicated by an asterisk. The other
members are indicated by symbols having sizes proportional to the corresponding diame-

ters.
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conclusion. Actually, we think that additional data on taxonomic types should be
essential in order to have the possibility to discriminate between the possibilities
of one or more collisional events as the origin of the presently observed clan.

6. Hygiea

Only a little information is available in the case of the Hygiea clan, which is located
beyond 3 AU of heliocentric distance. In particular nothing is known about albedo
and taxonomic type of the members of the clan, with the only exception of the large
(D = 429 km) asteroid 10 Hygiea. The size of this asteroid could suggest an origin
of the clan related to the occurrence of an energetic cratering event on Hygiea, in
some way similar to the event which could be responsible of the existence of the
Vesta clan. Fig. 12, which shows the a’-sin ¢’ plot of this clan, does not contradict
this hypothesis, due to the location of Hygiea along the lower edge of the clan in
this projection. On the other hand, due to the lack of additional data, any conclusion
seems premature.
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