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ABSTRACT

Canis Major OB1 (CMaOBJ1) is a Galactic stellar association with a very intriguing star-formation scenario. There are more
than two dozen known star clusters in its line of sight, but it is not clear which ones are physically associated with CMa OB1.
We use a clustering code that employs five-dimensional data from the Gaia DR2 catalogue to identify physical groups and
obtain their astrometric parameters and, in addition, we use two different isochrone-fitting methods to estimate the ages of these
groups. We find 15 stellar groups with distances between 570 and 1650 pc, including 10 previously known and five new open
cluster candidates. Four groups, precisely the youngest ones (< 20 Myr), CMa05, CMa06, CMa07, and CMa08, are confirmed
to be part of CMa OB1. We find that CMa08, a new cluster candidate, may be the progenitor cluster of runaway stars. CMa06
coincides with the well-studied CMa R1 star-forming region. While CMa06 is still forming stars, due to the remaining material
of the molecular cloud associated with the Sh 2-262 nebula, CMa05, CMa07, and CMa08 seem to be in more evolved stages
of evolution, with no recent star-forming activity. The properties of these CMa OB1 physical groups fit well in a monolithic
scenario of star formation, with a common formation mechanism, and having suffered multiple episodes of star formation. This
suggests that the hierarchical model alone, which explains the populations of other parts of the same association, is not sufficient
to explain its whole formation history.

Key words: star: early-type —stars: formation — stars: pre-main-sequence —open clusters and associations: general.

1 INTRODUCTION

Detailed studies of the stellar content of OB associations, as well as
star clusters, provide insights into several important issues regarding
Galactic structure and evolution. They bring crucial information that
allows the identification of different stellar populations in the Galaxy
and testing stellar models. Issues such as the origin of binary star
populations, differences in initial mass functions, identification of
the dominant processes in star formation, and stellar fragmentation
may all be enlightened by the study of young populations, while
processes of dissolving clusters and chemical Galaxy evolution can
be investigated through the study of more evolved stellar groups
(Brown 2001).

It is accepted historically that most stars are born in gravita-
tionally bound groups, inside molecular clouds (embedded clus-
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ters) with at least 35 stars with a density greater than 1 Mg
pc—? (Lada & Lada 2003). Depending on the formation scenario,
most of them (~ 95 percent) should evolve into unbound groups
that should dissolve themselves within 10-20 Myr (Lada & Lada
2003; Pfalzner 2009, 2011), becoming field stars or associations,
currently unbound (e.g. Melnik & Dambis 2017). In the monolithic
scenario of formation, OB associations are the current configurations
of systems that were originally much more compact, and have
subsequently expanded from a single (singularly monolithic) or
several (multiply monolithic) clusters (e.g. Lada & Lada 1991;
Brown, Dekker & de Zeeuw 1997; Kroupa, Aarseth & Hurley
2001). The most accepted mechanism responsible for these pro-
cesses has been the expulsion of residual gas from the embedded
clusters by means of stellar feedback, making the clusters supervirial
(e.g. Hills 1980; Goodwin & Bastian 2006; Baumgardt & Kroupa
2007).

A number of theoretical (Girichidis et al. 2012; Kruijssen et al.
2012; Dale, Ercolano & Bonnell 2015) and observational studies
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Figure 1. (a) Hoe image from The Southern Hoe Sky Survey Atlas (SHASSA) of the stellar association CMa OB1 superposed with regions studied in previous
works, including ROSAT (dashed blue circles) and XMM-Newton (solid blue circles) X-ray fields studied by Gregorio-Hetem et al. (2009) and Santos-Silva
et al. (2018), respectively (blue circles); shell and supershell structures identified by Fernandes et al. (2019, grey ellipses); CMa-1224 from Sewito et al. (2019,
magenta rectangle) and with Gaia DR2 data in this work (white circle). (b) Combined Wide-field Infrared Survey (WISE) image in W1 (blue), W2 (green), and
W4 (red) bands; the cyan circles represent clusters with distances similar to the CMa OB1 association known in the literature (Clarid 1974b; Dias et al. 2002;
Kharchenko et al. 2016; Cantat-Gaudin et al. 2018; Bica et al. 2019; Bossini et al. 2019; Liu & Pang 2019). (c) Combined Digital Sky Survey (DSS) image at
700 nm (red), 640 nm (green), and 468 nm (blue). H1I regions (Sh 2-292, Sh 2-293, Sh 2-294, Sh 2-295, Sh 2-296, Sh 2-297, and Sh 2-298 (Sharpless 1959)
are highlighted in magenta. Dark clouds LDN 1653, LDN 1654, LDN 1655, LDN 1656, LDN 1657, and LDN 1658 (Dobashi et al. 2005) and bright-rimmed
clouds BRC 26, BRC 27, BRC 28, and BRC 29 (Sugitani, Fukui & Ogura 1991) are represented in grey. Stars HD 53623, W CMa, Z CMa, and GU CMa and
the three runaway stars (HD 53974, HD 54662, and HD 57682) from Fernandes et al. (2019) are shown in yellow.

(Ginsburg et al. 2016; Wright & Mamajek 2018; Ward, Kruijssen &
Rix 2020) have, however, disputed this general belief: they have
shown that gas exhaustion has been a more efficient mechanism
for the dynamical evolution of young clusters than gas expulsion
(see Longmore et al. 2014). This is in agreement with a scenario
in which the stars are formed through a continuous distribution
of densities, following the fractal structure of the gas distribution
from which they formed; thus, according to this scenario, most
OB associations were never grouped (Ward et al. 2020). Moreover,
using Gaia data, Melnik & Dambis (2017, 2020) found that most
associations are not undergoing expansion. On the other hand,
Cantat-Gaudin et al. (2019a) suggest that, although Vela OB2, as well
as its stellar distribution, is expanding, this expansion started before
the formation of the stars. Vela OB2 is, therefore, an example of an
OB association formed globally unbound but nevertheless showing
signs of expansion.

Our particular interest is the study of the stellar association Canis
Major OB1 (henceforth CMa OB 1), located at a distance of ~ 1200 pc
(Zucker et al. 2019, 2020). It is composed of more than 200 B stars,
a few late-type O stars (Gregorio-Hetem 2008), almost 500 young
stellar objects (YSOs: Fischer et al. 2016; Sewito et al. 2019), and
about 400 Ho emitters (Pettersson & Reipurth 2019), showing a
low fraction of disc-bearing stars (Fernandes et al. 2015; Fischer
et al. 2016). This population is mostly related to a reflection nebula
association CMa R1, including three connected H 1T regions (Herbst,
Racine & Warner 1978: Sh 2-292, Sh 2-296, Sh 2-297, see Sharpless
1959), four bright-rimmed clouds (BRC 26-29: see Sugitani et al.
1991), six dark clouds (LDN 1653, LDN 1654, LDN 1655, LDN
1656, LDN 1657, LDN 1658: see Dobashi et al. 2005), and more
than a dozen clusters (Dias et al. 2002; Kharchenko et al. 2016;
Cantat-Gaudin et al. 2018; Bica et al. 2019; Liu & Pang 2019) in its
line of sight, which are shown in Fig. 1.

There are at least two open questions related to the CMa OB1
association: one refers to membership of its clusters and the other
regards its star-formation history. It is well known that there are
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embedded clusters such as NGC 2327 and BRC 27, with age 1.5 Myr,
Gy 3-7, with age ~ 2 Myr (Soares & Bica 2002, 2003; Rebull et al.
2013), Z CMa and GU CMa, with ages < 5 Myr and > 10 Myr
respectively (Gregorio-Hetem et al. 2009), and vdB 92, possibly a
cluster in a dissolution stage, with age ~5-7 Myr (Rebull et al.
2013; Bonatto & Bica 2010). All of these are probably related to
CMa OB, given their measured distances and youth. On the other
hand, there are famous clusters like NGC 2353, initially suggested to
be the nucleus of CMa OB, as well as NGC 2343, NGC 2335, and
NGC 2323 (Claria 1974b; Claria, Piatti & Lapasset 1998), that were
discarded and the general conclusion was that these are unrelated to
CMa OB due to their ages (> 100 Myr).

There have been, however, other contrasting views about the
plausible star formation and evolutionary scenario of the CMa OB1
association. One of them, developed by Herbst & Assousa (1977),
suggests star formation induced by a supernova explosion (SNE)
about 0.5 Myr ago. This scenario is consistent with the Fischer et al.
(2016) results on the distribution of YSOs found in the centre of
CMa OBI1. On the other hand, Reynolds & Ogden (1978) proposed
that star formation in the region is triggered by strong stellar winds
or an expanding old ‘fossil’ H1I region.

Based on the spatial distribution of YSOs of the H1I region Sh 2-
297 to the west side of CMa OB1, Mallick et al. (2012) argue that
the youngest sources in the region are distributed away from the
ionizing source, indicating a possible evolutionary sequence. This
scenario supports the hypothesis of triggered star formation in this
region, which seems to have propagated from the massive ionizing
star HD 53623 towards the cold dark cloud LDN 1657A. On the other
hand, Sewito et al. (2019) studied the other side of CMa OB1 (east
side: see the rectangle in Fig. 1a), in a region now dubbed CMa-
1224, and they suggest that the most likely scenario that explains
the star formation observed in this region includes the spontaneous
gravitational collapse of filaments.

The star-formation region CMa R1, the most prominent feature of
CMa OBl1, has also been studied by our group at several wavelengths
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for many years. Gregorio-Hetem et al. (2009), based on ROSAT
data, found two distinct groups: one with ages < 5 Myr, immersed
in a region with a high concentration of gas and dust around the
Z CMa star, and another on the opposite side, near the GU CMa
star, with an older young population (> 10 Myr). Both populations
were confirmed by Santos-Silva et al. (2018), using the XMM-
Newton satellite. The authors not only increased the number of
known sources in the region to about 400 X-ray sources, but also,
using 2MASS and WISE counterparts and CO maps, proposed a new
star-formation scenario including at least two episodes. The first
episode occurred more slowly, within the whole region studied, at
least 10 Myr ago, dispersing almost all of the present gas, while the
second, ongoing episode has been occurring for less than 5 Myr. The
latter is dynamically faster, and it takes place in the region where gas
is still present, suggesting that the association is going through the
final stages of star formation.

Finally, in a recent work, Fernandes et al. (2019) used images at
several wavelengths (optical, IR, HI, CO, etc.) to show that CMa OB 1
consists of a shell with diameter D ~ 60 pc, where the Sh 2-296 nebula
is nested in a superbubble 140 pc in diameter. They also found three
runaway stars that were probably ejected from approximately the
same location within the CMa shell, by at least three successive
SNEs, for ~ 6 Myr, ~2 Myr and ~ 1 Myr. This suggests that there
were more SNEs than the one predicted by Herbst & Assousa (1977).
In that work, Fernandes et al. (2019) also show that the O stars in the
region cannot, by themselves, be responsible for the nebula heating
and they suggest, taking into account the scenario of multiple SNEs,
that Sh 2-296 is being heated by X-rays.

These results are in agreement with a scenario that considers a
second episode of star formation, as proposed previously by Santos-
Silva et al. (2018). However, this cannot explain the older stellar
population (> 10 Myr) found by them and by Gregorio-Hetem et al.
(2009), which leads us to believe that the association may have an
even more intriguing star-formation scenario.

This work was done in the context of the Southern Photometric
Local Universe Survey' (S-PLUS: Mendes de Oliveira et al. 2019)
collaboration. In the future, we plan to apply the method developed
in this work to perform a massive search for stellar associations in
the S-PLUS catalogue, which will then be characterized in detail.
We then intend to compute physical parameters, such as the mass,
age, distance, extinction, and metallicity of the populations of the
associations, as well as of young star clusters in the Galaxy, using
the five Sloan bands and seven narrow bands from the 12-band
Javalambre system of S-PLUS.

Aiming at clarifying the complex star-forming history of
CMa OBI and confirming its cluster membership, we conduct a
multidimensional study of stellar groups in the region, taking into
account the positions, proper motions, and parallax from the Gaia
DR2 catalogue (Gaia Collaboration et al. 2018).

This work is structured as follows. In Section 2, we present the
data used in our analysis. In Section 3, we describe in detail the
clustering method we apply to find groups and the comparison
with previous results from the literature. In Section 4, we describe
the determination of fundamental parameters: age, distance, visual
extinction, and metallicity. In Section 5, we report on the stellar
populations of the region and in Section 6 we discuss the content
of the clusters of CMa OBI1 and the star-forming history of the
association. Finally, in Section 7 we present a summary of our results
and conclusions.

'www.splus.iag.usp.br
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2 DATA

The Gaia Mission is an ambitious survey that aims to construct
the most accurate 3D map of our Galaxy. Its second data release
(hereafter Gaia DR2: Gaia Collaboration et al. 2018) provides a
five-parameter astrometric solution (o, §, ®eC0s8, s, @) with
unprecedented precision and photometry in three bands (G, Ggp,
and Ggrp) for more than 1.3 billion stars. In addition, there are
also radial velocities, astrophysical parameters (stellar effective
temperature, extinction, reddening, radius, and luminosity), and
variability measurements for part of the sample.

2.1 Sample selection

We queried the Gaia DR2 catalogue data from the Gaia archive?
taking into account the astrometric and photometric constraints
detailed below. We selected objects within a search radius of 4.1
degrees centred on the coordinates (RA, Dec.) = (106.7°, —10.6°),
covering the entire CMa OB1 association (see the dashed circle in
Fig. 1).

To ensure good astrometric and photometric quality of the data,
we applied constraints using the re-normalized unit weight error
(RUWE). We still took into account the zero-point (0.029 mas)
provided by Lindegren et al. (2018), and followed their suggested
criteria and also those suggested by Arenou et al. (2018) for the
photometric data. Thus we chose only the objects that follow

(i) RUWE < 1.4,

(ii) |(zw + 0.029 mas)/o | < 5,

(iii) phot _g.mean_flux_over_error > 50,

(iv) phot bp_mean_flux_over_error > 20,

(v) phot_rp_mean _flux_ over_error > 20,

(vi) phot bp_rp_excess_factor < 1.3 + 0.0-(bp_rp)?,
(vii) phot _bp_rp_excess_factor > 1.0 + 0.015-(bp_rp)?,
(viii) visibility periods_used > 8.

We use, as a further selection criterion, a cut in parallax values,
choosing only objects with 0.4 < @ (mas) < 2.0 in order to ensure
that all CMa OB1 potential members are considered and to obtain a
knowledge of their close neighbourhood. We emphasize that the
association has an estimated distance of around 1200 pc, using
Gaia data (Zucker et al. 2019, 2020), and our parallax constraints
correspond to distances between 500 and 2500 pc. After applying all
of these criteria, our final sample contains 249 522 stars.

2.2 Astrometric distances and extinction correction

Recent studies have determined the distance of CMa OB1 quite
accurately (Ward et al. 2020; Zucker et al. 2019, 2020) from Gaia
data. Therefore, for consistency, in this work we also used astrometric
distances (D,) estimated by Bailer-Jones et al. (2018) using Gaia
DR?2 data for all stars selected in the previous section.

As is well known, the association is located in a region of high
extinction, and therefore the visual extinction values (Ay) can vary
significantly with distance. In order to take this into account, we
use the astrometric distance of each star to obtain its Ay from the
three-dimensional dust map of BAYESTAR19? (Green et al. 2019).
To consider the probabilistic nature of BAYESTARIO, we used it
with mode = mean. Furthermore, we applied the corrections from
Schlafly & Finkbeiner (2011) to the Ay values.

Zhttps://gea.esac.esa.int/archive/
3http://argonaut.skymaps.info/
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3 SUBSTRUCTURE SEARCH

Especially after Gaia DR2 was published, several different tech-
niques based on multidimensional parameter space analysis have
been applied to the data to find new and/or confirm existing
stellar populations. In particular, these kinds of analysis have been
successfully applied in the search for associations (Gagné et al. 2018;
Cantat-Gaudin et al. 2019a,b; Liu, Fang & Liu 2020), star-forming
regions (Zari, Brown & de Zeeuw 2019; Galli et al. 2020), and open
clusters (see Cantat-Gaudin et al. 2018, 2020; Dias et al. 2018; Gao
2018; Liu & Pang 2019; Lodieu et al. 2019; Cantat-Gaudin & Anders
2020; Castro-Ginard et al. 2020).

Clustering methods constitute the most commonly used technique
of unsupervised learning and are a powerful tool for data analysis.
There are several clustering algorithms (for instance, see Pedregosa
et al. 2011, and references therein),* but one shown to be powerful
and efficient in different astronomy fields is Hierarchical Density-
Based Spatial Clustering of Applications with Noise> (HDBSCAN:
Campello, Moulavi & Sander 2013; Campello et al. 2015), which has
been used in a variety of contexts (Kounkel & Covey 2019; Kounkel,
Covey & Stassun 2020; Limberg et al. 2020; Logan & Fotopoulou
2020; Kuhn et al. 2021). This algorithm is based on DBSCAN (Ester
et al. 1996), also used to search for stellar clusters (Castro-Ginard
et al. 2018, 2019, 2020). This section summarizes the methodology
used to search for stellar populations in CMa OBI1, as well as its
validation.

3.1 Searching for groups

In this work, we opted for use of the HDBSCAN code in order to
search for physical groups of stars in the line of sight of CMa OB1.
The most remarkable feature of the tool in the era of large surveys is
that it can identify groups with varying densities and arbitrary shapes
without the need to specify the number of clusters in the sample, as
opposed to, for example, the more commonly used k-means algorithm
(MacQueen 1967).

HDBSCAN can handle multidimensional data and de-
pends on six main parameters, including three param-
eters (min.cluster_size, min_samples, and clus-
ter_selection method) that have significant effects on our
work, which we discuss below.

The two primary parameters are the minimum number of objects
to be classified as a cluster, min_cluster_size, and the minimum
number of samples in a neighborhood for a point to be considered as
a core point, min_samples. In other words, for a larger value
of min_samples, the cluster will be reduced to a more dense
area; consequently, in these cases, there will be fewer clusters and a
stronger connection between objects. On the other hand, the smaller
min_samples values could lead to fragmentation into many small
clusters and a decrease in noise. Determining the parameters of
min_samples and min_cluster_size is data-dependent and
might be difficult. The cluster_selection method parameter
is used to select the clusters from the cluster tree hierarchy. The
standard approach is Excess of Mass (EOM) which tends to select
one or two of the largest clusters and some smaller clusters. Another
option is to use the method Leaf, which selects several small and
more homogeneous clusters.

We apply HDBSCAN using a PYTHON implementation of the
sample selected in Section 2.1 in the 5D space of astrometric

“https://scikit-learn.org/
Shttps:/hdbscan.readthedocs.io/en/latest/
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parameters (t4,c0Ss 8, s, @ , &, and §). The HDBSCAN configuration
we adopted is min_cluster_size = 30, min_samples = 60,
and cluster_selection.method = Leaf. These selection
parameters were used aiming at a search for more homogeneous
clusters, while the value of min_cluster_size was chosen in
order to guarantee that the groups had at least 30 stars, to allow good
characterization.

In an experimental phase, we performed tests varying
min_samples from 20 to 250, in steps of 10, to choose the best
value for this parameter. In this set, the number of groups found
varies significantly, from 36 to 11,° and the number of groups with
distances compatible with CMa OB falls from 13 to 4. Farther, for
40 < min_samples < 80, the number of groups with distances
consistent with the association varies from 8 to 12, thus, the choice
for min_samples = 60 ensures that we are not discarding groups
that could possibly be members of CMa OB1.

Using this configuration, the code found 29 groups, the spatial
and proper-motion distributions of which, as well as a violin parallax
histogram, are shown in Fig. 2.

To validate the clusters identified by HDBSCAN and estimate
the membership probability of each star belonging to a specific
group, we have computed 400 bootstrap repetitions, taking into
the account the uncertainties of the astrometric parameters of the
stars. For each repetition, we have used the HDBSCAN function
approximate_predict to evaluate the cluster to which the
star belongs according to the original hierarchical cluster tree. We
attribute a membership probability (P) of each star belonging to a
specific cluster according to the percentage of assignment to it. We
considered that a star is a cluster member if it is assigned to a specific
cluster in at least 50 per cent of the realizations (P > 50 per cent).
This method is similar to that one described by Limberg et al. (2020).

3.2 Validation

The method used here to search for stellar groups was evaluated and
validated by us by performing two tests that aim to prove that the
code can find real structures, already known in the literature, and that
it is able to select the correct membership for the groups. First, we
compare the spatial distribution of our groups with clusters known
in the literature. For the second test, we compare membership of two
groups with CMa R1 star-forming region members selected using a
Bayesian method.

3.2.1 Cross-matching with groups previously known in the
literature

In the first test we compared the spatial distribution of our 29
groups with the angular dimensions of clusters present in four large
stellar cluster catalogues: two before the Gaia era (Dias et al. 2002;
Kharchenko et al. 2016) and two based on Gaia data (Liu & Pang
2019; Cantat-Gaudin et al. 2020); see Fig. 3.

There are, respectively, 24, 14, 10, and 14 clusters with parallaxes
or distances within the same range adopted here (see Section 2.1) in
each one of these catalogues. Seven clusters are present in all four
catalogues, another three are present in all but in one (Liu & Pang
2019), four are found only in the two older catalogues, those before

SFormin_samples < 30, the number of groups increases rapidly for smaller
values of this parameter, finding about 80 groups for min_samples = 10.
On the other hand, formin_samples > 250 the number of groups fluctuates
between 9 and 11, up to min_samples = 350.

€202 ABIN 20 U0 1saNB Aq 89G6/£9/€E0L/1/80G/2I0IE/SEIUW/WOY"dNO™DIWLSPED.//:SA)Y WO PAPEOjUMOQ


https://scikit-learn.org/
https://hdbscan.readthedocs.io/en/latest/

CMa OBI stellar group contents 1037
of h J ]
. 2r ]
8L 4 ]
s, 1+ ]
D 0% i s of ]
S L : a ]
g | i E ]
) : . / Sl ]
12°F A%, /’/ ¥ : ]
I R 2r 09 ;5@ ' ]
N 24 tens 255 # o
3 \‘t 'y 4y m,’ %,
14° AV, 2t -3¢ A ]
- r NY wa § DO i
[ 3 Sl 02
_4 = "' : -
@ , S (b)
112° 110° 108° 106° 104° 102° -6 -5 -4 -3 -2 -1 0
RA (deg) U, (maslyr)
20 I
1.6
n
g12
B
1] TR 944, | } |
5 &‘ M # | So0l4ddil
(©)
0 01 02 03 04 05 06 07 08 09 19 20 21 2 23 24 25 26 27 28

Groups

Figure 2. (a) Spatial distribution of groups found by HDBSCAN in the CMa OB1 region on a Digital Sky Survey image (640 nm) of CMa OB1. The dashed
circle delimits the selection area from Gaia DR2. (b) Proper-motion distribution of groups, including field stars (all sources selected in our sample that were not
considered in any group: grey points) i} = o c0s8. (¢) Violin histograms of parallaxes and their exact values (light points on the right side of the histograms)

for each group.

publication of the Gaia catalogues,” and BDSB 93 is present only in
Kharchenko et al. (2016) and Cantat-Gaudin et al. (2020). Finally,
another 15 clusters are present in only one of these catalogues:
nine in Kharchenko et al. (2016), three in Liu & Pang (2019), two
in Cantat-Gaudin et al. (2020), and NGC 2351 is in Dias et al.
(2002).

Our comparisons were performed by means of a visual inspection
of Fig. 3, in which we prioritize the use of more recent estimates of
the angular dimensions of clusters, so that for objects present only
in Dias et al. (2002) and/or Kharchenko et al. (2016) we use values
available in Bica et al. (2019). For Gulliver 13 and UPK 452, present
only in Cantat-Gaudin et al. (2020), we use 50 (the radius containing
half of the members) provided by the authors, because they have no
values for the total sizes of the clusters. For all other objects, we

7FSR 1163, FSR 1172, FSR 1180, FSR 1207, FSR 1212, and Berkeley 76
from Kharchenko et al. (2016), NGC 2345 from Dias et al. (2002), and FSR
1170 and Ivanov 4 from both, even having distances smaller than 2500 pc
in these catalogues, were excluded of these comparisons because they have
parallaxes estimated by Cantat-Gaudin & Anders (2020) using Gaia data,
outside the range adopted in this work (see Section 2.1).

use rmax (maximum cluster member’s distance to average position)
provided by Liu & Pang (2019).8

We found 12 clusters, the angular dimensions of which are, as a
whole, projected on to at least one of our groups and, therefore, are
probably from the same population. These are the clusters highlighted
by solid black, blue, and magenta contours in Fig. 3. A total of 11
clusters have a few members of our groups projected within their
angular dimension (dashed contours). Another seven clusters are
projected on to regions with no overlap with any members of our
groups (grey lines). On the other hand, 13 of our groups are located
in places where there are no clusters present in the catalogues used
here, indicating that they could be new cluster candidates.

Among the clusters having no groups projected in their direction,
five of them (FSR 1158, FSR 1159, FSR 1160, FSR 1164, and FSR
1194) present only in Kharchenko et al. (2016) were not detected
by HDBSCAN, probably because they are asterisms according to
Cantat-Gaudin et al. (2018), and they were not found by catalogues

80nly for Alessi 21, also present in this catalogue, do we adopt the radius
provided by Bica et al. (2019) to make it clearer in Fig. 3, because the rmax of
this cluster is too large (1.83°) and it occupies the same area as many groups
and clusters.
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Figure 3. Spatial distribution of 29 groups found by HDBSCAN, following
Fig. 2 colours, on a Digital Sky Survey image (640 nm) and 30 clusters
from the literature. Solid contours present the angular dimension of clusters
known in the literature that coincide with the groups detected in this work.
In black are clusters from (D) Dias et al. (2002) and (K) Kharchenko et al.
(2016) with angular dimensions from Bica et al. (2019), in blue are clusters
from (L) Liu & Pang (2019) and the magenta circles are radii of 50 per cent
of cluster members from (C) Cantat-Gaudin et al. (2020). Dashed contours
present objects that can be related to a given group and grey circles are clusters
from these authors that were not detected by us. The letters indicate in which
catalogues each cluster is present.

based on Gaia data. Another two clusters, FOF 2304 and BDSB 93,
have no groups detected by the code in their lines of sight, likely
due to our sample selection criteria (Section 2.1) and our choice of
parameters for HDBSCAN (Section 3.1). A more detailed discussion
of our groups that are clusters known in the literature is presented
in Section 5.1, and clusters not found by HDBSCAN are shown in
Appendix A2.

3.2.2 Bayesian method

The second test to validate our results is based on comparison with a
recent study of the young population related to our groups. Gregorio-
Hetem et al. (2021b, hereafter GH21) used multiband photometry
from the T80S telescope of the S-PLUS collaboration (Mendes de
Oliveira et al. 2019), covering an area of 2 deg” in the direction
of CMa RI1. The sample selection was performed by combining
a Bayesian model and the cross-entropy technique (see Hetem &
Gregorio-Hetem 2019) using astrometric data (i, cosd, ps) from
Gaia DR2.° Their entire sample with Gaia DR2 data contains 669
stars, of which 155 are already known in the literature, 395 are new
CMa R1 members (with membership probability P > 50 per cent, de-
termined by them), and 119 are member candidates (P < 50 per cent).

We performed coherent cross-matching between CMa R1 mem-
bers and our groups, selecting 501 stars from GH21 that comply with
our selection criteria described in Section 2.1. From our sample, we
selected 275 members of CMa06 and 12 from CMa05 within the
T80S FOV that fulfil the authors’ selection criteria.'” It is important

9The data query was limited to 0.8 < @ (mas) < 1.25, w/o, > 3, and
RUWE < 1.4.

10CMa06 has 31 members out of the T80S FOV and another 98 stars with
parallax lower than the limit of 0.8 mas adopted by GH21 to select their
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Figure 4. (a) Spatial and (b) proper-motion distributions of CMa06 and
CMa05 (blue and pink points, respectively) compared with CMa R1 members
from Gregorio-Hetem et al. (2021b) shown by green circles, according to their
membership probability. CMa05 and CMa06 members with P < 50 per cent
are represented by light points. The hatched area in panel (a) represents the
region observed by the T80-S telescope.

to note that the T80S survey only covers, spatially, a fraction of our
sources identified in CMa05 and CMa06 (see the hatched area in
Fig. 4a).

In the first cross-matching, implemented in CMa06, we found 251
members of CMa R1 in our group. We noticed that all these objects
were classified as P >75 percent by GH21, even considering 18
stars with membership probability P < 50 per cent obtained by us,
showing that our method is more conservative than theirs. Actually,
this is not surprising, since, in addition to the proper motion used
by the authors to calculate membership probabilities, HDBSCAN
also takes into account the parallax and spatial distribution for the
selection of groups. On the other hand, HDBSCAN selected, in our
group CMa06, about 72 per cent (251/347) of the CMa R1 members
with P > 75 percent that follow our selection criteria, or, more
conservatively, 85 percent (201/238) of P > 90 percent CMa R1
members, proving that our method was effective in finding high-
probability CMa R1 members. Moreover, GH21 estimated, using the
cross-entropy technique, the mean proper motion of CMa R1: % =
—4.1 £ 0.6 mas yr~! and pus = 1.5 & 0.4 mas yr~!, which is com-
patible with our group CMa06, with pio* = —4.18 & 0.36 mas yr~!
and p15 = 1.52 & 0.21 mas yr~' (see Table 1).

sample and CMa05 has 14 objects out of the T80S FOV and five with lower
parallax.
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Table 1. Astrometric parameters of 15 groups found in the CMa OB1 region.

CMa OBI stellar group contents

Group NO  Nsy® psy©  RA@ Dec.®  pgcos 8P s ® & ® Dp® Ay &) V,® Gy ®
(stars) (stars) (%) (deg) (deg) (mas yr’l) (mas yr’l) (mas) (pc) (mag) (kms~ (kms™1)
CMa00 152 148 97 107.70%03 —9.36%037 —5.527050 259791 L73%00%  571%F 0277013 166 12
CMa0l 66 64 97 1068070 1% —7.66701% —3.947018 1137010 0917007 1066733, 0477017 208 4.2
CMa02 71 65 92 105.687013 —7.747013 1504013 3457021 0 g7t008 110087 0531000 200 26
CMa03 103 101 98 104.867093 —13.257019 —2.927013 0317012 0.637008 15267339 0947031 215 33
CMa05 31 28 90 105.32%0% —11.20%037 —2.98T011 0797098 0.78+010 1224735 1.08703% 185 19
CMa06 404 377 93 106117030 —11.45%070 —4.20703% 1527080 0857007 1147777, 1187005 243 34
CMa07 34 26 76 106.60%01% —12.79%018 —3.367020 0797013 0841008 1159735 0707018 192 1.6
CMa08 76 64 84 107437011 12307039 —3.13%010 0877013 0847007 116272 097702 182 1.6
CMa09 180 173 96 104.877018 —13.817018 —1.78%01% 2187014 0717097 1356199 074701 181 26
CMal3 80 68 85 10727707 —7.19%043 —0.91701) —1.227017 L13%00)  869%3 0407015 63 09
CMal5 384 365 95 108.6604 —10.23%013 —1.097038 0777018 0801022 1204755, 0467017 76 36
CMal7 1096 1039 95 105707070 —8.337030 —0.71%038 —0.66703% 097702 1003755, 0651041 50 21
CMal8 227 218 96 107.01701> —10.627510 0267018 0187515 091709 107673 0591016 17 07
CMal9 245 233 95 106677010 —10.037015 077101 —0.667013  0.58%0% 1654721 1.097032 79 19
CMa23 239 217 91 106.667033 —12.35703% —0.96%010 —0.287521  0.627012 15837320 0817012 77 2.0

Note.® Number of stars in the group; "’ number of stars with membership probability P > 50%; ) percentage of stars with membership
probability P > 50%; @ right ascension (ICRS) at Ep. = 2015.5; © declination (ICRS) at Ep. = 2015.5; ¢ right ascension proper motion;
(®) declination proper motion; O parallax; ) astrometric distance from Bailer-Jones et al. (2018); () visual extinction from three-dimensional
maps of dust (Green et al. 2019); ¥ tangential velocity;  velocity dispersion in two dimensions (RA and Dec.).

By means of the proper-motion distribution of the CMa R1
members (see Fig. 4b), we also note that some of the CMa R1
candidates, selected within a 3o distribution around the main cluster,
coincide with our group CMa05. For this reason, we performed
another cross-matching and found six CMa R1 member candidates
(P < 50 per cent) in CMa05.

In short, our methodology proved to be quite efficient to find
clusters known in the literature, as well as detecting new groups that
could potentially be new identified clusters. In addition, comparing
stars selected by HDBSCAN in our groups (especially CMa05
and CMa06 with CMa R1 members from GH21 and objects well
known in the literature, including bright stars, Ho emitters, X-ray
sources and YSOs; see the discussion in Appendix B), we verify
that our method is also efficient to find the fiducial members. This
is particularly true for objects with a high membership probability,
since we found 98 percent of CMa06 members in the T80S FOV
fulfilling the criteria selection of GH21, classified by the authors as
P > 75 per cent. On the other hand, due to our conservative method,
we were unable to find 28 per cent of members of CMa R1 with P >
75 per cent according to GH21.

4 GROUP CHARACTERIZATION

Focusing on groups with a high probability of being associated with
CMa OB, with a distance of ~ 1200 pc (Zucker et al. 2019, 2020),
and avoiding groups that may not have been well determined by
our choice of HDBSCAN parameter (see Appendix A), we select
a sample of 15 physical groups. These 15 groups are those in
which more than 75 percent of their members have membership
probability P > 50 percent and Dy < 1700 pc (see Table 1). In
order to understand these groups better, we derived their astrometric
parameters using a statistical approach and applied two algorithms,
which use different isochrone-fitting methods, combined with the
Gaia DR2 photometric data to determine fundamental parameters:

the age, distance, visual extinction, and metallicity of our groups.
All parameters are derived considering only members with P >
50 per cent.

A more detailed discussion about unreliable groups is presented
in Appendix Al. We also show a list of all possible physical groups
that were not well determined in this work, but deserve to be studied
in a future work, considering different ranges of parameters in the
sample selection.

4.1 Astrometric parameters

After determining all groups using HDBSCAN, we calculate their
astrometric parameters from the distribution of the individual pa-
rameters for objects with membership probabilities greater than
50 per cent in each group. The position, proper motion, and parallax
attributed to each group are given by the 50th percentile (median), and
for their respective errors we assume the 16th—84th percentile ranges.
The astrometric distances and the visual extinction of our groups
are derived in the same way using values described in Section 2.2.
Furthermore, we calculate the tangential velocity of each star from its
individual proper motions and astrometric distances. We assigned the
tangential velocity of each group from the 50th percentile also, and
the two-dimensional velocity dispersion from the standard deviation
of the tangential velocity distribution. All these parameters for each
group are presented in Table 1.

4.2 Fundamental parameters

The first code that we adopted to obtain the fundamental parameters,
developed by Monteiro et al. (2020) and henceforth referred to as the
M20 code, is based on the cross-entropy continuous multi-extremal
optimization method (CE), which takes into account the astrometric
membership of the stars obtained in Section 3.1 as well as the nominal
errors of the data. The M20 code uses theoretical isochrones from
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Table 2. Fundamental parameters obtained from isochrone fitting.

Group AgeM DpM Avp M [Fe/HM Agef i Dp/ Avp /S [Fe/HY Cluster name
(Myr) (po) (mag) (Myr) (po) (mag)

CMa00 85 £ 21 570.0 £ 1.0 0.34£0.05  0.00 £ 0.07 7073, 5493703 0317000 0077093 Alessi 21 PKLC

CMa0l 172 £ 36 1059 £ 19 042+0.08 0.07 £ 0.09200713 10157} 043705 0.05%00:

CMa02 137 £ 67 1071 £ 35 0.99+£0.12 —0.15 £ 0.12 125%}3  10207]%,  1.25%002  —0.48%)3

CMa03 536 £ 419 1531 £ 35 1.71£0.17 —0.12 £ 0.11 650733 154273 1187002 0.3070%; Gulliver 13 €

CMa05 17 £27 1229 £ 28 127+0.16 —0.14 £ 006180777 113073,  L11%00]  —0.10%00;

CMa06  10.1 £ 1.0 1099 £ 29 0.96£0.09 —0.15 £ 0.059.0703 106973 1187007 0.071)%? VdB 92 PKLC

CMa07  13.1 £ 1.5 1149 £ 45 0.67£0.08 —0.03 £ 0.1114.07}7 10927 0747002 0.077053 FOF 2216 ¢

CMa08 18 £5 1138 £46 1.01£007 005 £ 00918071 10051 0997900 0.0579;

CMa09 329 + 186 1346 £ 9 1.08+£029  0.07 + 021325713 121970 1.087013 01473  NGC 2318 PKLC

CMal3 208 £ 63 873 +4 027+007 007 £ 004225713 85571 037790 0.02%03 FOF 2302 -

CMal5 114 £ 36 1074 £ 63 0.53+0.06 —0.13 £ 0.11 150713 1251733 0457003  0.28%001  NGC 2353 PKLC

CMal7 163 £81 986 £ 34 091£0.11 —0.15 £ 0.06 175713 93373 0867012 0077057  NGC 2323 PKLC

CMal8 181 £ 43 1024 £ 25 0.63+0.10 —0.03 £ 0.06 15073 1050723 0.597002 0147007 NGC 2343 PKLC

CMal9 42 £30 1446 £ 99 1.54+£0.11 —0.09 £ 0.11 6073, 1413755, 124709 030709  NGC2335PKLC

CMa23 131 £65 1374 £99 120£0.10 —0.16 £ 0.13 150%3 1552739, 1207002 0.14%)¢;

Notes. ™ Parameters: age, photometric distance (Dp), visual extinction (Ayp) and metallicity, obtained using M20 code, see also Appendix.
C1;/ same parameters obtained using FITCMD, see Appendix. C2; (x) metallicity: [Fe/H] = logio(Z/Zs). Clusters found in (@) Dias et al.
(2002); ® Kharchenko et al. (2016); ) Liu & Pang (2019); (© Cantat-Gaudin et al. (2020), Cantat-Gaudin & Anders (2020), and Dias et al.

(2021).

the Padova (PARSEC version 1.2S) database of stellar evolutionary
tracks and isochrones (Bressan et al. 2012) fitted to the Gaia DR2
Gpp and Ggp photometric data. A more detailed description of the
code is provided in Appendix CI.

For the M20 code, we applied the priors for distance and visual
extinction to the mean values present in Table 1. For [Fe/H] we use
the default prior of the code, estimated from the Galactic metallicity
gradient published by Donor et al. (2020). The age, distance, Ay, and
[Fe/H] for the 15 groups are presented in the first four columns in
Table 2. Additional parameters estimated by the M20 code are given
in Table C1.

The second code we use here, developed by Bonatto (2019) and
known as FITCMD, is a statistical approach to extract fundamental
parameters of star clusters from the photometric information con-
tained in observed colour—magnitude diagrams (CMDs). FITCMD
searches for physical parameters able to build a synthetic CMD,
based on the properties of the initial mass function (IMF) obtained
from isochrones, also from the Padova database, that best reproduce
the observed one. The detailed description of FITCMD is presented
in Appendix C2.

The FITCMD input parameters used by us here were the following:
ages from 1 Myr—1 Gyr; apparent distance modulus (DM) from
8.5-12 mag; colour excess (CEx) from 0-9 mag; metallicities
from 0.1 Zy—-2.5 Zo with [a/Fe] = 0.0; the cluster mass (M)
was default (from 1 My—10° Mg). The DM range corresponds
to the distances adopted here (500-2500 pc) and metallicities are
the values expected for open clusters in the Milky Way disc. The
partial results of FITCMD are also given in Table 2 (last four
columns) and Table C2 presents additional parameters estimated
by this code.

4.3 Overall comparison among groups
The results in Table 2, evaluated by us with the M20 code and

FITCMD, show that the groups found in the neighbourhood of
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CMa OBI1 have ages ranging from 9 Myr to ~ 650 Myr and
photometric distances (Dp) varying from ~ 550 pc to ~ 1600 pc.
The interstellar visual extinction in the direction of these groups is
less than 2 mag, with photometric values (Ayp) ranging from 0.27—
1.71 mag. Metallicity obtained from the M20 code varies in range
—0.16 < [Fe/H] < 0.07, while with FITCMD we obtain values in the
range —0.48 < [Fe/H] < 0.28.

Most of the parameters obtained by the two methods are in good
agreement and are consistent with each other (see Fig. 5). The ages
of all groups differ by less than 30 percent from one method to
another. Distances have values determined by both methods with
a percentage difference smaller than the other three parameters;
only for the groups CMa08, CMal5, and CMa23 is this differ-
ence greater than 10 percent. However, CMa00 and CMa05 have
incompatible distances between the two methods, mostly because
both codes determined small errors for these measurements. The
visual extinction of all groups is also compatible between the
methods, except for CMa03, which has Ay determined by the
M20 code almost 45 percent higher than the value estimated by
FITCMD.

Metallicity is the parameter that has the largest differences between
values determined by the two methods. This can be explained in part
by the use of a prior in metallicity in the M20 code, which is based
on the metallicity gradient of the Galaxy (Appendix C1 and Donor
et al. 2020; Monteiro et al. 2020), while for for FITCMD no prior is
used. The range used to fit this parameter is —0.9 < [Fe/H] < 0.7
for the M20 code and —1.0 < [Fe/H] < 0.4 for FITCMD (typical
for open clusters, see Sections 4.2 and C2). It is important to note
that, due to the low sensitivity of the data to metallicity, the M20
code fits values distant from the gradient used as prior only if the
weight of the evidence is significant. However, the values found
by both methods are compatible for most groups, since the errors
are significantly large in either case. Moreover, when looking at the
other panels in Fig. 5, we notice that the different metallicity values
do not affect age and distance determinations significantly and may
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Figure 5. Comparison between fundamental parameters obtained using both isochrone-fitting methods, M20 code and FITCMD: (a) ages, (b) distances, (c)
visual extinctions, and (d) metallicities for 15 groups. The dark grey line represents equality between the two methods while the hatched areas show differences
of 10 per cent (grey), 20 per cent (light grey) and 30 per cent (very light grey) from this line.

only have a small effect on the determination of visual extinction
of some groups such as CMa02, CMa03, and CMa019, which are
still within a 30 per cent difference when taking uncertainties into
account.

To validate the ages, distances, and visual extinction determined
by the isochrone fittings, in Fig. 6 we compared them with parameters
available in the literature (Dias et al. 2002; Kharchenko et al. 2016;
Liu & Pang 2019; Cantat-Gaudin et al. 2020) for 10 open clusters
compatible with our groups (see Section 5.1), including parameters of
eight clusters determined by Dias et al. (2021) using the M20 code in
objects with membership probabilities determined by Cantat-Gaudin
et al. (2020). Astrometric distances and visual extinction from 3D
maps of dust extinction for each group are also compared in the
middle and bottom panels, respectively.

Four of our groups, CMa05, CMa06, CMa07, and CMa08, have
young populations with ages under 20 Myr. Most groups have
intermediate ages, older than 100 Myr and younger than 500 Myr.
CMa03 is the oldest cluster with age ~ 600 Myr. This parameter is
the one with the greatest divergence from the values in the literature
catalogues for most of the clusters compared with our groups.
However, almost all groups have some ages similar to those found
in the literature, except CMa07 and CMal3, which have discrepant
values provided for their corresponding clusters that are present only
in Liu & Pang (2019).

The isochronal distances of our groups have similar values deter-
mined by the two methods and are also within the range of astrometric
distances (Table 1), while only the Ay determined for CMa02 by
both methods and the Ay from M20 code are outside the range of
visual extinction obtained from the 3D maps. Both parameters of
our groups are also in good agreement with the literature, although
VdB 92, comparable with CMa06, has distance overestimated in the
two catalogues before Gaia. The cluster corresponding to CMa09,
NGC 2318, also has distance overestimated by Kharchenko et al.
(2016) and is also the only one with the highest visual extinctions
provided by the two catalogues before Gaia.

It is important to emphasize that all recent parameters estimated
by Dias et al. (2021) using one of the same codes as us (M20 code)
are similar to those found in our groups, except for the ages of VdB
92 (~ 6 Myr) and NGC 2323 (~ 470 Myr), reinforcing that some
groups were detected well by HDBSCAN, selecting members that
preserve the same characteristics as clusters known in the literature
with membership determined by another method.

These comparisons helped us understand better the relationship
between our groups and some literature clusters, as discussed in the
following section.
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Figure 6. Comparison of ages (top panel), distances (middle panel), and
visual extinction (bottom panel) for 15 groups in the line of sight to CMa OB1
(Da < 1700 pc) derived using both M20 code (magenta points: Section C1)
and FITCMD (cyan points: Section C2). Parameters from the literature: Dias
etal. (2002, D02), dark, and Kharchenko et al. (2016, K16), light blue crosses;
Liu & Pang (2019, LP19), light, and Cantat-Gaudin et al. (2020, C20) blue ‘X’
markers, and Dias et al. (2021, D21), blue squares. Grey dashed lines indicate
ages of 10, 20, 100, and 500 Myr and 1 Gyr. Mean values of astrometric
distances (D) and mean visual extinction from 3D maps (Ay) are presented
by black lines and their errors (1o, 20, and 3, see Section 3.1) are presented
by grey shaded areas.
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5 STELLAR CONTENT

We employ parameters evaluated using astrometric and photometric
data (see Tables 1 and 2) to recognize and confirm that some groups
found in this work are, in fact, clusters already known in the literature
or new candidates.

5.1 Known open clusters

We consider that our groups are previously known clusters if all
astrometric information for them is compatible with objects present
in at least one stellar cluster catalogue discussed in Section 3.2.1,
preferably in the catalogues with parameters determined from
Gaia DR2 data (Liu & Pang 2019; Cantat-Gaudin et al. 2020).
Among the 15 groups discussed in Section 4.3, we confirm that
10 of them are associated with already known open clusters.

The CMa00, CMa03, CMa09, CMal7, CMal8, and CMal9
groups were recognized to be the clusters Alessi 21, Gulliver 13,
NGC 2318, NGC 2323, NGC 2343, and NGC 2335, respectively,
having all five parameters similar to those provided in both catalogues
based on Gaia DR2 data. In addition, similar ages were found in at
least two catalogues, considering also Dias et al. (2002, 2021) and
Kharchenko et al. (2016), and helped us to confirm them, except for
Gulliver 13 and NGC 2335, which had ages estimated only by Dias
et al. (2021) similar to CMa03 (~ 600 Myr) and CMal9 (~ 50 Myr),
respectively. Gulliver 13 has an age of 1 Gyr according to Cantat-
Gaudin et al. (2020), and NGC 2335 has an age of about 160 Myr
provided by both catalogues before Gaia and ~ 350 Myr by Liu &
Pang (2019) and Cantat-Gaudin et al. (2020).

The CMa06 and CMal5 groups also have all five parameters
compatible with the vdB 92 and NGC 2353 clusters, respectively.
However, their number of objects and spatial distribution suggests
that these clusters are only part of their corresponding group (see
Fig. 3). CMa06 has 377 members with P > 50 per cent distributed
across the molecular cloud at CMa R1, in which at least almost
270 of them have P > 75 per cent membership in the star-forming
region determined by the Bayesian method (see Section 3.2.2),
while vdB 92 has less than 200 members in all catalogues. Thus,
we consider CMa06 as a CMa R1 population containing vdB 92.
On the other hand, CMal5 appears to have two different spatially
distributed subgroups, which we call CMal5-A and CMal5-B, with
the same proper motion and parallax, showing a slightly elongated
distribution (see Fig. 2). The most populated subgroup (CMal5-A)
is clearly NGC 2353, following the same steps to recognize other
known clusters and including ages found in two catalogues that are
the same as we found for CMal5 (~ 125 Myr). However, a more
detailed study of this group is necessary to state whether CMal5-B
is, in fact, part of NGC 2353.

Finally, CMa07 and CMal3 have astrometric parameters very
similar to FOF 2216 and FOF 2302 from Liu & Pang (2019).
Although this catalogue does not have photometric parameters for
comparison, CMal3 has almost the same amount of members as
FOF 2302, so it was enough for us to consider that both are the same
object. On the other hand, CMa07 has fewer members (26 stars with
P > 50 per cent) than the cluster (54 stars) and is spatially smaller
(see Fig. 3). Furthermore, although the age of FOF 2216 derived by
Liu & Pang (2019) is lower than our estimates for CMa07, the ages
assigned to both are less than 20 Myr, encouraging us to consider
that CMa07 should be part of FOF 2216.

MNRAS 508, 1033-1055 (2021)

5.2 New cluster candidates

In addition to the known clusters, another five groups with
Dy < 1700 pc (CMa01, CMa02,!" CMa05, CMa08, and CMa23)
are not reported in any catalogue discussed here. Thus, we classified
them as new cluster candidates. We suggest that CMa 08 and CMa 05
(< 20 Myr) are young stellar clusters. CMa01, CMa02, and CMa23
have ages varying between 125 Myr and 200 Myr and have been
recognized by us as in the intermediate evolutionary stage. Therefore,
in our next work, we propose a more detailed characterization of
these groups, based on multiwavelength data from the S-PLUS
collaboration, to confirm that these are new open clusters.

Moreover, there are four distant groups (D4 > 1700 pc) not related
to clusters known in the literature: CMa04, CMall, CMa20, and
CMa26 (see Appendix Al). Most of them have a very asymmetric
distribution of parallaxes, indicating an absence of objects with
@ < 0.4 mas (see Fig. 2c). Although these groups cannot be
connected to the CMa OB1 association, some of them may be new
open clusters. However, it is necessary to apply our tool considering
other parallax and spatial ranges to confirm them. Astrometric
parameters of these clusters are present in Table Al.

6 DISCUSSION

Zucker et al. (2019) estimated an astrometric distance, based on Gaia
DR2 data, of about 1200 pc for CMa OB1 and Fernandes et al. (2019)
showed that this association is formed by a shell with a diameter of
~ 60 pc, containing the CMa R1 star-forming region, nested in a
supershell with 140 pc diameter (see left panel in Fig. 1). Moreover,
Fernandes et al. (2019) suggested that three supernova explosions
occurred in the region: ~ 1, ~ 2, and ~ 6 Myr ago. Santos-Silva
et al. (2018) and Gregorio-Hetem et al. (2009) also noticed a mixture
of populations younger than 5 Myr, with one older than 10 Myr in
CMa R1, on the west side of CMa OBI.

Starting from the assumption that the groups composing the
association must have similarities between them and following the
example of both families found by Yalyalieva et al. (2020) in the
Sco OB1 association, we classified the 15 groups in the CMa OB1
neighbourhood (D < 1700 pc) into three sets of groups, according
to their proper motion (see Fig. 7). We then evaluated each set taking
into account the distances, ages, spatial distribution, and tangential
velocity of each group (see Fig. 8).

Fig. 8 shows these sets separately. Set A, Set B, and Set C are
shown in the panels on the left, middle, and right, respectively. The
proper-motion distribution of each one is presented considering the
astrometric distances of the groups in the first row and the ages in
the second row. The spatial distribution and the tangential velocity
vectors of each group are presented in the third and fourth rows,
respectively. Each row follows a specific colour map.

Bearing in mind that the CMa supershell can also be at least 140 pc
deep, we consider as possible CMa OB1 (D ~ 1200 pc) contents
those groups with astrometric distances in the range 1000-1400 pc,
in order to ensure that all groups having distances compatible with
the association were not previously discarded. They are presented
in the first row of Fig. 8 as blue groups. The foreground groups
having Dy < 1000 pc (cyan) and the background groups with
Dp > 1400 pc (magenta) were also analysed. Taking into account
different evolutionary stages among our groups, we also highlight,
in different colours, four main ranges of ages in the second row of

"Before this work was accepted for publication, CMa0l and CMa02 were
discovered by He et al. (2021).
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Figure 7. Proper-motion distributions of 15 groups with Ds < 1700 pc in the CMa OB1 association region. Green points represent groups in Set A, red points
are Set B groups and orange points are Set C. Light symbols present members with P < 50 per cent.

Fig. 8: very young groups, with less than 20 Myr (T0-20: dark blue
symbols); young groups, from 20-100 Myr (T20-100: blue); groups
in an intermediate evolutionary stage, from 100-500 Myr (T100-500:
cyan); and older groups, over 500 Myr (T500-1000: magenta). Note
that there are no objects older than 1 Gyr. In the third row, the groups
were coloured according to their location in relation to the CMa shell
and CMa supershell (Fernandes et al. 2019). Although we have no
radial velocities for most stars (see Table C1), to get some insight into
the internal structure and internal kinematics of the groups we have
highlighted the tangential velocity vectors, in the last row, according
to the 2-D velocity dispersion (see Table 1).

Hereafter, we evaluate each set from Figs 7 and 8 until we find the
CMa OB1 group contents and discuss the formation history of the
association based on these groups and previous works.

6.1 Set of groups

Considering the proper-motion distribution in Fig. 7, one notices
that Set A forms an elongated structure composed of seven groups
with CMa00 at the top, CMa03 at the bottom, and the other groups,
CMa01, CMa06, CMa05, CMa07, and CMa08, between the two
(green symbols). Set B has six groups, in which CMal3, CMal7,
CMal9, and CMa23 are mixed, constituting the main structure with
CMal5 above them and CMal8 on the right side (red symbols). The
other two groups, CMa02 and CMa09, having lower values of proper
motion in declination (is < —1.5 mas yr~'), are included in Set C
(orange symbols).

Set A has five groups (CMa01, CMa05, CMa06, CMa07, and
CMa08) with distances comparable to the CMa OB1 association
(1000 < D pc < 1400), and there is one (CMa00) in the foreground
and another (CMa03) in the background. Set A is younger than
the other two sets, having four groups (CMa05, CMa06, CMa07,
and CMa08) younger than 20 Myr, although it also has an older
group, CMa03, the only T500-1000. Another two groups, CMa00
and CMa01, are in distinct evolutionary stages T20-100 and T100-
500, respectively. In the projected spatial distribution, the CMa06 and
CMa05 groups appear to be connected to each other at the edge of the
CMa shell (see Figs 8 and 9). The CMa07 and CMa08 groups are on
the east side of them within this structure, with CMa08 almost in the
centre. CMa00 and CMa01 are to the north of them, outside the CMa
shell. CMa00, as well as CMa05, is inside the CMa supershell, while
CMa01 and CMa03 (in the south-west) are outside both structures. As
expected from our own set of group selection criteria, based on their
proper motion, we can see by the projection of the tangential velocity
vectors (last panel on the left side of Fig. 8) that almost all groups of
this set are moving in the same direction and with a similar tangential
velocity (~ 20 km s™!); see Table 1. However, CMa00 has lower 2-D
velocity dispersion (o y,p ~ 1 kms™"). CMa05, CMa07, and CMa08
have intermediate o vop (between 1.5 and 2.0 km s™!), while CMa03
and CMa06 have 3.0 < ovop (kms™!) < 3.5. CMa0l1 is the only
group with oyop > 4.0 kms~!. Half of Set B (CMal5, CMal7, and
CMal8) have similar distances to CMa OB1. CMal9 and CMa23
are background groups, while CMal3 is in the foreground. This
set of groups is mainly composed of groups with intermediate ages
between 100 and 500 Myr. Only CMal9 is T20-100. Concerning

MNRAS 508, 1033—-1055 (2021)
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Figure 8. Proper motion and spatial distributions of 15 groups with D5 < 1700 pc in each set of groups: Set A (left column), Set B (centre column), and Set C
(right column). First row: proper motion highlighted according to the distances of each group. Cyan groups are foreground stars with 500 < D4 (pc) < 1000,
blue points are at the same distance as CMa OB1, 1000 < D4 (pc) < 1400, and magenta points are background stars (1400 < D (pc) < 1700). Second row:
proper-motion distribution of these groups highlighting their ages. Blue groups have ages less than 100 Myr, cyan groups have 100 < Age (Myr) < 500, and
magenta groups 500 < Age (Myr) < 1000. Third row: spatial distribution are coloured according to the CMa shell (grey line) and CMa supershell (dashed
grey line) position (Fernandes et al. 2019). Groups in the CMa shell are blue, highlighting CMa08, almost in the centre, light-blue, and groups at the edge,
dark-blue. Groups inside the CMa supershell are cyan and those outside both structures are magenta. Fourth row: projection of tangential velocities indicating
their direction and magnitude according to the tangential velocity dispersion in cyan (0.0 < ovzp (km s71) < 1.5), blue (1.5 < ovop (kms™') < 3.0), and
magenta (3.0 < oyop (kms~!) < 4.5).
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Figure 9. (a) Spatial distribution on Digital Sky Survey image (640 nm); (b) tangential velocity vectors; (c) colour—magnitude diagram of the groups that
compose CMa OB1: CMa05 (magenta), CMa06 (cyan), CMa07 (light pink), and CMa08 (blue).

location, CMa23 is the only group for which most stars are inside
the CMa shell, while CMal8 is on the edge, following CMa06,
with some overlapping stars from CMal9. This group is inside the
CMa supershell with CMal$5 on the opposite side, while CMal3 and
CMal7 are outside, to the north of the CMa OB1 gas structures. The
groups in this set have smaller tangential velocities than the other
two sets, about 6 km s~!, except for CMal8 which has V; < 2kms™!,
which makes it difficult to identify the preferred direction in which
it is moving. On the other hand, while CMal5 seems to move in the
north-east direction, like groups from Set A, another four groups are
moving in the south-east direction. CMal8 and CMal3 are the only
ones with 2-D velocity dispersion less than 1 kms~'. CMal7, CMa
19, and CMa23 have ovap ~ 2 kms~! and CMal5 has higher o vap,
about 3.5 kms™!.

The two groups of Set C have similar characteristics. Both are at the
same range of distance from the Association and have intermediate
age, CMa02 being about 200 Myr younger than CMa09. Moreover,
both are outside the CMa supershell, moving in the same direction
with tangential velocity about 20 kms™!, as well as groups in Set A,
and they have 2.0 < oyop (kms™!) < 3. However, both are quite far
from each other: while CMa02 is on the north-west side of the CMa
supershell, CMa09 is in the south-west.

6.2 CMa OBI1 stellar groups

From Figs 7 and 8, we identified four groups (CMa05, CMa06,
CMa07, and CMa08) in Set A with similar characteristics. A
summary of the main parameters of these groups is presented in
Table 3. These groups are spatially close to each other, at the
same distance as the CMa OB1 association, and they seem to be
moving together regardless of the other groups. Moreover, they are
the youngest groups among all in the line of sight of CMa OB1, with
ages less than 20 Myr.

CMa06 is the youngest, with ages 9 and 10 Myr estimated
by us using both methods. It is associated with the molecular
dense gas present in the star-formation region CMa R1, since this
group contains many stars recognized in CMa R1, according to the
discussion in Section 3.2.2 and Appendix B. The CMa07, CMa08,
and CMa05 groups are older than 10 Myr and appear to be unrelated
to any of the three small (< 10°> Mg) 3CO clouds surveyed by Kim

etal. (2004). Moreover, although CMa08 and CMa07 are spatially on
the opposite side to CMa05, in relation to CMa06 they are practically
overlapping in proper-motion space (see Fig. 7), having very similar
tangential velocities and 2-D velocity dispersion, followed by CMa06
with both parameters slightly larger (see Table 3 and Fig. 9b),
suggesting that the internal structure and kinematics of this group
are a little different from the others.

On the other hand, in the panel (c) of Fig. 9, it is possible to notice
a large spread in the CMa06 CMD, mainly for low-mass stars. Most
of the objects can be seen between isochrones from 1-6 Myr, with
some of them ranging up to about 20 Myr. Among the stars with
G > 2 mag there is also a spreading, indicating that some bright stars
may have an overestimated visual extinction.

Finally, CMa08 shows a very interesting projected spatial dis-
tribution with an almost circular area empty of stars in its inner
region. Combined with its proximity to the crossing point predicted
for runaway stars (see fig. 5 from Fernandes et al. 2019), this makes
us suggest that this group may have been the progenitor cluster that
expelled the runaway stars, and also any other O-type star once there
were no other massive stars in the region, as well as clearing low-
mass stars from its central region. It is possible that the absence of
gas and dust there and in the nearby group CMa07 also occurred due
to the exhaustion of the parental cloud caused by an older (> 10 Myr)
generation of massive stars, which are no longer seen in this group
now.

6.3 CMa OBI1 star forming-history

Although the monolithic, or multi-monolithic, scenario (e.g. Lada &
Lada 1991; Brown et al. 1997; Kroupa et al. 2001) is not the
most acceptable for the formation of OB associations today, all
characteristics discussed in Section 6.2 suggest that the four physical
groups found within the CMa shell have formed in a small region
and are expanding, as are the Per OB1 and Car OB1 associations
(Melnik & Dambis 2017). During its expansion process, the most
massive stars appear to have been ejected from CMa0O8 at the
same time that its gas was being exhausted, as well as the gas
from another two groups (CMa(07 and CMa05) around CMa06. The
three supernova explosions reported by Fernandes et al. (2019) are
feeding back the star formation in CMa06, where gas and dust are
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Table 3. Parameters of CMa OBI1 contents.

Nso@  RA®

Dp )

Ay ®

Uacos 8P

(i)

-

®)
V2

0}

Group Dec.©  AgeM (@ Agel © g VD
(stars) (deg) (deg) (Myr) (Myr) (pc) (mag) (mas yr— by (mas yr- 1 (mas) (kms™) (kms™!)
CMa05 28 10532 —1120 17£27 160703 1224733 108103 209801l 0797008 0787010 185 1.9
CMa06 377 106.11 —1145 10.1+£1.0  9.0%03 147775, 18T 4207030 1527000 0857007 243 3.4
CMa07 26 10660 —1279 13.1+15 140703 1159135 0707013 —336702 0797013 084700 192 1.6
CMa08 64 10743 —1230 18+5 1807, 116279 097703 33701 087703 0847000 182 1.6

Note.® Number of stars with P > 50% in the group; ® right ascension (ICRS) at Ep. = 2015.5; ) declination (ICRS) at Ep. = 2015.5; @ age obtained using
M20 code (M), see Section C1; @ age obtained using FITCMD (f), see Section C2;  astrometric distance from Bailer-Jones et al. (2018); (®) visual extinction
from three-dimensional maps of dust (Green et al. 2019); ™ right ascension proper motion; ) declination proper motion; ) parallax; ® tangential velocity;

Velocity dispersion in two dimensions (RA and Dec.).

still abundant, reinforcing the scenario of multiple star formation
announced by Santos-Silva et al. (2018). However the widely spaced
stars of CMa05 can be interpreted as older low-mass stars (from the
first episode of star formation) that are dispersing from CMa06. The
CMa07 and CMa08 groups may also go through this process in a
few Myr, leaving a bound system and dissolving into field stars, since
only 5 per cent of clusters survive their first 20 Myr (Lada & Lada
2003; Pfalzner 2009, 2011) while remaining bound. Furthermore,
a small group composed of stars known in the literature, which
coincides with the BDSB 96 cluster (not found by HDBSCAN, see
Appendix A2) and Sh 2-297 nebula (Cantat-Gaudin & Anders 2020;
Mallick et al. 2012), is found between CMa07 and CMa06 and has
astrometric characteristics and probably similar age to these two
groups, indicating that it is also part of the Association and is perhaps
aremnant population from the distancing of these two groups. On the
other hand, CMa06 must have a longer survival time, as long as there
is star-forming material, but once this is finished, the association
reaches dissolution.

This process may have been essential for the maintenance of these
physical groups until today. However, a hierarchical scenario in the
star-formation history of association CMa OB1 cannot be totally
discarded, since several small groups of bright stars, YSOs, Ha
emitters, and X-ray sources are found, mainly associated with the
edges of the CMa shell and CMa supershell from Fernandes et al.
(2019), see Appendix B3.

In particular, Sewilo et al. (2019) recently searched YSOs using
infrared data, Hershel (HI-GAL survey), Spitzer, and 2MASS, where
they found nearly 300 YSOs in a region dubbed CMa-1224 (see
Fig. 1a), at the opposite side of CMa06, following the borders of the
CMa shell. They report that the vast majority of these objects are
associated with high H, column density regions and they argue that
these stars have formed in filaments and become more dispersed over
time, reinforcing a hierarchical star-formation scenario.

These structures could not be found in this work for two main
reasons: the first is the detection limit of Gaia, for which it is chal-
lenging to find embedded stars, and the second is the configuration
of HDBSCAN chosen in this work (Section 2.1), which allows only
detection of groups with more than 30 stars. It is important to note
that most of the objects reported by Sewito et al. (2019) were detected
by infrared surveys and suffer from high extinction, being immersed
in gas and dust, making their detection by optical surveys such as
Gaia difficult. For example, Pettersson & Reipurth (2019) found
only 98 stars with useful parallaxes determined by Gaia, among
all 334 Ho star emitters found by them. On the other hand, most
YSOs are found in small groups, such as those in Fischer et al.
(2016), who found no groups containing more than 25 objects. A
brief analysis of the objects studied by these authors, in addition to
bright sources from Gregorio-Hetem (2008), YSOs from Fernandes
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et al. (2015), and X-rays (Gregorio-Hetem et al. 2009; Santos-Silva
et al. 2018), shows that most of these objects are clustered on the
edges of the CMa shell but only some of them have good-quality
optical data from Gaia DR2. However, we found four subgroups
containing between six and 14 known stars that have parameters
similar to those of our CMa OB1 groups (see Appendix B1), giving
us a strong indication that, although these structures are not large
bound groups like clusters, they are also part of the Association.

7 SUMMARY AND CONCLUSIONS

In order to find physical groups or star clusters in the CMa OBI
association, we use a clustering algorithm — HDBSCAN (Mclnnes,
Healy & Astels 2017) — in five-dimensional parameter space:
aC0s 8, s, @, RA, and Dec., to search for different stellar groups in
regions as large as stellar associations and to provide their astrometric
parameters and characterize their properties. We applied this code
to a sample of about 250000 stars with good astrometric and
photometric quality from Gaia DR2, with parallaxes between 0.4
and 2.0 mas, covering an area of R = 4.1 centred on RA = 106.7°
and Dec. = —10.6°, in which we found 29 groups containing from
31 to 1096 stars. We also used the astrometric distances derived by
Bailer-Jones et al. (2018) and visual extinction computed from 3D
maps to help us characterize the stellar groups identified in our study.
15 groups were found by our method, with distances between 570
and 1650 pc around CMa OB1 (1200 pc). Seven of them have been
recognized in the literature as open clusters. CMa06 and CMal5
contain the known clusters VdB 92 and NGC 2353, respectively, and
CMa07 is probably part of a new cluster, FOF 2216, identified by
Liu & Pang (2019). The other five groups are unpublished in the
literature and they were considered by us as open cluster candidates.
In particular, CMa06 also contains a vast population of young objects
associated with the CMa R1 star-formation region, including 166
objects known in the literature, of which 76 percent are X-ray
sources studied by Santos-Silva et al. (2018), and many of them (~
67 per cent) appear to be very likely members as discussed by GH21
estimation of membership probabilities. Moreover, by comparing
the members of CMa05 and CMa06 with data from Santos-Silva
et al. (2018), we were able to corroborate that 55 X-ray sources
confirmed by the authors are in fact members of CMa R1 (CMa06).
In addition, 57 objects classified by them as possible members and
two of unknown origin can be reclassified as CMa R1 members.
We used two different algorithms developed by Monteiro et al.
(2020) and Bonatto (2019), both based on PARSEC isochrone fitting
of Gaia magnitudes, to determine the ages of the physical groups
found here. These fittings also provided distances, visual extinction,
and metallicities. The ages determined by the two algorithms were
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compatible, between them, for all 15 groups around CMa OB1. The
photometric distances and visual extinction also agree well between
both estimations and with astrometric distances and mean visual
extinction from 3D maps, respectively. Only CMa02 and CMa03
have overestimated photometric Ay obtained by at least one method.

In order to identify group membership of the association, we
segregate the 15 groups into three distinct sets of groups, according
to their proper-motion distribution. Set A has seven groups (CMa00,
CMa01, CMa03, CMa05, CMa06, CMa07, and CMa08). Set B is
composed of CMal3,CMal5,CMal7,CMal8,CMal9, and CMa23,
and Set C has two groups, CMa02 and CMa09.

The younger groups in Set A (CMa05, CMa06, CMa07, and
CMa08) are considered by us to be associated with CMa OB 1, mainly
because they are located within the CMa shell reported by Fernandes
et al. (2019). Moreover, CMa06 (~ 10 Myr) contains the youngest
stellar population associated with CMa R1 (Santos-Silva et al. 2018,
GH21). CMa07 has a smaller (26 stars) and more intermediate-aged
population (~ 14 Myr) in the south of CMa OB1. CMa05 (28 stars)
and CMa08 (64 stars) are aged about 18 Myr and are on the west and
east sides of CMa R1, respectively.

Astrometric and photometric analysis of these four physical stellar
groups in the association CMa OB1 helped us to clarify their
star-formation history better. These relatively close physical groups
within the 60-pc shell are consistent with the monolithic model of
association formation. However, it does not explain the embedded
stellar content associated with gas and dust filaments found by other
authors (see Fernandes et al. 2015; Fischer et al. 2016; Pettersson &
Reipurth 2019; Sewito et al. 2019), mainly at the edges of the CMa
shell on the opposite side of the CMa R1 star formation, where there
are no larger stellar physical groups, probably due to our selection
criteria, which are constrained to visible stars.

We suggest that these groups were all born together from a
smaller space in the centre of the CMa OB1 association, like the Per
OB1 and Car OBI1 associations (Melnik & Dambis 2017), and are
expanding. A first generation of stars older than 10 Myr gave rise to
CMa06, CMa07, and CMa08. The morphology of CMa08 suggests
that it is probably the progenitor cluster of massive runaway stars
expelled during the following episodes of star formation (~6, ~2,
and ~1 Myr) in CMa OB1 (Fernandes et al. 2019), phenomena also
responsible for expelling low-mass stars from the CMaO8 centre.
CMa06 is immersed in a dense molecular cloud in which both first-
generation stars (> 10 Myr) and the young population (< 5 Myr)
born from these recent episodes coexist, according to the findings of
Santos-Silva et al. (2018) and Gregorio-Hetem et al. (2009) based
on X-ray data. On the other hand, both CMa07 and CMa08 are
not having their populations renewed, as most of their gas and dust
have already been exhausted during the first star formation, and they
may lose their members in the coming Myr, since 95 percent of
clusters are expected not to survive their first 20 Myr (Lada & Lada
2003; Pfalzner 2009, 2011), as this is happening on the west edge of
CMa06, giving rise to CMa05, which is probably composed of older
low-mass stars leaving the larger group. CMa R1 must still form stars
for as long as its interstellar material lasts.

In the near future, we intend to find different characteristics in
the existing population in the CMa OB1 association, such as mass
segregation or multiple ages, from characterization of new cluster
candidates and those already studied, using multiband photometry
from the S-PLUS collaboration. On the other hand, astrometric data
from the next Gaia data releases combined with radial velocities will
be essential to confirm the expansion of younger groups in CMa OB1,
as well as to unravel the mystery of the older population (> 100 Myr)
found in the same region as CMa OB1.
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APPENDIX A: HDBSCAN CAVEATS

It can be noted in Fig. 2(a) that groups CMa04, CMa22, CMa24,
CMa27, and CMa28 are close to the edge of the sample on the
celestial sphere, and in Fig. 2(c) several groups seem to be at the
lower limit of parallax adopted in this work (' > 0.4 mas). In
order to avoid bias introduced by these constraints in the inferred
characteristics of 14 unreliable groups, they were excluded from our
analysis (see Section 4).

This Appendix is dedicated to summarizing the characteristics
of some of the discarded groups that deserve to be studied in a
forthcoming work (Section Al). In Section A2 we address the issue
of some previously known stellar clusters that were missed, probably
due to the conservative criteria adopted in our methodology.
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Figure Al. (a) Spatial distribution on Digital Sky Survey image (640 nm) of CMa06 (cyan) and CMa07 (light pink) compared with BDSB 96 cluster (purple
squares: Cantat-Gaudin & Anders 2020). Its light points present members with P < 50 per cent according to these authors and black contours highlights CMaS1
(see Appendix B3). A black line shows the CMa shell edge from Fernandes et al. (2019). (b) Proper-motion distribution; (c) tangential velocity vectors; (d)
violin histograms; and (e) colour—-magnitude diagram of both groups and BDSB 96.

Table Al. Astrometric median values of Gaia five-dimensional parameters, distance and visual extinction of seven distant possible groups not

well determined by HDBSCAN in the CMa OB region.

Group N @ Nso (b) Pnso () RA@ Dec.© Lo COS §0 s (€3] =™ Dy (@) Ay )
(stars) (stars) (%) (deg) (deg) (mas yr’l) (mas yr’l) (mas) (pc) (mag)
CMa04 132 123 93 102987035 —9.96 T04T —1257007 1267017 0501005 19217335 096703
CMalOx 37 35 95 10540 7095 —13.56 1098 —0.99 T008 143 098 0471003 2050 3% 0.84 T09%
CMall 31 28 90 10653 09 741 0 231502 002709 048 T008 1976 212 0.91 T8
CMa20 258 229 89 106.56 7010 —9.37 1038 —126 701 078010 0461000 206375 115703
CMa25+x 96 88 92 107.06 7013 —13.2271017 —1.427039 1267018 046700 200119 118930
CMa26 70 61 87 10645 0% 1227 01T 159 F012 1174012 0474005 20302 0.85 0%

Note.  Number of stars in the group; ) number of stars with membership probability P > 50%; () percentage of stars with membership
probability P > 50%; @ right ascension (ICRS) at Ep. = 2015.5; () declination (ICRS) at Ep. = 2015.5; o right ascension proper motion; ®
declination proper motion; ™ parallax; @ astrometric distance from Bailer-Jones et al. (2018); ) visual extinction from three-dimensional maps
of dust (Green et al. 2019). Probable clusters: «Ruprecht 8 and xxNGC 2345.

A1 Unreliable groups detected by HDBSCAN

Checking the diagnostic figures (See Appendix D and online
supplementary material) we realized that HDBSCAN may fail to
characterize groups that have parameters near to the edges of our
selection criteria (see Section 2.1). For instance, CMa04 has more
than 100 stars and seems to be part of a population that could not be
fully identified, since some members may be outside the spatial distri-
bution of the sample. Despite the lack of detected objects, this group
has more than 85 per cent of the population showing P > 50 per cent.
This high membership probability for a large fraction of the objects in
CMa04, as well as for CMal0, CMal 1, CMa20, CMa25, and CMa26,
indicates that they are probably physical groups that deserve to be
better studied, considering a different range of parameters.

The median values of astrometric parameters from Gaia DR2,
distance from Bailer-Jones et al. (2018), visual extinction from 3D
maps, and number of members (total and P > 50 per cent) of these
six possible groups are presented in Table A1. However, they cannot
be considered the actual parameters of these groups, but only a first
guess to help search for the entire group.

Comparing these parameters with previously known clusters (see
Section 3.2.1), we found that Ruprecht 8 (o = 0.44 mas, Cantat-
Gaudin et al. 2020) and NGC 2345 (= = 0.35 mas) can be related
to CMal0 and CMa?25, respectively, once our groups have positions
and proper motions similar to these clusters. These coinciding results
reinforce our hypothesis that these are actual groups. The other
candidates, CMa04, CMall, and CMa26 are probably new stellar

clusters, while CMa20 is suggested to be a large moving group, due
to its extensive spatial dispersion.

A2 Clusters not found by HDBSCAN

As discussed in Section 3.2.1, there are 30 clusters in the liter-
ature suggested to be related to the CMa OB1 region. However,
HDBSCAN did not find physical groups associated with 19 of these
previously known clusters. In fact, most of them (74 per cent)'? are
not confirmed as clusters by any of the recent catalogues based on
Gaia data (e.g. Liu & Pang 2019; Cantat-Gaudin & Anders 2020).
Our conclusion is that only five previously known clusters were
missed by HDBSCAN: FOF 2304 (Liu & Pang 2019) and BDSB 93,
BDSB 96, FSR 1183, and UPK 452 (Cantat-Gaudin & Anders 2020).
It is possible the some of these clusters were not detected due to our
choice of the minimum number of objects constraining identification
as a group (min_cluster = 30). Cantat-Gaudin & Anders (2020)
list 28 and 36 members for UPK 452 and BDSB 93, respectively.
However, only 25 objects in each cluster would be selected according
to our criteria (Section 2.1). On the other hand, FSR 1183 has 42
members following these criteria, but several of them have low

12Collinder 466, FSR 1158, FSR 1159, FSR 1160, FSR 1164, FSR 1169,
FSR 1178, FSR 1194, FSR 1199, FSR 1200, FSR 1202, FSR 1204, NGC
2349, and NGC 2351.
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membership probability,'® leaving fewer than 30 candidates to be
selected and identified as a group by the code. Still, its parallax
(w = 0.428 mas) is within the limit adopted by us, which is an
additional reason that HDBSCAN has missed this cluster. Finally,
despite FOF 2304 having 50 members, no data are available for
comparison. It is also located on the edge of our sample spatial
distribution, so that seemingly fewer than 30 of its stars coincide
with the area studied by us.

Another way to ensure the detection of these groups by the code
is to decrease the values of min_cluster; however, groups with
fewer than 30 objects are difficult to characterize because they are
scarce and less cohesive. These kinds of groups deserve more detailed
studies that are not the purpose of this work. Moreover, we are looking
for stellar groups at ~ 1200 pc, related to the CMa OB1 association,
which does not seem to be the case for FOF 2304, BDSB 93, FSR
1183, and UPK 452.

BDSB 96, present in four catalogues discussed in Section 3.2.1, is
the only important cluster for our analyses, that should be detected
by HDBSCAN but was not. According to Cantat-Gaudin & Anders
(2020) and Dias et al. (2021), this cluster contains 91 objects, but
only 52 of them follow our selection criteria. An intriguing issue is
that BDSB 96 (d ~ 1145 pc) shows a spatial distribution between
our groups CMa06 and CMa07 and has characteristics similar to
both. This led us to question why this cluster was not found by the
code. Could it be an important part of the CMa OB1 star-formation
scenario that is not being taken into account?

For this reason, we performed a comparison between data of
BDSB 96 members with P > 50 per cent (Cantat-Gaudin & Anders
2020) and our groups CMa06 and CMa(Q7. Although spatially
BDSB 96 looks like a physical group, the members have an
elongated spread distribution of proper motion, partially covering
the parameters of both CMa06 and CMa(7. Fewer than 20 objects
are concentrated around f1,cos § ~ —4 mas yr~! and us ~ 1 masyr~!,
meaning that it is not as cohesive as the groups found by HDBSCAN
(see Fig. Alb). The tangential velocity vectors (see Fig. Alc) show
that the members of BDSB 96 are moving in the same direction and
have similar tangential velocity to the groups CMa06 and CMa07.
The CMD shown in Fig. Al(e) was obtained using the same visual
extinction adopted for our groups. The ages distribution indicates
that the BDSB 96 population is also similar to CMa06 and CMa07.
Moreover, about 13 members of BDSB 96 are known in the literature
as bright stars, Ho emitters, or YSOs (see discussion at Section B1).
Six of these objects are also related to the HII region Sh2-297
(Mallick et al. 2012).

Even relaxing the minimal number of members (e.g.
min_cluster = 10)to be searched with HDBSCAN, which would
allow identification of less cohesive physical groups, BDSB 96 is
not detected. This fact leads us to suggest it is not formed by a
single physical group but may be the remaining population from the
rupture of two groups during the expansion process of the entire
CMa OBI1 association. Besides being associated with this complex
region, BDSB 96 may have a particular and located star-formation
history that could be supported by interaction between the ionizing
star HD 53623 (spectral type BO V, see Fig. 1(c)), and the H 11 region
Sh2-297, for which a dynamical age of 1.07 Myr was estimated by
Mallick et al. (2012). However, to confirm this hypothesis, a more

13 Among the 42 stars in the FSR 1183 cluster following our selection criteria,
10 have probability membership P < 10 percent, 9 have 10 percent < P <
50 per cent and only 23 have P > 50 per cent according to Cantat-Gaudin &
Anders (2020).

MNRAS 508, 1033-1055 (2021)

detailed multiwavelength study is needed, including the embedded
objects reported by Mallick et al. (2012) and data from Gaia EDR3
and S-PLUS obtained for the region between CMa06 and CMa07.

APPENDIX B: PREVIOUSLY KNOWN STELLAR
CONTENT

Still trying to understand the stellar population of CMa OB1 better,
we performed a search in the literature for objects identified in
association with this region (see Fig. B1). As mentioned in Section 1
and Section 6.3, part of CMa OB1, mainly its famous star-formation
region CMa R1, has been widely studied at different wavelengths. In
this Appendix we describe the comparison of members of our groups
with published catalogues related to CMa OBI1.

B1 Known stellar group membership

As compiled by Gregorio-Hetem (2008), there are 114 bright stars
in the CMa region, most of them having spectral type B, including
objects from catalogues published by Claria (1974a) and Shevchenko
et al. (1999). About 334 Ha emitters were detected by Pettersson &
Reipurth (2019) using the ESO 1-m Schmidt telescope at the La
Silla Observatory, covering a field of ~ 5° x 5° on the sky in
CMa OBI1. Gregorio-Hetem et al. (2009) found 98 X-ray sources
using ROSAT observations and Santos-Silva et al. (2018) detected
most of these sources and almost 300 new ones using sensitive
observations from the XMM-Newton satellite, which gives a total
of 387 X-ray sources found in CMa R1. Additionally, Fernandes
et al. (2015) characterized 56 young stars in CMa R1, using multi-
object spectroscopy performed by the Gemini South telescope, based
on optical spectral features, mainly Ho and lithium lines. The authors
confirmed 41 T Tauri stars: seven classical T Tauri (CTT), 34
weak T Tauri (WTT), and 15 very likely pre-main-sequence stars.
Fischer et al. (2016) also searched for young stellar objects (YSOs)
using the Wide-field Infrared Survey Explorer (WISE). They found
144 Class I and 335 Class 1I candidates in a FOV of about 10° x
10°, covering the entire region of CMa OB1. Finally, Sewito et al.
(2019) identified 293 YSO candidates on the opposite side of CMa06
(~ [ = 224°) in relation to the CMa shell (magenta rectangle in
Fig. 1a), using data from far-, mid- and near-infrared surveys from the
Hershel Space Observatory, Spitzer Space Telescope, 2MASS and
WISE. The authors characterized 210 of these YSOs and classified
them into three groups: 16 objects with ‘envelope only’; 21 with
‘envelope and disc’, and 173 ‘disc only’.

InFig. B1 we present all these objects, highlighting with filled grey
symbols the stars with Gaia counterparts that satisfy our selection
criteria (Section 2.1), and we use black symbols to represent objects
found in our groups. We consider four sets of objects based on their
characteristics in each survey: bright stars (Gregorio-Hetem 2008),
Ho emitters (Pettersson & Reipurth 2019), X-ray sources (Gregorio-
Hetem et al. 2009; Santos-Silva et al. 2018), and YSOs (Fernandes
et al. 2015; Fischer et al. 2016; Sewito et al. 2019).

The first step in identifying known stars in association with
our physical groups was to perform a cross-matching with objects
detected in the surveys mentioned above. We found 26 bright stars,
34 Ha emitters, 126 X-ray sources, and 41 YSOs in our physical
groups. Taking into account the overlap among the catalogues that
occurs for some of the objects, there are in our groups a total of 166
objects already known in the literature; 29 per cent (48/166) of them
appear in two or more of the inspected catalogues. Among the YSOs
that were previously classified, we found one Class I, 17 Class II
(CTT), 18 Class III (WTT), and five very likely pre-main-sequence
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Figure B1. Spatial distribution of four groups of CMa OBI1 and stars known in the literature on a Digital Sky Survey image (640 nm) of CMa OBI1: bright
stars from Gregorio-Hetem (2008) (stars); Ho emitters from Pettersson & Reipurth (2019) (squares); X-ray sources from Gregorio-Hetem et al. (2009) and
Santos-Silva et al. (2018) (X); and YSOs from Fernandes et al. (2015) and (Fischer et al. 2016) (triangles). Grey open and filled symbols represent objects
without and with Gaia counterparts, respectively, while black symbols highlight objects known in the literature to be present in our groups. Red ‘X’ symbols

are X-ray sources CMaX06 and CMaX07 from Gregorio-Hetem et al. (2009).

stars. Most of the known population is associated with CMa06. Only
10 objects are found in the other groups: CMa05 contains four known
stars, CMa08 has two stars, while CMa 15, CMa25, CMa 14, and
CMa20 have only one known object each.

As can be seen in Fig. B1, there are a large number of objects that
were previously identified in the direction of the CMa OBI1 region,
mainly YSOs and Ha emitters. However, most of them do not have
Gaia data or they are outside the astrometric and kinematic criteria
adopted by us to identify reliable members of the Association.

B2 X-ray sources

X-ray sources correspond to 76 percent (126/166) of the objects
from the literature that coincide with our groups; for this reason, we
dedicate this subsection to confirming the efficiency of our method

in finding objects previously known and to discussing the nature of
some of these objects.

Our analysis started with a sample of 387 X-ray sources studied by
Santos-Silva et al. (2018) in CMa R1, of which 118 were suggested
to be very likely members, 185 were possible members, and 84
remained without classification. The spatial distribution of these
sources is constrained to the same region as two groups found by
us: CMa05 and CMa06 (see Fig. B2).

We performed a cross-match of the X-ray sources with Gaia
objects that fulfil our selection criteria (see Section 2.1).'* We apply

14 Among 387 X-ray sources from Santos-Silva et al. (2018), 222 have reliable
optical counterparts, i.e. stars from Gaia DR2 following our selection criteria
(see Section 2.1); 157 have counterparts outside these criteria; and eight have

no Gaia counterpart.
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Figure B2. Spatial distributions of CMa06 and CMa05 (blue and magenta
circles, respectively) compared with X-ray sources (cyan circles) from Santos-
Silva et al. (2018). Group members with P < 50 per cent are light points. The
hatched area represents the fields observed by the XMM-Newton satellite.

the same methodology used by Santos-Silva et al. (2018) to search for
infrared counterparts and we find 270 stars from Gaia DR2 associated
with 222 X-ray sources. Note that some X-ray sources have more
than one optical counterpart.

Three Gaia counterparts are in CMa05 and 123 are in CMa06
(nine X-ray sources from this group have two optical counterparts);
see the grey ‘X’ in Fig. B1 and cyan circles in Fig. B2. Another
144 Gaia counterparts related to 105 X-ray sources were not found
to be associated with any of our groups. There are different reasons
that these sources have not been selected with HDBSCAN: 42 have
parallax incompatible with CMa05 or CMa06; 77 do not have proper
motion compatible with these groups, 12 have parallax and proper
motion similar to one group, but the spatial distribution does not
agree with that group. Finally, there are 13 objects having all the Gaia
parameters compatible with CMa05 or CMa06, but not detected by
our HDBSCAN methodology. This means that, among the analysed
sources, we missed ~ 3 percent (13/387) that could be associated
with CMa OB1. We also conclude that a significant fraction of the
sources that were previously considered possibly related to CMa OB1
are in fact foreground or background objects.

It is interesting to note that, among 117 X-ray sources identified
in association with our groups, only 57 were previously classified
as very likely members of CMa R1, while the other sources were
suggested to be candidates or had an unknown origin (Santos-Silva
etal. 2018). In other words, thanks to the present study, it was possible
to confirm that the other 60 X-ray sources are indeed members of
CMa OB association.

B3 Subgroups in CMa OB1

In order to investigate whether there are other known objects that
should be detected as members of our groups, we inspected the
spatial distribution shown in Fig. B1 searching for possible additional
subgroups. By selecting objects with distances < 1700 pc that form
subgroups with at least six objects, we detected four small clusters,
which are called CMaS1, CMaS2, CMaS3, and CMaS4 in Fig. B3.
The subgroup CMaS1 coincides with the BDSB 96 cluster (Sh 2-
297 nebula), discussed in Section A2, while CMaS3 and CMaS4 are
scattered around the borders of the CMa shell (Fernandes et al. 2019)

MNRAS 508, 1033-1055 (2021)
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Figure B3. (a) Spatial distribution of four subgroups of stars known in the
literature, potentially with CMa OB1 membership on a Digital Sky Survey
image (640 nm) of CMa OB1. The black and dashed lines show the CMa
shell and CMa supershell from Fernandes et al. (2019). (b) Proper-motion
distribution of subgroups, including four groups of CMa OB 1 for comparison.
(c) Violin histograms of parallaxes for each subgroup.
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and CMaS2 appears a few arcmin to the west side of the supershell
structure. It is interesting to note that, despite CMaS2 seeming to be
outside the structures considered, this subgroup coincides with two
unresolved (positional error ~30 arcsec) X-ray sources detected by
ROSAT, called CMaX06 and CMaX07. For both objects, Gregorio-
Hetem et al. (2009) identified infrared counterparts with ages in the
range 2-5 Myr and mass 2-3 Mg.

By analysing the proper-motion distribution of these subgroups
(see middle panel of Fig. B3), we note that all the subgroups
show similarities with results found for our groups CMa05, CMa07,
CMa08 and marginally coinciding with CMa06. CMaS2, CMaS3 and
CMaS4 are scattered in the same space of proper motion ((t,C0s 8
~ =33, 15 ~+0.75) mas yr~!, while CMaS1 is mainly concentrated
around (j1,c08 8 ~ —4, 115 ~ -+ 1) mas yr~! (excepting four dispersed
objects). Considering the parallax values (see Fig B2, bottom panel),
we note that CMaS1, CMaS2, and CMaS3 have w ~ 0.9 mas, cor-
responding to distances compatible with our groups, while CMaS4
seems to be more distant (o ~ 0.7 mas), but still within the range
of distances expected for the overall structure of the Association.

In a recent study based on CO observations of a molecular cloud
found on the east side of the CMa shell, Gregorio-Hetem (2021a)
investigated the stellar population associated with the dense cores
revealed by the emission peaks in the CO map. Nine dense cores
were found, distributed in filamentary structures that follow the
same spatial distribution of dust filaments observed in the infrared.
They found 44 cloud members in the region « = 108.51 £ 0.08,
8 = —12.1 £ 0.14, showing Gaia parameters (jt,cos § =-3.3 £0.3,
s =0.97 £ 0.2) mas yr*1 and @ ~ 0.86 &= 0.3 mas. These results are
similar to those found here for CMaS3, which can be considered an
independent confirmation of the existence of this subgroup belonging
to the Association. In addition, several of the objects in CMaS3
studied by us were detected in the YSO survey by Sewito et al. (2019).

All these previous results confirming the young nature of objects
appearing in subgroups, as well as the astrometric and kinematic
similarities with our physical groups, lead us to suggest that they
are actually associated with CMa OB1. As discussed in Section 5.1,
suggesting that CMal5 has two subgroups, it is possible that some
other large groups have complex distributions because they are
composed of several subgroups more or less scattered in the five-
parameter space, e.g. also CMa23. This seems to be the case for
CMa06, which shows possible small groups in the spatial distribution
(see Fig. D6), which could not be resolved by the HDBSCAN method
because the subgroups are too scarce. These small groups need to be
analysed in more detail, using additional observational information.
An example is CMaS1, which coincides with BDSB 96, which we
suggest to be related to CMa06 and CMa07 (see Section A2).

Despite the evidence being less strong for the other two subgroups,
there are similarities indicating that they may remain as possible
members of this complex Association. CMaS2 is located at the
same distance as the other groups and coincides in position with
X-ray (ROSAT) sources. Its proper motion is comparable with group
CMa03, and at the lower limit of CMa05, but the declination has
an offset of ~ 1° from each of these main groups. Finally, CMaS4
has parallax compatible to CM0S, as well as proper motion, but the
position is more than 1° separate in the sky.

APPENDIX C: ISOCHRONE FITTING CODES

Here we present the two codes, the M20 code and FITCMD, used by
us to estimate fundamental parameters of the groups found in this
work.

CMa OBI stellar group contents 1053

C1 Cross-entropy method

The cross-entropy method we called the M20 code was developed
by Monteiro et al. (2020). The code uses theoretical isochrones that
are fitted to the Gaia DR2 Ggp and Ggrp photometric data and is
based on the cross-entropy continuous multi-extremal optimization
method (CE), which takes into account the astrometric membership
of the star, as well the nominal errors of the data. The method has
been explained in detail in Monteiro et al. (2020) and references
therein. In summary, the CE method involves an iterative statistical
procedure, where the following operations are performed in each
iteration:

(1) random generation of the initial sample of fitting parameters,
respecting predefined criteria based on an assumed distribution;

(i) selection of the 10 per cent best candidates based on weighted
likelihood values;

(iii) generation of a new random sample of fitting parameters
derived from the distribution obtained based on the 10 per cent best
candidates of the previous step;

(iv) repeat until convergence or stopping criteria are reached.

The code interpolates from the Padova (PARSEC version 1.2S)
database of stellar evolutionary tracks and isochrones (Bressan et al.
2012), generated for the Gaia filter passbands of Maiz Apelldniz &
Weiler (2018), scaled to solar metal content with Zg = 0.0152. The
grid is constructed from isochrones with steps of 0.05 in log(age)
and 0.002 in metallicity. The search for the best solution can be
performed in the following parameter space:

(1) age: from log(age) = 6.60 to log(age) = 10.15;
(ii) distance: from 1-25 000 pc;

(iii) Ay: from 0.0-5.0 mag;

(iv) [Fe/H]: from —0.90 to + 0.70 dex.

Given the large passbands of the Gaia filters, the extinction
coefficients depend on the colour and the extinction itself. To account
for this effect, we use an updated extinction polynomial for the Gaia
DR2 photometric bandpasses, as presented in detail by Monteiro
et al. (2020).

The code also allows the user to specify priors in the parameter
distance, Ay, and [Fe/H]. In general, when not specified in the text, we
adopt distance N/ (u, o) obtained with Bayesian inference from the
parallax (=) and its uncertainty (o, ). The variance (o2) is obtained
from the distance interval calculated from the inference using the
uncertainty as lo,. The prior in Ay is also adopted as a normal
distribution with p and variance (0%) for each cluster taken from
the 3D extinction map produced by Capitanio et al. (2017)."> The
prior for [Fe/H] was estimated from the Galactic metallicity gradient
published by Donor et al. (2020). For the age we adopt a flat prior,
so that P(X,,) = 1.

To estimate uncertainties in the fundamental parameters, we used a
Monte Carlo technique, resampling in each run with a replacement in
the original dataset, to perform a bootstrap procedure. The isochrones
are also re-generated in each run from the adopted initial mass
function (IMF). The final fundamental parameters and respective
errors were estimated by the mean and one standard deviation of ten
runs. The code also provides radial velocities, the radius containing
50 per cent of members (750) and maximum radius (7y,y ), containing
all the stars in each group. The radial velocities (RV) are estimated
from Gaia DR2 data of the individual stars. However, there are no

15The 3D extinction map is available online at https://stilism.obspm.fr/
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Table C1. Group parameters obtained by the M20 code.

Group r50@ r50@ rmax ' log(Age)© Ag@ RV© NRV®
(pc) (arcmin)  (arcmin) (dex) (mag) (kms™!)
CMa00 0.363 22 67 793 £0.11 0.38+£0.36 39+7 9
CMa0l 0.163 10 28 8.24+0.09 0.52+041 - 0
CMa02 0.162 10 27 8.14+0.21 0.65+0.23 - 0
CMa03 0.136 8 30 8.73+034 1.07+£0.53 569=+0.7 4
CMa05 0.217 13 29 7.24+0.67 1.17+0.59 - 0
CMa06 0.278 17 50 7.00 £0.05 1.54 £0.90 30+4 2
CMa07 0.178 11 19 7.12£0.05 0.87£0.52 - 0
CMa08 0.219 13 29 726£0.12 1.05+£055 - 0
CMa09 0.185 11 33 8.52+0.25 0.96+0.43 8.7+03 2
CMal3 0.148 9 25 832+0.13 031+£0.22 3+10 4
CMal5s 0.219 13 63 8.06+£0.14 048+0.37 67.1+03 2
CMal7 0.245 15 68 821+0.22 0.67+030 157407 13
CMal8 0.132 8 27 826+0.10 057+030 157403 2
CMal9 0.146 9 42 7.62£031 127+£055 - 0
CMa23 0.315 19 63 8.12+0.22 097 +0.32 - 0

Note. ® Radius containing 50% of group members; ¥ maximum radius; ) age logarithm;  photometric
extinction in G band; ) radial velocity; ¥ number of stars used to calculate the group radial velocity.

Table C2. Group fundamental parameters evaluated by FITCMD.

Group M, @ (m—M),® E(B — V)© 7D 7175 ©
Mo) (mag) (mag)

CMa00 317 F146 8.699 0004 0.100 0003 0.0180 +0:0020 1.18 H013
CMa01 21310 10.03 -3 0.14 1003 0.0170 F-001 1.12 £00¢
CMa02 310 1147 10.04 +0-18 0.40 003 0.0050 T3 0.33 702
CMa03 507 1% 10.94 T0% 0.38 008 0.0300 TO0003 1.97 1003
CMa05 2657108 10.26 1002 0.37 7008 0.0120 TO000 0.79 700}
CMa06 1990 +643 10.15 729 0.38 1001 0.0180 F-001 1.18 £007
CMa07 75185 10.19 7001 0.210 7009 0.0180 00010 1.18 T007
CMa08 195 192 10.01 742 0.41 1003 0.0170 T0000 112 7047
CMa09 646 27 10.43 70409 0.35 1004 0.0210 TO000 1.38 700
CMal3 202 68 9.66 1003 0.12 102 0.0160 5000 1.05 T99¢
CMal5 1510 1329 10.49 099 0.15 002 0.0290 FO-0010 1.91 £00¢
CMal7 3130 +}30 10.57 0.3 0.28 003 0.0180 +0:0030 1.18 £020
CMal8 699 125 10.11 739 0.19 003 0.0210 T0000 1.38 700
+1340 +0.10 +0.002 +0.0005 +0.03
CMal9 1600 *4o8 10.75 *510 0.400 F5:002 0.0300 0% 1.97 1093
583 0.05 0.03 0.0010 0.06

CMa23 1400 735, 10.95 755 0.39 *0 0 0.0210 *) 0003 1.38 T8

Note. @ Total mass cluster; ®) apparent distance modulus; (© colour excess; @ metallicity; (e) metallicity

in terms of Solar values, assuming Zg = 0.0152.

groups with more than 13 stars with RV values; most of them have
only one or two objects with this parameter, so that the estimates of
RV for our groups are not reliable and they were not used in this
work. The additional parameters estimated using the M20 code are
presented in Table C1.

C2 FiTCMD

The FITCMD code was developed by Bonatto (2019). In general
terms, the code is a statistical approach intended to extract fun-
damental parameters of star clusters by means of the photometric
information contained in the observed colour—-magnitude diagram
(CMD). Based on properties of the IMF obtained from isochrones,
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FITCMD searches for values of the total mass stored in stars (or cluster
mass, M), age (f44.), global metallicity (Z), foreground extinction (or
colour excess, CEx), and apparent distance modulus (DM) in order
to build the synthetic CMD that reproduces the observed one best.
Magnitude-dependent photometric completeness and photometric
scatter are also taken into account. Finally, the best-fitting parameters
are found by minimizing the residual differences between the
synthetic and observed CMDs by means of the global optimization
algorithm Simulated Annealing (Goffe, Ferrier & Rogers 1994).
Other applications of FITCMD can be found in Piatti & Bonatto
(2019) and Bonatto & Chies-Santos (2020).

The FITCMD version used here (2020 April 14) works on several
photometric systems. In particular, for this work we use Gaia [ Vega-
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Mags] (G, Ggp, Grp) with PARSEC v1.2S 4+ COLIBRI PR16/NBC
models (Bressan et al. 2012; Marigo et al. 2017). The parameter
space allowed by the code is as follows:

(i) masses: starting at 0.1 Mg;

(ii) DM.: free;

(ii1) CEx: free;

(iv) ages: from 1 Myr and 13.5 Gyr;

(v) Z: from 0.0001-0.03, assuming solar metallicity Zo = 0.0152.

For adequate coverage, ages vary in steps of Ar = 1 Myr for 1-
10 Myr, At = 2Myr for 10-20 Myr, At = 5Myr for 20-50 Myr,
At = 10 Myr for 50-100 Myr, At = 25 Myr for 100-500 Myr, At =
50 Myr for 500-1000 Myr, and At = 250 Myr for 1000-13 500 My,
and the metallicites vary in steps of AZ = 10~ from 10~*~10~3 and
AZ = 1073 from 1073-3 x 1072

To derive the visual extinction, FITCMD uses the rela-
tion Ay = 3.1 x E(B—V) and for the metallicities it uses
[Fe/H] = log,o(Z/Zs) — 0.8[a/Fe] — 0.05[a/Fe]?. For consistence
with the M20 code we adopt [«a/Fe] = 0.0.

Additional parameters computed with FITCMD for the 15 clusters
studied in this work are presented in Table C2.

APPENDIX D: TABLES AND ANALYSIS
FIGURES

The table containing the properties of the members of the 29 groups,
Table D1, is available in its entirety in machine-readable form at the
CDS.

Also, when running HDBSCAN our code also makes analysis
images containing histograms and distributions of the parameter

CMa OBI stellar group contents 1055

members for each group: these are presented in Figs D1-D15. In the
firstrow RA and Dec. are presented; in the second row, proper motion.
In the last panels of these rows, the group members are contrasted
with the Gaia total sample (grey points); the first two panels in
the third row are proper motion (pm) and tangential velocity (V;)
vectors, respectively, while the third and fourth panels are histograms
of the visual extinction from 3D maps (Green et al. 2019) and the
membership probability of the group contents; in the fourth row we
present histograms of parallax, distances obtained from it (1/@),
and distances from Bailer-Jones et al. (2018). In the last panel a
comparison between both distances is shown. The members with
P > 50 per cent are presented in bright colours, while those with P <
50 per cent are in light colours. In the histograms, the median of each
distribution, considering only stars with P > 50 per cent, which were
used to determine the parameters of each group presented in Table 1
(see Section 4.1), is indicated by a solid line, while the 16th and 84th
percentiles (used for the uncertainties) are dashed lines. Moreover,
the 2.5th and 97.5th percentiles are represented by dot—dashed lines
and 0.15th and 99.85th percentiles by dotted lines. In this Appendix
we present the diagnostic figures for the 15 groups discussed in this
work; the figures of another 14 groups are presented in the online
supplementary material.

In addition to the analysis figures, we also present, for the 15
groups, in the last line the colour-magnitude diagrams provided by
each fitting code: on the left is the CMD from the M20 code and on the
right is the CMD from FITCMD. In both panels, the line represents the
best-fitting isochrone from the codes. The M20 code CMD shows the
distribution of stars according to membership probability, while the
FITCMD diagram also presents the synthetic Hess diagram generated
by this code (coloured hatched area).

Table D1. Parameters of the members of group CMa00 selected by HDBSCAN.

IDGaia P RA Dec. qCOS 8 s 2 Da Ay Vi
(%) (deg) (deg) (masyr™!)  (masyr) (mas) (p)  (mag) (kms™')

3051226788077089664 100 107.36 £0.04 —9.15£0.05 —-524+£0.08 229£0.08 1.74 £0.06 565 0.37 11.74
3051233312124183168 100 107.46 £0.07 —9.09 £0.07 —5.56 £0.14 2.65+0.15 1.64£0.10 604 0.45 14.66
3051226375760232960 99 107.34 £0.06 —9.17 £0.07 588 £0.12 2.62+0.10  1.55+0.09 637 0.38 17.80
3051254894342334592 90  107.17 £0.05 —8.88+0.05 —5.61+£0.11 234+0.09 1.81+0.07 545 0.50 12.40
3051255787695465344 72 107.19 £0.04 —8.81+£0.05 —5.15+0.09 2.67+0.08 1.75=+0.06 562 0.38 11.29
3051247163401380992 66  106.94 £0.04 —9.00 &+ 0.04 —5.66 £0.08 244 +£0.09 1.79+0.05 550 0.32 12.79
3051203728391103232 56 10698 £0.12 —-9.26 £0.13 —-545+£0.27 224+£0.28 1.52£0.15 655 0.41 16.31
3051241356605265408 99 107.38 £0.04 —8.86£0.05 —534+£0.09 2324+0.09 1.81%0.05 543 0.30 11.32
3051338349846802560 80  107.74 £0.11 —882+0.12 —-557+0.24 2264027 1.73+0.15 574 0.35 13.41
3051330932445906560 100 107.50 £0.03 —8.91 £0.04 —-558 £0.07 2.45+0.07 1.86=+0.04 530 0.24 11.69

Notes. We provide for each star the Gaia DR2 identifier, membership probability (P), position, proper motion, and parallax (without zero-point
offset), distance obtained by Bailer-Jones et al. (2018), visual extinction from 3D maps (Green et al. 2019), and tangential velocities in the
equatorial system. This entire table containing 152 CMa00 members is available in machine-readable form at the CDS.

This paper has been typeset from a TEX/IATEX file prepared by the author.
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