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ABSTRACT

The aim of this work is to study the compositional diversity of asteroid families based on their near-infrared colors, using the data
within the MOVIS catalog. As of 2017, this catalog presents data for 53436 asteroids observed in at least two near-infrared filters
(Y, J, H, or Ks). Among these asteroids, we find information for 6299 belonging to collisional families with both Y—J and J—Ks
colors defined. The work presented here complements the data from SDSS and NEOWISE, and allows a detailed description of the
overall composition of asteroid families. We derived a near-infrared parameter, the ML*, that allows us to distinguish between four
generic compositions: two different primitive groups (P1 and P2), a rocky population, and basaltic asteroids. We conducted statistical
tests comparing the families in the MOVIS catalog with the theoretical distributions derived from our ML* in order to classify them
according to the above-mentioned groups. We also studied the background populations in order to check how similar they are to their
associated families. Finally, we used this parameter in combination with NEOWISE and SDSS to check for possible bimodalities in
the data. We found 43 families with ML}, < 0.071 and with at least 8 asteroids observed: 5 classified as P1, 10 classified as P2,
19 families associated with the rocky population, and 9 families that were not linked to any of the previous populations. In these cases,
we compared our samples with different combinations of these theoretical distributions to find the one that best fits the family data. We
also show, using the data from MOVIS and NEOWISE, that the Bapistina family presents a two-cluster distribution in the near-infrared
albedo vs. ML* parameter space that might be related to a common differentiated parent body. Finally, we show that the backgrounds

we defined seem to be linked to their associated families.
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1. Introduction

Asteroid families are the remnants of catastrophic collisional
episodes in the solar system. After such events, a large aster-
oid (commonly known as parent body) leaves behind dozens,
hundreds, or even thousands of fragments that share similar
orbital properties. These fragments, referred to as family mem-
bers, experienced dynamical processes under the gravitational
forces dominating the solar system and also via the Yarkovsky
effect, gradually evolving to their current locations in the main
asteroid belt (Bottke et al. 2002). By analyzing the physical prop-
erties of the family members, we can investigate the composition
of the original bodies, and we can study the processes that these
objects have experienced through the history of the solar system.

At the beginning of the 2lst century, several all-sky sur-
veys were carried out: SDSS (York et al. 2000) and Pan-
STARRS (Kaiser et al. 2010) at optical wavelengths, and WISE
(Wright et al. 2010), AKARI (Ishihara et al. 2010), and 2MASS
(Skrutskie et al. 2006) at different infrared wavelengths. Initially,
these surveys were mainly of cosmological or stellar interest.
However, their sky coverage offers the opportunity to study a
large number of solar system objects. Using data from some of
these databases, combined with data from visible and infrared
spectroscopic surveys, light curves, and polarimetry, Masiero
et al. (2015) carried out an analysis of 109 out of the 122 families
identified by Nesvorny et al. (2015). In their paper, they outlined
some key questions that still remain unanswered, such as the
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effect of space weathering or the presence of inhomogeneities
in asteroid family composition. Related to this last point, one
of the most prominent questions is the apparent absence of col-
lisional families generated from the complete disruption of a
differentiated parent body.

In 2009, using the Visible and Infrared Survey Telescope
for Astronomy (VISTA), several near-infrared surveys started
to collect data in five broadband filters: Z, Y, J, H, and Ks
(Sutherland et al. 2015). Among these, the VISTA Hemisphere
Survey (VHS) aims to image almost the entire southern hemi-
sphere, i.e., ~19000~! (McMahon et al. 2013). Using the third
data release of this survey (VISTA VHS-DR3), Popescu et al.
(2016) compiled their Moving Objects from VISTA Survey cat-
alog (MOVIS), with a total of 39947 solar system objects,
including NEAs, main-belt asteroids, TNOs, comets, and other
bodies. This catalog presents colors for those objects observed
in at least two of the Y, J, H, and K infrared filters. See Fig. 1
for the response curves of these filters.

The work presented here aims to enhance the current knowl-
edge about overall family composition and physical properties,
and to complement the available information of the families with
near-infrared photometry. To achieve this, we have used the lat-
est version of the MOVIS database. This paper is organized as
follows: we describe the latest version of the MOVIS catalog in
Sect. 2, as well as the datasets used for family identification and
data comparison; in Sect. 3 we define a near-infrared parame-
ter that will be used to classify those families with a significant
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Fig. 1. Response curves of the Y, J, H, and Ks VISTA filters (blue),
together with the DeMeo et al. (2009) template spectra of the asteroid
populations in our study. We averaged the templates for the B-, C-, and
X-types and subclasses (primitives); the S-types and subclasses (rocky);
and V-types (basaltic). The template spectra have been normalized to
unity at 1.25 um (central wavelength of the J filter) for representation
purposes.

number of members observed within the catalog; in Sect. 4 we
discuss the results for individual families; finally, in Sect. 5 we
summarize the obtained results and we address some important
questions to be investigated in the near future.

2. Dataset description

To conduct our analysis we used several databases with physical
data of thousands of asteroids. Here follows a brief description
of each of these datasets.

2.1. Infrared colors from the MOVIS catalog

The main dataset that we use throughout this paper is the latest
version of the Moving Objects from VISTA Survey (MOVIS)
catalog'. It was compiled from data in the VISTA Hemisphere
Survey (VHS), obtained using the VISTA telescope, a 4 m class
telescope located at the ESO Cerro Paranal Observatory (Chile).
Thanks to this survey, which aims to cover almost the whole sky
of the southern hemisphere (McMahon et al. 2013), it was pos-
sible to retrieve spectro-photometric data in four near-infrared
filters, Y, J, H, and Ks (see Fig. 1 and Table 1), and also accu-
rate astrometry, for a very large number of solar system objects.
A complete description of the creation of the MOVIS catalog can
be found in Popescu et al. (2016). In particular, we use an updated
version of the MOVIS-C catalog, compiled on April 30, 2017.
This catalog was obtained using the VHSv20161007 data release
of the VISTA Hemisphere Survey. It includes photometric col-
ors (Y-J,Y-H,Y-Ks, J-H, J-Ks, and H-Ks) and errors for
a total of 53 436 asteroids. Our analysis is performed using data
in the Y, J, and K filters for a total of 18 263 objects. Figure 2
shows the distribution of these objects in proper orbital element
space.

I The published version of the catalog can be found at
http://vizier.u-strasbg.fr/viz-bin/VizieR-37-source=
J/A%2bA/591/A115/movis-c
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Table 1. Central wavelengths and passbands for the different filters used
in the SDSS (Bessell 2005), VISTA-VHS“, and NEOWISE (Jarrett et al.
2011) surveys.

Filter Effective central Width
wavelength (um) (um)
SDSS
u 0.3596 0.057
g 0.4639 0.128
r 0.6122 0.115
I 0.7439 0.123
7 0.8896 0.107
VISTA-VHS
Y 1.021 0.093
J 1.254 0.172
H 1.646 0.291
Ks 2.149 0.309
NEOWISE
Wi 3.3526 0.66256
w2 4.6028 1.0423
w3 11.5608 5.5069
W4 22.0883 41013

Notes. @Filter information available at http://casu.ast.cam.ac.
uk/surveys-projects/vista/technical/filter-set

2.2, Family lists

In order to look for family members within the objects present
in the MOVIS catalog, we used the lists from Nesvorny et al.
(2015). For the family identification process the authors took
into account many past publications (Mothé-Diniz et al. 2005;
Nesvorny et al. 2005; Gil-Hutton 2006; Parker et al. 2008;
Nesvorny 2010, 2012; Novakovi¢ et al. 2011; Broz et al. 2013;
Masiero et al. 2011, 2013; Carruba et al. 2013; Milani et al. 2014),
as well as data from SDSS and NEOWISE, to finally define
122 asteroid families. These lists were created using numerically
computed proper orbital elements for 384 337 numbered aster-
oids and 4016 Jupiter trojans. The dataset, publicly available in
the Small Bodies Node of the NASA Planetary Data System?,
provides the synthetic proper orbital elements used to compute
family membership, as well as values for the absolute magnitude
of the asteroids (H,). Some asteroids are included in more than
one family; for example, all the members of the Beagle family
are also included in the Themis family. In these cases we consid-
ered those asteroids as members of the smallest family (i.e., we
removed the Beagle family members from the Themis family).
We found 6299 asteroids belonging to 104 families among the
MOVIS data and observed at least in the Y, J, and Ks filters (see
Table A.1). These asteroids are shown in Fig. 2.

2.3. Other datasets: the SDSS MOC and NEOWISE

The Sloan Digital Sky Survey was initially devised to measure
redshifts of large samples of galaxies (York et al. 2000; Ivezi¢
et al. 2001). However, sky coverage and survey operations made
it possible to observe a great number of asteroids in five photo-
metric filters (u’, g’, ¥, i’, Z’) in optical wavelengths (see Table 1).
The latest release of the Sloan Digital Sky Survey Moving Object

2 https://pds.nasa.gov/
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Fig. 2. Proper semimajor axis vs. proper inclination (left panel) and proper eccentricity (right panel) for the asteroids observed within MOVIS
catalog. The blue background represents the full sample of objects with Y—J and J—Ks colors defined in MOVIS (a total of 18 263 objects). In
orange, we overplot those asteroids belonging to families (6299 objects).

Catalog (SDSS MOC) lists astrometric and photometric data
for 471 569 moving objects observed up to March 2007. This
catalog has been used to determine family membership (Ivezi¢
et al. 2002), to constrain family size distribution (Parker et al.
2008), or even to perform photometric taxonomic classifications
(Carvano et al. 2010; DeMeo & Carry 2013).

In a different wavelength range, the Near-Earth Object Wide-
field Infrared Survey Explorer (NEOWISE, initially launched as
WISE) performed an all-sky astronomical survey with images
in four infrared photometric filters (see Table 1). This catalog
contains data for over 150000 asteroids (Mainzer et al. 2011,
2014). Using this dataset, Masiero et al. (2011) computed albedos
and diameters for over 32 000 members of 46 collisional families
from Nesvorny (2012), and from these diameters Masiero et al.
(2013) measured the size-frequency distributions for 76 asteroid
families identified within the data.

In this work we compare near-infrared albedos (pyir)
derived from the NEOWISE? data, and the slope parameter a*
derived from the SDSS* observations, with the results obtained
from our analysis of the MOVIS near-infrared colors (which
covers the wavelength range between the SDSS and NEOWISE
surveys) of the families present in the catalog.

3. Data processing

In order to differentiate between the asteroid populations in the
MOVIS catalog, we define a single parameter (M L") using the Y,
J, and K spectro-photometric information. We followed a sim-
ilar approach to that used in Ivezi¢ et al. (2001) to derive the a*.
We chose this parametrization because it favors the description
of overall composition of asteroid groups. An in-depth taxo-
nomic classification based on near-infrared colors and obtained
with a machine-learning algorithm is presented in Popescu et al.
(2018). This taxonomy favors the classification of individual

3 https://sbn.psi.edu/pds/resource/neowisediam.html
4 SDSS MOC4: http://faculty.washington.edu/ivezic/
sdssmoc/sdssmoc.html

asteroids into several classes and subclasses, and it is compatible
with previous taxonomies, proposing targets for future spectral
investigation.

3.1. The ML* parameter

We parametrized the photometry of the asteroids in the MOVIS
database in order to determine how families are compatible with
a “primitive” or “rocky” composition. This process followed four
steps:

1. We first removed the ten observed comets from the full
MOVIS-C database. Then, taking into account our previous
experience with data quality when creating the MOVIS cata-
log, we selected the subset of asteroids with computed colors
Y—J and J-Ks having errors smaller than 0.15 magnitudes
(Co.15)- This yielded a total of 10 107 objects.

2. We performed two bivariate kernel density estimations on
this first selection with different resolutions using Python
routines contained in the seaborn package (Waskom et al.
2017). Once we estimated the bivariate probability density
functions (PDF), we extracted the values of the density max-
ima for the two main clusters present in the color—color plots,
associated with S- and C-complex asteroids (Popescu et al.
2016).

3. We then computed the angle between the line that con-
nects the two maxima (determined in the previous step)
and the x-axis of the system. Next, we rotated the system
according to this angle, selecting the new y-axis as our
parameter.

4. We forced this parameter to be zero at the separation between
the two main clusters. To do this, we performed a new, uni-
dimensional, PDF estimation, and we computed the required
offset selecting the point of minimum density between the
two peaks of this univariate PDF.

To test whether the data quality is relevant in the previous
process, we repeated these four steps selecting a new subset
by limiting the error in the color determination to 0.10 mag-
nitudes (Co.10). Figure 3 shows a graphical representation of
this procedure. After this, we averaged the rotation angles of
the system and the computed offsets obtained for the C¢ 9 and
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Fig. 3. Graphical representation of the procedure followed to parametrize the near-infrared colors in MOVIS. The left panel shows the kernel
density estimation plot of the /J—Ks (JmK) vs. Y—J (YmJ) distributions. Brighter regions correspond to higher density of points. The straight line
connects the two main cluster centers (peaks of maximum density). The third cluster (Y—J > 0.5) corresponds to basaltic asteroids (Popescu et al.
2016). The right panel shows the univariate PDF estimation for the M L* before the computation of the required offset to set the separation between
the rocky and primitive asteroids clusters at the origin. The vertical black line indicates the point where the PDF density is minimum between the

two maxima. We used the Cy o subset for this example.

Cy.15 subsets in order to build our parameter, ML*, defined as
follows:
ML =0.931(Y - J) - 0.364(J — Ks) — 0.142 (1)

This definition is almost coincident with Eq. (3) from
Popescu et al. (2016) for the case where ML* = 0.

The uncertainties associated with the ML* parameter are
obtained by propagating the color errors. We note that the fact
that the observations are not simultaneous might introduce also
some uncertainty related to light curve variations. The mean time
interval between the two measurements used to compute the col-
ors (Y-J) and (J-Ks) is ty—y = 7.6 £ 2.4 min, and fj_gy) =
7.9 + 3.7 min, respectively (Popescu et al. 2016). The magnitude
variation during this interval can be estimated by considering the
light curves reported by the Asteroid Lightcurve Database’. The
median rotation period for more than 18 000 asteroids is ~6.3 h,
and the median of the light curve amplitudes is ~0.38 magni-
tudes. Thus, for a lightcurve amplitude of 0.38 magnitudes with
a 6.3 h period, and 7.75 min between the observations, we esti-
mate an uncertainty of ~0.03 magnitudes in (Y-J) and (J—Ks),
and subsequently in ML*, due to light curve variations. As is
described in Sect. 4.1, we consider for our analysis the subset
of asteroids with ML;,. < 0.071. Thus, we are already taking
into account possible light curve induced errors, i.e., these do
not affect the outcome of the analyses.

After obtaining this parameter, we computed theoretical dis-
tributions of ML* for the different clusters present in the sample
in order to separate the contributions of the different identi-
fied populations. In Popescu et al. (2016), the authors identified
three regions in the J—Ks vs. Y—J color—color plots, associated
with C/X-complex, S-complex, and V-type asteroids. In good
agreement with this result, we identify the same three groups
in our ML distribution, shown in the left panel of Fig. 4: prim-
itives (green stars), rocky (blue dashed line), and basaltic (black

5 http://www.minorplanet.info/lightcurvedatabase.html
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Table 2. Mean ML* values computed for the four different populations
detected within the ML* distribution.

ML*

Cluster ML
Pli -0.092 0.029
P2 -0.033 0.027
Rocky 0.063  0.042
Basaltic  0.407  0.062

crosses). We used standard curve-fitting Python routines inside
the Imfit module (Newville et al. 2014) to compute the best fit
for our ML* distribution, using a combination of these three
contributions (red line in Fig. 4).

Our first approach was to use a combination of three Gaus-
sians to fit the ML* distribution. However, the fitting routine
did not converge on its own, and we needed to “force” it to
fit the three distributions to the data (Appendix B, left panels).
The results pointed to the possibility of obtaining a better fit, so
we tried a combination of three Lorentzians and achieved better
results (Appendix B, center panels). By looking at these plots,
we can see that for ML* < O (the primitive region) the Gaus-
sian function gave a better approximation to the data, while the
regions corresponding to ML* > 0 (associated with rocky and
basaltic populations) were better fitted by Lorentzians. Thus, we
used a combination (Appendix B, right panels), which provided
the best fit of the three cases. This behavior might be explained
by the fact that primitive asteroid spectra are almost feature-
less, meaning that their color variation will be smaller than
the color variations associated with rocky or basaltic asteroids,
whose spectra present deep absorption bands in the near-infrared
region, which would account for the higher dispersion in the
wings of their corresponding distributions.

After preliminary analyses on our data using this three-
distribution fit, we found some discrepancies when running
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KS-tests for the families. Whereas the rocky distribution
accurately fit the family data in the corresponding cases, the
primitive distribution did not match (according to the KS-
tests) some families previously known as primitive, for example
Hygiea or Themis, and there was no combination of distribu-
tions that we could use to accurately fit the data (see Appendix B,
Fig. B.3). At this point, we decided to consider an extra primitive
distribution in the fitting routine, taking into account the mean
ML values obtained for the Themis and Hygiea families. We
note that this fit (Fig. 4, right panel) does not look significantly
different from the three-population case, yet the KS-test that we
ran to check for similarity tells us that the choice of four pop-
ulations gives a slightly better fit than using three populations.
In addition, when it comes to fitting these primitive families, the
results are significantly better; as we show in Sects. 4.1 and 4.2.5,
using this approach, we were able to fit all of the families to one
of the theoretical distributions that we defined (or a combination
of them), something that we did not manage to do when using
the three-population fit.

We thus obtained the best fit combination by assuming four
different distributions (see Figs. 4, right panel and B.2, right
panel): two Gaussians for two primitive populations (denoted
P1 and P2, associated with a combination of B-, C-, and X-
types and subclasses), and two Lorentzians, one for a rocky
population (associated with S-types and subclasses) and one
for a basaltic population (associated with V-types). The near-
infrared spectra of these groups is represented in Fig. 1, averaged
for the primitive and rocky populations. We use this informa-
tion to differentiate between the families present in the MOVIS
database.

We applied the parametrization obtained in this section to
the 6299 objects belonging to 104 collisional families among the
MOVIS database, as described in Sect. 2.2. The mean ML* val-
ues for each of these families and their corresponding errors are
shown in Table A.1.

3.2. Connecting SDSS MOC and NEOWISE to MOVIS

In addition to the analysis performed on the MOVIS data alone,
we combined our near-infrared parameter with the near-infrared
albedos, py;r (albedos for the W1 bandpass, at 3.4 um) com-
puted from NEOWISE data (Masiero et al. 2014), and with the
a* colors from SDSS (Ivezi¢ et al. 2001). Since we are work-
ing with near-infrared data, we have selected the py,x instead of
the py for comparison. In addition, the py;r provides a larger
separation for the identified clusters (see Fig. 5). Also, accord-
ing to Masiero et al. (2014), these near-infrared albedos are a
more precise indicator of the surface properties than the visible
albedos.

To combine our ML* with the near-infrared albedos from
NEOWISE (or the a* from SDSS), we have represented the data
as weighted density plots. These plots are done by considering
that every data point for ML* and pysr (or a*) defines a bi-
dimensional Gaussian distribution, where the mean is equal to
the measured value, and the sigma is the error associated with
that measurement. The total density is given by the sum of all
the Gaussians. The density peaks correspond to the highest prob-
abilities of finding an object inside this two-dimensional space.

In Fig. 6 we present the weighted density plots for all the
asteroids in the MOVIS database that have computed values of
ML and pyjg (or a*). Separate clusters, as well as the tran-
sition regions between them, are clearly seen in these plots.
We have overplotted (in white) the mean ML* and pyjg (or
a*) values for the collisional families having more than 200

members with MOVIS data: Vesta, Flora, Eunomia, Themis,
Nysa—Polana, Koronis, and Eos.

Several families of those represented in Fig. 6 have been
widely studied, and their properties and overall characteristics
are accurately known. For example, Binzel & Xu (1993) con-
firmed the collisional origin of the Vesta family by means of
spectroscopy, finding spectral features similar to those of (4)
Vesta among their sample; Florczak et al. (1998) performed
spectroscopic observations of several objects in the Flora family,
and almost all of them showed a maximum around 0.75 um, typ-
ical of S-type (rocky) asteroids; Florczak et al. (1999) observed
asteroids from the Themis family and determined that most of
them have featureless spectra, with their distribution contained in
the range of the taxonomic classes that we refer to as primitive;
several studies of the Eos family (Doressoundiram et al. 1998;
Vokrouhlicky et al. 2006; Mothé-Diniz et al. 2008; Masiero et al.
2014) show that it presents traits that are somehow exclusive to
it, with a considerable number of Eos family members associ-
ated with a particular spectroscopic class, the K-types. We take
advantage of our current knowledge of these and other notable
families in order to compare the results obtained from MOVIS
with those of SDSS and NEOWISE, and with the rest of the
detected families.

We draw weighted density plots of ML* vs. pyg or a* for
families that have data available for at least 40 members (i.e., the
analyzed families should have ML* and py;g or a* determined
for at least 40 asteroids). We consider that using a smaller num-
ber of objects will lower the statistical significance of the results.
These plots are shown in Appendix C, and the most relevant
results are discussed in the following sections.

4. Results and discussion

There are a total of 104 collisional families with at least one
member with determined ML* in the MOVIS catalog. In the
following subsections we present the ML* distribution for 43
families detected in the MOVIS catalog, and for 27 of them, we
also show the distributions of their associated backgrounds (see
Sect. 4.3 for the definition of background). In addition, out of
the 104 families, 17 of them present at least 40 asteroids that
also have NEOWISE data, and 12 out of these 17 have at least
40 asteroids coincident with the SDSS MOC. We individually
discuss some of them in the following sections.

4.1. The ML* distribution for the families in MOVIS

We compared the ML* distributions of the asteroid families
present in the MOVIS database to the theoretical distributions
computed in Sect. 3.1. The most efficient way to do this
is through a Kolmogorov—Smirnov test (KS-test), since it is
designed to compare samples of unidimensional probability dis-
tributions against a reference distribution (or against another
sample). In addition, the KS-test works very well with a surpris-
ingly small number of points in the sample (Stephens 1970).
The KS-test takes the cumulative distribution function
(CDF) of the sample we want to compare (in our case, the ML*
distribution of the family) and computes the maximum distance
between this CDF and that of the reference distribution (the the-
oretical distributions that we computed). The test works under
the initial hypothesis that the sample is drawn from the reference
distribution. It is designed to reject this hypothesis whenever the
maximum distance between the sample CDF and the reference
CDF is higher than some critical value. It is important to note
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Table 2 for the computed mean ML* values and their corresponding standard deviations for these four groups. We note that for the P1 and P2
populations ML* < 0, while for the rocky and basaltic populations ML* > 0.

0.6

0.5

0.4

0.3

WISE NIR-Albedo
WISE V-Albedo

0.2

0.1

0.0
-0.4

-0.2 0.0 0.2 0.4-0.4 -0.2 0.0 0.2 0.4

ML*

Fig. 5. Weighted density plots of the NEOWISE near-infrared (left)
and visible (right) albedos vs. ML*. The cluster associated with rocky
populations (ML* > 0) is more separated from the primitive cluster
(ML* <0) in the case of the near-infrared albedo, providing a better
visual differentiation.

that failing to reject it does not confirm the initial hypothesis, but
the test gives a good idea of how similar the two distributions are.

According to Stephens (1970), the KS-test serves a prac-
tical purpose for samples with Npgs > 8. Therefore, we ran
this test for all the families in the MOVIS catalog that have at
least eight members and an error in the determination of ML*
smaller than the first quartile of the full family sample (i.e.,
ML}, < 0.071). In Fig. 7 we present a graphical representation
of the KS-test performed for the 43 families that fulfilled the
previous requirements.

The results yielded rejections (with a confidence level of
a = 0.01, i.e., around 2.50") in all the cases for three of the
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four theoretical distributions that we proposed, except for nine
families for which all the proposed distributions were rejected:
Vesta, Hygiea, Themis, Nysa—Polana, Hilda, Erigone, Ino, Eos,
and Ursula. For these families, we studied possible mixtures of
the four distributions. These “theoretical” mixtures were created
by generating random numbers according to two (or more) of
the computed distributions, up to the desired percentages (i.e.,
in a 25-75% P2-rocky mixture, 25% of the sample is generated
according to a P2 distribution, and the other 75% is generated
according to a rocky distribution).

Among the rest of the analyzed families, 5 of them are com-
patible with the P1 population, 10 are compatible with a P2
population, and 19 are compatible with our rocky distribution
(see Table 3).

According to these results, we are able to characterize a fam-
ily as belonging to one of the four proposed distributions by
rejecting the other three. In other words, the result of the test
gives an idea of how homogeneous a family is. It is interesting to
note that the four distributions are rejected for some of the cases
where the number of objects is high: for example, the Vesta fam-
ily, with 408 objects in the analyzed distribution, known to be
composed of basaltic asteroids, is rejected by this test as a 100%
basaltic population. This tells us that when we have enough
data, we are able to distinguish inhomogeneities in the family
distributions. We discuss some of these cases in Sect. 4.2.

4.2. Individual families
4.2.1. Vesta (and Ino)

The Vesta family is one of the best known asteroid fami-
lies, closely related to one of the largest asteroids within the
solar system, (4) Vesta. This family presents characteristic high
albedos ({pyr) = 0.52 = 0.17), and is associated with the
howardite-eucrite-diogenite (HED) meteorites (McCord et al.
1970; Binzel & Xu 1993; Moskovitz et al. 2010; Mayne et al.
2011).
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Fig. 6. Top: scatter plot (left) and corresponding weighted density plot (right) of the computed M L* from this work and near-infrared albedo values
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white are the points (with their error bars) corresponding to the mean values of these parameters for some of the families observed within MOVIS:
1 — Vesta, 2 — Flora, 3 — Eunomia, 4 — Themis, 5 — Nysa—Polana, 6 — Koronis, 7 — Eos.

As we mentioned in the previous section, the KS-test rejects
the hypothesis that the Vesta family distribution comes from
our theoretical basaltic population. According to Licandro et al.
(2017), around 85% of the Vesta family members are V-types,
and just 1-2% are classified as primitive objects. Using this
information, we created new theoretical distributions by com-
bining our basaltic, rocky, and primitive populations in different
proportions. We then applied the KS-test to the ML* distribution
of the Vesta family and these new distributions, looking for the
combination that minimized the KS-test result and that was not
rejected. The best result was obtained with a combination of 93%
basaltic population and 7% rocky—primitive populations, in good
agreement with the values obtained by Licandro et al. (2017).

When we add NEOWISE (Fig. C.la) or SDSS data
(Fig. C.2a) to our ML* parameter and create the correspond-
ing weighted density plots, we can see that the Vesta family is
unique, as we do not find this type of clustering in any of the
other represented families. However, we can see in these plots
the same behavior that we observed with just the analysis of the
ML distribution: a small contamination of rocky objects, which
might be part of the background in that region of the asteroid
belt, and even primitive asteroids, probably interlopers from the
small primitive background in the inner belt.

One interesting case to mention together with Vesta is the
Ino family. This family’s ML* CDF (see Fig. 7), although con-
structed from a small number of objects (just 11), shows a
behavior that is quite strange. The KS-test rejects compatibilities

with any of the four proposed theoretical distributions, even
with distributions created from combinations of P1-P2-rocky
populations. However, considering that the KS-test results were
smaller for the comparisons with the rocky and basaltic pop-
ulations, we decided to create combinations of these two and
compare the resulting distributions with the family distribu-
tion: we minimized the KS-statistic for a mixture of 60% rocky
and 40% basaltic populations. Nevertheless, the test also finds
compatibilities for mixed samples of 50-50% up to 73-27%
rocky-basaltic populations. Interestingly, Licandro et al. (2017)
found that two of the V-type asteroids identified in the central
main belt (180703) and (197480), belong to the Ino collisional
family. Spectroscopic observations of a significant number of
asteroids in this family would be needed in order to check
whether it presents more basaltic asteroids or not.

4.2.2. Nysa—Polana and Erigone

Using photometric data from visible filters, Tedesco et al. (1982)
proposed that the Nysa family (now known as the Nysa—Polana
complex) presented asteroids with pronounced differences in
their colors, pointing to the idea of a differentiated parent body.
Later, Cellino et al. (2001) presented visible spectra of 22 aster-
oid members of this family, finding evidence that this group
was actually formed by two different clusters associated with
asteroids (44) Nysa and (142) Polana, rather than being the
result of the disruption of a common differentiated parent body.
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Fig. 7. continued.

Subsequent studies have revealed the dynamical complexity of
this particular region of the asteroid belt (Walsh et al. 2013;
Milani et al. 2014; Dykhuis & Greenberg 2015).

The weighted density plot using ML* and pyr from NEO-
WISE (see Fig. C.1f), shows two clearly separated clusters for
the Nysa—Polana family. Although the ML* CDF of the Nysa—
Polana complex is visually very similar to that of our rocky
population (see Fig. 7), the KS-test rejects the four proposed
populations, i.e., the statistics tell us that the Nysa—Polana
complex is not composed solely of rocky objects. Thus, after
trying several mixtures of primitive and rocky distributions, the

RS

ML*

KS-test is minimized for a 90-10% mixed population of rocky—
P2 objects. This result is in good agreement with the literature,
since the whole Nysa—Polana complex is composed of approx-
imately 20000 asteroids, while the Polana family has around
2000 members.

Another family that needs to be discussed here is Erigone.
This family is classified as primitive. Masiero et al. (2015) com-
puted visible and near-infrared albedos for ~50% of the members
in the Erigone family, giving values compatible with this classifi-
cation ({py) = 0.05+0.01 and {(pnr) = 0.06 £0.01). This is also
evident from our weighted density plot of ML* and py,x for the
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Table 3. Results from the Kolmogorov—Smirnov test for all the families that have Nogs > 8 with ML}, < 0.071.
Family Noss Dp) Dp; Drocky  Dpasaiic  Dcritica Not rejected
Juno 26 0.7385 0.6170 0.2062  0.9358 0.3110  Rocky
Vesta 408 09772 0.9650 0.8389 0.0980 0.0823 93% B —7% R-P2
Flora 355 0.8880 0.7579 0.0666 0.8346  0.0880 Rocky
Hygiea 70 0.2916 0.4535 0.7087 0.9365 0.1955 67% P1-33% P2
Eunomia 248 0.9323  0.7838 0.0634  0.9051 0.1048  Rocky
Massalia 50 0.8759 0.7770 0.0817 0.9229 0.2311  Rocky
Themis 161 0.1312 0.5980 0.7976  0.9525 0.1295  95% P1 -5% P2
Phocaea 32 09361 0.8374 0.2695 0.8897 0.2810  Rocky
Euterpe 15 09282 0.8423 0.2575 0.9332 0.4040 Rocky
Euphrosyne 21 03436 04674 0.7472 09567 0.3440 Pl
Nysa—Polana 356 0.8004 0.6628 0.1146 0.8616 0.0879 90% R - 10% P2
Klio 9 0.6679 0.3448 0.5488 0.9454 0.5130 P2
Meliboea 15 0.5948 0.3530 0.6285 0.9570 0.4040 P2
Adeona 40 0.5966 0.2404 0.6048 0.9431 0.2582 P2
Hilda 16 0.5325 04029 0.8415 0.9752 0.3920 36% P1 -64% P2
Koronis 151 0.8974 0.7497 0.0873  0.9003 0.1336  Rocky
Erigone 31 0.7493 0.4324 0.3854 0.8939 0.2850 44% P2 -56% R
Maria 96 09113 0.8103 0.1521 0.8934 0.1672  Rocky
Ino 11 1.0000 0.9999 0.6572 0.8777 0.4680 60% R -40% B
Eos 328 0.5572  0.1923 0.6223  0.9392 0.0915 25% P1 —-55% P2 —20% R
Baptistina 77 0.8437 0.6243 0.1684  0.8855 0.1865  Rocky
Padua 15 0.5023 0.3008 0.6376  0.9641 0.4040 P2
Ursula 23 0.3834 0.5520 0.5813 0.9539 0.3300 49% P1-51% P2
Chloris 16 0.7190 0.5382 0.3498 0.9302 0.3920 Rocky
Hungaria 36 0.5016 0.2637 0.5695 0.8693 0.2722 P2
Hansa 14 09991 009141 0.3355 0.9105 0.4180  Rocky
Veritas 11 0.6058 0.3393 0.6136 0.9682 0.4680 P2
Charis 8 0.9108 0.4223 0.5550 0.9555 0.5420 P2
Dora 32 0.6218 0.1536 0.6551 0.9363 0.2810 P2
Gersuind 10 0.5623 04116 0.5214 0.8291 0.4890 P2
Alauda 37 02570 0.5974 0.7408 0.9716 0.2685 PI
Merxia 12 09166 0.8955 0.2241 0.9202 0.4500 Rocky
Agnia 16 09832 0.8627 0.1431 0.9357 0.3920 Rocky
Gefion 87 0.9061 0.7924 0.1096  0.9190 0.1755  Rocky
Tirela 15 09274 0.6728 0.3491 0.9553 0.4040 Rocky
Rafita 30 09304 0.7733  0.1739 09234 0.2900 Rocky
Hoffmeister 13 0.2401 0.5953 0.8789 09776 04320 PI
Henan 19 09783 0.8744 0.2071 0.9141 0.3610  Rocky
Mitidika 22 0.3313 04464 0.7119 09648 0.3370 P1
Witt 20 0.7990 0.6743 0.2881 0.9249 0.3520 Rocky
Lixiaohua 13 03160 0.5409 0.8301 0.9750 0.4320 P1
Brucato 8 0.6221 04111 0.5552 0.9554 0.5420 P2
Telramund 8 09522 0.7488 0.1340 0.8234  0.5420 Rocky

Notes. In the first two columns we specify the family name and the number of objects used for the KS-test. In columns three to six, Dp;, Dp;,
Drgocky> and Dgggapic are the maximum distances between the families and the theoretical CDFs. D, 18 the critical distance, i.e., if the distance
resulting from the KS-test is greater than this value, the test rejects the compared distribution. In the last column we indicate which distribution (or

mixture of distributions) was not rejected by the test.

family (see Fig. C.1i). Interestingly, we find that the ML* CDF
of this family (computed with a total of 31 observations) falls
in between the CDFs of the P2 and the rocky populations (see
Fig. 7). When looking for the best-fitting mixed distribution, we
found it for a combination of 44-56% P2-rocky populations (see
Fig. 8). Morate et al. (2016) studied visible spectra of 103 mem-
bers of the Erigone family, 14 of which did not have any albedo
information, and 8 of which presented spectra compatible with
the rocky population defined here. This translates into a percent-
age of approximately 57% of rocky interlopers contaminating
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the sample, most likely from the background, and is in good
agreement with the fraction of rocky population we find as a
best-fitting result of the family’s CDF.

A possible explanation for these results might be that since
family membership lists are based on optical magnitude, brighter
objects are preferentially selected: NEOWISE has a flat sensitiv-
ity with respect to albedo, and will miss the small, higher albedo
objects that are included in the family membership; conversely,
as MOVIS is based on reflected light, it will be preferentially
sensitive to high albedo objects (because of the steep growth of
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Fig. 8. Cumulative distribution function of the Erigone ML" distribu-
tion (green). The P1 primitive and rocky theoretical distributions are
depicted in blue and red, respectively, and the mixture in gray. It is easy
to see that the Erigone CDF fails to follow any of them. However, the
44-56% mixture seems to accurately fit the family sample.

the number of family members with decreasing diameter). This
might suggest some physical evidence. However, we consider
this 44-56% ratio as a preliminary finding, which should be
addressed by spectroscopic surveys.

4.2.3. Eos

The Eos family is, in a certain way, as distinctive as Vesta; it
is the only one in the whole main belt classified as a K-type.
This has been shown by means of spectroscopic observations
(Mothé-Diniz et al. 2005, 2008). In Masiero et al. (2014) it is
also shown that the Eos family can be easily addressed by their
characteristic 3.4 um albedos.

There are a total of 599 asteroids from the Eos family in the
MOVIS catalog. Of these, we used 328 for the analysis of the
ML distribution. Visual inspection of the CDF of this family
(see Fig. 7) tells us that it is different from our four proposed pop-
ulations (and different from all the other families as well). This
is confirmed by the KS-test, which rejects compatibility with all
the theoretical distributions that we have defined in this work.
When looking for an approximate composition of this family, we
needed to combine the P1, P2, and rocky populations. We found
the best fit for a 25-55-20% combination of these distributions
(Fig. 9).

If we also use the near-infrared albedo from NEOWISE and
the SDSS data, we are able to distinguish a different clustering
from that of the rest of the families, located in what we call
a transition region in the ML* vs. pyg or a* (see Figs. 6 and
C.1k and C.2d). We identify this region with a K-type popula-
tion, since Eos is the only family that shows this spread in the
weighted density plots. Thus, the mixture we found as the best
fit for the ML* is equivalent to that of a K-type distribution.

Although the combination of the P2 and rocky distributions
probably gives a result of a K-type population, there is still a
non-negligible “contamination” of objects from a P1 distribu-
tion (we note that MLy, < ML},). This is probably due to the
family location in the outer belt where the proportion of primi-
tive asteroids with negative slopes is higher than in the inner and
middle regions.
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Fig. 9. Cumulative distribution function of the Eos ML* distribution
(green), compared to the P1 (cyan), P2 (blue), and rocky (red) theoret-
ical distributions. The mixed distribution which minimizes the KS-test
(in gray) follows the family curve almost exactly.

4.2.4. Baptistina

The Baptistina family has been the object of various studies dur-
ing the last years. Some investigations pointed to a C-type low
albedo family, inferred from the spectra of (298) Baptistina and
some of its members. Subsequent studies have shown that this
is not a typical homogeneous family: Reddy et al. (2011) linked
Baptistina to Vesta and Flora, both nearby families in the proper
element space (Baptistina is actually contained within Flora).
Using albedos or SDSS data to separate these families does not
provide definitive results (Masiero et al. 2013).

The KS-test is unable to distinguish the Baptistina family
from a rocky population (see Table 3). However, after combin-
ing the ML* from MOVIS either with the py;x or the a*, we are
able to distinguish a two-cluster distribution for the Baptistina
family (see Figs. C.1f and C.3g), different from the clustering
present in the Flora family (see Figs. C.1b and C.2b). This kind
of clustering might point to several scenarios: a fraction of the
family may actually be composed of background asteroids; Bap-
tistina may actually be formed of two different families, as is
the case of the Nysa—Polana complex (Figs. C.1f and C.3g have
cluster distributions similar to those in Figs. C.1f and C.2c); or
this family may be the product of the breakup of a differentiated
parent body.

Even if the KS-test failed to differentiate the Baptistina
family CDF from that of a rocky family, after identifying this
bimodality in the weighted density plots, we compared it to
different combinations of primitive and rocky asteroids. We
found the best approximation to the data for a combination of
83-17% rocky—P2 populations, which is in agreement with the
two-cluster distribution found in Figs. C.1f and C.3g.

4.2.5. Some primitive families

After running the corresponding KS-tests on all the families,
we found that four of them were rejected by the statistical
test, despite visually presenting similar ML* distributions to
those of P1 or P2 primitive populations. These families are
Hygiea, Themis, Hilda, and Ursula. As in the previous cases,
we looked for the combination of theoretical distributions that
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makes the test fail to reject it as a reference distribution, and
then determined which distribution best fits the family data.

For Hygiea, this mixed distribution is composed of 67% P1
and 33% P2 populations. This is in agreement with data in the
literature: Mothé-Diniz et al. (2001) showed that even though
(10) Hygiea is one of the largest known C-type asteroids, a frac-
tion of the objects in the family seem to belong to the Tholen B
taxonomic class.

The situation for the Themis family is a bit different. It is
similar to the Vesta case, in the sense that the CDF of the fam-
ily follows almost exactly the CDF for the P1 population. As
in the Vesta case, the proportion of one of the populations was
extremely high with respect to the other: we found the best-
fitting combination for a 95-5% mixture of P1-P2 distributions.
This result, however, does not fully agree with the literature:
Landsman et al. (2016) showed that this family, although com-
posed of primitive asteroids, presents a diverse composition, and
Fornasier et al. (2016) confirmed the spectral diversity within the
Themis family. Here we report a slight contamination instead of
a compositional variation.

In the case of the Hilda family, located within the Hilda
dynamical group, the combination that minimizes the KS-test
results is a 36-64% of P1-P2 populations. De Pra et al. (2018)
reported a primitive surface composition with a bimodal distri-
bution. This is in agreement with our results.

Information on the Ursula family is scarce, and the only com-
positional reference is found in Nesvorny et al. (2015), where
they report Ursula to be a CX-type family, based on the SDSS
colors of its members. For Ursula, the combination that we found
is a 49-51% P1-P2, in agreement with the C-X classification
from Nesvorny et al. (2015).

4.3. The background

It has been shown that large families have an associated halo of
objects that presents similar properties to those of the main fam-
ily, extending beyond the limits of the families determined using
the traditional hierarchical clustering method (Parker et al. 2008;
Carruba 2013; Broz & Morbidelli 2013). Apart from some recent
efforts to include physical parameters in the identification of col-
lisional families (Parker et al. 2008; Carruba et al. 2013; Masiero
et al. 2013), this has long been a purely dynamical process, where
the input variables for the family detection method are the proper
orbital elements of the asteroids.

In addition to the family analyses, we performed a search on
a rough approximation of the concept of halo, or family back-
ground. We wanted to check whether a family background (with
a very relaxed definition) shares some physical properties with
the main family, using the near-infrared colors in MOVIS: in
our case, if the unidimensional (ML*) or bi-dimensional (ML*
vs. pyig or a*) distribution shows a similar behavior to that of
the corresponding family. We define these backgrounds simply
as the groups formed by the asteroids that do not belong to a
family, but are located inside a cube in the 3D space of proper
orbital elements centered around the mean values of semimajor
axis, eccentricity, and sine of inclination of the main family and
with an extension up to 3-o of the mean.

We ran KS-tests comparing the ML* distribution of the
backgrounds to that of their corresponding families. The back-
ground selection was performed using the same criteria as
those in Sect. 4.1. Table 4 shows the results of these tests.
From the 27 families analyzed, 23 backgrounds are, accord-
ing to the KS-test, compatible with their associated families.
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The only backgrounds that the KS-test proves as being different
from their corresponding families are Vesta, Flora, Adeona, and
Mitidika.

If we look at Fig. 10, we can clearly see that the CDFs of
Vesta and Flora show a different behavior from that of their
backgrounds. This is mainly due to their nearby location in the
asteroid belt: the Vesta background is clearly contaminated with
arocky population, coming probably from the entire background
of the inner main belt; the Flora background is also contami-
nated, but with a basaltic population, due to its proximity to the
Vesta family. The cases of Adeona and Mitidika are probably
similar: they are located near two big rocky families, Eunomia
and Juno. It is worth mentioning that the Baptistina family back-
ground, although compatible with the family, shows almost the
same CDF as the Flora family background. This is, of course,
because Baptistina is contained within Flora, and so they share
the same background.

In addition to the unidimensional analysis, we also looked for
similarities in family background using the near-infrared albe-
dos (pnir) and the a*. There are 17 families with more than 40
asteroids observed in MOVIS, coincident within the NEOWISE
database, which also present at least ten coincident objects in
the background. In the case of the coincidences with the SDSS
database, there are just four families fulfilling the mentioned
conditions: Vesta, Flora, Nysa—Polana, and Eos. The informa-
tion provided is statistically less significant than that obtained
using NEOWISE since there are fewer background coincidences
than in the first case.

In Table A.2, we present mean values for the different fam-
ily backgrounds in the MOVIS catalog. We note that most of the
analyzed backgrounds share a similar distribution in the ML*
VS. pnir, and also in the ML* vs. a* space as their correspond-
ing families. This is particularly interesting for the cases where
the families are significantly different in composition from their
surroundings:

— Vesta. The background of the Vesta family seems to occupy
the same region in the ML* vs. pyg space as that occupied
by the family (see Fig. C.1a), although there are objects with
ML* and pyg values similar to those shown by the Flora
family, i.e., objects with rocky composition, as expected
from the inner belt rock background.

— Eos. This similarity is much more significant in this case.
The Eos family is located in the outer belt, mainly popu-
lated by primitive objects having ML* < 0 and low albedos
(pnvig < 0.1). But if we look at its background (Fig. C.le),
instead of this primitive population we find objects with
a similar distribution to that of the family, suggesting that
these objects are very likely related to Eos. This relationship
had been previously noted using only SDSS data (Broz &
Morbidelli 2013).

— Nysa—Polana and Baptistina. The results in this case also
point to a close relation between these backgrounds and
their families since both families present a bimodal distribu-
tion of asteroids and their corresponding backgrounds seem
to present the same behavior: two clusters related to the
different compositions of the family members.

The information provided here points out, using near-
infrared photometry alone (and also in combination with the
pnir from NEOWISE and a* from SDSS), that the family back-
grounds are closely related to their family counterparts. This
suggests further evidence of halos around the currently known
families, confirming what has already been proposed by Parker
et al. (2008), Carruba et al. (2013), and Masiero et al. (2013),
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Table 4. Results from the Kolmogorov—Smirnov test used to compare the families to their corresponding backgrounds.

Family Nos Npor Dram-sor  Dcriic  Compatible
Juno 26 18 0.3162 0.4998 Vv~
Vesta 408 225 0.2626 0.1354 -
Flora 355 587 0.1467 0.1096 —
Hygiea 70 19 01504 04217
Eunomia 248 180 0.1341 0.1596 v~
Themis 161 31 0.1513 0.3197 Vv
Phocaea 32 18 0.2396 04802 Vv
Euterpe 15 10 0.3333 0.6654 Vv
Nysa—Polana 356 138 0.1295 0.1635 v~
Klio 9 59 0.3804 0.5833 Vv
Meliboea 15 25 0.1467 0.5324 Vv
Adeona 40 24 0.5833 0.4209 —
Koronis 151 36 0.1038 03023 Vv
Erigone 31 24 0.1640 0.4432 Vv
Maria 96 94 0.1190 0.2365 Vv
Eos 328 174 0.1014 0.1529 v
Baptistina 77 52 0.2173 0.2926 Vv~
Padua 15 17 0.4980 05774 v
Ursula 23 70 0.2230 0.3918 Vv
Charis 8 8 0.3750 0.8150 Vv~
Alauda 37 13 0.4179 0.5255 Vv
Agnia 16 11 0.6023 0.6384 Vv
Gefion 87 29 0.2874 03495 Vv
Rafita 30 14 0.3286 0.5276 Vv
Henan 19 39 0.3563 0.4560 Vv~
Mitidika 22 75 0.4982 0.3952 -
Witt 20 17 0.2118 0.5377 Vv

Notes. The limits for the number of observed members (in both family and background) and their corresponding errors are the same as in Sect. 4.1.
Dram-per 1s the distance between the CDFs of the family and its background, and Dc,.. s the critical distance, as in Table 3.

among others: the definition of asteroid family needs to be
updated including physical parameters to constrain family
membership.

5. Summary

In the present work, we have conducted an analysis on the fam-
ilies present in the MOVIS catalog. To perform this analysis,
we have developed a near-infrared parameter, based on the Y—J
and J—Ks colors. In order to define this parameter, we have
used those objects with observations in the Y, J, and K filters,
and with errors in their determination below different thresh-
olds, testing several configurations to construct the final ML"
definition (see Eq. (1)). We carried out our analysis combining
this parameter with the near-infrared albedos from NEOWISE
and the a* color from SDSS. Within the MOVIS catalog we
have found 6299 asteroids, which belong to a total of 104 of the
families defined in Nesvorny et al. (2015).

Using the ML*, we have identified four different distributions
within the MOVIS data: P1 and P2 (associated with primitive
asteroids, i.e., B-, C-, X-types, and subclasses), rocky (associ-
ated with S-types and subclasses), and basaltic (associated with
V-types). We compared these distributions with those of the
families with Nogs > 8 and ML}, < 0.071, using Kolmogorov—-
Smirnov tests. Out of the 43 analyzed families, we report 5
compatible with a P1 distribution, 10 compatible with a P2,
and 19 compatible with a rocky population. The KS-test yielded
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rejections when comparing the other nine families with the four
theoretical distributions. In these cases, we compared the fam-
ilies with mixed distributions, avoiding KS-test rejections for
all of them. These results are summarized in Table 3. We note
that, in general, for the families with a large number of objects,
the trend is to be rejected by the KS-test, finding best fits using
mixed distributions. This points to a general (although smooth)
inhomogeneity in the family compositions.

We are confirming, using near-infrared photometry com-
bined with NEOWISE and SDSS data, some results already
known for several families. Vesta shows a small contamination
of rocky and primitive asteroids (Licandro et al. 2017); Nysa—
Polana presents a bimodality in its composition corresponding
to the presence of two families (Cellino et al. 2001; Walsh et al.
2013; Milani et al. 2014; Dykhuis & Greenberg 2015); Eos is the
only K-type family identified in the inner belt (Mothé-Diniz et al.
2005, 2008); and Hilda shows some bimodality inside the prim-
itive region (De Prd et al. 2018). In addition, we found relevant
results in our analysis related to the Ino and Baptistina families.

The Ino family shows a very different distribution of ML*
compared to the theoretical distributions that we propose, and
also compared to all the other families; the best-fitting mixture is
for a 60-40% rocky—basaltic combination. In addition, two of the
V-type asteroids identified in Licandro et al. (2017) belong to this
family. It would be very interesting to check if this composition
is reflected in the spectroscopic data since there are no known
basaltic families apart from Vesta.
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Regarding the Baptistina family, if we use the data in the
MOVIS catalog combined with the NEOWISE near-infrared
albedos, we find that it presents a two-cluster distribution within
the ML* vs. pyig space. By comparing the ML* distribution of
Baptistina to that of a mixture of two theoretical populations, we
find the best fit for a combination of 83—17% rocky-P2; in other
words, the ML* confirms this bimodality by itself. This can be
explained if this family is the result of the breakup of a differen-
tiated parent body (which would be unique to the main asteroid
belt). Otherwise, this family presents high contamination from
the Flora family rocky background. It can also be hypothesized
that Baptistina is actually formed of two families, one formed of
high-albedo rocky objects, and the other composed of primitive
asteroids with moderately low albedos.

Finally, we used Kolmogorov—Smirnov tests to compare the
background populations that we defined against their associ-
ated families. We report compatibilities between the families and
their backgrounds in 23 out of the 27 studied cases (see Table 4).
We show that the surrounding objects usually have a similar
composition to that of the main family. This provides further evi-
dence for the necessity of an update in the definitions of asteroid
families: using only dynamical elements to address family mem-
bership will not give results that are as accurate as those that
we would be able to obtain if we also took into account physical
properties, such as the albedo, photometry, or even spectroscopy,
whenever available.
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Appendix A: Additional tables
Table A.1. Mean values of ML* computed for the different families present in the MOVIS catalog.
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Fam. Name Fam. FIN a (AU) e sin(i) ML Nuovis DPNIR NyEeOwISE a* Nspss Class
Pallas 2 801 2.758+0.043 0.266+0.016 0.544+0.008 0.047+0.062 3 0.203+0.074 95 - - -

Juno 3 501 2.656+0.026 0.235+0.005 0.231+£0.004 0.045+0.113 55 0.320+£0.144 271 0.062 +£0.099 381 R

Vesta 4 401 2.357+0.054 0.099+0.011 0.115+£0.007 0.355+0.097 801 0.522+0.165 1878 0.117+0.272 3934  93B-7P2-R
Flora 8 402 2.265+0.048 0.138+£0.015 0.087+0.015 0.071 £0.087 601 0.393£0.133 2605 0.093+0.311 2844 R

Hygiea 10 601 3.153+0.047 0.130+£0.015 0.090+0.006 -0.114+0.115 187 0.108 £0.044 2231 -0.108£0.260 1147  67P1-33P2
Eunomia 15 502 2.622+0.047 0.150+0.009 0.227+0.007 0.035+0.091 396 0.385+0.123 2164 0.125+0.140 1691 R

Massalia 20 404 2.402+0.032 0.162+0.006 0.026+0.002 0.037+0.106 132 0.334+0.144 289 0.068+0.247 1299 R

Themis 24 602 3.139+0.049 0.149+0.014 0.024+0.005 -0.121 +£0.092 286 0.102+£0.036 2260 —0.110£0.168 1134  95P1-5P2
Phocaea 25 701 2.330+0.043 0.227+0.029 0.398+0.011 0.063+0.083 60 0.365 +£0.130 891 - - R

Euterpe 27 410 2.367+0.034 0.190+0.006 0.015+0.002 0.054+0.117 32 0.391+0.157 58 0.102+0.255 126 R
Euphrosyne 31 901 3.158+0.034 0.196+0.029 0.448 £0.006 -0.108+0.115 53 0.086 +£0.032 1493 - - Pl
Nysa-Polana 44 405 2.382+0.048 0.172+0.019 0.044+0.005 0.015+0.107 779 0.242+0.110 3206 0.075+0.336 4479  90R - 10P2
Terpsichore 81 622 2.881+0.023 0.186+0.008 0.142+0.004 0.057+£0.225 2 0.083+0.037 82 -0.073+£0.046 35 -

Klio 84 413 2.381+£0.045 0.193+0.008 0.165+0.009 -0.102+0.115 18 0.100 £0.034 330 —0.074 £0.196 105 P2

Sylvia 87 603 3.477+0.056 0.066+0.013 0.172+0.004 -0.151+0.112 9 0.080+0.029 152 —0.061 £0.076 48 -

Aegle 96 630 3.055+0.010 0.184+0.002 0.284+0.002 0.049+0.086 4 0.106 £0.033 74 0.013+0.039 26 -

Nemesis 128 504 2.735+£0.020 0.090+0.004 0.085+0.004 -0.089+0.124 22 0.116 £0.055 437 -0.067 £0.193 267 -

Meliboea 137 604 3.149+0.031 0.191+0.013 0.253+0.008 —0.067+0.091 30 0.099 +£0.040 292 -0.078 +0.185 114 P2

Vibilia 144 529 2.684+0.012 0.191+0.004 0.067+0.002 -0.016+0.076 2 0.113+0.048 73 —0.077+£0.206 45 -

Adeona 145 505 2.644+0.036 0.165+0.006 0.202+0.003 -0.064+0.098 87 0.105+£0.049 1429 -0.079£0.331 594 P2

Gallia 148 802 2.751+0.031 0.133+0.018 0.424+0.005 0.042+0.165 3 0.374+0.161 44 - - -

Hilda 153 001 3.965+0.003 0.181£0.046 0.153+0.009 -0.115+0.096 29 0.077+£0.077 2 - - 36P1 - 64P2
Koronis 158 605 2.892+0.036 0.056+0.015 0.037+0.002 0.026+0.094 281 0.351+0.116 1039 0.087+0.445 1248 R
Koronis(2) 158 621 2.868+0.002 0.045+0.000 0.038+0.000 -0.178+0.144 2 0.368£0.146 6 0.049+£0.055 29 -

Erigone 163 406 2.368+0.024 0.207£0.005 0.088+0.005 0.002+0.105 74 0.093£0.048 850 —0.039£0.247 405 44P2 — 56R
Maria 170 506 2.609+0.045 0.094+0.012 0.254+0.006 0.050+0.099 185 0.377£0.131 987 0.104+£0.191 873 R

Ino 173 522 2.757+0.030 0.176 £0.003 0.233+0.002 0.103+0.107 27 0.361 £0.134 87 0.084+0.149 128 60R - 40B
Eos 221 606 3.044+0.055 0.072+0.013 0.174+0.008 -0.069+0.091 599 0.218 £0.083 4024 0.044+0.291 2709 K (25P1 —55P2 -20R)
Emma 283 607 3.051+0.011 0.116+0.005 0.159+0.002 -0.075+0.118 26 0.071+£0.025 315 -0.073+0.113 102 -

Brasilia 293 608 2.853+0.010 0.122+0.002 0.259+0.002 -0.144+0.138 21 0.260 +0.108 130 —0.040+£0.210 163 -
Baptistina 298 403 2.276+0.026 0.143+0.007 0.098+0.006 0.035+0.095 149 0.312£0.119 692 0.028 £0.115 603 R (83R - 17P2)
Clarissa 302 407 2.400+0.008 0.107+0.002 0.059+0.001 -0.153+0.147 4 0.080+0.040 68 -0.129 £0.065 35 -

Chaldaea 313 415 2.403+0.026 0.228+0.007 0.192+0.009 -0.043+0.135 6 0.102+£0.029 132 —0.099 £0.093 37 -

Phaeo 322 530 2.772+0.020 0.183+0.010 0.162+0.003 -0.164+0.079 7 0.098 £0.037 146 —0.016 £0.062 45 -

Svea 329 416 2.451+0.017 0.092+0.006 0.276+0.002 0.018+0.168 1 0.086 +0.035 35 -0.073+0.043 7 -

Padua 363 507 2.734+0.027 0.043+0.008 0.092+0.003 -0.085+0.099 44 0.102£0.041 605 —0.033 £0.338 242 P2

Aeria 369 539 2.657+0.036 0.056+0.004 0.200+0.004 0.091+0.107 9 0.243+0.116 52 —0.013+0.106 72 -

Ursula 375 631 3.144+0.042 0.083+0.016 0.280+0.008 -0.107+0.116 70 0.101 £0.043 917 —0.035+0.068 353 49P1 - 51P2
Aeolia 396 508 2.741+£0.003 0.168+0.001 0.060+0.001 -0.002+0.127 9 0.153+0.073 56 —0.034 £1.459 47 -

Chloris 410 509 2.755+0.032 0.255+0.006 0.152+0.004 -0.027+0.078 22 0.157£0.074 193 —0.014+0.145 121 R
Hungaria 434 003 1.934+0.027 0.075+0.012 0.360+0.010 -0.039+0.112 75 0.786£0.169 88 - - P2

Hansa 480 803 2.631+0.041 0.041+0.028 0.374+0.004 0.082+0.121 37 0.402 +£0.150 361 - - R

Veritas 490 609 3.170+0.005 0.063+0.004 0.160+0.004 -0.129+0.115 36 0.103+£0.042 713 —0.068 £0.109 314 P2

Misa 569 510 2.650+0.023 0.178£0.004 0.040+0.003 -0.061 +£0.154 12 0.085+0.039 316 —0.075+£0.169 143 P2

Croatia 589 638 3.120+0.032 0.031+0.003 0.186+0.001 -0.108+0.119 8 0.084 £0.031 107 —0.040 £ 0.060 42 -

Brangane 606 511 2.583+0.005 0.180+0.001 0.167+0.001 0.019+0.058 4 0.176 £0.079 59 0.098 £0.166 47 -

Elfriede 618 632 3.188+0.006 0.058+0.001 0.274+0.002 -0.087+0.159 1 0.079£0.028 38 —0.112+0.053 11 -

Chimaera 623 414 2.436+0.022 0.148+£0.006 0.256+0.004 -0.014+0.070 8 0.100 £ 0.047 79 —0.053£0.041 27 -

Hector 624 004 5.290+0.004 0.055+0.001 0.325+0.001 -0.111+0.002 1 - - - - -

Charis 627 616 2.878+0.029 0.051+0.009 0.105+£0.005 0.015+0.126 27 0.184£0.079 71 0.147 £0.110 142 P2

Beagle 656 620 3.156+0.006 0.152+0.001 0.023+0.001 -0.219+0.142 2 0.102+0.047 49 -0.104+£0.049 32 -

Dora 668 512 2.786+0.015 0.196+0.003 0.137+0.002 -0.047+0.088 64 0.085+0.037 816 -0.119+£0.155 321 P2
Gersuind 686 804 2.597+0.038 0.174+0.010 0.297+0.007 0.014+0.104 15 0.210£0.092 198 0.085+0.118 68 P2

Alauda 702 902 3.165+0.048 0.086+0.041 0.376+0.009 -0.105+0.101 75 0.103+£0.031 1034 - - P1
Fringilla 709 623 2.886+0.033 0.091+0.019 0.293+0.005 -0.071+0.075 6 0.085+0.041 105 —0.014+£0.070 33 -

Watsonia 729 537 2.787+0.022 0.124+0.010 0.297+0.003 -0.048 £0.092 8 0.187£0.067 64 0.065+0.133 20 -

Sulamitis 752 408 2.441+0.022 0.090+0.003 0.088+0.003 -0.017+0.106 12 0.089+0.042 174 —0.049 +£0.062 60 -
Theobalda 778 617 3.178£0.007 0.254 £0.005 0.247+£0.003 -0.089+0.064 6 0.096 £0.037 177 -0.158 £0.192 88 -

Merxia 808 513 2.751+0.031 0.135+0.004 0.087+0.002 0.069+0.093 30 0.323+0.130 114 0.075+£0.119 272

Juliana 816 641 2.992+0.018 0.145+0.004 0.229+0.002 -0.032+0.053 2 0.111+£0.057 43 —0.016 £0.038 18 -

Karin 832 610 2.865+0.004 0.044+0.001 0.037+0.000 -0.001+0.126 15 0.287 £0.137 30 0.032+£0.097 82 -

Naema 845 611 2.935+0.012 0.036+0.002 0.207+0.001 -0.282+0.157 8 0.091+0.030 234 —0.088 £0.050 75 -

Agnia 847 514 2.788+0.017 0.073+0.004 0.066+0.004 0.016+£0.091 34 0.325+0.131 128 0.044+0.129 416

Ulla 909 903 3.550+0.012 0.048 £0.004 0.308+0.001 -0.107+0.033 1 0.087 £0.021 20 - - -

Itha 918 633 2.861+0.016 0.160+0.004 0.210+0.003 0.031+0.077 3 0.346 £0.112 27 0.113+0.131 19 -

Imhilde 926 639 2.988+0.013 0.231+£0.002 0.255+0.002 -0.097+0.037 2 0.071 £0.018 20 —0.061 £0.048 13 -
Barcelona 945 805 2.624+0.013 0.240+0.023 0.514+0.002 0.078+0.085 7 0.434+£0.162 86 - - -

Astrid 1128 515 2.780+0.016 0.049+0.001 0.012+0.002 -0.030+0.116 7 0.072+0.033 221 —0.064 +0.409 80 -

Terentia 1189 618 2.927+0.012 0.072+0.001 0.193+0.001 0.088+0.105 2 0.091+0.039 44 —0.042+£0.062 16 -

Tina 1222 806 2.789+0.010 0.093+£0.017 0.355+0.003 -0.088+0.112 4 0.197 £0.090 41 - - -

Datura 1270 411 2.235+0.000 0.153+0.000 0.092+0.000 0.023+0.049 3 0.387+£0.049 1 0.010+0.030 1 -

Gefion 1272 516 2.763+0.027 0.128+0.012 0.158£0.004 0.041 £0.092 178 0.354£0.128 747 0.096 +£0.108 743
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Table A.1. continued.

Fam. Name Fam. FIN a (AU) e sin(i) ML* Nyovis PNIR NNEOWISE a* Nspss  Class
Luthera 1303 904  3.220+0.009 0.122+0.006 0.322+0.005 -0.069+0.139 10 0.073+£0.024 135 - - -
Tirela 1400 612 3.128+0.021  0.198+0.007  0.289 +0.004 0.005 +0.116 48 0.287+0.115 375 0.148 +0.436 340 R
Postrema 1484 541 2.753+0.027 0.236+0.006 0.284 +0.003 0.004+0.162 4 0.099+0.038 73 0.105+0.411 21 -
Rafita 1644 518 2.592+0.025 0.173+0.007  0.132+0.005 0.030+0.086 48 0.337+0.127 282 0.079+0.171 350 R
Hanna 1668 533 2.788+0.012 0.175+0.004 0.073+0.002 -0.030+0.107 11 0.088 +£0.048 120 -0.079+£0.069 52 -
Hoffmeister 1726 519 2.783+0.014 0.048+0.003 0.077+0.003 -0.160+0.116 38 0.072+0.033 977 -0.094+£0.137 346 Pl
Lucienne 1892 409  2.458+0.014  0.096+0.003  0.251+0.001 0.027 £0.072 9 0.346+0.138 27 0.065 +0.067 31 -
Schubart 1911 002  3.966+0.001 0.192+0.017 0.050+0.002 -0.223+0.159 17 0.113+0.068 5 - - -
Henan 2085 532 2.705+0.044 0.057+0.006 0.040+£0.006 -0.002+0.111 59 0.288+0.115 186 0.100+£0.224 417 R
Mitidika 2262 531 2.595+0.036 0.244+0.016  0.218+0.008 —0.065+0.090 41 0.098 £0.036 653 —-0.111+0.087 188 Pl
Xizang 2344 536 2.748+0.028  0.156+0.004  0.047 +0.003 0.009+0.097 9 0.193+0.080 54 0.023+0.266 59 -
Witt 2732 535  2.735+0.035 0.023+0.011  0.107+0.003 -0.018+0.120 63 0.340+£0.134 89 0.153 +£0.137 345 R
Jones 3152 538 2.629+0.002 0.109+0.001  0.214 +0.000 0.054 +0.146 1 0.077+0.025 15 0.010+0.038 3 -
Inarradas 3438 634  3.051+0.009 0.180+0.003 0.252+0.001 0.045+0.074 2 0.113+£0.032 24 -0.106+£0.036 13 -
Lixiaohua 3556 613 3.148+0.009 0.198+0.005 0.177+0.002  —-0.101 £0.082 24 0.066+0.025 511 —-0.057+0.109 175 Pl
Karma 3811 534 2566+0.021 0.106+0.003 0.187+0.002 -0.026+0.133 7 0.105+0.037 83 —-0.055+0.036 26 -
Konig 3815 517 2.573+0.005 0.140+0.001  0.152+0.003 -0.036+0.101 12 0.074 +£0.036 239 -0.087+£0.165 67 -
Brucato 4203 807 2.610+£0.043  0.122+0.027 0.475+0.011 -0.096+0.087 14 0.100+0.038 272 - - P2
Tannini 4652 520  2.644+0.001 0.268+0.001  0.212 +0.000 0.112+0.119 5 0.431+0.152 20 0.006+0.042 38 -
Ennomos 4709 009 5.304+0.021 0.031+£0.005 0.462+0.007 0.047+0.096 2 - - - - -
Yakovlev 5614 625 2.873+0.014 0.287+0.006 0.139+0.002 -0.237+0.148 2 0.070+£0.036 44 —-0.051+£0.613 17 -
Kazuya 7353 521 2.567+0.002 0.146+0.003  0.253 +0.001 0.057 +0.109 4 0.277+0.141 13 0.021 +0.044 11 -
Anfimov 7468 635  3.054+0.015 0.089+0.001 0.060+0.001 -0.134+0.038 1 0.241 £0.108 12 0.224 £0.248 21 -
Telramund 9506 614  2.989+0.013 0.071+0.007  0.154 +0.003 0.028 +0.102 23 0.288+0.124 104 0.080 +0.143 117 R
1996RJ 9799 006 5.231+0.004 0.040+0.000 0.527+0.002 —-0.073+0.101 1 - - - - -
Lau 10811 619  2.926+0.009 0.196+0.007  0.111 +£0.001 0.067 +0.193 3 0.162+0.033 5 0.243 £0.056 13 -
1998YB3 15454 627  2.866+0.009 0.220+0.002 0.275+0.001 —-0.078+0.096 6 0.071 £0.029 27 -0.066+0.134 13 -
1999CG1 15477 628  2.892+0.038 0.085+0.008 0.088 +0.004 0.054 +0.136 5 0.146 £0.065 72 0.002 +0.177 49 -
1993FY 12 18405 615  2.845+0.007 0.106+0.001  0.160+0.001 -0.207+0.153 3 0.251+0.082 16 —-0.049£0.656 22 -
1999XT17 36256 629  2937+0.014 0.115+0.003 0.185+0.001 —-0.061+0.080 4 0.305+0.088 17 0.225 +0.065 11 -
2000BY6 53546 526 2.722+0.007  0.172+0.001  0.249 +0.001 0.155£0.022 2 0.208 +£0.139 1 0.033 +£0.049 13 -
2000UI87 106302 637  3.106+0.008  0.180+0.003  0.060+0.002 -0.353+0.130 1 0.069+0.031 13 —-0.090+0.307 10 -

Notes. Families are ordered by the number of their homonym asteroid. In the third column we provide the family identification number from
Nesvorny et al. (2015) (FIN) so that it is easier to directly compare this work to others. We also added the mean values of semimajor axis,
eccentricity, and sine of inclination for each family, as well as the corresponding SDSS and/or NEOWISE data, whenever possible. The py;z and
a* are the computed mean and sigma from the data in the catalogs, excluding non-valid observations. We label the families as primitive 1 (P1),
primitive 2 (P2), rocky (R), basaltic (B), and in the special case of Eos, K.

Table A.2. Mean ML*, pyx, and a* for the background populations of the families with more than 40 asteroids observed in MOVIS, and with
more than 10 asteroids in coincidence with the SDSS and NEOWISE databases.

Background of: Fam. number ML* NMOV[S DPNIR NNEOWISE a* NSDSS
Vesta 4 0.262 +0.099 469 0.156 £0.476 150 0.018 +0.112 13
Flora 8 0.096 +£0.103 1207 0.142 +£0.404 463 0.015+£0.102 39
Hygiea 10 -0.126 £ 0.123 79 0.056 +£0.117 49 - -
Eunomia 15 0.040 +0.098 342 0.129 £ 0.373 184 - -
Themis 24 —-0.102 £ 0.105 85 0.042 £0.111 60 - -
Nysa—Polana 44 0.009 +0.111 343 0.116 £ 0.294 105 0.030+0.072 13
Adeona 145 —-0.020 +£0.105 57 0.108 +0.266 32 - -
Koronis 158 0.014 £ 0.105 72 0.123 £0.332 40 - -
Erigone 163 0.041 £0.114 57 0.109 £0.253 19 - -
Maria 170 0.015 £ 0.096 188 0.133 +£0.378 98 - -
Eos 221 -0.074 £ 0.114 447 0.079 £ 0.209 221 0.022 +0.027 13
Baptistina 298 0.109 £ 0.104 100 0.155+£0.455 43 - -
Ursula 375 —-0.055 +0.107 151 0.058 £0.124 96 - -
Alauda 702 —0.098 £ 0.093 32 0.070 £0.136 22 - -
Gefion 1272 0.011 £ 0.120 61 0.128 £0.310 26 - -
Mitidika 2262 —-0.035+0.109 157 0.088 +£0.238 77 - -
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Appendix B: Auxiliary figures
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Fig. B.1. Graphical representation of the results of the fits for the case where we assumed three distributions: three Gaussians (left), three
Lorentzians (center), one Gaussian for the primitive population and two Lorentzians for both rocky and basaltic populations (right). The upper plots
represent the probability density functions associated with the ML* distributions. The lower plots are the corresponding cumulative distribution
functions.
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Fig. B.2. Same as Fig. B.1, but with four distributions: four Gaussians (left), four Lorentzians (center), two Gaussians for the two primitive
populations, and two Lorentzians for both rocky and basaltic populations (right). We can see that the combinations in the right panels of Figs. B.1
and B.2 fit the observations accurately.
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D. Morate et al.: Color study of asteroid families within the MOVIS catalog

Hygiea / 3 populations

Themis / 3 populations

Hygiea / 4 populations

Themis / 4 populations

Fig. B.3. CDFs of the theoretical distributions defined for the case of a three-population fit and those defined for a four-population fit, compared
to the primitive families with the highest number of objects in the MOVIS catalog (Hygiea and Themis). In the upper plots we show the three-
population case (primitive in cyan, rocky in red, basaltic in black). The lower plots show the four-population case (P1 in blue, P2 in cyan).
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Appendix C: Density plots of the detected families
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Fig. C.1. Asteroid families detected within the MOVIS catalog, with at least 40 coincidences with NEOWISE, and with a background of at least
ten asteroids. In these plots we represent ML* vs. pyg. On the left, we represent the observed family, and on the right the background we defined
for that same family. Upper plots are weighted density plots (see text for explanation), and lower plots are scatter representations of the observed
asteroids, with the corresponding error bars.
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Fig. C.1. continued.
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Fig. C.2. Asteroid families detected within the MOVIS catalog, with at least 40 coincidences with SDSS, and with a background of at least ten
asteroids. In these plots we represent ML* vs. a*.
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Fig. C.3. ML* vs. a* for the asteroid families detected within the MOVIS catalog, with at least 40 coincidences with SDSS, and without a
background (or the background that we defined had less than ten coincident asteroids with SDSS).
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Fig. C.4. ML* vs. pyg for Dora, the only asteroid family in the MOVIS catalog with at least 40 coincidences with NEOWISE, and without a
background (or the background that we defined had less than ten coincident asteroids with NEOWISE).
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