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Abstract

This paper investigates the spatial structure and dynamical state of the old open cluster
NGC 2112 based on likely cluster members from Gaia Early Data Release 3. Using the
Density-Based Spatial Clustering of Applications with Noise (DBSCAN) algorithm, we
find 1193 likely cluster members down to G ~ 21 mag within a radius of 1.5 from the
cluster center. These likely cluster members can be divided into 865 core members and
328 border members by DBSCAN. We find that the core members are, on average,
significantly brighter and more centrally concentrated than the border members. This
suggests the existence of clear mass segregation within the cluster. We find that the
outer regions of the cluster exhibit a slightly elongated shape, which may be caused by
external tidal perturbations. We estimate a distance of D = 1108 + 3 pc for the cluster
based on bright core members. We find that NGC 2112 has a cluster radius of R, ~ 40’
(~12.9 pc) and a core radius of R, ~ 4.8 £ 0/2 (~1.5pc). This indicates that NGC 2112 has
a central concentration parameter of C = log (R.;/R.) ~ 0.92, which is significantly larger
than previously thought. In addition, we estimate a total mass of M, = 858 + 12 M and
an initial mass of M;,; = (2.2 + 0.5) x 10* M, for the cluster. This implies that NGC 2112
may have lost more than 90% of its initial mass. Based on the obtained distance and
kinematical data, we also calculate the Galactic orbit of the cluster.

Key words: Hertzsprung—Russell and C—M diagrams — methods: statistical — open clusters and associations:
individual (NGC 2112) — parallaxes — proper motions

1 Introduction

NGC 2112 (I = 205:87, b = —12.62) is a nearby open
cluster with an age of ~1.8 Gyr (Carraro et al. 2008;
Kharchenko et al. 2013; Haroon et al. 2017),' located at
a distance of ~700-1000 pc (Richtler & Kaluzny 1989;
Carraro et al. 2008; Kharchenko et al. 2013; Haroon et al.
2017) in the anti-center direction of the Galaxy. Our pre-
vious work shows that NGC 2112 may contain more than
700 member stars covering a wide range of star masses
(Gao 2018b). This indicates that NGC 2112 is one of

1 (https://webda.physics.muni.cz/).
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the few rich and old open clusters in the solar neigh-
borhood. NGC 2112 is therefore an important target for
understanding the dynamical evolution of old open clusters.
However, NGC 2112 suffers from heavy field star con-
tamination (Richtler & Kaluzny 1989; Brown et al. 1996;
Carraro et al. 2008). This makes it difficult to investigate
the spatial structure and dynamical state of this cluster. Pre-
vious investigations led to discrepant results. Kharchenko
et al. (2013) determined a core radius of 2/4 and a cluster
radius of 37!2 for the cluster. Haroon, Ismaill, and Elsan-
houry (2017) estimated a core radius of 5/1 £ 0!5 and a
limiting radius of 13/9 £ 1!3 for the cluster. They also
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estimated a relaxation time of ~22Myr for the cluster,
which is much shorter than the cluster’s age (~1.8 Gyr).
This indicates that NGC 2112 is currently at an advanced
state of dynamical evolution, and mass segregation should
have occurred within the cluster. However, there is no
clear evidence for the existence of mass segregation within
NGC 2112. To investigate the spatial structure and dynam-
ical state of NGC 2112, reliable cluster members are in great
request.

For a long time it was not easy to segregate cluster mem-
bers in NGC 2112 due to the lack of proper motions or
radial velocities. Fortunately, the second Gaia data release
(Gaia DR2) provides astrometric and photometric data
for about 1.3 billion objects (Gaia Collaboration 2016,
2018), which are highly suitable for the studies of open
clusters (Cantat-Gaudin et al. 2018; Gao 2018b, 2019b).
Cantat-Gaudin et al. (2018) have determined 705 bright
cluster members (G < 18 mag) for NGC 2112 using an
unsupervised method (UPMASK). They also determined the
distance and mean proper motion of the cluster. Unfor-
tunately, their member list cannot be used to investigate
the spatial structure and dynamical state of this old cluster
due to the lack of faint members with G > 18 mag. This
is because faint, low-mass members dominate the outer
regions of this relaxed cluster (see subsection 3.1).

This paper aims to investigate the spatial structure and
dynamical state of NGC 2112 based on Gaia Early Data
Release 3 (Gaia EDR3). Gaia EDR3 provides improved
astrometry and photometry for about 1.5 billion sources
(Gaia Collaboration 2021). We will use the Density-Based
Spatial Clustering of Applications with Noise (DBSCAN)
(Ester et al. 1996) algorithm to identify reliable cluster
members within a large field around the cluster. DBSCAN
is an unsupervised clustering algorithm and has been used
to identify cluster members of open clusters (Gao 2014;
Bhattacharya et al. 2017; Castro-Ginard et al. 2018; Xu
et al. 2019). The remainder of this paper is constructed
as follows. In section 2 we identify cluster members using
DBSCAN. In section 3 we investigate the spatial structure
and dynamical state of NGC 2112. The last section sum-
marizes the main conclusions of this work.

2 Data and method

2.1 Sample stars

Gaia EDR3 provides 5D astrometric parameters (positions,
parallax, and proper motions) and magnitudes in three
bands (G, BP, and RP) for about 1.5 billion sources (Gaia
Collaboration 2021). In order to identify cluster members in
NGC 2112, we must first select appropriate sample stars in
Gaia EDR3. Based on Gaia DR2 data, Cantat-Gaudin et al.

(2018) have determined a mean parallax of @ = 0.877 &+
0.003 mas and a mean proper motion of (j,c0s3, ;) =
(=2.713 £ 0.009,4.270 + 0.009) mas yr~! for NGC 2112.
Based on this information, we extract sample stars using
the following criteria: (1) the stars must lie within a radius
of 1.5 from the cluster center; (2) the stars must have par-
allaxes between 0.4 and 2.0 mas; (3) the stars must lie in
the proper motion range of —6 < p,cosé < 0 and 0 < s
< 6masyr~!; and (4) the stars must have magnitudes in
three bands. The selection radius (1.5) is about 6.5 times
as large as the limiting radius of the cluster (Haroon et al.
2017). This allows us to identify cluster members up to
~25 pc from the cluster center, assuming a cluster distance
of 940 pc (Carraro et al. 2008). The parallax and proper
motion criteria allow us to reject as many field stars as pos-
sible. This will greatly enhance the clustering performances
of DBSCAN. Finally, we obtain 9135 sample stars, each of
which has astrometric and photometric data.

2.2 Method

Based on Gaia DR2 data, we have obtained 740 likely mem-
bers within a 20’ radius of NGC 2112 using a Gaussian
Mixture Model (GMM) clustering method (Gao 2018b) .
However, the GMM method cannot identify more cluster
members within a larger field around the cluster, because
it is model-dependent and sensitive to sample stars (Gao
2018a). As a model-independent method, DBSCAN is able
to discover clusters with arbitrary shape in large data sets
based on two input parameters: the search radius (Eps) and
the minimum number of points (MinPts) within Eps (Ester
etal. 1996). Another advantage of DBSCAN is that no prior
knowledge about clusters is required (Ester et al. 1996).
This allows us to identify cluster members in NGC 2112
from a large number of sample stars in a more robust
manner. DBSCAN can divide a given set of data points into
three types: core points, border points, and noise points
(Ester et al. 1996), and the former two have higher average
densities than the latter one. In this paper, the core points
and border points are regarded as likely cluster members,
and the noise points are considered as field stars.

To enhance the clustering performances of DBSCAN,
we first normalize the original data in each dimension using

the following formula:

/

% —Min(X)
%' Max(X) — Min(X)’

(1)

where X = (x1,%2,%3, ...,%,) is the original data set, and
x; is the ith normalized data point. Min(X) and Max(X)
indicate the minimum and maximum values of the orig-
inal data set, respectively. This allows us to rescale the
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Fig. 1. Cluster number as a function of MinPts for the sample stars in
the field of NGC 2112. (Color online)

original data to the specified range [0, 1]. After doing
this, principle-component analysis (PCA) is used to find the
most informative components in the 5D normalized data.
This step helps to decrease the noise in our data set (Gao
2020). We find that the most informative four components
contain about 88% of the total variance. In the 4D PC
space, we perform DBSCAN clustering for different values
of MinPts with an increment of AMinPts = 1 keeping a

constant search radius of Eps = 0.1. We adopt this search
radius (Eps = 0.1) because our sample is relatively sparse
in the 4D PC space. For each value of MinPts, we count the
number of the clusters discovered by DBSCAN. In general,
the cluster number decreases with the increment of MinPts
(see figure 1). We find that only one cluster (NGC 2112)
can be detected if MinPts is greater than or equal to 49. In
this paper we identify cluster members of NGC 2112 based
on the input parameters (Eps, MinPts) = (0.1, 49).

2.3 Likely cluster members

Based on the appropriate input parameters, DBSCAN can
find 865 core members and 328 border members within
a radius of 1.5 from the cluster center (see table 1). The
core members can be regarded as the most probable cluster
members, because they are identified as core points by
DBSCAN. The border members, which are identified as
border points, are more likely to be cluster members than
field stars (noise points). Figure 2 shows the spatial posi-
tions of the 1193 likely cluster members. We find that the
core members are significantly more centrally concentrated
than the border members. It is found that the outer regions
of NGC 2112 exhibit a slightly elongated shape, which
roughly distributes along the cluster orbit (see figure 11

Table 1. Fundamental information of the 1193 likely cluster members.*

Gaia-ID RA () Dec () Member type
3218732127521861888 088.30468054211 +00.18586529376 c
3218823932448482688 088.68802088019 +00.37380479647 c
3218866989495548032 088.76772254203 +00.65760431894 c
3218826960400252544 088.49831787561 +00.23835846031 c
3218825616074916864 088.43863822057 +00.23247747270 c
3218890693419688064 088.34494514545 +00.53623166763 c
3218834107225970560 088.61701910969 +00.35363378291 c
3218829533085109120 088.34092549902 +00.27164198116 c
3218840115885472640 088.61322759691 +00.46532559350 c
3218881794247401600 088.31400053562 +00.50637499737 c
3218878500007817856 088.27948601114 +00.39339178325 c
3218881691168159872 088.30318773897 +00.49066514811 c
3218877774157809792 088.22340534758 +00.33778685333 b
3218844135975109504 088.95071843277 +00.41202641411 b
3218932204278736256 088.40700297689 +00.85495205760 b
3218912202616166656 088.23686547811 +00.85309550031 b
3218596990671530240 089.00115992956 —00.21030950534 b
3218838982013249280 088.45879607244 +00.41786024252 b
3218899665606371712 087.99614244458 +00.56053495733 b
3218735215603249408 088.30757360781 +00.21335978338 b

*This table contains Gaia EDR3 identifiers, positions and member types for the 1193 likely cluster members

identified by DBSCAN. Only a portion of this table is shown here to demonstrate its form and content; a

machine-readable version of the full table is available from the authors on request. The cluster members can be

divided into two types: core members (c) and border members (b).
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Fig. 2. Positions of the 1193 likely cluster members in NGC 2112. The
blue and red dots indicate the core and border members, respectively,
and the gray dots indicate the field stars (noise points). The green plus
is the new estimate (205.878, —12.619) for the cluster center based on
the Mean Shift method. (Color online)
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Fig. 3. CMDs of the core members (blue circles), border members (red
dots), and field stars (gray dots). (Color online)

in subsection 3.3). Based on the 1193 likely members, we
estimate the position of the cluster center using the Mean
Shift method (Comaniciu & Meer 2002), which can find
the central position for the densest region in the cluster
(see figure 2). Our results (205.878, —12.619) are consis-
tent with those obtained by Cantat-Gaudin et al. (2018).
Figures 3 and 4 show the color-magnitude diagrams
(CMDs) and proper motions of the 1193 likely cluster
members, respectively. Compared with our previous work
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Fig. 4. Proper motions of the core members (blue circles), border mem-
bers (red dots), and field stars (gray dots). (Color online)
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Fig. 5. CDFs of the core members (blue curve), border members (red
curve), and field stars (gray curve). (Color online)

(Gao 2018b), the present work identifies more cluster mem-
bers within a larger cluster-centric radius of 1.5. This helps
to improve our understanding of the spatial structure and
dynamical state of the cluster.

3 Fundamental properties of the cluster

3.1 Spatial structure and dynamical state

Based on DBSCAN, we have obtained 1193 likely cluster
members, including 865 core members and 328 border
members. The CMDs in figure 3 show that there is a clear
lack of bright stars (G < 15mag) for the border mem-
bers as compared to the core members. The cumulative
distribution functions (CDFs) show that the core members
are, on average, brighter than the border members (see
figure 5). The CMDs and CDFs indicate that clear mass
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Fig. 6. Distance to the cluster center (R) as a function of the parallax (=)
for the likely cluster members. The blue circles and red dots indicate
the core members and border members, respectively, and the gray dots
indicate field stars. (Color online)

segregation has occurred within the cluster. Mass segrega-
tion is expected to occur in relatively old clusters, which
have enough time to reach a state of energy equipartition
(Binney & Tremaine 1987). The typical relaxation time of
an open cluster with 1000 members is less than 0.1 Gyr
(Bonatto & Bica 2003; Chen et al. 2004). Even for a rich
cluster with 10000 members, the relaxation time is shorter
than 1 Gyr (Bonatto & Bica 2003). This indicates that the
observed mass segregation within NGC 2112 is the result of
dynamical relaxation. The elongated shape of NGC 2112
(see figure 2) may be the result of external tidal perturba-
tions (Chen et al. 2004; Sanchez & Alfaro 2009; Vicente
et al. 2016).

We plot the distance to the cluster center as a function
of the parallax for the likely cluster members (see figure 6).
We find that the border members extend up to distances
of ~50" from the cluster center. This value is significantly
larger than the radial extent (~30') of the core members (see
figure 6). It is reasonable to adopt a mean cluster radius of
R ~ 40" for NGC 2112. This value is about 2.9 times the
result (~13!9 + 1.3) derived by Haroon et al. (2017). The
likely members also allow us to estimate the core radius
(R.) for the cluster based on the King model (King 1962)
as

pr) = fot 1 L 2)

r/RP
where p(r) denotes the star surface density at the distance
r from the cluster center, and f, and f, are the back-
ground density and cluster central density, respectively. We
obtain the radial density profile (RDP) for the core and
border members within 40 of the cluster center. Fitting of
the King model to the RDP yields a core radius of R, =
4/8 £ 02 (see figure 7), which is consistent with the result
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Fig. 7. RDP of the likely cluster members within 40" of the cluster center.
The error bars denote the 10 Poisson errors, and the solid line is the
King profile (King 1962).

(5/1 £0!5) derived by Haroon et al. (2017) within the
1-sigma uncertainty interval. The central concentration
parameter (Peterson & King 1975) of the cluster is deter-
mined to be C = log (Ru/R.) ~ 0.92, which is significantly
larger than that (0.44) of Haroon et al. (2017). In table 2, we
list 21 cluster members with Gaia radial velocities (RVs).
We determined a mean RV of V. =31.24+0.4kms™! for
the 14 core members based on 100000 Monte Carlo simu-
lations (Gao 2019a). This value is in good agreement with
the result (30.9 & 0.4kms™!) reported by Carraro et al.
(2008) within the 1-sigma uncertainty interval. Among the
21 members, star #3219687706206179328 is located at
~36' from the cluster center. It has an RV of 30.42 +
0.27kms~!, which agrees well with the mean RV of the
cluster. It therefore provides a lower limit of ~36' for
the cluster radius. Star #3218603381582833280 is likely
not a cluster member, because it has an RV of 97.72 +
3.77kms 1.

A mean parallax of NGC 2112 is also estimated based
on the 182 bright core members with G < 15 mag, because
these stars have relatively precise Gaia parallaxes. Using
the same Monte-Carlo method, we obtain a mean par-
allax of @ = 0.903 & 0.003 mas (see figure 8), which is
slightly larger than that (0.877 £ 0.003 mas) determined by
Cantat-Gaudin et al. (2018). It has been shown that Gaia
EDR3 parallaxes have a relatively low zero-point offset
(Stassun & Torres 2021; Zinn 2021). Based on the mean
parallax, we determine the cluster distance to be D = 1108
+ 3 pc without taking into account the zero-point offset
in the parallaxes. Our result is consistent with the value
(940 £ 70pc) derived by Carraro et al. (2008) within
the 3-sigma uncertainty interval. Our result is also con-
sistent with the distance (~994-1241 pc) in Cantat-Gaudin
et al. (2018). Using the same method and sample stars,
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Table 2. Gaia radial velocities for 21 likely cluster members.

Gaia-ID RA () Dec (*) RV (kms~1) eRV (kms~1) Member type
3218829365581985920 088.31681556131 +00.25207322643 30.41 0.71 c
3218837130882723200 088.59628970006 +00.44847703987 33.97 10.65 c
3218833587534160128 088.58767479226 +00.33012073216 31.27 0.29 c
3218888876648697088 088.50080603233 +00.56974337902 29.44 1.04 c
3218878396928610560 088.26405610290 +00.38212799801 31.01 4.99 [
3218840257618901376 088.62827278511 +00.47941295313 31.26 0.21 c
3218884852263788032 088.30984506660 +00.53704815778 31.22 0.72 c
3218880561592085888 088.33809888119 +00.44399388464 29.05 1.20 c
3218832629757236480 088.38902990481 +00.38158589496 32.58 2.06 C
3218833076433648256 088.43238299429 +00.39913280833 30.67 8.50 c
3218838230394388608 088.47206007136 +00.41050227665 33.92 1.12 c
3218831289727287040 088.41914134009 +00.30889400587 33.93 3.34 c
3218886883783895680 088.45270754081 +00.50743424275 33.12 4.69 c
3218812494950559488 088.55617106241 +00.17143093679 30.93 0.62 c
3218899489512322304 087.99482626155 +00.53651335731 30.75 0.89 b
3218603381582833280 089.00858332262 —00.06505801497 97.72 3.77 b
3219654750920489728 088.01201646178 +00.76168719184 30.83 0.37 b
3218837886797001344 088.51328613013 +00.38335795813 29.42 0.73 b
3218849083776896512 088.95817518276 +00.48904019423 30.68 0.31 b
3219687706206179328 088.30415064041 4+00.98628976784 30.42 0.27 b
3218936082633687424 088.24790630648 +00.89569729015 30.38 0.34 b
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Fig. 8. Gaia parallaxes of the 182 core members (top panel) and Monte
Carlo simulations (100000 times) of their median parallax (bottom
panel). (Color online)

we estimate a mean proper motion of (—2.715 + 0.0035,
4.275 £ 0.005) mas yr~!, which agrees well with the result
obtained by Cantat-Gaudin et al. (2018).

Based on the mean radius R, of the cluster (40’ or
12.9 pc), we estimate the total mass M enclosed in this
radius using the following formula (King 1962):

4A(A— B
M= %Rﬁl, 3)

where G is the gravitational constant, and A and B indicate
the Oort constants. In this paper we adopt A = 15.3 +
0.4kms'kpc™!and B=—-11.9 £ 0.4kms ' kpc~! (Bovy
2017). The total mass of the cluster is determined to be
Mg = 858 + 12 M, which is somewhat higher than that
(~641 M@) obtained by Haroon et al. (2017). The disrup-
tion time of a cluster with mass 10* M is about 1.3 =+
0.5 Gyr (Lamers et al. 2005), which is slightly shorter than
the current age of NGC 2112 (~1.8 Gyr). This indicates
that NGC 2112 should have a high initial mass exceeding
10* Mg .

3.2 Initial mass

The initial mass M;,; of the cluster can be estimated using
the method proposed by Lamers et al. (2005). This analytic
method has been used to estimate the initial masses of the
open clusters NGC 6791 (Dalessandro et al. 2015) and
Ruprecht 147 (Yeh et al. 2019). The initial mass of the
cluster can be written as (Yeh et al. 2019)

y 1/y
M=[<%> +%] [ = qu(®)], (4)

where M. and ¢ are the present-day mass and age of the
cluster, respectively, and g.,(¢) is the mass loss due to stellar
evolution. Carraro et al. (2008) determined a slightly super-
solar abundance ([Fe/H] ~ 0.16) for NGC 2112. According
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Fig. 9. 2D side view of the cluster’s orbit; the red dot is the current
position of the cluster. (Color online)

to the values in Lamers et al. (2005), the function g.,(¢) is
written as

10g,0 gev (£) = (log, o t — 7.0)°255 — 1.805. (3)

To estimate the initial mass, we adopt y = 0.62, ¢, = 3.3
(Yehetal. 2019), M. =858 £ 12 M,andt=1.8 £ 0.3 Gyr
(Carraro et al. 2008) in this work. Finally, we obtain an
estimate of My, = (2.2 £ 0.5) x 10* M by taking into
account the uncertainties of the parameters. This implies
that NGC 2112 may have lost more than 90% of its initial

mass.

3.3 Galactic orbit of the cluster

The obtained distance, proper motions and radial velocity
allow us to calculate the orbit of NGC 2112. In this paper,
we determine the orbit parameters of the cluster using
the galpy python package (Bovy 2015). To do this, the
MWPotential2014 model is adopted to describe the Milky
Way’s gravitational potential (Bovy 2015). The solar dis-
tance to the Galactic center and the circular velocity at
the Sun are set to Ry = 8.0kpc and Vigr = 220kms™,
respectively (Bovy & Tremaine 2012). We adopt the
solar motion (Ug, Vg, Wo) = (11.1,12.24,7.25) kms™!
derived by Schénrich et al. (2010). The orbit is followed
backwards for a time interval of 6 Gyr, which is larger than
the age of the cluster. The apogalactic (R,) and perigalactic
(R,) distances are determined to be 12.028 and 8.913 kpc,
respectively. Figure 9 shows that NGC 2112 has a confined
box-type orbit (8.913 < R < 12.028 kpc). We find that the
cluster has an orbit eccentricity of e ~ 0.149 (see figure 10),
and its maximum distance from the Galactic plane is about
Zmax ~ 0.274kpe (see figure 9). NGC 2112 is currently
at its maximum height on the Galactic plane, because the
Z-component of its velocity is close to zero (~—1.5 kms™).
The orbit parameters suggest that NGC 2112 is a typical
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Fig. 10. 2D top view of the cluster’s orbit; the red dot is the current
position of the cluster. (Color online)
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Fig. 11. 2D density map of the sample stars; the blue dashed line is the
projected orbit. (Color online)

thin-disc cluster orbiting well outside the solar circle. We
also plot the projected cluster orbit and 2D density map of
the sample stars (see figure 11). NGC 2112 appears to have
a clear core-halo structure, and its elongated shape roughly
distributes along the cluster orbit.

4 Conclusions and discussions

NGC 2112 is an important target for studying the dynam-
ical evolution of open clusters in the solar neighborhood.
This paper investigates the spatial structure and dynamical
state of NGC 2112 using Gaia EDR3 data. For this pur-
pose, we identify 1193 likely cluster members within 1.5
of the cluster using DBSCAN clustering. We confirm that
DBSCAN can find reliable cluster members in noisy envi-
ronments (heavy field star contamination). Therefore, our
method, in principle, can also be used to investigate other
open clusters.
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We find that clear mass segregation has occurred within
the cluster due to dynamical relaxation. We also find that
NGC 2112 has an extended halo and exhibits a slightly
elongated shape (see figure 11), which may be caused by
external tidal perturbations. The distance of the cluster is
estimated to be 1108 + 3 pc, which is consistent with the
photometric distance obtained by Carraro et al. (2008). We
determine a mean cluster radius of 40’ (~12.9 pc) and a core
radius of 4/8 £0!2 (~1.5 pc) for NGC 2112. The central
concentration parameter of the cluster is determined to be
~0.92, indicating that NGC 2112 is at an advanced state
of dynamical evolution. We estimate a total mass of 858 +
12 M within the cluster radius. However, it is probably
a lower limit, because the cluster radius may be underesti-
mated (see figure 6) and the total mass is sensitive to the
cluster radius (see equation 3). We find that NGC 2112
may have an initial mass of (2.2 £+ 0.5) x 10* M. This
indicates that NGC 2112 may have lost more than 90% of
its initial mass. The high initial mass and compact spatial
structure may explain why NGC 2112 has survived to its
present age (~1.8 Gyr). We calculate the Galactic orbit of
NGC 2112 based on the obtained distance and kinematical
data. The orbit parameters show that NGC 2112 belongs
to the thin-disc population.
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