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ABSTRACT

Most asteroid families are outcomes of unique disruption events that have happened in the
main asteroid belt in the past. Except for the case of two very young families, Karin and Veritas,
we currently miss accurate enough information about their age. Yet, this information is critical in
using data of the observed families for various planetary-science interpretations such as inferences
about the initial velocity fields after the parent-body breakup, space weathering processes, etc.
In this paper we develop a method that allows us to estimate ages of young asteroid families (if
they are approximately in between 0.1 and 1 Gy). We apply it to four suitable cases — Erigone,
Massalia, Merxia and Astrid — and discuss obstacles that prevent using our method to other ones.
Together with Veritas family, they seem to be outcomes of all large disruptions (i.e. parent body
> 100 km) that have happened in the main asteroid belt in the past ~ 0.75 Gy. We confirm that

asteroid families are undergoing dynamical evolution due to thermal forces and torques.

Subject headings: asteroids, asteroid families, Yarkovsky effect

1. Introduction

Asteroid families have been receiving a con-
siderable attention during the past decades (e.g.
Bendjoya and Zappala, 2002; Cellino et al., 2002;
Zappala et al., 2002). Unlike a random sample
of asteroids across the main belt, the asteroids in
families possess a unique quality of being “geneti-
cally linked” to a collisional break-up of the com-
mon parent body at a particular common time.
The relation to a single parent object offers a pos-
sibility to study its mineralogical structure via
analysis of homogeneity or heterogeneity of the
surface properties of family members, available
through spectroscopic observations. The relation
to the single parent event brings a possibility to
study the outcomes of disruptions of large bod-
ies, otherwise laboratorily unaccessible, such as

the resulting velocity field and size distribution of
the created fragments. Also counting the observed
families should advice us about the number of dis-
ruptions of large bodies in the main asteroid belt,
and constrain thus the overall collisional history
of minor bodies in between Mars and Jupiter.

Since no good science problem is simple, the
listed goals have their own difficulties to be faced.
For instance, spectral properties of currently ob-
served family members might not directly hint us
about the mineralogical properties of the parent
object because space weathering processes might
have operated over the age of the family to diverge
them (e.g. Chapman, 2004; Jedicke et al., 2004;
Nesvorny et al., 2005). The family might have
also been created in a populous asteroid zone, so
that a number of interloper bodies would drive
unrealistic spectral dissimilarities (e.g. Miglior-



ini et al., 1995). Similarly, we likely do not ob-
serve today the configuration of the family mem-
bers as frozen from time they have been created
as collisional fragments from the parent event.
Their cluster has undergone collisional grinding,
being hit by background-population projectiles,
thus the observed size distribution of the family
members likely adapted to the overall background-
population size distribution starting from the
small-sizes end. At the same time, both gravi-
tational and non-gravitational perturbations work
together to modify orbital configuration of the
family members (e.g. Bottke et al., 2001, 2002;
Nesvorny et al., 2002a). In this way, today’s fam-
ily clusters may largely hide information on the
initial velocity field with which the fragments have
been initially distributed relative to each other.
Finally, a simple counting of today’s families could
provide misleading information about total num-
ber of families created in the past if not corrected
by the fact that small clusters disperse due to the
mentioned collisional effects and orbital perturba-
tions and become unrecognized in the background
population of asteroids (e.g. Marzari et al., 1999).

An underlying fundamental issue to many of
the potential problems mentioned above is that
we observe the asteroid families today, after an
apriori unknown timespan of collisional and dy-
namical evolution has elapsed since their creation.
Determining the ages of the asteroid families thus
comes as a critical topic.

A number of methods have been proposed to
deal with the asteroid family age-problem (e.g.
Nesvorny et al., 2005 or Vokrouhlicky et al., 2005
and references therein.). Having revised the prin-
cipal possible evolutionary alterations, many of
which depend on not well constrained parameters,
one understands that dating young families is a
more simple task than dating old families. By a
matter of principle, young families are expected to
be statistically smaller and we had to wait until a
large number of asteroid orbits are known, and
determined well-enough to compute their proper
elements, in order to identify these small clusters
(e.g. Milani and Knezevié, 2000; Knezevi¢ and
Milani, 2003; Knezevié et al., 2002). An unprece-
dented leap forward has been performed in this
respect over the past decade, both due to modern
observational programs and computational efforts
(http://newton.dm.unipi.it/). Thus Nesvorny

et al. (2002b, 2003) achieved the most accurate
to-date age determination of the Karin cluster
— 5.75 + 0.05 My — using direct propagation of
the asteroid orbits backward in time (see also
Nesvorny and Bottke, 2004). This method has
been also successfully applied to the Veritas family
—8.34+0.5 My old (Nesvorny et al., 2003) — crown-
ing thus efforts since Milani and Farinella (1994)
suggested using chaotic chronology a young age
for this cluster. Unfortunately, the direct method
is limited to families younger than about 10 My
or even inapplicable at all if the underlying zone
is highly chaotic (such as the case of the Iannini
family, Nesvorny et al., 2003). Beyond this age
quite less accurate methods must be applied.!

Binzel (1987, 1988) analyzed distribution of the
asteroid rotation rates in the Eos and Koronis
families. Differences among the two cases, a re-
laxed Maxwellian distribution for the Eos fam-
ily and irregular distribution with systematically
longer rotation periods for the Koronis family,
let this author conclude that Eos family must be
comparably much older than the Koronis fam-
ily. An age comparable to the Solar System life-
time was thus inferred for Eos, while Koronis was
suggested considerably younger. A more recent
studies though indicate drawbacks in this method.
Vokrouhlicky et al. (2005) confirm the Eos fam-
ily is ~ 1.3 Gy old. More surprisingly, though,
Bottke et al. (2001) conclude an even larger age
for the Koronis family — ~ 2 — 3 Gy — to allow
populating the Prometheus clan by multikilome-
tre asteroids. Slivan (2002), Slivan and Binzel
(1996) and Slivan et al. (2003) then brought a new
light into Koronis members rotation rate distribu-
tion, showing its bimodal nature with a fast- and
slow-rotating populations. Finally, Vokrouhlicky
et al. (2003) matched the puzzling rotation rate
and obliquity distribution using a model where the
initially random distribution is affected on a long-

LA “less-ambitious variant” of the direct backward integra-
tion of orbits has been originally proposed by Brouwer
(1951) who noted that the sum of proper longitude of as-
cending node 2}, and proper longitude of pericenter wy, is
stationary in the linearized perturbation theory. Any clus-
tering in this sum, presumably only slowly dispersing due
to higher-order perturbation terms, was seen as a signature
of the family’s young age. Brouwer (1951) thus argued for
the young age of the Eos family, but a critical reassessment
of the argument by Farinella et al. (1989) and lately by
Vokrouhlicky et al. (2005) showed caveats of this method.



term by thermal torques (also discussed below).
Not only this was the first hint that these thermal
torques, related to the thermal (Yarkovsky) forces,
efficiently operate on multikilometre asteroids but
also their model requires the Koronis age be larger
than ~ 2.5 Gy, in accord with orbital inferences,
collisional grinding model and cratering record on
Ida.

Another possibility to estimate ages of the as-
teroid families is to analyse their size distribution
and compare it with a simulation (e.g. Marzari
et al., 1995, 1996, 1999). As an example, Marzari
et al. (1995) had a moderate success in fitting the
size distribution of the Koronis and Themis aster-
oid populations while for both determining an age
exceeding ~ 2 Gy. For the Eos family, though,
they have not been able to find a reasonable solu-
tion. Potential caveats of this method are: (i) the
unknown initial size distribution in the family (re-
lated to the unknown sizes of the parent object and
projectile that caused it disrupt) and (ii) a number
of free parameters in modelling the subsequent col-
lisional evolution of family asteroids (such as their
strength with respect to the catastrophic disrup-
tion as a function of size, etc.). These many un-
known factors can produce biased answers, or at
best correlated age determinations with some of
the other solved-for parameters.

A particular possibility to hint about the fam-
ily age is to use a spacecraft observation of some
of its members. Crater counting on its surface,
together with a model of size distribution for the
impactor population, can constrain the age of the
terrain. Assuming the body is primordial in the
family, the same information constrains the family
age. This method has been applied to the aster-
oid (951) Gaspra, a ~ 6 km member of the Flora
family, and (243) Ida, a ~ 15 km member of the
Koronis family. In the Gaspra’s case, the best de-
termination of the surface age ranges between 200
and 500 My (e.g. Chapman et al., 1996; Chapman,
2003). This age for Flora family coincides with the
dispersal time of any compact cluster in this par-
ticular region of the main asteroid belt by chaos
related to weak resonances (e.g. Nesvorny et al.,
2002a). Such age makes also good sense provided
the Flora family event coincides with formation of
the L chondrite meteorites, that are isotopically
dated to ~ 500 My (e.g. Haack et al., 1996). Sim-
ilarly, the age of Ida from its cratering record —

some 2 Gy — matches independent determinations
of the Koronis family age mentioned above.

Finally, Farinella and Vokrouhlicky (1999)
brought the idea of using family dispersion by the
Yarkovsky forces to estimate its age. For instance
Vokrouhlicky et al. (2002) estimated the age of
the Eos family to ~ 2 Gy. Nesvorny et al. (2003,
2005) and Carruba et al., (2003) used the same
method to estimate ages of several other asteroid
families. While pointing a good principle, these
works represent an infancy of the method. For
instance, no room was given in these attempts to
the role of the initial velocity-field scatter of the
asteroids and this is a reason why Vokrouhlicky
et al. (2005), applying the method introduced
here, have recently refined the estimate of the Eos
family age to 1.3f8:%5 Gy.

The purpose of this paper is to brink the
Yarkovsky chronology of the asteroid families to
a higher level of sophistication. By involving “the
other face of thermal phenomena”, namely ther-
mal torques affecting asteroids’ rotation, we over-
come the apparent impasse of not being able to
decorrelate the effects of Yarkovsky dispersion of
the family and its initial velocity dispersion. This
is a major achievement in this paper. We show
that our selected families had an initial semimajor
axis extension equivalent to about 30 —50% of the
currently observed family. The remaining part has
been acquired later as a result of the dynamical
dispersion due to the Yarkovsky forces. This re-
sult is in a good agreement with an independent
analysis of Dell’Oro et al. (2004), who suggest that
the initial families were smaller than the observed
families by a factor of two. Our work, though,
also allows us to approximately determine the age
of the respective family.

Sec. 2 is devoted to introduce in detail our
method. In Secs. 3 and 4 we apply this new
method to a selected families; first we characterize
them anew as clusters in the proper element space
using their most up-to-date catalogue and then we
determine their ages. In Sec. 5 we support our
model by direct numerical integration of long-term
orbital evolution with thermal forces for a sample
of asteroids in each of our families. These results
illustrate some interesting features such as inter-
action of migrating orbits with weak mean motion
resonances. In Discussion, Sec. 6, we deal with
limitations of our method and explain why it can-



not be used for all observed asteroid families.

2. The method

Asteroid families are usually recognized as a
statistically significant clusters in the space of
proper orbital elements: semimajor axis a, eccen-
tricity e and inclination I. Various methods have
been developed for this identification (e.g. Bend-
joya and Zappala, 2002). Families are born and
evolve in this three-dimensional space. Additional
dimension they occupy is that of sizes D of the
family members, which by itself undergoes some
evolution. Two principal features of the Yarkovsky
forces should be recalled here: (i) they secularly
affect mainly orbital semimajor axis, while to a
much smaller extent the eccentricity and inclina-
tion, making thus the initial family disperse in the
semimajor axis direction (e.g. Vokrouhlicky, 1998;
Vokrouhlicky and Farinella, 1998, 1999), and (ii)
they are size dependent. As a result, out of the
four dimensions noted above the Yarkovsky forces
make differentially expand the family in the (a, D)
subspace, and perform nearly no evolution along
the (e, I) directions. For this reason we neglect
the information about the eccentricities and incli-
nations in this paper, and fold our analysis entirely
to the (a, D) subspace. In fact, we replace size D
with absolute magnitude H, and observationally
more accessible quantity that, under assumptions,
may be converted to D.

The families do evolve in (e, I) directions due
to the planetary gravitational perturbations (and
chaotic motion related to their resonances; e.g.
Morbidelli and Nesvorny, 1998; Nesvorny and
Morbidelli, 1999; Nesvorny et al., 2002a), but so in
a largely uncorrelated way to their evolution in the
semimajor axis direction. This holds true to a less
extend for very old families, where the Yarkovsky
migrating orbits might be trapped in the weak
resonances and their semimajor axis changes tem-
porarily halted, but it is a very good assumption
for a rather young families that are of concern in
this paper. Because of their youth, we shall also
neglect in this work the effects of collisional grind-
ing in sizes of the family members.

A typical asteroidal family exhibits a character-
istic pattern when its members are projected onto
the plane defined by semimajor axis a and absolute
magnitude H: the largest asteroid resides near the

mean value of a for the whole family, while the
extreme values of a are occupied by the smallest
asteroids only. Because it appears natural that
smaller fragments received larger relative velocity
with respect to the parent body during the ini-
tial catastrophic disruption, Cellino et al. (1999)
attempted to use this distribution of family mem-
bers to calibrate the unknown velocity-size rela-
tion assuming families did not dynamically evolve
in semimajor axes since their formation. (This
work followed an earlier study by Zappala et al.
(1996), except for recognizing that proper e and
I might be unstable on a long-term due to ef-
fects of weak resonances; Cellino et al. (1999) thus
decided to use the proper semimajor axis only.)
Hereafter we go on along arguing that even this
element should be abandoned for their task due
to perturbation by the thermal effects. In or-
der to strengthen our arguments and results we,
however, find useful to contrast our more general
model with this simplified approach (Sec. 2.2).

2.1. General considerations

Let us start with general considerations and
proceed then from simple toward more general
models. Consider a projection of the family mem-
bers onto the (a, H) plane. In general, the result is
a clump of data points. A model whose ambition is
to interpret the family, such as the initial velocity
field or Yarkovsky dispersal scenario, necessarily
entails some parametric relation between H and
a, say H = H(a;py1,pa,...), where (p1,pa,...) are
some parameters. When this functional represen-
tation is a one-to-one mapping, that can be for
instance achieved by fixing all but one parameter
pn say, we can characterize the family with distri-
bution function D(p,) of this parameter in some
interval of p,, values:

iy
dpy '

D(pn) = (1)
where dN is number of family asteroids in the
(a, H)-strip generated by changing p,, in the range
(Pn,Pn + dpyn). Function D(p,) then contains
entire information about the family within this
model.

The most general, yet still very simple, para-
metric relation we shall consider in this paper is
given by

0.28 H =log (Aa/C) (2)



with Aa = a — a.; we argue in Sec. 2.3 that this
form is tailored to the Yarkovsky dispersion model.
Equation (2) gives H a function of a using three
parameters H = H(a; 3, ac,C): (i) B positive, (ii)
a. basically shifts the origin in a, and (iii) C' can
acquire both negative and positive values in some
interval. In our application below we always fix §
and a., considering thus density function D(C') of
the last parameter C.

2.2. A toy model # 1: Initial dispersion of
fragments

Let us start with a simple, unrealistic model of
a family represented by the initial distribution of
ejecta from disruption of a parent body. Assuming
the latter reside on near-circular orbit with semi-
major axis a., thus neglecting eccentricity correc-
tions in the following equations, a fragment ejected
with a transverse velocity Vr is thrown onto an or-
bit with semimajor axis difference

Aa— % Vi + O(e) (3)

with respect the orbit of the parent body (i.e.
Aa = a — a. as above). Here n is the heliocen-
tric mean motion of the parent body. Next we
assume

Do\ 7
V=W (%) cos v , (4)

where D is the size of the body, Dy and Vj are
some reference values and « is directional cosine
of the fragment’s velocity with respect the trans-
verse direction to the parent body orbit.? The ve-
locity Vp and the (positive) exponent 3 are a pri-
ori unknown parameters. Data from the young
Karin cluster are consistent with 5 ~ 1 (Nesvorny
et al. 2002), while several papers considered an-
alytical arguments in favor of particular 3 value
(such that 8 ~ 3/2 in Cellino et al., 1999). The
Eq. (4) is highly idealized since it assumes that
bodies of size D were all ejected with the same ve-
locity Vy (Do/D)”. Let us stay for a while with
this assumption and recall the generic relation
D = D, 10’0‘2H/\/W between the absolute mag-
nitude H and size D (e.g. REF?): Dy = 1329 ki,

2In fact the velocity field of fragments should be related

to the center of mass frame of the parent body and the
projectile that causes its disruption but here we neglect
this correction for simplicity; the relevant formulas can be
found e.g. in Marzari et al. (1995).

is going to be the reference size value introduced
above, and py is geometric albedo in optical band.
Assuming py is size-independent, the family mem-
bers are distributed in the (a, H) space according
to Eq. (2) with

2
C:EVop?/z cosa = Cp cosa . (5)

The most simple, though often invoked, assump-
tion is the isotropy of fragment ejection in space.
In this model cos « is uniformly distributed in the
interval (—1,1) and thus C acquires uniform val-
ues between —Cy and Cy. For the same reason, the
density function D(C) is constant (note we write
D(C) = dN/dC = (dN/dcos ) (dcos a/dC) and
each of these two multiplicative factors is con-
stant). Simplicity of this result indicates the func-
tional relation H(a) as in Eq. (2) is well suited
(optimized) for this model.

Perhaps the most restrictive assumption above
is that of constant ejection velocity for fragments
of a given size D. There is certainly some disper-
sion of velocity even for fragments of the same size
D and this would make the previous analysis more
complicated. An example of modeling this effect is
a work by Petit and Farinella (1993), who give the
transverse velocity Vr as a Gaussian function with
the half-width parametrically depending on size of
the fragment. In this case the template relation
(2) is no more tailored to the model, yet we point
out it can still be formally used and it still have
a good sense to define the density function D(C)
of the formal parameter C'. We find numerically,
that within this model D(C) is no more constant
on a finite interval of values, but it has a maxi-
mum for C' = 0 and drops to zero when |C| — oc.
Similarly, if the initial velocity is not isotropic but
contains a preferred direction, cos « is not uniform
and this produces variations in D(C). This is often
seen in output of numerical simulations (e.g. Love
and Ahrens, 1996; Ryan and Melosh, 1998; Benz
and Asphaug, 1999; Michel et al., 2001, 2002) and
also supported by analysis of young clusters like
Karin or Veritas.

2.3. A toy model # 2: Yarkovsky diffusion

Our second toy model illustrates basic features
of the Yarkovsky dispersion scenario. Now we as-
sume all family asteroids have the same initial
value of the semimajor axis a. with their initial



spin axes randomly oriented in space and kept
fixed in time. Alike initially assigning the same
value of the semimajor axis to all fragments, this
last assumption is also certainly not true, because
a number of dynamical effects (such as thermal
and gravitational torques) and collisional tugs are
permanently moving spin axis and changing rota-
tion rate.

Because of the Yarkovsky forces, each asteroid
would have in time T a new value of the semima-
jor axis a = ac + (da/dt) T, where da/dt is the
rate of change in semimajor axis. For asteroids
larger than ~ 50 metres, and any reasonable ther-
mal properties of their surfaces, (da/dt) oc D~}
for the size D (e.g. Bottke et al., 2002). More-
over, the diurnal variant of the Yarkovsky effect
is likely to dominate (da/dt) over the seasonal
variant by at least an order of magnitude. De-
noting spin axis obliquity €, we have (da/dt) x
cose (thus |k1] > |k2| in Eq. (8)). Choosing
an arbitrary reference size Dy, we thus have a
two-parametric dependence of (da/dt) such that
(da/dt) = (da/dt)o (Do/D) cose, with (da/dt) a
maximum Yarkovsky rate of change of the semi-
major axis for a body of size Dy (with zero oblig-
uity). For convenience Dy = 1329 km as above.
Assuming finally that all asteroids have the same
value of the surface geometric albedo py in opti-
cal, each of them would in time T reach a point
(a, H) so that

0.2 H =log (Aa/C) , (6)
with Aa = a — a. and
C = /pv (da/dt)oT cose = Cy cose. (7)

Note Eq. (6) has again the same functional form as
in Eq. (2) with 8 = 1, a direct consequence of the
size dependence of da/dt. In our model cose has
a uniform distribution in the interval (—1,1), thus
again C' acquires uniformly values in the interval
(—=Co,Cp). It also follows that D(C') is constant
on the same interval of values. With py fixed, the
limiting values Cj directly constrain age T of the
family. This simple representation has been used
earlier by Vokrouhlicky et al. (2002) and later by
Nesvorny et al. (2003, 2005) to estimate the age
of Eos and several other families.

2.4. Toward a more general model

To a large degree, both toy models from
Secs. 2.2 and 2.3 yield very similar results: when
(B ~ 1, as supported by the Karin data, and a
moderate dispersion in characteristic velocity with
which fragments of a given size are ejected, both
predict nearly constant D(C) distribution func-
tion. Luckily, real families are more complex and
their particular properties, producing character-
istic features in the distribution function D(C),
allow to discriminate between the two toy ap-
proaches. Hereafter, we demonstrate such a dis-
tinct feature in the case of our selected families,
while the FEos family has been similarly analysed
by Vokrouhlicky et al. (2005).

Let us start, for illustration, with the Erigone
family whose D(C) is shown in Fig. 1. In fact
we show here directly number Nops(C) of Erigone
members in the interval (C,C 4+ AC) values with
AC = 2 x 107% AU, which is up to a scaling by
AC identical to D(C). An outstanding feature
of this distribution, incompatible neither with the
first nor with the second toy models above, are
significant maxima at C' ~ 1.5 x 107° AU sym-
metric about the origin. The value D(0) represents
only about 25% of the maximum value at a very
high statistical level (we use y/Nobs(C) as quasi-
errors of the values Nyps(C) in each of the bin in
).

Such maxima in D(C') misplaced from origin are
a direct consequence of the fact that small aster-
oids tend to preferentially populate regions at the
outskirts of the family and leave its center under-
populated (see the (a, H) projection, Fig. 4, for
Erigone). Such a distorted distribution of fam-
ily members is hard to reconcile with any rea-
sonable ejection field of fragments in the family-
forming disruption event. In particular, it would
mean two anti-aligned streams of fragments are
thrown to preferentially populate extremal values
of V. Such a geometry has never been observed
in numerical simulations nor it would be expected
from heuristic arguments. On the other hand, the
Yarkovsky dispersal model offers a natural expla-
nation for this feature. Some may argue that the
central depletion in the family is due to dispersal
effect of the weak resonances, but this does not
hold true as we prove later in this paper (Sec. 5.1).

In order to see the argument we need to



briefly recall basic facts about the Yarkovsky-
Opik-Radzievskii-Paddack (YORP) effect (e.g.
Rubincam, 2000; Vokrouhlicky and Capek, 2002;
Bottke et al., 2002). YORP is only a different
face of the same thermal phenomenon that causes
Yarkovsky force to affect orbital motion, since
YORP means thermal torque that affects rota-
tion of irregularly-shaped bodies. On a long term,
YORP has been found to preferentially tilt oblig-
uity toward extreme values of 0° and 180° (Capek
and Vokrouhlicky, 2004) while near these asymp-
totic obliquity states the rotation rate is either
accelerated or decelerated. This simple picture
of the long-term evolution of the rotation state
may be temporarily altered by spin-orbit secu-
lar resonances, such as evidenced by the Koronis
family members (e.g. Vokrouhlicky et al., 2003).
In the same way, YORP asymptotic evolution is
poorly understood today, since a steady deceler-
ation of an asteroid’s rotation rate should result
either in onset of the tumbling or drain enough
angular momentum so that collisions would effi-
ciently establish again a nominal rotation state;
fast rotating asteroid then should reach at some
moment a threshold of rotational fission, unless
shape changes cause YORP to become decelerat-
ing the body again or become weakened. None of
these details are known accurately enough so that
we could easily accommodate them in our analysis
and we shall thus neglect them at this moment.

The principal effect of YORP in our context
is its ability to preferentially tilt obliquity toward
extreme values that, in turn, help the Yarkovsky
forces to affect more the orbital semimajor axis
(remember the diurnal variant is likely to domi-
nate for our bodies). With that conclusion, we
would actually expect small family asteroids oc-
cupy extreme borders of the family in semimajor
axis, leaving its center depleted after some time of
evolution.

To test this hypothesis we constructed a simple
numerical model with the goal to quantitatively
match the observed D(C) distribution. Its main
features and parameters are as follows:

e We set initial distribution of fragments in
the proper element space due to finite (non-
zero) velocity field arising from the parent-
body disruption. To keep things simple, we
assume all velocity components Vg, Vr and

Vi along the radial, transverse and normal
directions with respect to the parent body
orbit have the same Gaussian distribution
with standard deviation Vgp. We also as-
sume Vgp = V (5km/D) is inversely pro-
portional to size D (thus § = 1) and V is
a free parameter of the model (and has val-
ues several tens of m/s). This model fits the
data from the Karin family (e.g. Nesvorny
et al., 2002, 2003). The number of fragments
used in our simulations is the same as the
number of observed asteroids in the family
and we assign them the same value of ab-
solute magnitude. This is converted to size
D using the standard transformation men-
tioned above and we use a constant geomet-
ric albedo of py. As a hint for the appro-
priate py value we use data determined by
Tedesco et al. (2002) from IRAS observa-
tions. In general these values are conformal
to those expected from the spectral type of
the family. However, to test robustness of
our solution on variations in py we also per-
form several simulations with different val-
ues of this parameter.

Apart from the size and the initial orbital
elements (semimajor axis in particular), we
assigned the asteroids some initial value of
obliquity € and angular velocity w of rota-
tion in our simulations. The initial orienta-
tion of spin axes is random in space, thus
cos € is uniformly distributed in the interval
(—1,1), while w is assumed to have Gaussian
distribution peaked at ~ 6 hr period. Values
smaller than 2 hr and longer than 12 hr are
rejected.

Orbital evolution of each of the fragments is

tracked individually. The semimajor axis a

is assumed to undergo a steady change due

to the Yarkovsky forces with a drift rate es-

timated by (e.g. Vokrouhlicky, 1998, 1999)
da

il cos € + rosin? e (8)

where k1 and k9 are functions depending on
surface thermal parameters and the size. We
use the following thermal parameters: ther-
mal conductivity K = 0.005—0.05 W/m/K,
specific heat capacity C}, = 680 J/kg/K, sur-
face and bulk densities 2 and 2.5 g/cm3.



Lower values of the thermal conductivity
are a priori preferred for the S-type fami-
lies, higher values for the C-type families,
but we again check robustness of the solu-
tion by changing K in some limited interval
of values. The Eq. (8) assumes (i) a spheri-
cal body residing on circular orbit about the
Sun, and (ii) a restricted, linearized analysis
of the heat diffusion in the asteroid’s surface.
Nevertheless, we find it sufficient for the
purpose of our work, because tests against
the complete numerical analysis show that
Eq. (8) typically fails no more than by a fac-
tor 2.

We also assume the two parameters of the
rotation state, obliquity € and rotation rate
w, undergo evolution due to the YORP ef-
fect. To model it we use

dw

L= e, ©)
de  g(e)

i (10)

(e.g. Vokrouhlicky and Capek, 2002; Capek
and Vokrouhlicky, 2004). The f- and g-
functions here are the median strength of
the YORP torques derived by Capek and
Vokrouhlicky (2004) for asteroids with a
surface thermal conductivity in the above
stated range. Nevertheless, we suppose
modeling of the YORP effect is less certain
than the Yarkovsky effect. For that pur-
pose we introduce a free parameter cyorp
by which we multiply f— and g—functions
in Egs. (9) and (10).

Finally, our model contains a very simple
implementation of the collisional dynamics;
this is mainly because the Yarkovsky and
YORP effects depend sensitively on the ro-
tation state, which is itself dependent on col-
lisions between asteroids. We neglect disrup-
tive collisions, but include sub-critical colli-
sions able to significantly re-orient spin axis
of the body. An appropriate approach for
this concept has been developed by Farinella
et al. (1998) who obtained the following for-
mula for the typical re-orientation timescale:

Treor = B (w/wo)? (D /D))" , (11)

with B = 84.5 ky, /1 = 5/6 and By = 4/3,
and the reference size Dy = 2 m and rotation
frequency wqg corresponding to the rotation
period of 5 hr. Propagating evolution of the
family with timesteps At, we each time con-
sider a probability ~ At/Treor that the spin
axis was collisionally reset to an initial ran-
dom state.

With a given initial configuration of the family, we
run the our code for a time 7', ranging typically
from 0 —1 Gy, and we let the family evolve by the
thermal effects. As mentioned above, apart from
T we consider another two free-to-fit parameters:
V and cyorp. To obtain a measure of a quanti-
tative agreement between the simulation and the
observed Eos family, we define a pseudo-x? target
function

B N(C) = Nows(C)\?
ne-L (M)

where formally the errors assigned to the number
Nobs(C) in a given bin (C,C 4+ AC) is v/ Nobs(C).
Our procedure seeks to minimize Wac via varia-
tion of the three parameters in certain interval of
values. Admissible solutions are characterized by
WA of the order equal to the number of used bins
in C, while solutions giving much larger ¥ ¢ are
incompatible with the observed family.

We also note that in all solutions presented in
this paper we use constant, and to-date, luminos-
ity L of the Sun. Evolutionary models of the so-
lar interior imply the Sun should have been about
25% fainter some 4 Gy ago (e.g. Bahcall et al.,
2001; Table IT). Smaller radiation flux in the past
should produce weaker thermal effects, both the
Yarkovsky force and YORP torque. This effect
has been investigated in some depth and found
small by Vokrouhlicky et al. (2005) in the case of
the Eos family (making this family age larger by
some ~ 4% only). Since the families we analyse in
this paper are < 1 Gy old, over which the mean
solar luminosity changer by ~ 2 — 4% at most, we
may safely neglect the effects of variable L here.

3. Selected families: HCM identification

We start with a new identification of the as-
teroid families selected in this work and we post-
pone discussion why other families have been dis-
carded from our sample to Sec. 6. We note that



the case of the Eos family, to which our method is
also successfully applicable, has been reported by
Vokrouhlicky et al. (2005).

We apply hierarchical clustering method (HCM;
e.g. Bendjoya and Zappala, 2002 and references
therein) to identify members of the asteroid fam-
ilies as tight clouds of asteroids in the space of
proper elements.> We use analytically determined
proper elements of nearly 170,000 main belt num-
bered and multi-opposition asteroids from AstDyS
database (http://newton.dm.unipi.it/) as of
November 2004. We adopt the “standard metric”
of Zappala et al. (1990, 1995) to define relative
velocity of two orbits and proceed family identi-
fication with some cut-off value V.. The tested
V. typically range an interval of 20 — 110 m/s,
beyond which all known orbits in a given zone of
the asteroid belt communicate (the lower range
of ~ 20 m/s approximately corresponds to the
uncertainty of the analytic proper elements). To
choose the “right” value of V. for a given family is
a matter of experimentation, upon which we shall
comment in each of the cases.

Figure 2 shows all four nominal families in the
usual two-dimensional projections of the proper
element space, together with the background pop-
ulation of asteroids and other families (dots), not
selected here. Principal mean motion resonances
(J3/1, J5/2 and J8/3) with Jupiter and some of
the relevant weaker mean motion resonances (such
as J11/4, exterior resonance with Mars M1/2,
three-body resonances 4J—2S—1 and 3J—1S—1
following notation of Morbidelli and Nesvorny,
1998, and Nesvorny and Morbidelli, 1999) are also
shown.

3.1. Erigone

Figure 3, upper panel, shows the number of as-
teroids associated with the Erigone family as a
function of the HCM velocity cutoff V.. We note
two important transitions occur along this line:
(i) below V, = 54 m/s the cluster contains only
few objects in an immediate surrounding of the
asteroid (163) Erigone, (ii) while for V; > 80 m/s
a whole local region of the asteroid belt coalesces
with the family. The Erigone family is thus reason-
ably defined for cutoff velocities in between these

30ur program in C language is available on http://www.
boulder.swri.edu/~davidn/.

two critical values. In this range it only slowly ac-
cumulates additional members, presumably a frac-
tion of outlier asteroids for larger V. values. We
thus decided to consider V, = 56 m/s as a defining
value for our “nominal” Erigone family.

Cumulative distribution of absolute magnitude
values H for family members can be piecewise ap-
proximated with a power-law: N(< H) o 1077,
We find it interesting to fit the magnitude range
(13.5,15.5) with that assumption. The bottom
part in Fig. 3 shows the values of v as a func-
tion of V.. Interestingly, for the family defining
values of V;, v consistently oscillates between 0.74
and 0.8, giving a value v = 0.75 & 0.04 for the
nominal family (see also Fig. 12 where the cumu-
lative distributions in absolute magnitude for all
our nominal families is shown). This rather steep
value drops to v ~ 0.6 when the background pop-
ulation of asteroids coalesces with the family for
V. > 80 m/s (Fig. 3). This limiting value well co-
incides with the result of Ivezi¢ et al. (2001), who
give v ~ 0.61 for asteroids in the absolute magni-
tude range (13,15), a value perhaps dominated by
the inner main-belt objects. The relative steepness
of the Erigone magnitude distribution, as regards
to the background, in this H-range could point
toward a young age of the family, an observation
that should be confirmed below.

Figure 4 shows our nominally-identified Erigone
family in a various two-dimensional projections,
namely proper e vs proper a, proper sin I vs proper
a and H vs proper a. The most stunning feature,
common to all our families and already mentioned
in Sec. 2.4, is a central depletion of the family
(the best observed in the (a, H) projection). This
feature cannot be attributed to any of diffusive
resonances, as we check in Sec. 5.1, rather it is
a consequence of the core hypothesis of our evolu-
tionary model for the families explained in Sec. 2.4
and quantitatively developed in Sec. 4. The only
relevant mean motion resonance is 4J—2S—1 that
brackets the family at a ~ 2.41 AU.

3.2. Massalia

Figure 5 shows the number of asteroids associ-
ated with the Massalia family and local power-law
exponent y of the cumulative magnitude distri-
bution in the (13.5,15.5) range as a function of
the HCM velocity cutoff V. The critical values
of V. that bracket the reasonable family-defining



interval are: (i) 34 m/s for which the “left side
asteroids” (a < 2.405 AU) associate with the fam-
ily, and (ii) 47 m/s for which the cluster starts to
accumulate a larger portion of the surrounding as-
teroid belt zone. In this case, we consider the value
V. = 44 m/s as a suitable choice to construct our
nominal realization of the Massalia family. The
contrast between the family-associated  value,
v = 1.03 £ 0.03 for the nominal family, and the
overall background population is even larger than
in the Erigone case. This is due to the fact, that
Massalia-forming event was a cratering on a parent
body with an estimated size of ~ 146—151 km (e.g.
Tanga et al., 1999; Durda et al., 2005, in prepa-
ration). Given Massalia’s size of 145.5 km (e.g.
Tedesco et al., 2002) the mass ratio of Massalia
to the parent object becomes ~ 0.9 — 0.99. The
second largest object in this family, thus likely the
largest liberated block from the surface of the par-
ent object, is asteroid (7760) 1990 RW3 of about
6.6 km size.* Again, at these sizes asteroid popula-
tion in the main belt would be collisionally relaxed
toward much a shallower size distribution unless
its age is very young. Below, we again confirm
this hint by placing a tight constrain on Massalia’s
age.

Figure 6 shows relevant projections of our nomi-
nal Massalia family. The distribution of proper ec-
centricity e and inclination I have been partly af-
fected by weak resonances, notably 4J—25—1 and
exterior M1/2 mean motion resonance with Mars.
The effect of the M1/2 resonance is prominently
seen in the proper inclination of Massalia’s mem-
bers at a ~ 2.42 AU, however this does not mean
the resonance does not affect the proper eccen-
tricity too. In fact, it does so even more and some
of the former Massalia’s members might have es-
caped from the family while increasing or decreas-
ing proper eccentricity (Sec. 5.2). Extremal val-
ues in semimajor axis are, as in the Erigone case,
overpopulated with small asteroids. We prove be-
low by direct numerical simulation that one can-
not interpret this observation by enhanced disper-
sal of the centre of the family, rather it fits our
scenario in which Yarkovsky and YORP effects in
synergy quickly populate the extremal locations in
the family.

4Note the larger associated object (2946) Muchachos is a rec-
ognized interloper in this family because of its spectral in-
consistency with (20) Massalia (Monthé-Diniz et al., 2005).
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3.3. Merxia

The number of asteroids associated with the
Merxia family, and local power-law exponent -y
of the cumulative magnitude distribution in the
(13.5,15.5) range, as a function of the HCM ve-
locity cut-off V. are shown in the Fig. 7. As in the
Massalia family case, there are two critical values
of Ve: (i) 50 m/s that brings both sides of the
family together, and (ii) 108 m/s for which the
family coalesces with the whole surrounding re-
gion in the main belt. In between these two values
the family stays “stationary” with only little new
asteroids associated. Our choice for the nominal
family is V. = 80 m/s. The SFD steepness param-
eter v = 0.63 £ 0.03 stays consistently larger than
that corresponding to the local vicinity: v ~ 0.44
(note here we moved to the middle zone of the
main asteroid belt; Fig. 2).

Figure 8, where the three characteristic projec-
tions of the Merxia family are shown, indicates
very little interlopers are embedded. An outstand-
ing exception is (1327) Namaqua with X-type clas-
sification (and anomalously low geometric albedo;
see below) in contrast to the characteristic S-type
classification in this family. A strong polarization
of small members toward extremes in semimajor
axis cannot be explained by an anomalous deple-
tion of the central zone in the family (see below)
and fits our point Yarkovsky/YORP point of view.
The family is intersected by the weak 3J—1S—1
three-body resonance, but on the expected lifetime
of this family it makes only a limited leakage from
the family. On the other hand it directly produces
the larger dispersal in proper eccentricity (and to
a lesser extend inclination) for members that have
been migrating toward larger values of the semi-
major axis (Sec. 5.3). The family is also bracketed
by the J8/3 resonance at its low-a end.

3.4. Astrid

The Astrid family exhibits the simplest behav-
ior as the HCM velocity cut-off V. is being in-
creased (Fig. 9): the number of members changes
by single asteroids only up to limiting value of
133 m/s, when large portion of the middle and
outer main belt zone suddenly associates with the
family. Indeed, this family “lives in an isolation”
with a small value of proper inclination of its mem-
bers (Fig. 2). Its only evolutionary obstacle is the



nearby prominent J5/2 mean motion resonance
with Jupiter, that might have perturbed asteroids
reaching upper a values. A quick look at the (a,e)
projection in Fig. 2 might result in a mistaken con-
clusion, that the zone between the Astrid family
and the J5/2 resonance is populated by a number
of asteroids. This is, however, not true because
these apparent objects have significantly higher
orbital inclination. In Fig. 10 we show a three-
dimensional section of the proper elements space
near the Astrid family proving that the zone in
between the family and the J5/2 resonance in en-
tirely void. We find this feature peculiar and in
Sec. 5.4 we attempt to find its reason through dy-
namical considerations. The fact that we fail may
suggest our model misses some important feature
or, as we tend to believe, the initial velocity field
of the Astrid family has been significantly asym-
metric, populating dominantly orbits with semi-
major axis smaller than that of the largest body
1128 Astrid. We note the “left side of the family”
(a < 2.787 AU) is well-determined and shows all
attributes predicted by our model.

3.5. General issues

So far our families have been characterized in
terms of the proper element clustering analysis.
Our further work, though, needs additional infor-
mation related to conversion of the absolute mag-
nitudes H to sizes D for each of the asteroids.
Their relation hinges upon an apriori unknown ge-
ometric albedo py value. To obtain, or at least
constrain, py we use two sources.

First we note the work of Tedesco et al. (2002)
who re-analysed IRAS database of infrared ob-
servations for moving objects. Geometric albedo
py values were determined for 2228 individual ob-
jects. Among them, we searched for members of
our nominal families determined above. Unfor-
tunately, our families consist mainly of small as-
teroids that were not within the reach of IRAS
observations. We obtained useful information
mainly for Erigone and Merxia families. In the
Erigone case, we identified its 6 members among
the Tedesco’s et al. catalogue and all of them have
albedo in the range 0.035 — 0.07, with a mean
of 0.053. This value fits very well an average
albedo found for the C-type asteroids. In spite
of only two Merxia-family objects have albedo de-
termined, (808) Merxia with py = 0.224+0.04 and
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(1327) Namaqua with py = 0.04 £ 0.01, the in-
formation is very useful to suggest Namaqua is a
interloper in the family; indeed, its spectral clas-
sification X is alien in the S-type Merxia family
(Monthé-Diniz et al., 2005). Its py value is anoma-
lous among the prevalent S-type bodes in this
family (and anomalous as regards to the Merxia’s
value) and also we have pointed out position of this
asteroid in Fig. 8 showing its anomalous position
in the (a, H) plane. For Massalia family we have
information only about the largest body (20) Mas-
salia with pyy = 0.2140.01, and for the Astrid fam-
ily we have (1128) Astrid with py = 0.077 +0.010
and (2169) Taiwan with py = 0.099 £+ 0.020. In
each of these cases the values are conform to the
S- and C-types of the corresponding families.

As an additional source of information, we used
a large database of the Sloan Digital Sky Survey
(SDSS) five broad-band photometry (e.g. Ivezié
et al., 2001; Juri¢ et al., 2002) to characterize re-
flectance of smaller asteroids inside our families.
We use the same methodology and data analysis
as in Nesvorny et al. (2005), though we make ad-
vantage of the third, updated release of the SDSS
data. This source contains five color information
about 43424 individual moving objects that were
positively identified with known sources. Search-
ing in this database, we found information about
the following numbers of asteroids in the studied
families: Erigone — 104, Massalia — 301, Merxia —
83, and Astrid — 20. For each of them, we con-
structed normalized reflectance spectra and com-
puted their principal components PC; and PCs
(see Eq. (1) in Nesvorny et al., 2005a). For the
final analysis we choose only objects with formal
PC; and PCy errors smaller than 0.1. This trans-
lates into 36 objects in the Erigone family, 62 in
the Massalia family, 32 in the Merxia family, and
6 in the Astrid family. In the Erigone family we
found 6 data-points significantly shifted from the
remaining ones toward large value of PC; param-
eter, seemingly interloper S-type asteroids inside
this family. Interestingly, this confirms guessed
interlopers among the open circles in Fig. 4 for
a < 2.36 AU.

Figure 13 shows all these data together pro-
jected onto the plane of principal components PCy
and PCs; our four families go along with different
colors. Assuming membership in a family repre-
sents a parametric relation between PC; and PCs,



as an expression of common surface mineralogy,
we identify the families as distinct cluster in this
space of spectral parameters in the same way as
the families are clusters in the space of proper or-
bital elements. From the available data, and upon
elimination of few clear outliers, we can construct
90% confidence level zones for each of the families
where any further measurements are expected (see
e.g. Bertotti et al., 2003, Sec. 20.5). These are the
color-coded ellipses in Fig. 13 that help us to bet-
ter “delimit” family locations in the (PCy, PCs)
space. The vertical dashed line at PCy = 3 is also
important since it marks a division between the
S-complex (for which PC; > 3) and C-complex
(for which PCy; < 3; e.g. Binzel and Bus, 2002;
Nesvorny et al., 2005). Except for a small overlap,
perhaps due to few remaining interlopers, the 90%
confidence levels of Erigone and Astrid families lie
well within the C-complex zone and the Massalia
and Merxia families reside in the S-complex zone.
Indeed, the respective families were classified this
way by Monthé-Diniz et al. (2005), who used a re-
cent compilation of the most wealthy narrow-band
spectroscopy databases SMASS and S30S2.

The crosses in Fig. 13 show mean PC; and PC,
in the respective family with their standard er-
rors. This information is interesting in the con-
text of our work, because Jedicke et al. (2004) and
Nesvorny et al. (2005) related these mean values
to the age of the family as an expression of the
space weathering evolution. Borrowing their rela-
tion, we expect the Massalia and Merxia families
to be of a similar age, different perhaps by only
~ 50% or less, while the age of Erigone family
might by an order of magnitude larger than that
of the Astrid family. Obviously, the PC;—age re-
lation brought by Nesvorny et al. (2005) is empir-
ical, and fluctuations about the mean trend could
be expected. Also, these authors used a more ap-
proximate means to derive ages of the asteroids
families, while it is a purpose of this paper to re-
fine them for the four cases discussed.

4. Selected families: Best-fit models

After having characterized our target families,
we are now ready to apply the method outlined in
Sec. 2.
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4.1. Erigone

Figure 14 shows the contour plots of ¥ a¢ pro-
jected onto 2-D parameter planes T vs. cyorp,
T vs. V and cyorp vs. V. The best-fit solu-
tion for N(C), together with the observed data
Nobs(C) and their formal error-bars, is shown in
the same figure (left and top). At first we assume a
constant geometric albedo py = 0.05 and thermal
conductivity K = 0.05 W/m/K for all asteroids.
In the contour plots we each time picked the best
W ac-value along the suppressed dimension. The
“critical” isoline value of 21 is plotted in bold (re-
call this value formally corresponds to solutions
that barely match the observed family at the cho-
sen o-interval from all data points). If we adopted
this threshold correct, the best solution we ob-
tain for the three parameters is: T = 340755 My,
cyorp = 0.8%32 and V = 32%%. m/s. Note, the
three parameters are not uncorrelated in our so-
lution, such that stronger YORP (c¢yorp) pushes
the family age (7') to smaller values. The least
correlated are cyorp and V. We also note that
the strength of the YORP effect is weakly con-
strained, but its null value strongly disagrees with
the observations (some minimum YORP effect is
definitely needed to produce the displaced maxi-
mum in Yae). The best-fit velocity V' is rather
low, but compatible with expected values from the
hydrocode modeling. The initial family thus had
about half extension in semimajor axis than the
currently observed one.

The best-fit value of the target function (12)
we found is Uae = 7.3, significantly smaller than
21, though we obviously admit a slight arbitrari-
ness in our definition of formal standard devia-
tion /Nops(C) of number of objects in the C-
strips (obviously any linear scaling in this quan-
tity projects quadratically in the value of ¥a¢).
Nevertheless, we consider our fit statistically sig-
nificant.

Next, we tested robustness of the solution as
regards to changes in the surface thermal conduc-
tivity K (Fig. 15). We chose here a random value
of K in between 0.005 and 0.05 W/m/K, making
the average little lower than before. Our best solu-
tion now reads: T = 2801@8 My, cyorp = 0.6:1):3
and V = 267]1 m/s. The minimum target func-
tion value is now WAoo = 6.8, again about a factor
3 lower than the statistically admissible value 21.



While the solutions for V' and cyorp parameters
did not change much, the estimated age of the fam-
ily T shifted to a smaller value. The same would
happen should we assume a larger mean value of
the geometric albedo py in the family. Our ex-
periments show that T oc py,*, where a ~ 0.5.
This approximate scaling law would have been ex-
pected if the Yarkovsky /YORP effects play signif-
icant role in determining the current family distri-
bution since the strength of the Yarkovsky forces
scale inversely proportionally with size of the bod-
ies. The above relation is, however, approximate
only and may also depend on the chosen family,
reflecting different proportion in the total extent
attributed to the initial velocity dispersion and
Yarkovsky/YORP evolution. Since it is unlikely
the mean albedo is much smaller than ~ 0.05
used above, the 400 My represents an approxi-
mate upper limit for the age of this family. With
py ~ 0.1 and our lowest assumed thermal con-
ductivity of 0.005 W/m/K, we obtain 16013) My
age for Erigone. Unfortunately, the burden of un-
known geometric albedo, and to a lesser extent
surface thermal conductivity, cannot be circum-
vent in our method and with currently available
data. At the current state of things, we must con-
clude that the age of Erigone is ~ 280 My with an
uncertainty of ~ 40%. Previous tests show that
an intrinsic capability of our method would be —
in the case of known mean py and K values — to
determine the age at a ~ 10% level.

4.2. Massalia

Figure 16 shows the distribution Nops(C') of
the Massalia members in the C-parameter from
Eq. (2) (8 = 1) with errors bars amounting to
v/ Nobs(C). Unlike in the Erigone case, here we
observe an asymmetry about C' = 0 so that at
positive C' values (thus a larger than a.) the bins
are deficient in number of objects. Figures 2 and
6 tell us why this happens: the family is cut by a
weak exterior M1/2 mean motion resonance with
Mars that likely caused small but non-negligible
leakage of asteroids from the family. The amount
of objects drained from the family is generally un-
known and its estimate is model-dependent. For
that reason we decided to completely discard the
C > 0 data from our analysis and concentrate to
fit only the C' < 0 distribution.

Figure 17 shows our solution that assumes all
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asteroids having the same geometric albedo py =
0.21 (as inferred for Massalia) and surface thermal
conductivity K = 0.005 W/m/K. The best-fit so-
lution minimizes the target (12) to Yac = 9.3, to
be compared to the critical value of 24 (i.e. num-
ber of data points). The solved-for parameters
have then the following values: 7' = 152F1§ My,
cyorp = 0.275% and V = 1772 m/s. Except for
cyorp ~ 0, which is surely excluded, the match
of Massalia’s data does only weakly constrain the
strength of the YORP effect. On the other hand,
the family age T' and the velocity parameter V'
are surprisingly well constrained. This solution
nearly does not change if the surface thermal con-
ductivity K is allowed to randomly span an inter-
val 0.001 —0.01 W/m/K. Should Massalia have an
anomalously large geometric albedo in the family,
so that, for instance, the mean geometric albedo
of smaller members in the family was py ~ 0.12,
we would obtain the following best-fit parameter
values: T = 1901‘38 My, cyorp = O.Sfé:g and
V= 25fg m/s. We thus conclude that the upper
limit for the Massalia age is ~ 240 My, but we find
more likely the true age is ~ 150 — 200 My.

Massalia’s size is 145.5 km (Tedesco et al. 2002).
Durda et al. (2005, in preparation) estimate it
represents nearly 99% of the family parent object
mass (slightly more than Tanga et al. (1999) who
give 90%), so that the family is a result of a big
cratering event. This may result in a somewhat
lower fitted value of the velocity dispersion param-
eter V' as compared to the Erigone family, whose
parent body had likely only ~ 110 km in size.

Analysis of the Massalia age is of particular in-
terest because this family has been proposed as
an alternative source for the a dust band (e.g.
Nesvorny et al., 2003), competing the Themis fam-
ily. Given the estimate of ratio of the parent-
bodies respective sizes, and a very old age of the
Themis family, the age of Massalia family becomes
critical in judging if the dust production in this
zone can be higher that in the Themis family.
However, we postpone considerations whether the
Massalia’s cratering event could have produced
enough dust to feed the o dust band to a future
work.



4.3. Merxia

Similarly to Erigone, Merxia family exhibits
the Ngps distribution symmetric enough that we
fold negative and positive C values into a sin-
gle bin without a loss of information (Fig. 18;
upper and left panel). The other panels of the
same figure than show our solution that assumes
all asteroids having the same geometric albedo
py = 0.22 (as inferred for 808 Merxia) and sur-
face thermal conductivity K = 0.005 W/m/K.
The best-fit solution minimizes the target function
(12) to Tac = 3.9, to be compared to the critical
value of 17 (number of data points). The solved-
for parameters have then the following values: T' =
238152 My, eyorp = 0.6755 and V = 2478, m/s.
The overall character of the solution is similar to
those described above. For instance the Merxia
solution is robust against a change in the thermal
conductivity: should we assume a random value in
between 0.001—0.01 W/m/K interval, rather than
the fixed, midpoint value as above, we would get
a solution shown in Fig. 19. The best-fit values
and their uncertainty intervals changed only in-
significantly. In a less likely case when all smaller
members of the Merxia family would have system-
atically smaller surface albedo, such as py ~ 0.12
for instance, the best fits age of the family would
become T = 325775 My with other parameters
about the same as before. Our solution thus does
not support an age longer than ~ 400 My for the
Merxia family.

In general, our respective solution for the Mas-
salia and Merxia family ages confirm previously
guessed ~ 50% difference toward a younger Mas-
salia (Sec. 3).

4.4. Astrid

Figure 20 shows the Nyps(C) distribution for
the Astrid family. Here we again encounter an
asymmetry about C' = 0 value, but now even more
pronounced than in the Massalia case (Fig. 16).
The reason is a significant underpopulation of the
high semimajor axis end of this family (Fig. 11).
In Sec. 5.4 we search for a putative dynamical
mechanism to deplete the zone between the Astrid
family and the J5/2 mean motion resonance but
we fail to find any. There is certainly a possibility
of initially anisotropic velocity field in this family,
but it remains unclear while the left side of the
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family (a < 2.787 AU) is so much more populated
if now depletion mechanism is at place. We tenta-
tively use this left part of the family in our analysis
(thus D(C) with C' < 0), but we are aware that
these results are least certain in our paper.

Figure 21 shows our solution for py = 0.08
and K = 0.05 W/m/K uniformly assigned to all
Astrid members. The best-fit solution minimizes
the target (12) to ¥ac = 1.3, to be compared to
the critical value of 11 (number of data points).
The solved-for parameters have the following val-
ues: T = 21471% My, cyorp = 0.970% and
V = 13%13 m/s. Here the solution is the poorest
from all our cases, possibly because number of con-
straining asteroids became small after having been
forced to eliminate C' > 0 bodies. The character-
istic velocity V of the D ~ 5 km fragment initial
ejection is smaller than in the Merxia and Erigone
cases. This may be due to the fact that the parent
body of the Astrid family was only ~ (60— 70) km
in size (Durda et al., 2005, in preparation). As-
suming the surface thermal conductivity of Astrid
asteroids randomly ranges 0.005 — 0.05 W/m/K,
the age becomes T = 180f28 My, with further
decrease if mean geometric albedo is higher than
0.08. This possibility, however, does not seem
likely for a C-type family.

If the initial velocity field was anisotropic, tilt-
ing the initial member distribution distorted to-
ward a < a. = 2.787 AU, our result would over-
estimate the family age. A factor 2 is not ex-
cluded, so that the Astrid family may be as young
as ~ 100 My (e.g. Nesvorny et al., 2005).

5. Selected families: Additional simula-
tions

In this section we complement, and strengthen
in some cases, our model of Yarkovsky dispersion
of the chosen families by direct numerical integra-
tion of orbits for a limited number of family as-
teroids. In particular, these results explain some
peculiar features noted earlier.

We use a SWIFT-RMVS integrator (e.g. Lev-
ison and Duncan, 1994) modified to account
for the Yarkovsky forces and with a second or-
der symplectic map due to Laskar and Robutel
(2001; see http://sirrah.troja.mff.cuni.cz/
yarko-site/ for details of the implementation,
rapidity and accuracy tests). We also comple-



mented the original version of the integrator with
an on-line computation of synthetic proper ele-
ments in a way compatible with a definition of
Knezevié¢ and Milani (2000, 2003). This means we
first apply a Fourier filter to the (non-singular)
orbital elements in a moving window of ~ 0.7 My
(with steps of 0.1 My) to eliminate all periods
smaller than some threshold (1.5 ky in our case).
The filtered signal is output from the simula-
tion for further checks and passed through a fre-
quency analysis code adapted from Sidlichovsky
and Nesvorny (1997) to obtain (planetary) forced
and free terms in Fourier representation of the or-
bital elements. The isolated free terms are what
we use as the proper orbital elements.

In the case of Erigone and Massalia, families
in the inner part of the main belt, all planets ex-
cept for Mercury and Pluto are included in our
simulation with their masses, initial positions and
velocities taken from the JPL DE405 ephemerides.
A timestep of 0.05 yr is used. In the case of
Merxia and Astrid, families in the central part
of the main belt, we included outer planets in
our simulation only and used longer integration
timestep of 0.25 yr. To set initial orbital con-
ditions for test bodies we select a limited num-
ber of real asteroids, members of the correspond-
ing family. We also use a number of fictitious
objects whose orbital elements were created by
tiny changes in semimajor axis and eccentricity
of real objects; in line of a common terminology
we call them “clones”. Typically, 100 — 200 test
bodies are integrated for a couple of hundred My.
When Yarkovsky forces are included in the sim-
ulation we use a range of characteristic sizes of
members in the family that interest us — typically
2—20 km. Rotation rates are assumed Maxwellian
with a peak value corresponding to a period of
8 hr (though we prevent shorter/longer periods
than 4/12 hr). In the Massalia, Merxia and Astrid
cases we purposely want bodies migrate toward
larger values of the semimajor axis. To make the
semimajor axis drift “typical” we set obliquities
~ 45°; this underestimates the maximum possible
drift rate by the diurnal variant of the Yarkovsky
effect by a factor of ~ /2. Thermal parame-
ters, necessary for modeling Yarkovsky forces, are:
thermal conductivity K = 0.005 W/m/K, spe-
cific heat capacity C, = 680 J/kg/K, surface and
bulk densities 1.5 and 2.5 g/cm®. This is about
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the best guess we can do for multikilometre as-
teroids in the main asteroid belt, but we argue
small changes in these value do not modify our
conclusions. We use analytic formulae of Vokrouh-
licky (1998, 1999) and Vokrouhlicky and Farinella
(1999; Appendix) for both diurnal and seasonal
variants of the Yarkovsky effect.

5.1. Erigone

The purpose of Erigone simulation was to re-
move suspicion that the remarkable depletion in
the center of the family (Fig. 4), interpreted by our
model as the synergy of the Yarkovsky/YORP ef-
fects, might be alternatively explained using deple-
tion through weak mean motion resonances. The
work of Morbidelli and Nesvorny (1998) suggests
there are no such resonances near the center of this
family, but our direct simulation checks in detail
this conclusion.

Unlike below, we thus do not include thermal
forces in our simulation and we numerically inte-
grate conservative system where only gravitational
interactions are taken into account. We select 108
asteroids, and their close clones, in the void cen-
tral zone of the family and propagate their orbits
for 500 My in the future. Figure 23 shows the re-
sulting evolutionary tracks projected onto planes
of proper semimajor axis a vs proper eccentricity
e and proper semimajor axis a vs proper sine of
inclination sin I. In some cases these tracks stay
very near the initial point indicating a very high
degree of stability in this particular region. At the
high-eccentricity end of the family the synthetic
proper elements indicate larger, but stable oscilla-
tions. These are triggered by interaction with the
high-order secular resonance zo = 2(g—gg)+5s— g
(e.g. Milani and Knezevié, 1994). In fact, we
hypothesize, that the systematically lower upper
bound in proper eccentricity for a < a. ~ 2.37 AU
is just caused by the 29 resonance that efficiently
captures Yarkovsky-moving asteroids (see the sim-
ilar role of the z; resonance in the Eos family;
Vokrouhlicky et al., 2005). Our integration, how-
ever, suggests that without thermal effects this
resonant effect is very stable on a long-term. As
a result, none of the objects evolved enough to
escape from the family. Although our integrated
timespan is still shorter than the age of the So-
lar system, we dare to extrapolate our result and
claim there is basically no depletion in the cen-



tral region of the Erigone family. In fact, this is a
very fortuitous circumstance, because it allows us
to convincingly show that other mechanism must
have created the bipolar distribution of small as-
teroids in this family.

5.2. Massalia

In Sec. 3.2 we noted that the Massalia fam-
ily has been clearly affected by the exterior mean
motions resonance M1/2 with Mars located at
a ~ 2.42 AU. A stream of asteroids is seen “radiat-
ing” from the family along this resonance along in-
clination values (Fig. 6). In Sec. 4.2 we determined
that the D(C) distribution is markedly asymmet-
ric about C' = 0 with lower peak value for posi-
tive C' (thus a > a. ~ 2.407 AU). We associated
this asymmetry with the previously noted leakage
through the M1/2 resonance and for that reason
decided to use only the C' < 0 values of D(C) dis-
tribution, unaffected by this process. In this sec-
tion we aim to verify that the observed structure in
the Massalia family is compatible with these ideas
within our model of Yarkovsky-driven expansion
of an initially compact family.

We selected 137 Massalia members in its cen-
tral zone. Orbits of these particles have been nu-
merically propagated for 240 My, an approximate
age of this family (Sec. 4.2). The bodies had sizes
ranging an interval of 0.7 — 9 km, and rotational
and thermal parameters as stated above.

Figure 24 shows result of our experiment. The
orbital tracks shown in this figure use double cod-
ing: (i) black — when, at that stage, the body is
still associated with the real Merxia family at the
HCM cutoft velocity V. = 44 m/s (corresponding
to our nominal family) and (ii) gray — when orbital
parameters changed enough so that the minimum
HCM distance to any of the family members ex-
ceeds V; = 44 m/s. The later would show a fate
of bodies escaping from the nominal family. We
confirm that upon reaching the M1/2 resonance,
some orbits get dispersed so that they cease to be
identified as family members. This has happened
in 22 out of 136 cases which represents some 16%
of all integrated orbits. This may partly explain
the asymmetry of the Ng,s(C) distribution from
Fig. 16. As time will proceed, part of the family
members will fall in the J3/1 mean motion reso-
nance at a ~ 2.48 AU. The current family is right
on the brink of that situation.
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5.3. Merxia

In this case, our goal is to make understand the
higher dispersion of the family members’ proper
eccentricity e and, to a lesser extend, proper in-
clination I values beyond the three-body reso-
nance 3J-1S-1 (a ~ 2.75 AU; Figs. 2 and 8). Our
working hypothesis is that majority of members
initially landed below this resonance (i.e. had
a < 2.75 AU) and some migrated toward larger
a-values by the Yarkovsky forces. Upon reach-
ing this resonance, they might have temporar-
ily interacted with it, sliding toward smaller and
larger eccentricity and inclination values. When
leaving the 3J—1S—1 resonance, their e- and I-
distributions would freeze information about this
resonant interaction.

Figure 25 shows evolution of 145 orbits over
250 My, a timespan compatible with our best es-
timate for this family age. Initial data are several
real asteroids associated with the family, residing
near its center, each of which has been cloned by
small changes in orbital semimajor axis and ec-
centricity. Our test bodies had sizes in the range
1.5—20 km and rotational and thermal parameters
as stated above. We again use the black/gray cod-
ing for segments of the evolutionary track that are
(or are not) associated with the nominal family.

Our results indicate that 34 out of 127 drift-
ing orbits that encountered the 3J—1S—1 reso-
nance were eliminated from the family (i.e. some
27%). An important result is that the eccentricity
and inclination dispersion becomes significantly
larger and well compatible with the observed fam-
ily members beyond the 3J—1S—1 resonance. This
merely confirms our hypothesis and strongly sup-
ports our model based on Yarkovsky/YORP dis-
persion of the families. Interestingly though, the
Nops(C) distribution of the Merxia family is nearly
symmetric about C' = 0 (with only ~ 5% less bod-
ies for C' > 0), as if the rate of asteroid elimina-
tion from the family by the 3J—1S—1 resonance
should have been smaller than found in our sim-
ulation. We find likely, that some asteroids were
initially thrown beyond this resonance and did not
underwent interaction with it.

5.4. Astrid

The main puzzle of the Astrid family stems
from its asymmetry in D(C) about C' = 0, or in



other words asymmetry in the semimajor axis dis-
tribution about a. ~ 2.787 AU (position of 1128
Astrid; Fig. 11). There are no major, in fact even
minor, mean motion resonances crossing this fam-
ily to trigger depletion for a > a.. The power-
ful J5/2 mean motion resonance with Jupiter is
close-by, but still its separatrix at ~ 2.82 AU is
more than ~ 0.015 AU distant from the closest
Astrid members. The family thus does not adhere
to this resonance. Even more puzzling is that fact
that the zone in between the Astrid family and the
J5/2 resonance is entirely void of any (family or
background) objects.

We first suspected there is a more complex res-
onance —such as the high-order secular resonance—
just above the Astrid family that quickly trans-
ports objects into the J5/2 mean motion resonance
and thus provides significant depletion®. Our di-
rect numerical simulation of 110 asteroids, Astrid
members, and their clones however does not sup-
port this idea. In Fig. 26 we show evolutionary
tracks of these particles integrated over 200 My
timespan. Their sizes range 3 — 12 km and oblig-
uities were set to ~ 45° to purposely make them
migrating toward the J5/2 resonance. Except for
effect of a few very weak resonances, we do not de-
tect any noticeable perturbation prior a fall into
J5/2. From the dynamical standpoint, the Astrid
family is well allowed to extend toward the J5/2
resonance and the same applies to any background
body. With no dynamical process that would pro-
hibit populating the zone above the Astrid family,
the void region there appears anomalous and needs
explanation. In the same time, the odd structure
of the Astrid family seems to require an internal
reason.

We also note that migration toward higher
semimajor axis value requires prograde spin state.
Using the same integrator as in Vokrouhlicky et al.
(2003) we checked their is no global instability in
the prograde-rotation states for Astrid members.
In fact, the phase space of rotation states looks
very similar to that in the Koronis family (just
above the J5/2 resonance) where prograde rota-
tion states exists and are trapped in the spin-orbit

5Recall e.g. the case of g + 2g5 — 3gs secular resonance in
the Koronis family that is able to quasi-instantly lift proper
eccentricity by a significant value, thereby —if located on the
upper side of the Astrid family— send asteroids right to the
J5/2 resonance.
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secular resonance sg. A similar situation might
have happened for Astrid, making obliquities for
most of the upward migrating asteroids near ~ 50°
and thus not allowing them to migrate at max-
imum rate. This could have contributed to the
asymmetry seen in the family as far as extension
in a from a. is concerned. On the other hand, mi-
gration toward higher semimajor axis values seems
not being prohibited and more than a factor 2 of
objects with a < a. and compared to those with
a > ac is still anomalous. It requires either highly
anisotropic initial velocity field and/or asymme-
try in the initial spin axis distribution. Both are
possible, but their detailed study goes beyond this
paper. An peculiarly high thermal conductivity of
Astrid members might be also an unusual expla-
nation of the data, because the seasonal variant
of the Yarkovsky effect drives bodies toward the
Sun only (see already Farinella and Vokrouhlicky,
1999).

6. Discussion

In this paper, we studied structure of four
young families and demonstrated capability of the
combined Yarkovsky and YORP evolution model
to valuably constrain some important parameters.
As regards the age of the family, our method may
potentially yield ~ 10% accurate results if there
were not uncertainties in the surface parameters
of the member asteroids (albedo and thermal con-
ductivity). Nevertheless, our age estimates in the
four cases analysed above are still the best avail-
able values.

We find it interesting, that our search dated two
asteroid families — Erigone and Merxia — with par-
ent bodies larger than 100 km younger than 1 Gy.
Moreover, we have Veritas family a borderline case
between cratering event and catastrophic disrup-
tion with the age of 8.3 My (Nesvorny et al., 2003),
and Massalia, a big cratering event, within the last
1 Gy. We believe our search for such events is
nearly complete, and we might have missed one
or two more cases because of mean motion reso-
nances cutting the families and preventing appli-
cation of our method. This number compares very
well with a recent work of Bottke et al. (2005a,b),
who found, by considering collisional evolution of
the main asteroid belt in the past 4.5 Gy, that
about 3 — 4 asteroid families with parent bodies



larger than 100 km should have been created in
the past 1 Gy.

Unavoidably a question pops out why we have
not applied our method systematically to all
known asteroid families? Generally, it is not pos-
sible. Obviously, this does not mean our method
is mistaken, it only means that it relies on certain
conditions that are not satisfied in all possible age
regimes.

First, we point out there might be few more
cases where our method is applicable. Agnia and
Naema families indicate a similar structure as the
four families studied in this work, however, their
analysis would require some caution that goes be-
yond the extend of this text. For instance, the Ag-
nia family is fully embedded inside the high-order
secular resonance z; (e.g. Milani and Knezevié,
1994) and that might have affected its evolution to
an extent that needs to be studied. Also, parent
bodies of these families were smaller, a few tens of
kilometres in size, so that —like in the Astrid case—
the majority of members are small asteroids. Fur-
ther discoveries and proper element computations
will help to define these families better than today.

Second, there are two regimes of age to which
our method is not adapted. Very young families,
with ages less than ~ 50 My such as Karin, Veri-
tas or Tannini, did not evolve enough by the ther-
mal forces to produce the required offset in ex-
tremes of the Nyps(C) distribution that is fitted
in our approach. Obviously, the thermal forces
do perturb all asteroid orbits, including those in
the very young families, but the means to detect
them are different than used here (see Nesvorny
and Bottke, 2004). On the contrary, old families,
with ages greater than ~ 1 Gy, did evolve “too
much” by the thermal forces. A good example is
the Themis family, whose age is estimated to be
~ (2.5 £1.0) Gy (e.g. Nesvorny et al., 2005) and
whose projection onto the proper semimajor axis
a vs. absolute magnitude H is shown in Fig. 27.
The family shows a typical bracketing by pow-
erful mean motion resonances (J2/1, J11/5 and
3J—2S—1). One can also see the distinct feature
of a relative under-population in the middle-a val-
ues and a relative overpopulation in the extreme-a
values for asteroids with H > 12.5.

To see the obstacle, we recall these features re-

sult from a synergy between Yarkovsky effect sec-
ular changes in semimajor axis enhanced by the
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YORP effect tilting spin axes toward the extreme-
obliquity values. As those asymptotic values are
reached, YORP continues to either accelerate or
decelerate asteroid’s rotation to the point when
the rotation state should dramatically change by
either collisional impact, structural alterations or
even fission. In either of these cases, our ability
to model the result is poor so far. Vokrouhlicky
and Capek (2002), and Capek and Vokrouhlicky
(2004), have estimated that a typical timescale
of such “YORP cycle” for ~ 5 km objects is
~ (300—600) My. So in the case of families studied
in Sec. 4 their age is about the length of the YORP
cycle for asteroids defining the Nops(C) distribu-
tion. Our inability to accurately model the result
of YORP-cycle termination and onset of a new
YORP-cycle is not critical. Here however, for a
~ 2.5 Gy old family, such as Themis, one could ex-
pect small members has undergone 5 to 8 YORP
cycles during its lifetime. Here, our inability to
accurately model a sequence of YORP cycles be-
comes important and it could result in misleading
conclusions. For instance, if we formally attempt
to use our method in the Themis case we would
obtain a poor fit (so that the minimum found value
of the target function ¥ac would be larger than
number of data points) and cyorp ~ 0 expressing
inadequacy in the YORP modelling.

Another result in this paper is a confirmation
of small initial dispersal velocities in the studied
families. A typical velocity V of ~ 5 km fragments
was found a few tens of m/s. This value is com-
patible with hydrocode modelling and means the
initial semimajor axis dispersal in our families was
about 25 — 50% of the currently observed value.
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Fig. 1.— Symbols show number Nops(C) of observed Erigone members in (C, C + AC') bins with error-bars
given as v/ Nops(C). We chose AC =2 x 1075 AU and a. uniformly averaged in the range (2.368,2.374) AU.
Though not perfect Nops(C) is approximately symmetric about €' = 0 with significant maxima at C =
+1.5 x 1077 AU.
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Fig. 2.— Four prominent families that show concentrations of asteroids at extreme value of semimajor axis:
Erigone, Massalia, Merxia and Astrid. Here we show their nominal realizations (see the text) in the space
of proper orbital elements: (i) semimajor axis a vs. eccentricity e — top, and (ii) semimajor axis a vs. sine
of inclination sin I — bottom. We also indicate position of the major mean motion resonances with Jupiter
(J3/1, J5/2, J8/3) and some of the weaker resonances (e.g. M1/2, 3J—1S—1 or 4J—2S—1). Dots are all
background asteroids and other families not considered in this paper.
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Fig. 3.— Number of asteroids associated with Erigone family (top) and power-law index ~y of the cumulative
magnitude distribution in the range (13.5,15.5) (bottom) as a function of the HCM cut-off velocity V.. Two
critical values of V; are: (i) 54 m/s, when the close vicinity of (163) Erigone merges with the remaining part
of the family, and (ii) 80 m/s, when the family (as formally identified with the HCM method) coalesces with
bulk of the inner main belt. The family is reasonably well defined in between those two V, values, slowly
accumulating outskirt members and interlopers. In this interval, v consistently oscillates between 0.74 and
0.8. When the bulk of the inner main belt formally associates with the family, v acquires a value close to
0.6 (determined also by Ivezié et al. (2001) from the SDSS data).
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Fig. 4.— FErigone family at HCM velocity 56 m/s projected onto a plane of proper semimajor axis a vs.
proper eccentricity e (top and left), proper semimajor axis a vs. proper sine of inclination sin I (top and
right), proper semimajor axis a vs. absolute magnitude H (bottom and left); (163) Erigone is shown as a
large filled square. Suspected interlopers are open circles. About half of these open circles at a < 2.35 AU
is recognized alien to the family using the SDSS PC1-PC; clustering (Sec. 3.5).
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which the family accumulates surrounding main-belt asteroids, and 64 m/s, when basically all inner main
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remains extremely high (~ 1.03).
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Fig. 6.— Massalia family at HCM velocity 44 m/s projected onto a plane of proper semimajor axis a vs.
proper eccentricity e (top and left), proper semimajor axis a vs. proper sine of inclination sin I (top and
right), proper semimajor axis a vs. absolute magnitude H (bottom and left); the asteroid (20) Massalia is
shown as a large filled square. Suspected interlopers are open circles; the asteroid (2946) Muchachos is a
spectrally confirmed interloper. Some of the weak mean motion resonances are shown: M1/2, an exterior
resonance with Mars, produces the prominent spread of the inclination at @ ~ 2.42 AU, 4J—2S—1, a three-
body resonance, may be responsible for the larger scatter of eccentricity below a ~ 2.41 AU (Sec. 5.2 and
Fig. 24).
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Fig. 7.— The same as in Fig. 3 but for Merxia family. A critical transition occurs at V., = 108 m/s, when
the formal family coalesces with a fair portion of the middle and outer parts of the main asteroid belt. Two
“internal” transitions occur at V., = 41 m/s, when the whole left part of the family associates with the
nearest surrounding of (808) Merxia, and at V., = 50 m/s, when also the right part of the family (for which
a > 2.75 AU) associates with the family. Until the coalescence with the bulk of asteroid belt, the family’s ~
parameter is consistently high in between the 0.62 and 0.65 values.
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Fig. 8.— Merxia family at HCM velocity 80 m/s projected onto a plane of proper semimajor axis a vs. proper
eccentricity e (top and left), proper semimajor axis a vs. proper sine of inclination sinI (top and right),
proper semimajor axis a vs. absolute magnitude H (bottom and left); the asteroid (808) Merxia is shown as a
large filled square. Suspected interlopers are open circles; asteroid (1327) Namaqua is a spectrally recognized
interloper. Some of the weak mean motion resonances are shown: 3J—1S—1, a three-body resonance, is likely
responsible for the large scatter of proper eccentricities for a > 2.75 AU (Sec. 5.3 and Fig. 25).
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Fig. 9.— The same as in Fig. 3 but for Astrid family. The family shows only a weak dependence on the
HCM velocity cut-off V. at the abscissa until a critical value of 133 m/s, when the family coalesces with the
surrounding zone of the main belt.
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Fig. 10.— Astrid family (bold symbols) at HCM velocity 70 m/s shown here as a cluster in the three-
dimensional space of proper orbital elements; (1128) Astrid is indicated by the open square. Background
asteroids are shown as dots (the clump above the J5/2 resonance is a tail of the Koronis family). This view
allows to discover that a zone between the family termination at a ~ 2.81 AU and separatrix of the J5/2
mean motion resonance at a ~ 2.82 AU (shaded plane) is entirely void of any objects.
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Fig. 12.— The cumulative distributions N(< H) for: (i) Erigone — top and left, (ii) Massalia — top and
right, (iii) Merxia — bottom and left, and (iv) Astrid — bottom and right; nominal families shown here. We
use N(< H) oc 10" approximation in the magnitude range (13.5,15.5) and obtain the following values of
the v parameter: (i) v = 0.74 for Erigone, (ii) v = 1.03 for Massalia, (iii) v = 0.64 for Merxia, and (iv)
~ = 0.55 for Astrid. The exponent [ of the power-law approximation of the cumulative size distribution is
related to v as f = —57. Except for the Astrid family, the magnitude distribution is much steeper than the
collisionally evolved system for which Dohnanyi (1969) derived ypon = 0.5 or Opon = —2.5.
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Fig. 13.— Principal spectral components PC; and PC; derived for members of our studied families from the
Sloan Sky Digital Survey (SDSS; data release 3). Dots are data for individual asteroids: Erigone members
(red), Astrid members (yellow), Massalia members (blue), and Merxia members (green). The black crosses
are mean values in the corresponding family with standard errors; labels are the number of leading asteroid
in the family. The dashed vertical line at PCy; = 0.3 roughly divides this parametric space to C (left) and S
(right) complexes (e.g. Binzel and Bus, 2002; Nesvorny et al., 2005). The ellipses show 90% confidence level
boundaries of membership for each of the families based on the available SDSS data.
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Fig. 14.— Results of our simulation for the Erigone family with mean albedo py = 0.05 and surface thermal
conductivity K = 0.05 W/m/K. The best-fit solution N(C) (solid line) over-imposed over data points
Nobs(C') (intervals) — top and left; N(C) is symmetric about C' > 0 and in our analysis we folded asteroids
with C' < 0 into the corresponding bin with C' > 0. Top and right, and bottom figures show projection of
the best value of the target function Wa¢ for various pairs of the solved-for parameters: (i) age T vs. YORP
strength parameter cyorp, (ii) age T vs. characteristic velocity V of initial ejection of D = 5 km fragments,
and (iii) eyorp vs. V. Formally 1o contour, defined by Uac = 21, is shown in bold; contours for other

values of the target function are shown in light.
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Fig. 15.— The same as in Fig. 14 but assuming the surface thermal conductivity uniformly spans interval
K =0.005—0.05 W/m/K.
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Fig. 16.— Symbols show number Nops(C) of observed Massalia members in (C, C'+AC) bins with error-bars
given as y/Nobs(C). We chose AC = 1.5x1075 AU and a, uniformly averaged in the range (2.407,2.414) AU.
In this case, N(C) is not symmetric about C' = 0, but the number of asteroids for positive C is systematically
smaller. We suggest this is an effect of partial leakage of objects from the family along the exterior Martian
resonance M1/2. We thus decided to discard C' > 0 distribution from our analysis and use only N(C) for

C <0.

0
-4e-05 -3e-05 -2e-

05 -le-05 0 le-05

38

2e-05

3e-05




100

80

60

40 -

YORP strength, Cyorp

0 A I I I I I I
-3.5e-05 -3e-05 -2.5e-05 -2e-05 -1.5e-05 -1e-05 -5e-06 0

YORP strength, cyorp

Age [My]

Fig. 17.— Results of our simulation for the Massalia family with mean albedo py = 0.21 and surface thermal
conductivity K = 0.005 W/m/K. Top and left is the best-fit simulation of number of asteroids N(C) in the
C-bins (solid line) compared to the observed family Nops(C) (symbols and error-bars). Top and right, and
bottom figures show projection of the best value of the target function ¥ ¢ for various pairs of the solved-for
parameters: (i) age T vs. YORP strength parameter cyorp, (ii) age T vs. characteristic velocity V of initial
ejection of D = 5 km fragments, and (iii) cyorp vs. V. Formally 1o contour, defined by ac = 24, is
shown in bold; contours for other values of the target function are shown in light.
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Fig. 18.— Results of our simulation for the Merxia family with mean albedo py = 0.22 and surface thermal
conductivity K = 0.005 W/m/K. Top and left is the best-fit simulation of number of asteroids N(C) in the
C-bins (solid line) compared to the observed family Nops(C) (symbols and error-bars). Top and right, and
bottom figures show projection of the best value of the target function ¥ ¢ for various pairs of the solved-for
parameters: (i) age T vs. YORP strength parameter cyorp, (ii) age T vs. characteristic velocity V of initial
ejection of D = 5 km fragments, and (iii) cyorp vs. V. Formally 1o contour, defined by ¥ac = 17, is
shown in bold; contours for other values of the target function are shown in light.
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Fig. 19.— The same as in Fig. 18 but now assuming mean albedo py = 0.20 and surface thermal conductivity

randomly spanning 0.001 — 0.01 W/m/K values.
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Fig. 20.— Symbols show number Nops(C) of observed Astrid members in (C, C'+ AC) bins with error-bars
given as \/Nops(C). We chose AC = 2x 1076 AU and a. uniformly averaged in the range (2.785,2.788) AU.
In this case, N(C) is not symmetric about C' = 0, with number of asteroids for positive C' systematically
smaller. In Sec. 5.4 we consider possibilities for this asymmetry and in the further analysis we use the C' < 0
part of the data only.
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Fig. 21.— Results of our simulation for the Astrid family with mean albedo py = 0.08 and surface thermal
conductivity K = 0.05 W/m/K. Top and left is the best-fit simulation of number of asteroids N(C') in the
C-bins (solid line) compared to the observed family Nops(C) (symbols and error-bars). Top and right, and
bottom figures show projection of the best value of the target function ¥ A for various pairs of the solved-for
parameters: (i) age T vs. YORP strength parameter cyorp, (ii) age T vs. characteristic velocity V' of initial
ejection of D = 5 km fragments, and (iii) cyorp vs. V. Formally 1o contour, defined by ¥ae = 11, is
shown in bold; contours for other values of the target function are shown in light.
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Fig. 22.— The same as in Fig. 21 but now assuming mean albedo surface thermal conductivity randomly
spanning 0.005 — 0.05 W/m/K values.
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Fig. 23.— Evolution tracks of a sample of numerically integrated orbits without Yarkovsky forces in the
Erigone family: (i) proper semimajor axis a vs proper eccentricity e (top), and (ii) proper semimajor axis
a vs proper sine of inclination sin (bottom). Initial data of 108 selected real members, and their close
clones, chosen near the center of the family, where depletion is observed. Integration timespan has been
set to 500 My, more than the estimated age of the family from Figs. 14 and 15. The orbits are stable
indicating no macroscopic chaos that could be associated with any of the weak mean motion resonances.
The larger observed variations in proper eccentricity and inclination is due to interaction with the zo secular
resonance. This effect is however very stable on a long-term. As a result, the observed depletion is unlikely
to be explained by chaotic leakage from the central zone in the family, rather it follows from synergy of the
Yarkovsky/YORP evolution discussed earlier in this paper.
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Fig. 24.— Evolution tracks of a sample of numerically integrated orbits with Yarkovsky forces in the Massalia
family: (i) proper semimajor axis a vs proper eccentricity e (top), and (ii) proper semimajor axis a vs proper
sine of inclination sin/ (bottom). Initial data of 137 selected real members chosen near the center of the
family. Obliquities, roughly set to 45°, make the bodies migrate toward larger values of the semimajor
axis. Upon reaching the position of the exterior M1/2 mean motion resonance with Mars, the proper e and
proper sinl are partly dispersed. The black tracks are for bodies that would be still associated with the
observed Massalia family at the nominal HCM velocity cutoff V. = 44 m/s; the grey sections correspond to
a configuration, when the body ceases to be HCM-associated with the nominal family. Some 16% of bodies
leaked from the family via this process in our simulation.
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Fig. 25.— Evolution tracks of a sample of numerically integrated orbits with Yarkovsky forces in the Merxia
family: (i) proper semimajor axis a vs proper eccentricity e (top), and (ii) proper semimajor axis a vs proper
sine of inclination sin I (bottom). Initial data of 145 selected real members, and their close clones, chosen
near the center of the family. Obliquities, roughly set to 45°, make the bodies migrate toward larger values
of the semimajor axis. Upon reaching the position of the three-body 3J—1S—1 resonance the proper e and
proper sin I are partly dispersed. The black tracks are for bodies that would be still associated with the
observed Massalia family at the nominal HCM velocity cutoff V., = 80 m/s; the grey sections correspond to
a configuration, when the body ceases to be HCM-associated with the nominal family. After crossing the
resonance, the proper e and proper sin/ dispersion in the family increases to a level compatible with the

observed members.
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Fig. 26.— Evolution tracks of a sample of numerically integrated orbits with Yarkovsky forces in the Astrid
family: (i) proper semimajor axis a vs proper eccentricity e (top), and (ii) proper semimajor axis a vs proper
sine of inclination sinI (bottom). Initial data of 110 selected real members, and their close clones, chosen
near the center of the family. Obliquities, roughly set to 45°, make the bodies migrate toward larger values
of the semimajor axis. The orbits continue quietly migrating until they reach separatrix of the J5/2 mean
motion resonance with Jupiter where they are eliminated. At this level of sophistication, there is no sign
why the zone between the observed Astrid family and the separatrix of the J5/2 should be prohibited; yet
no asteroids —family or background— are observed in this zone.
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Fig. 27.— Themis family identified with the HCM cutoff velocity V. = 58 m/s projected onto a plane of
proper semimajor axis a and absolute magnitude H. Filled square is (24) Themis.
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