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ABSTRACT

The Nele group, formerly known as the Iannini family, is one of the youngest asteroid families
in the main belt. Previously, it has been noted that the pericentre longitudes @ and nodal
longitudes 2 of its largest member asteroids are clustered at the present time, therefore
suggesting that the collisional break-up of parent body must have happened recently. Here, we
verify this conclusion by detailed orbit-propagation of a synthetic Nele family and show that
the current level of clustering of secular angles of the largest Nele family members requires
an approximate age limit of 4.5 Myr. Additionally, we make use of an updated and largely
extended Nele membership to obtain, for the first time, an age estimate of this family using
the backward integration method. Convergence of the secular angles in a purely gravitational
model and in a model including the non-gravitational forces caused by the Yarkovsky effect
are both compatible with an age younger than 7 Myr. More accurate determination of the Nele
family age would require additional data about the spin state of its members.
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celestial mechanics.

1 INTRODUCTION

Asteroid families form as a result of collisions among asteroids.
The orbits of fragments originating from each break-up event sub-
sequently evolve due to gravitational and non-gravitational effects
such as planetary perturbations and the Yarkovsky effect (Bottke
et al. 2002; Vokrouhlicky et al. 2015). The present orbital distri-
bution of family members is therefore a combination of the initial
spread produced by the original ejection velocity field and later
dynamical evolution. Separating the two effects is often difficult,
because the velocity field is a priori unknown and because the
strength of the Yarkovsky effect depends on various parameters,
such as the asteroid density and surface thermal conductivity, that
are poorly constrained.

Young asteroid families (i.e. families that formed less than
~20Myr ago) are useful in this context, because of our ability
to precisely model the dynamics of asteroids on short time-scales.
For example, in the case of a young asteroid family it is often
possible to demonstrate the past convergence of the pericentre lon-
gitudes @ and nodal longitudes 2. Such a convergence is expected
because the ejection velocities are typically only a small perturba-
tion of the orbital speed. All fragments should therefore have about
the same values of @ ’s and 2’s immediately after the parent body
break-up, which becomes apparent when the orbits of young family
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members are integrated backward in time from the present epoch
(e.g. Nesvorny et al. 2002; Nesvorny et al. 2003).

Modelling young families provides valuable information about
their age and membership. It may also help to constrain key param-
eters of the Yarkovsky effect, because the Yarkovsky effect needs to
be taken into account to precisely reconstruct the past convergence
of angles (e.g. Nesvorny & Bottke 2004). In some cases, such as for
the Karin cluster, it was even shown that strict convergence criteria
allow for a detection of the radiation torque known as the YORP
effect (Carruba, Nesvorny & Vokrouhlicky 2016).

In this work, we focus our attention on the case of the Nele clus-
ter (family identification number, or FIN, 520 in Nesvorny, Broz &
Carruba 2015). This family, previously also known as the Iannini
family, was suggested to be younger than 5 Myr in Nesvorny et al.
(2003), because the w’s and Qs of its members were found to
be clustered even at the present epoch. Using a larger data set of
numbered and multi-opposition asteroids for which the proper or-
bital elements were determined, Milani et al. (2014) recently found
that (1547) Nele is likely the largest member in the former Iannini
cluster and thus opted to rename the cluster after this body. We
adopt this point of view, but readers should be aware of the previous
name used for this group, if necessary. Here, we take advantage of
a still larger data set of asteroids for which proper orbital elements
were determined and made available at the AstDyS website in 2017
June to extend and improve the analysis of both Nesvorny et al.
(2003) and Milani et al. (2014). More importantly, using methods
also developed in Carruba, Nesvorny & Vokrouhlicky (2016) and
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Figure 1. Proper elements, (a, e) in panel (a) and (a, sini) in panel (b), of Nele family members (blue dots) and background asteroids (black dots). For
comparison, the red dots display the orbital location of the Iannini asteroid family, as available from Nesvorny et al. (2015). The large full green dot shows the
orbital location of (1547) Nele itself. The vertical lines display the location of the principal mean motion resonances in the region.

Carruba, Vokrouhlicky & Nesvorny (2017) for the Karin and Veri-
tas families, we demonstrate the past convergence of secular angles
of asteroids in the Nele family, and obtain an age estimate of this
family using the direct backward orbit integration of its members.

2 FAMILY IDENTIFICATION AND
DYNAMICAL PROPERTIES

Two sets of membership lists are currently available for the Nele
family. Nesvorny et al. (2015) used the hierarchical clustering
method (HCM; Bendjoya & Zappala 2002) and a cutoff of 25 ms™!
to obtain a family of 150 members, which is ~~8 times more than
the 18 members available at the time of Nesvorny et al. (2003).
This family was still called Iannini in Nesvorny et al. (2015). Pref-
erence to this name was based on Nesvorny et al. (2003), who
observed that (1547) Nele is offset in proper eccentricity and in-
clination with respect to location of other large asteroids in this
cluster. However, when smaller members were later associated with
this cluster in larger data bases, this was no longer the case. For
that reason, Milani et al. (2014) proposed to call this cluster the
Nele family. Indeed, more recent and quite larger data sets of
proper orbital elements that become available at the AstDyS web-
site in 2017 June (http://Hamilton.dm.unipi.it/astdys; KneZevi¢ and
Milani 2003) confirm this trend. Automated methods of family
identification at the AstDyS site have resulted in the detection of
344 members of the Nele family. Observing this evolution, we also
adopt the Nele attribution for this family name and basically use
the membership available at the AstDyS website, performing the
following brief analysis.

The family is very compact and isolated. Using the criteria of
Carruba & Nesvorny (2016), we identified objects in the local back-
ground of this group. Specifically, we used the synthetic proper ele-
ments from the AstDyS site, and selected orbits with values between
0.2663 and 0.2710 in proper e and between 0.2103 and 0.2130 in
proper sini (four standard deviations of the Nele family distribu-
tion around the family barycenter). Values of proper a were chosen
from 2.638 to 2.651 au (the family range +0.02 au). Only 81 ad-
ditional background objects were found using this method (atop to
the 344 identified Nele members). These additional asteroids were
found to be randomly scattered in the selected box of proper orbital

elements showing no tendency of clustering. This indicates that
these background asteroids are, most likely, not family members
and we will not include them in the following analysis. Using HCM
for objects in this local background, we found that 92.7 per cent of
the 425 asteroids in the region join the Nele family for cutoff values
of 50 ms~!. All asteroids become members of the family for cutoff
values larger than 75 ms™!.

The Milani et al. (2014) and Nesvorny et al. (2015) families are
shown in Fig. 1. We identified all secular resonances up to order six
in the Nele family region, but no member of the family was found
in a secular resonance with planets or massive asteroids. Secular
dynamics therefore seems unimportant. Gallardo (2014) identified
the 11J-4A resonance with Jupiter at a ~ 2.6498 au and the 7TM-16A
resonance with Mars at a >~ 2.6438 au as the two main mean motion
resonances in the region. The 11J-4A affects seven family members
at large-end of the semimajor axis values, but most Nele objects are
not significantly affected by either of the resonances.

To better understand the role of chaotic dynamics, we identified
asteroids in different ranges of the Lyapunov Characteristics ex-
ponents (LCE). The LCE estimates were obtained from AstDyS.
Fig. 2 shows objects with LCEs in three different intervals (the fig-
ure caption specifies the equivalent limits in terms of the Lyapunov
times 71, defined as the inverse of LCEs). Apart from the chaotic re-
gion associated with the 11J-4A resonance already discussed, three
mildly chaotic areas were also found: one at ~2.6426 au, possi-
bly associated with the 4S-5M+12A three-body resonance, one at
~2.6444 au, possibly related to the 1S-4M+9A and four-body res-
onances such as 15J-1S-1M+3A, and one at ~2.6464 au, which
is probably related to the 13J-1M-7A three-body resonance and
the 7V-1A two-body resonance with Venus (e.g. Nesvorny et al.
1998; Gallardo 2014). No chaotic region was found at the semima-
jor axis of the 7M-16A resonance. Both (1547) Nele and (4652)
Iannini, the family largest bodies, have mildly chaotic orbits (i.e.
6.7 x 10" < Ty, <5 x 103 yr).

3 PHYSICAL PROPERTIES

Nesvorny et al. (2015) listed Iannini as an S-type family, with a
mean geometric albedo py of 0.32. This analysis is confirmed for
the new larger Nele family found by Milani et al. (2014) and recent
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Figure 2. A (a, sini) projection of asteroids in the local background of
the Nele family. Objects with Lyapunov times T, longer than 5 x 10° yr
are shown as black dots (these are the most stable orbits). Objects with
6.7 x 10* < TL < 5 x 10° yr are displayed as green full circles, while the
objects with T, < 6.7 x 10 yr are shown as blue full circles (for most part
affected by the 11J-4A mean motion resonance).

updates at the AstDyS, which identify this group as an S-type family
of a mean albedo 0.355. There is very limited information available
about other physical properties of the members of the Nele family.
Only seven objects have photometric data in the Sloan Digital Sky
Survey-Moving Object Catalog data (SDSS-MOC4; Ivezi¢ et al.
2001) from which the taxonomic information can be obtained using
the method of DeMeo & Carry (2013), and only 14 objects have
geometric albedo and absolute magnitude information available in
the WISE and NEOWISE, AKARI, or IRAS data bases (Ishihara et al.
2010; Ryan & Woodward 2010; Masiero et al. 2012; Mainzer et al.
2016).

Of the seven objects with taxonomic information based on broad-
band SDSS data, four belong to the S-complex (4652 lannini,
K-type, 78908, Q-type, 146444, S-type, and 161328, S-type), and
three to the C-complex (1547 Nele, TD-type, and 151032 and
164726, both C-types). These data do not allow us to reach any
conclusion on the taxonomy of the Nele family. Geometric albedo
data is more helpful. Of the 14 objects with WISE albedo, only two,
(185380) and (43766) have an albedo lower than 0.2. The median
value of the geometric albedo is of 0.315, and the mean value is
equal to 0.293, essentially confirming the analysis of Nesvorny et al.
(2015) and Milani et al. (2014). Based on this data, the Nele family is
most likely an S-complex family, and the asteroids 151032, 164726,
and 185380 are either potential interlopers or objects for which the
Sloan-derived taxonomy is misleading. Interestingly, (1547) Nele
was classified as a TD object in a Tholen taxonomy based on two
colour indexes, but has an albedo of 0.20, barely compatible with
that of other family members.

To better understand the distribution of largest members of the
family, we estimated the masses assuming objects to be spherical
with a bulk density equal to 2500 kg m~* (typical value of S-type
objects; this is close to the guessed value of 2275 kg m~ reported at
the AstDyS site). For objects with available WISE albedo data, we
used the WISE py value to estimate their radius from the absolute
magnitude (equation 1 as in Carruba et al. 2003). For all other
objects, we used py = 0.315, which is the median value of this
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Figure 3. An (a, sini) projection of asteroids near the orbital location of
the Nele family. The colour and size of the symbols reflect the estimated
asteroid mass. Asteroid (43766) 1988 CR4, represented by the large red
symbol at ¢ 2~ 2.65 au away from the centre of the Nele family and in the
11J-4A resonance, is suggested to be an interloper from the background
population of objects.

family. Fig. 3 shows the results. Only three objects have estimated
masses larger than 10" kg and diameters D > 5km and these
are (1547) Nele (D ~ 17.3km), (4652) Iannini (D ~ 5.3 km), and
(43766) 1988 CR4 (D ~ 7.2km). However, the fact that (43766)
1988 CR4 is an albedo outlier of this family and its location in the
11J-4A mean-motion resonance away from other large asteroids in
the family both suggest this body is an interloper in the cluster.
(81550) 2000 HU23 is the only other object with an estimated mass
larger than 10'* kg, and has a diameter of ~4.9 km.

4 AGE ESTIMATES OF THE NELE FAMILY

Recently, Spoto et al. (2015) estimated the age of the Nele family
using the method of V-shape fitting in the domain of semimajor
axis and inverse diameters. In this method, the distribution of as-
teroids is binned for different values of asteroid inverse diameters,
and the asteroids with minimum and maximum semimajor axis val-
ues are selected. The bin sizes are chosen so that the differences
in the number of members in two consecutive bins never exceeds
one standard deviation. Errors are assigned on the asteroids inverse
diameters, and outliers are rejected using an automatic outliers re-
jection scheme. The slopes of the two sides of the family V-shape
are then computed, with their errors. Ages and their uncertainty are
then estimated using a Yarkovsky calibration for the values of the
semimajor axis drift rate da/dt, based on the radar results for aster-
oid (101955) Bennu (Chesley et al. 2014, and subsequently rescaled
to the family heliocentric location and assumed bulk densities of
the members).

Spoto et al. (2015) obtained values of the 1/S slope equal to
—0.005 £ 0.0008 for the IN inverse slope and of 0.005 £ 0.002
for the OUT inverse slope. Once the Yarkovsky calibrations and
their errors were accounted for, this corresponds to ages of 14 £ 5
and 15 &+ 7 Myr, respectively. However, observing the suggested
age limit of ~5 Myr from clustering of secular angles in Nesvorny
et al. (2003), Spoto et al. (2015) pointed out that the effects of the
initial velocity field could be rather important for this very young
family (implying that possibly the initial spread of Nele asteroids
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Figure 4. The V-shape in the (a, 1/D) domain for the Nele family. The
black full dot displays the location of (1547) Nele, largest member in the
family.

dominates their distribution in the V-shape domain rather than the
Yarkovsky effect, typical for older families).

In order to check these conclusions with more members available,
we repeated Spoto et al. (2015) analysis for the Nele family with
a similar method.! Our results are in good agreement, within the
uncertainties, with the solution published by Spoto et al. (2015).
Fig. 4 displays the V-shape for the solution using the family centre,?
and the range of 1/D values used for the size binning of the family.
We found inverse values of the slopes of —0.0049 = 0.0013 for the
IN slope and of 0.0055 & 0.0023 for the OUT slope.

Taking now an opposite extreme assumption about the spread of
Nele family within the bounds of V-lines, we can use the data to
obtain an estimate of the initial ejection velocity field. Assuming
the initial ejection velocity field was isotropic (at least for small
members), the available slopes of the delimiting lines in the (a,
1/D) domain can inform us about the transverse component of
the ejection velocity field Vr. In particular, if Vr oc 1/D*® with
some exponent ogy, the relationship between the displacement of a
particular family member in proper a from the centre a., |a — ac|,
reads (e.g. Vokrouhlicky et al. 2006a,b)

2 ( DO ) QE]
la—a.|=— Vg | — cos 6, N
n D
where n is the asteroid mean-motion, Vg; is a parameter that de-
scribes the width of the fragment ejection velocity distribution
(Vokrouhlicky et al. 2006a,b), Dy a reference size value from
magnitude—size relationship equal to 1329 km, and 6 is the angle of
the fragment ejection velocity relative to the transverse direction of
the parent body’s orbit. The limits of the V-shape region then cor-
respond to cos @ = *1. Data for the Karin and Koronis (Nesvorny
et al. 2002; Carruba & Nesvorny 2016) families suggest that gy
~ 1 (see also Bolin et al. 2018). Therefore, if we assume that the
V-shape for the Nele family in the (a, 1/D) domain observed in
Section 4 is mostly caused by the initial ejection velocity field, the

!'Instead of the algorithm used for automatic rejection method used by these
authors, we used built-in numerical tools available in MATLAB.

2 Another solution using (1547) Nele instead is available on the AstDyS as
blue curves, but values of the slopes were not available for this solution.
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Figure 5. The current (e, H) and (2, H) distributions of members of the
Nele family, where @ and 2 are osculating values at the MJD epoch 57200
and H are absolute magnitudes from AstDyS site. The vertical black lines
display €2 and @ equal to 0°, while the vertical dashed line shows the £60°
levels. The horizontal line displays the H = 16 level.

value of the ejection parameter Vg; would be related to the absolute
values of the IN and OUT slopes 1/S by the relationship

n

Vey = —.
EJ 25|

2

Using the values of a., Siv, and Sour from this section, then Vg
would be 17.2 and 18.4 m s, respectively. Therefore, this approxi-
mate analysis would yield a value of Vg; =17.8 £ 0.6 m s~!, which
is similar to the estimated escape velocity from (1547) Nele itself,
that is of the order of 10 m s~ (e.g. BroZ et al. 2013). Therefore, it
is conceivable that at least 2/3 of the asteroid distribution within the
V-shape limits is due to the initial velocity field and only 1/3 is the
additional component due to the Yarkovsky spreading. With that,
both Spoto et al. (2015) and our age estimates mentioned above
would shrink to >~5 Myr.

Now, we come back to the idea of Nesvorny et al. (2003) who
suggested an age limit of this cluster from today’s distribution of
the secular angles of the largest members. Our plan is to carry out a
more detailed look into the problem and also check how the secular
angles in the Nele family are distributed as a function of their size
(now available with much larger data set of its members).

Fig. 5 displays the current (2, H) and (', H) distributions for
longitude of node €2 and longitude of pericentre & . The w distribu-
tion, and, to a lesser extent, also the €2 distribution, show tendency
to cluster near 0° for members with H < 16. Smaller members have
the secular angles dispersed uniformly in between 0° and 360°. This
is expected, because their larger semimajor axis drift da/dt due to
the Yarkovsky effect implies an additional contribution in how the
secular angles disperse, and, also, smaller fragments tend to be
ejected with higher ejection speed, further away from the family
centre than larger family members, and would therefore experience
larger differences in the precession rates of the secular angles with
respect to the parent body than, in general, larger objects. The sam-
ple of large members in the family may, therefore, be considered to
test the age limit envisaged by Nesvorny et al. (2003).

In order to determine the expected pace at which the secular
angles of the orbits in the Nele family diverge, we conducted the
following simple numerical experiment. At the current epoch, MJID
57200, we constructed a synthetic cluster of 107 objects around the
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Figure 6. The future evolution of the digitally filtered pericentre (panel a) and nodal (panel b) longitudes of 107 Nele members of a synthetic family reproducing
conditions after break-up, when purely gravitational forces are considered. The dashed lines show 0° and £60° for reference.

orbit of (1547) Nele (this corresponds to the H < 16 sample, Fig. 5).
We used a very conservative velocity ejection speed of 3 m s~! for
each of the fragments and assumed they were launched isotropically
in space. This renders an initial spread in both longitude of node 2
and pericentre @ of only a fraction of a degree. We intentionally
keep the initial velocity small in order not to push the age constraint
for the cluster too low.

We numerically integrated the orbits of these objects and com-
puted the filtered values of their difference in @ and Q2 with respect
to (1547) Nele, with the same procedure discussed in Section 5.
The simulation included only gravitational perturbations from the
planets, driving circulation of the secular angles, but we neglected
the effects of thermal accelerations at this stage. Fig. 6 shows the
time behaviour of these differences in @ (panel a) and Q2 (panel
b) as a function of time. As expected, the distribution of Az and
A starts initially very compact about zero and quickly spreads to
become uniform in the whole range of 0° and 360° in a few million
years. While the mean rate of the dispersion change in @ and 2 may
be estimated analytically, the numerical approach we adopt here is
more accurate (note, for instance, that many of the trajectories in
Fig. 6 are not straight lines but instead show complex dependence
on time, indicating thus chaotic evolution of the orbits).

In order to quantify the secular angles dispersion, we computed
the standard deviation of absolute values |Az | and |A2| distribu-
tions as a function of time for the simulated family. Fig. 7 displays
our results. The horizontal black line indicates the current values of
these standard deviations as observed in the sample H < 16 mem-
bers of the Nele family (see Fig. 5), while the dashed black lines
show the confidence level for the standard deviations of a popula-
tion of ~100 asteroids (0.88 SD < SD < 1.16 SD, with SD being
the nominal value of the standard deviation; e.g. Sheskin 2003).
Values of the standard deviations for a uniform distribution of ab-
solute values are about 51°5 (e.g. Vokrouhlicky et al. 2006b).> The
results in A are not conclusive to within the errors. This is be-
cause the divergence in €2 turns out to be quite fast in the zone of
Nele family. Mean values of the frequency gradients & for Nele

da
family members are equal to —101.3 £ 0.3 arcsec yr—!, which is

3 Note that we evaluate angular separation of two angles in our case that is
by definition limited to 0°~180°. If we were to consider uniform distribution
of only one angle in between 0° and 360°, the limiting standard deviation
would be ~2103° as mentioned in Vokrouhlicky et al. (2006b).
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Figure 7. Time behaviour of the standard deviation of the absolute values of
differences Aw and A in secular angles with respect to (1547) Nele. Data
from numerical propagation of 107 members of our synthetic realization
of the Nele family started as a compact cluster with 3 m s~! ejection field
of fragments. The horizontal black line displays the current value of the
standard deviation for the real Nele H < 16 members, while the horizontal
dashed lines show the confidence level for these values (obtained using
methods discussed in Sheskin 2003 for a sample of 2100 bodies).

higher than what found for the more well-behaved Karin family, for
which % = —70.0 £ 0.2 arcsec yr~' (Nesvorny & Bottke 2004).
Indeed, the data in Fig. 5 confirm that nodes of even the large bod-
ies in the Nele family are quite spread. Luckily, data in @ are more
conclusive. The currently observed dispersion Az ~ 3796 is at-
tained in our simulation in 3.61’8;3 Myr (see panel a in Fig. 6), and,
indeed, values of g‘—f are relatively small for asteroids in the Nele
family (83.5 + 0.4 compared to 94.3 & 0.6 arcsec yr~' for Karin
asteroids). Overall, results of this experiment indicate that the Nele
family should indeed be younger of 4.5 Myr, strengthening slightly

the suggested limit in Nesvorny et al. (2003).

5 PAST CONVERGENCE OF THE SECULAR
ANGLES

In this section, we attempt to improve the preliminary age estimates
from above by using a direct numerical integration of orbits for Nele
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Figure 8. The past evolution of the digitally filtered differences in pericentre (panel a) and nodal (panel b) longitudes for the 100 largest Nele members with
respect to the orbit of (4652) Iannini (the convergence pattern remains preserved if more asteroid orbits were shown but the figures would get saturated). Only
the gravitational perturbations of planets were taken into account in the simulation. The horizontal lines display the 0° and the £60° levels for reference.

members backward in time and seeking their convergence. Follow-
ing the approach described in Nesvorny et al. (2003), Nesvorny &
Bottke (2004) and Carruba et al. (2016) for the Veritas and Karin
families, we first verified the ability to track the convergence of sec-
ular angles @ and €2 in the past for 342 Nele members (we excluded
two albedo interlopers) by performing a numerical simulation where
we only included gravitational perturbations from all planets, Mer-
cury through Neptune, and neglected thermal accelerations known
as the Yarkovsky effect. These are expected to become more im-
portant for small members in the family. We used the state-of-the-
art symplectic integrator known as SWIFT _MVSF (e.g. Levison &
Duncan 1994) with a 10 d timestep (verifying using a smaller sam-
ple of orbits that identical results are obtained for shorter timesteps
too). The code was modified by Broz (1999) to include an online
filtering of the osculating orbital elements. This function allowed
us to obtain both osculating and mean orbital elements at the output
from the code.

Following the approach described in Carruba et al. (2016), we
considered the case of two reference orbits with respect to which
difference Aw and AQ were computed: (i) (1547) Nele and (ii)
(4652) Iannini, the two largest bodies in the family. In an ideal world,
which of the reference body is selected should not matter, the choice
of the largest fragment is typically justified by expecting the least
influence by the non-gravitational effects. In our case, this would
be (1547) Nele. However, we have noted above that the pericentre
longitude of this body is slightly offset from the values of other large
members in the family (see Fig. 5). The reason is not known, but it
may be caused by either stochastic effects of close encounters to the
most massive bodies in the main belt and/or an asymmetric ejection
velocity field with which the largest fragments were launched. Such
a slight discrepancy is not observed for (4652) lannini, the second
largest asteroid in the family. This justifies our second choice for
the reference orbit. While both result in the same conclusion, we
show in Fig. 8 the case of (4652) Iannini as a reference orbit. This
is because the data are visually more straightforward to interpret.

To obtain the age estimate for the Nele family, we first computed
a x2-like variable of the form:

Nast

X = _(Aw’ + AQ), 3)

i=2

where N, is the number of family members, 342, in our case.
At this moment, x3 is plainly a sum of secular angle differences
to the reference asteroid and thus has dimension rad?. In our method,
the best estimate of the family age corresponds to a minimum
in these angular separations A= ; and A€;, or a minimum of the tar-
get function given in equation (3). In this case, we use (1547) Nele
as areference body, thus Aw; = @; — @ Nele and AQ; = Q2; — Qnele.
We output our data every 10° yr, but to prevent perturbing effects
of a high-frequency noise in x3 values, both differences were fil-
tered with a low-pass digital Fourier filter. This procedure helped
to remove all frequency terms with periods shorter than 10° yr (e.g.
Carruba 2010). We tried other reasonable period thresholds in our
filtering procedure, but all resulted in very similar conclusions. We
also verified that the same results were obtained when the orbit of
(4652) Iannini was taken as a reference instead of (1547) Nele.
Once a minimum value of the xZ-like variable is obtained, we
estimated the statistical mismatch o of the best-fitting convergence
solution taking Aw; >~ AQ; ~ ¢. With the definition (3), we have

2 (XOz)min
0 = -
Nar

where Ny¢ = 2 N, — 3 is the number of degrees of freedom. Note
there were 2 (N, — 1) number of pairs contributing by angular
differences Aw; and AQ; with respect to the reference orbit, and
an additional factor 1 is due to fitting the age of the family. In quan-
titative terms, we have (x o%)min = 270.3 rad” reached at the 3.6 Myr
epoch, and thence we obtain o> = 0.397 rad®. This corresponds to
o =~ 3620, certainly quite more than the level at which fragments
in the Nele family were initially dispersed in either of the secular
angles (i.e. a fraction of a degree*). At a plain face, we would need
to reject the solution. However, we know that the model used is only
approximate since it does not take into account fine details such as
the thermal accelerations or effects of additional massive bodies in

, 4

4 The value of o may reduce if we eliminate from our sample the asteroids
with the largest values of LCE, as also performed by other authors for the
Veritas and Theobalda asteroid families (Nesvorny et al. 2003; Novakovié¢
2010). Since, however, in our sample there are just 14 asteroids with LCE
larger than that of (1547) Nele itself, and since the effect of removing them
is to reduce o by just a degree, to ~~234°9, we preferred in this work to work
with the completed Nele family sample.
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Figure 9. The time behaviour of the Ax? = x2 — X%in variable defined
in equation (5) for differences in the secular angles with respect to (1547)
Nele, filtered with a cutoff of 107 yr. The dashed line shows the 95 per cent
probability confidence level defined by A x2 ~ 742.8. The age of the Nele
family thus appears to be 3.6 = 1.6 Myr.

the main asteroid belt. As a result, we shall assume that the reached
convergence level of ~36° approximately corresponds to the pos-
sible limit of our crude model. With this simple approach, we shall
adopt that the obtained best-value dispersion ¢ corresponds to the
uncertainty of the data points.

This procedure allows us to construct a proper, now non-
dimensional x? variable using the relationship

(Aw,->2 (m,—)2
_|_

o o
With this target function defined, we formally use the least-squares
statistics to determine the single fitted parameter and its formal
uncertainty, namely the age of the family. To that end, we con-
struct Ax? = x? — x2.,, where x2,, =~ 1. Obviously, the formal
best-fitting solution of Nele age still corresponds to the epoch
where x> = x2., = 1. Confidence level of this solution is set by
some choice of A x? value. For instance, the often used 95 per cent
confidence level is obtained for A x2 ~ 742.8. This is because our
solution has Ny = 2 N,y — 3 = 679 degrees of freedom, and the
95 per cent confidence level is obtained from the cumulative distri-
bution function of a x 2 variable, expressed as

Nast

x> =

(&)

i=2

Nar  x
_7 (5. 3)
F(x, Ng) = W, (6)
where x = 0.95 stands for the chosen confidence level, y(%, %

is the lower incomplete gamma function, and F(%) is the gamma
function. This analysis results in a Nele family age of 3.6 £ 1.6 Myr.
Note that this value is in good agreement with the value obtained
in Section 4 (see Fig. 7, panel a) from considerations of the Nele
family dispersal in secular angles forward in time. Fig. 9 shows
the time dependence of Ax? and determination of the 95 per cent
confidence level interval.

Our simulation described above, in which we included only the
gravitational perturbations from planets, proved the tendency of
Nele-family orbits to converge within the past million years in
both secular angles. Still, the best attained level of ~36° at which
nodes and pericentres statistically approached the reference orbit
of (1547) Nele or (4652) lannini is quite large. Recall that the
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initial conditions at the family formation should produce a scatter
of only a fraction of a degree. Obviously, the effects of orbital chaos
and additional gravitational perturbers, such as massive asteroids,
imply our simulation was not perfect and, presumably, when these
are included the convergence would be improved. Additionally,
previous studies demonstrated that especially for small members in
the families, those with D < 2-3 km, one needs also to account for
the thermal accelerations known as the Yarkovsky effect (e.g. Bottke
et al. 2002; Vokrouhlicky et al. 2015). Nesvorny & Bottke (2004)
have shown that the Yarkovsky effect does not primarily perturb the
secular angles of the orbits in a direct way. Instead, the influence
is indirect by secularly changing the orbital semimajor axis a. This
is because the precession rate of these angular variables due to the
planetary perturbations sensitively depends on the orbital semimajor
axis, and therefore the Yarkovsky change in a propagates into the
Q and @ values. In what follows, we thus aim at implementing this
improvement, and we try to refine the orbital convergence of Nele
members by accounting for the Yarkovsky effect in their orbital
evolution.

The Yarkovsky effect depends on a number of physical param-
eters, including the spin state and surface thermal inertia, which
are not known for virtually all Nele members. The only informa-
tion we were able to find in the literature is the pole orientation
for (1547) Nele that implies its obliquity to be 50° & 15° (Durech
et al. 2016). We shall use this constraint, but for all other asteroids
in the family we must account for a range of possible Yarkovsky
effect values. This way for each body we consider a certain number
of Yarkovsky clones (for more details see e.g. Carruba et al. 2016,
2017). In particular, we estimate the maximum Yarkovsky drift-
rate da/dt for (1547) Nele to be 1.5 x 107" au yr~! (e.g. Bottke
et al. 2002; Vokrouhlicky et al. 2015). Because the diurnal variant
of the Yarkovsky effect typically dominates the seasonal, the ~50°
obliquity of this body implies a drift-rate of 1.5 x 10~ cos 50°
~9.6 x 107'2 au yr~!. Note that, when applied for the backward
integration the sign of da/dt has to be reversed in our simulation.
Each other body in the Nele family was represented by 71 Yarkovsky
clones with da/dt values uniformly sampling a range between mini-
mum and maximum estimated drift-rates scaled from that of (1547)
Nele, i.e. following the da/dt o 1/D dependence on size D (e.g.
Bottke et al. 2002; Vokrouhlicky et al. 2015).

The whole sample of 24212 Yarkovsky clones (one for 1547 Nele)
were numerically integrated backward in time over a 21 Myr interval
using SWIFT_RMVS3_DA. This code derives from the SWIFT_RMVS3
package in the swift family and has additionally an implementation
of the Yarkovsky effect as described in Nesvorny & Bottke (2004).
We again used a 10 d timestep and output data every 10° yr. Post-
processing Fourier filtering techniques, similar to those mentioned
above, allowed us to remove high-frequency noise in the angular
differences A and A2 of all clones with respect to the reference
orbit of (1547) Nele.

Out of the 71 clones of each particle, we then selected the one
that showed the best convergence to the reference orbit of (1547)
Nele at each timestep. Using the target function in equation (3), we
first obtained an estimate of the minimum (¥ ?)min = 17.27 rad” at
5.7 Myr. We then repeated the method outlined above, namely as-
signed a formal uncertainty o of the data points. For the case of the
simulation that includes the Yarkovsky eftect, the number of degrees
of freedom is now Ngg = 2(Nygy — 1) — (Wast — 1) — 1 = Noy — 2,
since there were 2 (NV,, — 1) number of pairs contributing by an-
gular differences, one estimated parameter (the family age) and
we selected the best Yarkovsky clone for N, — 1 family mem-
bers (formally fitting the relevant da/dt values). Using equation (4)
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Figure 10. The time behaviour of Ax? = x? — x2,, variable defined in
equation (5) for a dynamical model where the thermal accelerations were
taken into account. At each timestep, 10%yr, we selected the optimum
Yarkovsky drift-rate da/dt for each Nele members (except for 1547 Nele,
which has a constant value) in order to minimize x? value. The formal min-
imum with sznin 2~ 1 occurs for 5.7 Myr epoch. The 95 per cent probability
confidence level is shown by the dashed horizontal line.

with this new value of Ny = 340, we obtained o> ~0.050 rad?, or
o =~ 12°9. This is now a much better convergence solution than
before, obviously the result of the Yarkovsky effect contribution to
the secular angles evolution (especially for smaller members in the
family). Note, however, that the o value is still at least an order of
magnitude larger than expected from the initial dispersion of secu-
lar angles in the Nele family. The remaining mismatch is likely due
to the gravitational effects of massive bodies in the main belt and
overall chaotic dynamics in this zone of orbital phase space. It is
also possible that some of the Yarkovsky drift-rates da/dt, assigned
to the clones in our second simulation, were overestimated to com-
pensate these remaining dynamical effects that were not included
in our model.

Applying now the best-fitting o value to equation (5), a non-
dimensional x? target function, we can again formally follow the
least-square method to determine the fitted parameters. As men-
tioned above, at each timestep at which results were output from
our simulation (i.e. 10° yr), we selected the best possible da/d¢
value of each of the Nele asteroids to obtain minimum xg or x2
value. This way we separate the solution of the family age from the
solution of the Yarkovsky drift-rates, withdrawing the possibility
of proper correlations of these many parameters. As above, we for-
mally construct Ax? = x* — x2,, using equation (5) as a function
of time (see Fig. 10). For Nys = 340, the 95 per cent confidence level
corresponds to A x? ~ 394.6 (equation 6).

As seenin Fig. 10, at this confidence level we would conclude that
the Nele family is 5.7f}j§ Myr, which barely overlaps with the time
interval found in the conservative simulation (i.e. 3.6 £ 1.6 Myr).
Recall also that an age older than 4.5 Myr seems unlikely in view of
the current clustering of @ angles for the largest members (H < 16)
of the Nele family, as discussed in Section 4. Therefore, the differ-
ence in the formal age values obtained with the conservative simula-
tion and, especially, the one including the Yarkovsky effect requires
some consideration. One possibility of the discrepancy, advocated
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Figure 11. Distributions of Az and A of the best Yarkovsky clones at
the Nele family formal age in our solution with the thermal accelerations in-

cluded. Standard deviation of both variables is 7?3, indicating a significant
improvement compared to the solution without the thermal effects.

below, is due to an asymmetric distribution of the Yarkovsky drift
rates of the Nele family.

Before we go to this speculative issue, we first show the distribu-
tion of Aw; and AQ; values for the formally best-fitting solution
at 5.7Myr epoch in the past (the differences are with respect to
the orbit of (1547) Nele; Fig. 11). The standard deviation of both
distributions is small, namely 7°3 and 792, which is at the above es-
timated level o 2~ 12°9. This confirms the ability of the dynamical
model to result in a much better convergence level than the purely
gravitational model above. Interestingly, the initial asymmetry of
the longitude of perihelion of (1547) Nele with respect to the largest
asteroids in its family has been well absorbed in the solution (note
the mean value of Az ; on the left-hand panel of Fig. 11 is fairly
close to zero).

Next, we analysed the semimajor axis drift-rates da/dt for the
Yarkovsky clones selected at the best-fitting age solution at 5.7 Myr
ago. Fig. 12 shows their values as a function of the body’s size
D. By definition, the da/dr values for the clones are bound in the
minimum/maximum interval estimated from the linear Yarkovsky
theory (e.g. Bottke et al. 2002; Vokrouhlicky et al. 2015). The fact
that these values do not pile-up towards the extreme values is a good
sanity check. Instead, they are roughly uniformly distributed within
allowed limits with: (i) a preference towards negative da/d¢ values
(~61 percent of the sample), and (ii) a slight deficit values near
da/dt ~ 0O for small Nele members (D < 1.5km, say). The first,
may be explained by a small contribution of the seasonal variant
of the Yarkovsky effect as noted in the case of the Veritas family
by Carruba et al. (2017). However, it could also result from an
initial anisotropy of the rotation poles of Nele members having,
for instance, preferentially obliquities larger than 90°. The second
feature in Fig. 12, notably lack of da/dt >~ O values for small Nele
members, could be indicative of the YORP effect tilting obliquities
of the asteroids towards extreme values as first detected in the case
of the Karin family by Carruba et al. (2016). Note, however, that
these results should be taken with a reserve. This is because a proper
analysis of the uncertainties of the determined da/dt values would
likely indicate they basically span the whole available interval of
values.
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Figure 12. Semimajor axis drift-rates da/dt for 321 Nele family members
with D < 5.5km. These values correspond to the best-fitting convergence
of the family at 5.7 Myr ago (see Fig. 10). Red lines show the estimated
limiting values from the linearized theory of the Yarkovsky effect.

As a further check, we also determined the distribution of da/d¢
values for younger ages of the Nele family. For example, when it
is assumed that the Nele family is 3.6 Myr old (the formal best so-
lution in a model where only the gravitational perturbations were
taken into account), the distribution of da/df becomes skewed to-
wards negative values with many asteroids having values near the
maximum drift rate permitted by the Yarkovsky theory. Such a non-
random distribution would be unusual. This is probably related to
the fact that Nele itself is offset in both angles from the rest of the
family at the present time (see Fig. 5). This observation may, though,
explain the difference in the formal Nele ages in our two models
discussed in this section. Assume, for instance, that the true initial
distribution of obliquities in the Nele family was skewed towards
values larger than 90°, with some da/dr values even exceeding our
conservative limits. Our model with the thermal accelerations in-
cluded would not find these solutions near the nominal age in the
gravitational-only model. Rather, the formal age would be pushed
to older values where convergence would be achieved at the ex-
pense of a more symmetric, but false, set of the Yarkovsky clones.
Without additional information, however, we cannot decide which
of the cases is correct and we do not have an a priori reason to reject
formal solutions with the Nele age slightly exceeding 5—6 Myr.

6 CONCLUSIONS

Our results could be summarized as follows.

(1) We revisited the Nele family membership by using the most
up-to-date catalogue of proper orbital elements, updating thus ear-
lier findings in Milani et al. (2014) and Nesvorny et al. (2015). The
Nele family is a very compact cluster of asteroids in a rather isolated
zone of the central main belt. No other important asteroid clusters
were found in Nele vicinity, making thus the analysis of this family
easier. None of the linear or principal non-linear secular resonances
play an important role in the dynamical evolution of the Nele group.
Moderate level of chaoticity of orbits in the Nele family, revealed by
LCE, is likely related to unusual three-body resonances not involv-
ing planet Jupiter, four-body resonances, or two-body resonances
with Venus.
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(i1) We also reviewed the physical properties of asteroids in the
Nele region, finding the available data are still rather scarce. Only
seven objects have taxonomic information from SDSS, and only
14 have WISE, NEOWISE, AKARI, or IRAS albedo data. Based on
this limited information, we find that the Nele family is an S-type
family, confirming previous analysis. The probable largest fragment
of its namesake family, namely asteroid (1547) Nele, however shows
some irregularity: (i) its spectrum has been preliminarily classified
as TD in Tholen’s taxonomic scheme, and (ii) its geometric albedo
was found 0.20, significantly lower then for other members in the
cluster. It is possible, though, that both these data are uncertain,
and more observations of this asteroid will be needed to clarify this
issue.

(iii) The Nele family is rare among its class by indicating sta-
tistical clustering of the longitude of perihelion and node in orbits
of the largest members (e.g. Nesvorny et al. 2003). This property
indicates its youth. Forward integration of a synthetic Nele family
suggests the observed clustering of the perihelia is consistent with
an age smaller than 4.5 Myr. The age may be also estimated by the
V-shape method discussed in Spoto et al. (2015), notably by inter-
preting slope of the delimiting lines of the family in the (a, 1/D)
plane of parameters [the equivalent method in the (a, H) plane was
introduced by Vokrouhlicky et al. 2006a. This would result in an age
of ~15 Myr, neglecting the effect of initial fragment dispersal. On a
flip side of the same coin, one could neglect the orbital evolution of
the family fragments by the Yarkovsky effect and use the (a, 1/D)
data to estimate the characteristic speed at which the fragments in
the Nele family were initially ejected from the parent body. This
would lead to ~17 m s~!. The reality is a combination of the two
effects. Observing that the estimated escape velocity from (1547)
Nele is ~10 m s~!, the likely partition is 2 : 1 in favour of the initial
velocity effect. This would consistently come back to the rough age
estimate of ~5 Myr.

(iv) Inspired by previous success in the case of Karin and Veritas
families (and also a set of very small and young families reported,
e.g. in Nesvorny & Vokrouhlicky 2006), we attempted to improve
the age estimate for the Nele family by numerical propagation of its
orbits backward in time. The goal of this approach is to achieve as
close convergence of the orbits as possible, in our case monitored
by behaviour of the secular angles only. We conducted two such
simulations: (i) first, including only the gravitational perturbations
of the planets, and (ii) secondly, including additionally the dynam-
ical effects of the thermal accelerations. Each time, we numerically
integrated the orbits of 342 members in the Nele family backward
in time for 20 Myr. The first set of runs, with gravitational perturba-
tions included, lead to a poorer convergence. At best, the perihelia
and nodes statistically approached the orbit of (1547) Nele to about
36°. Assuming this is a reasonable limit of the simple model, we
concluded that the Nele family is 3.6 £ 1.6 Myr old. As expected,
the second model where thermal accelerations were modelled for
each of the 342 asteroids in the family lead to significant improve-
ment of the convergence. At best, our solutions achieved ~7°5
convergence level of perihelii and nodes. The nominal age found
with the integration including Yarkovsky drift rates is 5.7f}:§ Myr,
barely compatible with the gravitational-only solution above. We
suspect that the age difference in our two models may be due to a
preferentially retrograde spin state of many fragments in this family.

Our analysis confirmed the very young age of the Nele family.
This implies that it remains the best source candidate of the J/K dust
band at ~~12° proper inclination (e.g. Nesvorny et al. 2003). An im-
provement of the Nele age estimate may require a priori constraints
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on some, or all, of the free parameters in the model. For instance, if
we were to know obliquity values for some Nele members, the so-
Iution will likely be quite more deterministic. At first sight this may
look like science fiction, however, we note the enormous improve-
ments in pole solutions for many main belt asteroids (e.g. Durech
et al. 2015). Assuming that high-quality sparse photometry from
ground- and space-based upcoming surveys will become available,
we may expect pole solutions for thousands (if not more) of main
belt objects.
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