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ABSTRACT

We identify structures of the young star cluster NGC 2232 in the solar neighborhood (323.0 pc), and
a newly discovered star cluster LP 2439 (289.1pc). Member candidates are identified using the Gaia
DR2 sky position, parallax and proper motion data, by an unsupervised machine learning method,
STARGO. Member contamination from the Galactic disk is further removed using the color magnitude
diagram. The four identified groups (NGC 2232, LP 2439 and two filamentary structures) of stars are
coeval with an age of 25 Myr and were likely formed in the same giant molecular cloud. We correct the
distance asymmetry from the parallax error with a Bayesian method. The 3D morphology shows the
two spherical distributions of clusters NGC 2232 and LP 2439. Two filamentary structures are spatially
and kinematically connected to NGC 2232. Both NGC 2232 and LP 2439 are expanding. The expansion
is more significant in LP 2439, generating a loose spatial distribution with shallow volume number and
mass density profiles. The expansion is suggested to be mainly driven by gas expulsion. NGC 2232,
with 73 percent of the cluster mass bound, is currently experiencing a process of re-virialization,
However, LP 2439, with 52 percent cluster mass being unbound, may fully dissolve in the near future.
The different survivability traces different dynamical states of NGC 2232 and LP 2439 prior to the
onset of gas expulsion. NGC 2232 may have been substructured and subvirial, while LP 2439 may
either have been virial /supervirial, or it has experienced a much faster rate of gas removal.

Keywords: stars: evolution — open clusters and associations: individual (NGC 2232, LP 2439) — stars:

kinematics and dynamics

1. INTRODUCTION

Star clusters form from dense gas clumps inside giant
molecular clouds (GMCs). Only a fraction of the gas in
a GMC is converted into stars, while the remainder of
the gas is expelled from the cluster-forming clumps at
later times. Therefore, the dynamics of star clusters em-
bedded in the molecular cloud is dominated by the grav-
itational potential of the gas from which star clusters are
formed (Lada & Lada 2003). Feedback from high-mass

Xiaoying.Pang@xjtlu.edu.cn

stars, such as supernovae, stellar winds, and radiation,
will remove the intra-cluster gas within several million
years, which rapidly reduces the gravitational potential
of the star cluster. This results in a star cluster expan-
sion over a period of 4 — 10 Myr, from an initial radius
of 1—2 pc, depending on how rapidly the gas is removed
(see Kroupa 2005; Baumgardt & Kroupa 2007). Most
star clusters will lose a significant fraction of their stellar
mass after the phase gas dispersal, and often completely
dissolve into the galactic field. This is usually referred
to as infant mortality (de Grijs & Goodwin 2008). In re-
cent years, many studies investigated the processes and
effects of gas dispersal on the evolution of young clusters
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(e.g., Hills 1980; Goodwin & Bastian 2006; Baumgardt
& Kroupa 2007; Banerjee & Kroupa 2013; Brinkmann
et al. 2017; Shukirgaliyev et al. 2017; Farias et al. 2018;
Dinnbier & Kroupa 2020a,b, and references therein).

The dynamical state of the star cluster at the onset of
gas expulsion plays a crucial role in determining the the
survival chances of a star cluster after the gas has been
removed. If the gas expulsion occurs when the cluster
is dynamically subvirial and has a substructured spatial
distribution, the survival rate of the cluster is consid-
erably higher (Goodwin 2009; Farias et al. 2015, 2018).
Moreover, the faster the gas is expelled from the cluster,
the lower the bound fraction of mass for the remaining
cluster members is (Brinkmann et al. 2017). If the stel-
lar mass of a protocluster is more centrally-concentrated
than that of the gas, as obtained in the cluster forma-
tion model of Parmentier & Pfalzner (2013), the survival
rate of star clusters is also much higher (Adams 2000;
Shukirgaliyev et al. 2017).

The young star clusters that emerge from their
parental molecular clouds shortly after gas expulsion
will enter a phase of violent relaxation, which is the
phase in which the star clusters evolve from a non-
equilibrium state towards a new state of equilibrium
(Lynden-Bell 1967). If the cluster succeeds in obtain-
ing virial equilibrium during this phase, it is said to
have been re-virialized. Several young massive clusters,
such as R 136, and Westerlund 1, manage to regain viri-
alization within a time shorter than their present age
(Banerjee & Kroupa 2013; Cottaar et al. 2012). On
the other hand, the re-virialization time is substantially
longer than the age of several other young clusters, for
example in the cases of IC 2602, IC 2391, and NGC 2547
(Bravi et al. 2018). These clusters are supervirial and
continue to expand.

In addition to gas expulsion, the two-body relaxation
process in a cluster can also trigger expansion of the clus-
ter. However, the expansion rate induced by two-body
relaxation is substantially smaller than that resulting
from gas expulsion (see, e.g. Kroupa 2005; Moeckel et
al. 2012; Dinnbier & Kroupa 2020a,b). Simultaneously,
mass segregation occurs as a byproduct of two-body re-
laxation, as the cluster members attempt to achieve a
state of energy-equipartition (e.g., Pang et al. 2013).
Thus far, no astrometric efforts have been made to dis-
tinguish these two drivers of expansion in star clusters.
Testing these scenarios using observations of young star
clusters shortly after gas expulsion has occurred, is cru-
cial to understand the disruption process of star clusters.

NGC2232 is a young open cluster with an age of
25 — 29 Myr (Currie et al. 2008; Liu & Pang 2019),
located south of the Galactic plane at the position

of R.A.=96°9973, Decl.=—04°7929 (Gaia Collaboration
et al. 2018b). Unlike its neighbor, the Orion star-
forming complex, NGC 2232 has not attracted much at-
tention. There exist only several comprehensive studies
of this cluster. Claria (1972) carried out the first UBV-
photometry study of this cluster and estimate its age
to be 20 Myr. They measured the interstellar reddening
of the cluster as E(B — V) = 0.01 mag, and obtained a
distance of 360 pc. The latter measurement of the red-
dening was refined to 0.06 + 0.03 mag in the first spec-
troscopic study of sixteen cluster members by Levato
& Malaroda (1974). Lyra et al. (2006) constrained the
reddening in the colourcolour diagram by studying eight
evolved B-type stars, which gave a best-fitting reddening
of E(B—V) =0.07 + 0.02 mag.

Young star clusters that are still partially embedded
in the gas and dust of their parental molecular clouds
tend to have a high interstellar reddening. This phe-
nomenon is seen in the Orion Nebula Cluster, which
has differential reddening of several orders of magnitude
(Scandariato et al. 2011). Also, the reddening of the
1 Myr old cluster NGC 3603 can reach 1.5 mag (Pang et
al. 2011). The low reddening of NGC 2232 thus indicates
that it probably has already undergone gas expulsion.

Located right next to NGC 2232 (within 50pc) is a
newly-discovered star cluster, LP 2439, that was recently
found by Liu & Pang (2019, ID:2439). This star clus-
ter has not appeared in any study since its discovery in
2019. According to Liu & Pang (2019), LP 2439 has an
age similar to that of NGC2232. Note that a common
age does not necessarily imply a similar dynamical evo-
lutionary stage, as the dynamical ages of star clusters,
which may be quantified using the number of crossing
times since their formation (see Section 5). We there-
fore select both clusters as targets to investigate the ex-
pansion and dynamical state of star clusters after gas
expulsion.

Using the data from Gaia DR 2, we explore the neigh-
borhood of NGC 2232 and LP 2439, and investigate their
dynamical state after gas expulsion. In Section 2, we dis-
cuss the quality and limitations of the Gaia DR 2 data,
and describe our input data-set for structure identifica-
tion. We then present the algorithm, STARGO, which
is used to identify structures. Further confirmation of
membership is performed using the the color-magnitude
diagram. The properties of the identified member candi-
dates are presented and discussed in Section 3, including
the discussion of the evidence of gas expulsion. The 3D
morphology of NGC 2232, LP 2439, and the nearby as-
sociated structures are discussed in Section 4 along with
our interpretation of the results. The fate and dynam-
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ical state of both clusters are discussed in Section 5.
Finally, we provide a brief summary in Section 6.

2. DATA ANALYSIS AND MEMBER
DETERMINATION

2.1. Gaia DR 2 Data Processing and Analysis

The second data release (DR2) of Gaia (Gaia Collab-
oration et al. 2018a) has provided more than one billion
sources with parallaxes (w) and proper motions (PMs;
o cOS O, 1is) with unprecedented precision and sensitiv-
ity. The G band (330 — 1050 nm) photometry ranges
from ~ 3 mag to 21 mag. The median uncertainty of w
ranges from ~0.04 mas for bright sources (G < 14 mag)
to ~0.7 mas for faint ones (G~20 mag). The cor-
responding uncertainties of PMs for these sources are
0.05masyr~! and 1.2masyr—!, respectively (Lindegren
et al. 2018). Only 7.2 million stars have radial velocity
(RV) measurements in the Gaia DR2 (Cropper et al.
2018) with a typical uncertainty of 2 kms~1.

The spatial and kinematic structures of NGC 2232
and its neighboring cluster LP 2439 are investigated us-
ing Gaia DR 2 data within 100pc from the center of
NGC 2232. In Cartesian Galactocentric coordinates, the
center of NGC 2232 is located at (X,Y,Z) = (—8566.0,
—183.1, —14.0) pc !. The distance to NGC 2232 is taken
to be 325.6 pc (Gaia Collaboration et al. 2018b), and the
equatorial coordinates of its center as (R.A.=96°9973,
Decl.=—04°7929, J2000) from Gaia Collaboration et al.
(2018D).

We apply the same astrometric quality cuts as Linde-
gren et al. (2018, in their Appendix C) to exclude pos-
sible artifacts in the Gaia DR 2 from our sample. The
final “cleaned” sample contains 131,066 sources. Here-
after, we refer to this set as “Sample I”. The stars in
sample I have G magnitudes ranging between ~4.2 mag
and ~19.5 mag, and the sample becomes significantly
incomplete for G 2 19 mag.

Figure 1 (a) shows a 2D density map of PMs that only
shows bins with over-densities > 3¢ in Sample 1. Sev-
eral over-densities stand out. There is an over-density
near the average PMs of NGC 2232 (indicated with a
blue cross) (pq cosd, pus)=(—4.734, —1.844) mas yr—!
provided by Liu & Pang (2019). Another over-density is
seen at (g cosd, ps)=(—7.381, —2.569) mas yr—! (red

I The Cartesian Galactic coordinate system adopted in our study
is defined as follows. The Galactic center (I = 0° and b = 0°)
is located at the origin of the coordinate system. The positive
X-axis points from the projection of the Sun’s position onto the
Galactic mid-plane towards the Galactic center. The positive
Y-axis points towards | = 90°, and the positive Z—axis points
towards b = 90°. Further details about the coordinate system
can be found in the appendix of Tang et al. (2019).

cross, Liu & Pang 2019). This group corresponds to
LP 2439.The notable clustering at ju, cos § < 0 mas yr—*
and ps < 0 mas yr—! is the Orion star forming complex
(Jerabkova et al. 2019). An isolated over-density around
(fa cosd, ps)=(—5.310, 5.014) mas yr~! relates to an-
other new star cluster discovered by Liu & Pang (2019)
(ID: 2383), which is located at a distance of 377 pc (Liu
& Pang 2019) and does not show any spatial connection
to NGC2232. We apply a circular cut with a radius
of 2.8 mas yr~! (the black circle in Figure 1 (a)), to
only include NGC 2232 and LP 2439, for further anal-
ysis. This reduces the number of stars to 5,843; we
refer to this set of stars as ”Sample 11”7, hereafter. The
stars in this sample have magnitudes ranging between
G ~ 5.2 mag and G ~ 19.3 mag, and the sample is com-
plete for G < 18.0 mag. Note that the stars in Sample 11
are typically fainter than the stars in Sample I, since the
brightest stars, which reside in the Orion star forming
complex, have been removed.

In this study we use 5D parameters of stars in Sam-
ple IT (R.A., Decl., @, piq cosd, and pg) from Gaia DR 2.
Since only a fraction of the stars (~12 percent) have RV
measurements, RV measurements are used as supple-
mentary data. Adopting a distance of 1/, we compute
for each source the Galactocentric Cartesian coordinates
(X,Y, Z). The transformation is performed by using the
Python Astropy package (Astropy Collaboration et al.
2013, 2018). Counsidering the asymmetric error in the
distance that arises from the direct inversion of w, a
Bayesian method is adopted to correct individual dis-
tances of stars in Section 4.

2.2. Member identification

The unsupervised machine learning method, STARGO
(Yuan et al. 2018)? is used for member candidate selec-
tion. This algorithm is based on the Self-Organizing-
Map (SOM) method that map high-dimension data
down to two dimensions, while preserving the topolog-
ical structures of the data. STARGO has been success-
fully used in the identification of tidal structures in open
clusters, such as the Coma Berenices cluster (Tang et al.
2019) and the Blancol (Zhang et al. 2020).

We apply STARGO to map a 5D data set (X,Y,Z,
Lo cOS 0, s ) of the clusters NGC 2232, LP 2439 and their
surrounding region (Sample IT) onto a 2D neural net-
work to identify member candidates. We adopt a net-
work with 100x 100 neurons represented by the 100x 100
grid elements in Figure 1 (¢), to study Sample II. Each
neuron is assigned with a random 5D weight vector that

2 https://github.com/salamander14/StarGO
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Figure 1. (a) the 2D density map of the proper motion vectors for the regions around NGC 2232 and LP 2439 in Sample I.

The blue and red crosses indicate the over-densities generated by NGC 2232 and LP 2439, respectively. Each bin is smoothed
by neighboring 8 bins and here only bins with a number count > 30 are shown, where o is the standard deviation of all bins.
The color bar indicates the number count in each bin. (b) Histogram of the distribution of w. The orange solid line shows the
position Upeak—30. The left tail with © < upeak—30 is highlighted in orange, corresponding to the orange patches in panel (c).
The blue, red, purple, and green dashed lines denote the threshold values of u. Values smaller than this threshold produce the
5% contamination rate among identified candidates for the red, blue, purple and green patches in SOM (panel (¢)). (c) 2D
100 x 100 neural map resulting from SOM, the neurons with u smaller than the threshold values (blue, red, purple and green
dashed lines in panel (b)) of the 5% contamination rate are colored as blue, red, purple and green. The two dominant neuron

groups are traced with blue (NGC 2232) and red (LP 2439).

has the same dimensions as the input 5D parameters
(X,Y, Z, pqocosd, us) obtained from observations. The
weight vector of each neuron is updated during each
iteration so that it is closer to the input vector of an ob-
served star. This learning process is iterated 400 times
until the weight vectors converge. The value of the dif-
ference of weight vectors between adjacent neurons, wu,
is small when the 5D weight vectors of the adjacent neu-
rons are similar, indicating stars associated with neurons
are spatially and kinematically coherent. The neurons
with small values of u will group together in the 2D SOM
map as patches (see Figure 1 (¢)). Different patches cor-
respond to different groupings of stars. Neurons located
inside the patch have smaller u value than neurons out-
side. Therefore, u values of neurons inside patches gen-
erate an extended tail on the left (toward small value)
in the v histogram (see Figure 1 (b)).

A cut on the tail of the u distribution is used for mem-
ber selection. Tang et al. (2019) and Zhang et al. (2020)
select member candidates in the extended tail of the u
distribution, with u values less than the value of the peak
Upeak Minus the 99.85 percentile Az, (v < Upeak — Ass;
see their figure 3). Note that our samples cover the
Galactic mid-plane. Therefore, contamination by field
stars with similar PMs to those of cluster members is
much higher than for Coma Berenice (Tang et al. 2019)
and Blanco1l (Zhang et al. 2020; Jackson et al. 2020),
which are 100 — 200 pc off the mid-plane. Applying the
u-cut criteria, u < Upeak — Az, (orange vertical line in
Figure 1 (b)) results in a 13.3 percent field star contam-

ination rate in selected patches showed up in the SOM
(oragne patches in Figure 1 (c)), which is double the
value of ~ 5 — 6% in Coma Berenice (Tang et al. 2019)
and Blancol (Zhang et al. 2020).

The contamination rate is evaluated from the smooth
Galactic disk population using the Gaia DR 2 mock cat-
alog (Rybizki et al. 2018), by applying the same PM
cut as described in Section 2.1 to the mock catalog in
the same volume of the sky. Each of these mock stars
is attached to the trained SOM map, from which we
can compute the number of field stars associated with
selected patches.

In order to reduce field star contamination, the selec-
tion of w is chosen to ensure a similar contamination
rate of ~5% for the different selected patches (blue, red,
purple, and green dashed lines in Figure 1 (b)). We
color the two major clusters, NGC 2232 and LP 2439 in
blue and red, respectively. The two additional smaller
groups are colored as purple and green. Three small
purple patches merge into NGC 2232 as one big group
(orange patches) if we apply a u-cut of upeak —Az,. Con-
sidering their similarity, purple patches are considered
as one single group. Properties of NGC 2232, LP 2439,
and the neighboring groups will be discussed further in
Section 3. In the end, we have 182 member candidates
for NGC 2232 (blue), 331 for LP 2439 (red), 79 for the
purple group, and 61 for the green group.

2.3. Member Cleaning via the Color Magnitude
Diagram
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We construct a color-magnitude diagram (CMD) for
the 653 candidate stars of the four groups in Figure 2 (a).
Stars in the four groups surprisingly track a clear locus
of a main-sequence together, which is consistent with
the PARSEC isochrone of 25 Myr with the sensitivity
curves provided by Weiler (2018) (black solid curve),
adopting a reddening E(B — V) = 0.07mag (Lyra et
al. 2006) and a solar metallicity. Based on the nice
fit of the isochrone to the data, the adopted age is in
agreement with Currie et al. (2008), who obtained the
age of NGC 2232 using ROSAT x-ray members. Differ-
ent groups being coeval implies a common origin (see
discussion in Section 3). Although NGC 2232 is sug-
gested to be a metal-rich open cluster with a metallicity
of [Fe/H]=0.3240.08 (Monroe & Pilachowski 2010), the
isochrone with super-solar abundance (dotted curve in
Figure 2 (a)) is clearly shifted from the main sequence
locus towards redder colors due to the higher metallic-
ity. Note that Monroe & Pilachowski (2010)’s measure-
ment was based on spectroscopic observations of four
pre-main-sequence stars, whose lithium abundance is
higher than that of the main-sequence stars due to lower
effective temperatures (Juarez et al. 2014).

A dozen of candidate stars are located below the main
sequence locus (Mg > 4.7mag), corresponding to an age
equal to or older than 100 Myr (grey dashed curve in Fig-
ure 2 (a)). These stars are located on the outskirts of
NGC 2232 and LP 2439. The RV of one star among these
is four times larger than that of the other member can-
didates. Therefore, these are probably field stars. We
use the 100 Myr isochrone as a reference and redden it to
exclude possible contaminants. Around Mg = 8 mag is
the transition region between pre-main-sequence stars to
main-sequence stars. We redden the 100 Myr isochrone
by 0.04 mag for magnitudes brighter than Ms=8 mag,
and by 0.1 mag for those with Mg >8 mag. Stars bluer
than the reddened isochrone are excluded from further
analysis (black crosses in Figure 2 (a)). After the CMD
cleaning, 621 stars are selected as member candidates,
NGC 2232 (blue): 177, LP 2439 (red): 315, purple: 71;
green: 58.

3. PROPERTIES OF IDENTIFIED GROUPS
3.1. Crossmatch with Previous Catalogs

Several new catalogs have recently been published
for identifying new stellar groups with the multi-
dimensional parameters from Gaia DR 2. Recent work
by Liu & Pang (2019) has identified star clusters in
Gaia DR 2 using the friend-of-friend (FoF) cluster finder
in the five-dimensional parameter space (I, b, @, pi, €Os 9,
and pg5). LP 2439 (the red group), is one of the 76 new
clusters they discovered. Among their 148 members for

LP 2439, we recover 129 (orange circles in Figure 2 (b))
in the present study. In addition, among the 177 mem-
ber candidates that we identify in NGC 2232, 91 are
cross-matched with the membership list of LP 2393 in
Liu & Pang (2019, ID:2393). As can be seen in Figure 2
(b), members identified with the FoF cluster finder are
all concentrated near the centers of the two clusters.
Cantat-Gaudin et al. (2018) developed an unsupervised
membership assignment code UPMASK to identify star
clusters. In Cantat-Gaudin et al. (2018)’s study, 151 of
the member candidates in NGC 2232 (blue) and 6 of the
member candidates in the purple group (black circles in
Figure 2 (b)) are identified as members of NGC 2232 in
Cantat-Gaudin et al. (2018).

Kounkel & Covey (2019) applied an unsupervised ma-
chine learning techniques and identified 1900 star clus-
ters and strings in the Galactic disk. The strings that
they identified are co-moving groups with filamentary
structures reaching up to ~200 pc in length. They iden-
tified 328 strings with ages younger than 100 Myr in the
Solar neighborhood. Kounkel & Covey (2019) classify
NGC 2232 as a string spanning 40 degrees in the sky.
The membership list of this NGC 2232 string in Kounkel
& Covey (2019) cross-matches with 236 member candi-
dates in LP 2439, 142 in NGC 2232, 32 candidates in
the purple group, and 30 candidates in the green group
(black crosses in Figure 2 (b)). Stars in strings are not
only kinematically and spatially coherent, but also co-
eval. Kounkel & Covey (2019) suggest that the extended
shape of strings are primordial structures that originated
from giant molecular filaments (Zucker et al. 2018).

Unlike Kounkel & Covey (2019)’s claim, of a “lack of a
central cluster” among strings, NGC 2232 and LP 2439
do not only stand out as two central clusters with
significant overdensities in the space, but also show
two distinct overdensities in the PM distribution (Fig-
ure 2 (d)). Their RV distributions slightly offset each
other (Figure 2 (c)), with an average RV of 22.0 km s~!
and 25.4 km s—! for LP 2439 and NGC 2232, respec-
tively. The mean RV value obtained from Gaia DR 2 for
NGC 2232 agrees well with the mean RV of 25.40 km s~*
that was measured by Jackson et al. (2020) using the
Gaia-ESO Survey. Considering the coevality of the four
groups, they were likely formed during the same star
formation event in the same GMC. Two local high-
density regions in the GMC formed clusters, NGC 2232
and LP 2439. The purple and green groups consist of
stars formed along the primordial filaments associated
with NGC 2232, since their PM distributions are similar
to NGC 2232, instead of LP 2439 (Figure 2 (b)).

There is one member candidate in LP 2439 with a
negative RV, —9.73 km s~! (the grey shaded bin in
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Figure 2. General properties of identified member candidates. (a) The color magnitude diagram of Gaia DR 2 absolute
magnitude Mg (adopting Gaia DR 2 parallax) for candidate stars identified by STARGO. Red and blue dots are candidate
members of LP 2439 and NGC 2232. The purple and green dots indicate candidates of the purple and green groups in Figure 1 (c).
Crosses indicate field contaminants that are excluded from further investigation. The PARSEC isochrones of 25 Myr and 100 Myr
are overplotted as the black solid curve and grey dashed curve, with E(B — V) = 0.07 mag (Lyra et al. 2006) corrected and
solar metallicity assumed. The black dotted curve is the PARSEC isochrone of 25 Myr adopting the same reddening but a
supersolar metallicity of [Fe/H]=0.32 (Monroe & Pilachowski 2010). The asterisks indicate binary candidates. The red outlined
grey shaded asterisk corresponds to the grey shaded bin in panel (c). Uncertainties of colors are indicated with horizontal error
bars. The typical G magnitude error is 0.002mag. (b) The spatial distribution of member candidates after CMD cleaning. The
symbols and colors of member candidates are identical to those in panel (a). Members cross-matched with previous catalogs:
Cantat-Gaudin et al. (2018), black open circles; Kounkel & Covey (2019), black crosses; Liu & Pang (2019), orange open circles.
(c) is the RV histograms for LP 2439 (red), NGC 2232 (blue), the purple group and the green group. (d) shows the proper
motion vector plot with colors and symbols the same as panel (a) for member candidates.

Figure 2 (c)), different from the majority in LP 2439. follow-up spectroscopy may further constrain the nature
Considering its location along the binary sequence (the of these stars.
red outlined grey shaded asterisk in Figure 2 (a)), we

3.2. Ewvid Gas Expulsi
conclude that it is a probable binary candidate. The vidence of Gas Expulsion

other five member candidates with RV measurements As indicated by the low reddening in NGC 2232 (Lyra
are also binary candidates, being located along the bi- et al 2006), the gas content 1.5 very low in the region oc-
nary sequence (filled asterisks in Figure 2 (a)). Further cupied by our member candidates. We over-plot mem-

ber candidates on the map of a large scale CO survey
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Figure 3. CO emission map obtained from Dame et al.
(2001) in the region where member candidates reside. The
red dots are candidate members of LP 2439, and the blue dots
are candidate members of NGC 2232. The purple and green
dots represent the purple and green groups, respectively.

of the Galactic plane (Dame et al. 2001, Figure 3). To-
wards the south of NGC 2232, are remarkably long and
thin molecular filaments at 200° < I < 220° and —20° <
b < —10°, which belong to the Orion cloud in the back-
ground (No. 27 in Table 1 in Dame et al. 2001, Figure 3)
located at a distance of 414 — 437 pc (Hirota et al. 2007;
Menten et al. 2007). LP 2439 happens to overlap with
the CO emission at —3° < b < 0° (No. 31 in Table 1 in
Dame et al. 2001, Figure 3), which is induced by molec-
ular clouds at a distance of 12-18 kpc from the Galactic
center (May et al. 1993). The Leiden-Dwingeloo 21-cm
survey (Hartmann & Burton 1997) also shows a very
low column density of atomic hydrogen in the region
of 200° < I < 220° and —10° < b S 0°. Therefore,
the region at the distance of LP 2439, NGC 2232 and
its related filamentary structures (the purple and green
groups) can be considered free of gas and dust. This
is direct evidence that the parental molecular gas from
which the stars in NGC 2232 and LP 2439 were born,
has already been expelled by supernovae and/or stellar
winds. The two clusters enter a phase of violent relax-
ation after gas expulsion (see discussion in Section 5).

4. 3D MORPHOLOGY OF NGC2232 AND LP 2439
4.1. Distance Correction

In Figure 4, panels (a) to (c), we show the 3D spa-
tial distributions of member candidates in NGC 2232, in
LP 2439, in the purple group, and in the green group.
The shapes of these four groups are all stretched along
the same direction: the line of sight (indicated with the

black dashed lines). A similar phenomenon was observed
in another star cluster, Blancol (Zhang et al. 2020).
This artificial elongation is generated by the distance
computed by simply inverting the parallax, 1/w. The
errors in the parallax measurements Aw have a sym-
metric distribution function. After this reciprocation,
the distance distribution becomes asymmetric. Member
candidates in NGC 2232 and LP 2439 have w ranging
between 2.92 — 3.87 mas and 2.78 — 3.46 mas, respec-
tively. In an earlier study, we performed Monte Carlo
simulations to estimate the contribution of the error Aw
on the uncertainty in the evaluation of the X, Y, and
Z coordinates (Zhang et al. 2020). A typical Aw of
0.19 mas (with a distance in the range 289 — 360 pc),
corresponds to an error of 16 — 25 pc for our sample.

To correct for the pseudo-elongation generated by par-
allax errors, we follow the Bayesian inversion approach
introduced by Bailer-Jones (2015). We compute the like-
lihood based on the measured parallax combined with its
nominal error with a prior designed for star clusters and
field stars. The prior assumes a Gaussian spatial dis-
tribution of the star cluster members, and an exponen-
tially decreasing volume density for field stars (Bailer-
Jones 2015). We adopt the standard deviation of cluster-
centric distance of individual stars as the scale radius of
the Gaussian distribution. For each star, the field and
the cluster prior are combined with weights proportional
to the estimated membership probability, which we as-
sume 95%, considering a 5% field star contamination
rate (see Section 2.2). The corrected distance to each
star is the mean value of the posterior distribution. A
similar method has been applied to the star cluster M67
(Carrera et al. 2019, Appendix B); we refer to the latter
work for further details on the method.

4.2. Interpretation of the 3D morphology

After having corrected the distance measurements ob-
tained from the Bayesian method, we display the pro-
jection of member candidates onto the X — Y, X — Z
and Y — Z planes (Figure 4, panels (d) to (f)). The
intrinsic shapes of NGC 2232 and LP 2439 are more or
less spherical, while the purple and green groups resem-
ble filamentary structures stretching out to distances up
to 50pc. Their association with NGC 2232 is further
confirmed by the proximity in the spatial distribution.
Similar filamentary structures have been found in pre-
vious studies. Jerabkova et al. (2019) discovered the
Orion relic filament, which extends 90 pc in space and is
coeval, at an age of 17 Myr. Additional 250 pc long fila-
mentary structures with ages in the range of 10 —50 Myr
were identified in the Vela OB2 region by Beccari et al.
(2020). When assuming a prompt residual gas expul-
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are the same as Figure 2 (a). (a)—(c) display positions before distance correction. The black dashed lines indicate the direction
of the line of sight. (d)—(f) show 3D positions after distance correction via a Bayesian approach (see Section 4.1).

sion in a cluster with a star formation efficiency (SFE)
of 1/3, a significantly elongated morphology will start
to appear when star clusters are 80 Myr old (Dinnbier &
Kroupa 2020b). Galactic tides need at least 100 Myr to
develop two symmetric tidal tails in star clusters (Dinn-
bier & Kroupa 2020a). Therefore, the extended struc-
tures in both Orion and Vela OB2 are not tidal tails.
This scenario is consistent with the observations that
open clusters discovered with tidal tails have ages of at
least 100 Myr (see Réser et al. 2019a,b; Tang et al. 2019;
Zhang et al. 2020).

According to the numerical study of Dinnbier &
Kroupa (2020b), a star cluster with an SFE of 1/3 and a
phase of rapid gas expulsion (model C10G13), will have
about 50% of unbound members (i.e., outside the tidal
radius) at an age of 25 Myr. To test this scenario, we

compute the tidal radii of NGC 2232 and LP 2439:

GM¢ 3
= (asp) .
(Pinfield et al. 1998). Here, G is the gravitational con-
stant, Mo is the total mass of the star cluster, and
the parameters A and B are the Oort constants (A =
15.34+0.4km s~ ! kpc™!, B = —11.940.4 km s~! kpc~!;
Bovy 2017).

From the photometric masses of 185.3 £ 17.7 Mg and
140.5 £+ 9.4 M, obtained using a 25 Myr isochrone, we
compute tidal radii of 8.3 0.3 pc and 7.6 + 0.2 pc, for
LP 2439 and NGC 2232, respectively. FErrors are esti-
mated from the 25 Myr isochrone with super-solar abun-
dance (the black dotted curve in Figure 2 (a)). We as-
sume that stars within the tidal radius are gravitation-
ally bound to the star cluster, while those beyond the
tidal radius are unbound. The tidal radius of LP 2439
is smaller than its half-mass radius of 8.8 pc, implying
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that more than half of the mass of the stellar grouping
is gravitationally unbound. Note that the model cluster
(model C10G13) in (Dinnbier & Kroupa 2020b) is ten
times more massive than LP 2439, therefore the required
SFE should be higher to match the observed bound mass
fraction in LP 2439 (48%). This implies that the sce-
nario of an SFE higher than 1/3 and prompt gas ex-
pulsion may provide a good explanation of the observed
properties of LP 2439.

NGC 2232, on the other hand, has a half-mass radius
of 4.9pc. Approximately 73% of its mass is gravita-
tionally bound (i.e., within the tidal radius). For both
LP 2439 and NGC 2232 we observe no tidal tails beyond
the tidal radius. Instead, stars outside the tidal radius
are more or less spherically distributed with respect to
the cluster center.

To further quantify the spatial distribution of the
stars, we plot the radial distribution of the number den-
sity, the mass density, and the mean stellar mass within
different annuli of the two star clusters in Figure 5. The
surface number density profiles and surface mass den-
sity profiles are similar for both clusters, with higher
values in the center and a decline toward larger radius
(Figure 5 (a) and (c)). The volume number density pro-
file and the volume mass density profile in NGC 2232
share similar trends as its surface number density profile
and surface mass density profile (Figure 5 (b) and (d)).
However, the case is quite different in LP 2439, where
the volume number density profile and the volume mass
density profile are both very shallow (almost flat); see
Figure 5 (b) and (d). The members in LP 2439 has a
larger number (315) than that of NGC 2232 (177), and
a more extended spatial distribution (up to 32 pc) than
NGC 2232 (up to 27pc). The difference in surface and
volume properties for LP 2439 originates in the projec-
tion effect of members located in larger 3D annuli onto
2D annuli.

The volume mass density of both NGC2232 and
LP 2439 are comparable to those of a “leaky cluster”
(mass-loss cluster), as defined in Pfalzner (2009). A
mass-loss cluster is undergoing mass loss through a
range of processes (gas expulsion, stellar and dynami-
cal evolution, and tidal field) and expands at a velocity
of 2pcMyr~! at early times. The expansion is probably
more significant in LP 2439 since its volume mass den-
sity is approaching the lower limit of the observed “leaky
clusters” of 0.07 M, pc=2 (Pfalzner 2009). All identified
members are brighter than the Gaia DR 2 photomet-
ric limit; deeper observations are therefore required to
probe the contribution of faint members to the density
profiles.

An inspection of the 2D and 3D spatial distribution of
the member stars reveals no evidence of mass segrega-
tion in NGC 2232 and LP 2439 (see Figure 5 (e) and (f)).
On the other hand, stars enclosed within the 3—4 pc an-
nulus are generally more massive, and have a somewhat
larger dispersion.

5. DISCUSSION
5.1. Expansions of LP 2439 and NGC 2252

We investigate the expansion of LP 2439 and
NGC 2232 using the 3D motions of the member stars
(through combining PMs and RVs). Ounly 20 members
in LP 2439 have RV measurements, and 17 in NGC 2232.
We use the mean positions of the member candidates in
each cluster as the respective cluster centers of LP 2439
and NGC 2232, and the mean velocity in each cluster as
the reference frame, and present the relative 3D velocity
in Figure 6 (a) and (b). For this analysis, we consider
the purple and green groups associated with NGC 2232,
and use the mean motion of NGC 2232 as the reference
velocity for these groups.

It can be clearly seen that both clusters are expand-
ing, as their members are moving away from the cluster
center (Figure 6 (a) and (b)). However, the 3D velocity
appears to be oriented primarily along the direction of
the line-of-sight (see Figure 4). This can be explained by
the orientation of the velocity error ellipsoid, of which
the long axis is aligned with the line-of-sight. The typi-
cal error (median value) of Gaia DR 2 RV in our sample
is 5.7 km s~!, while the typical error of proper motion
is 0.25 km s~!. Therefore, the error of the 3D velocity
is dominated by the RV error, and the 3D velocity ellip-
soid is elongated along the line of sight. To reduce this
effect, we include RV data of NGC 2232 from Jackson et
al. (2020), who observed NGC 2232 using the Gaia ESO
survey with an RV uncertainty of 0.4 km s~!. Among
the members with membership probability larger than
90%, 51 members in Jackson et al. (2020) (blue vectors)
cross-match with our members, which demonstrates the
expansion within the tidal radius in NGC 2232 (see Fig-
ure 6 (c) and (d)). A similar expansion is found in the
intermediate-age cluster Coma Berenices, for stars both
within the tidal radius and those located in the tidal tails
(Tang et al. 2019). Since LP 2439 is a newly-discovered
star cluster, no high-resolution spectroscopic observa-
tions of its member stars are available as of yet.

The cluster expansion is initially spherically symmet-
ric, until the gradient of the Galactic gravitational po-
tential deflects the stellar orbits (Kroupa 2005) and
forms tidal tail-like structures. The spherical shapes of
NGC 2232, and LP 2439 suggest that the Galactic tide
has just started to affect the most distant candidates,
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Figure 5. The number density, mass density, and mean mass distributions along cluster-centric distance r for NGC 2232 (blue
curves) and LP 2439 (red curves). (a): Surface number density profile; (b): volume number density profile. (c): surface mass
density profile; (d): volume mass density profile. (e): distribution of mean stellar mass in each surface annulus; (f): distribution
of mean stellar mass in each volume annulus. The error bar is the standard deviation of the stellar mass in each annulus. The
values for the outermost data points (at 7 = 12pc for NGC 2232 and at » = 15 pc for LP 2439) are computed using all cluster

members with » > 11 pc (NGC2232) and r > 14 pc (LP 2439).

and has not yet affected the global morphology of the
star clusters. While majority of stars are moving out-
ward, several members in both NGC 2232 and LP 2439
are falling back to the cluster, which may be a con-
sequence of orbital epicyclic motions (Boily & Kroupa
2003; Dinnbier & Kroupa 2020a,b).

For a 25 Myr-old star cluster to spread over a region of
20 pc in size, an expansion velocity of at least 0.8 km s—!
is required. The measured 3D velocity dispersion may
be overestimated due to orbital motion in binary sys-
tems (e.g., Kouwenhoven & de Grijs 2008). Since the
latter affects RV measurements but not PMs, we com-
pute the 2D velocity dispersion from PMs and obtain
dispersions of 0.84km s~! for LP 2439 and 0.62km s~}
for NGC 2232, with a typical error of 0.25km s~!. Con-
sidering the above calculation of velocity dispersion,
the loose spatial distributions in both clusters can be
explained well by the expansion that started approxi-
mately 20 — 25 Myr ago.

In addition to gas expulsion, two-body relaxation is
another driver of expansion of the systems. This dy-
namical process drives massive stars to gradually sink
to the cluster center, and lower-mass stars to migrate
to the outskirts. However, the radial distribution of
the mean stellar mass within different annuli does not
show evidence of mass segregation (see Figure 5 (e) and

(f)). Therefore, We propose that the expansion in both
LP 2439 and NGC 2232 is mainly driven by gas expul-
sion, which has taken place on a time shorter than the
initial timescale of mass segregation.

The gas expulsion effect often induces a gradient of
velocity dispersion (Kroupa 2005). The 2D velocity dis-
persion obtained from PMs does show a gradually in-
creasing trend from the inner region towards the out-
skirts of the clusters. The 2D velocity dispersion starts
at opm = 0.71 km s™! within tidal radius, and in-
creases to opy = 0.94 km s~! outside tidal radius for
LP 2439, and increases from opm = 0.56 km s™! to
opm = 0.72 km s~! for NGC2232. These results are
consistent with the predictions of Parmentier & Baum-
gardt (2012) and Dinnbier & Kroupa (2020a) that an
expanding population of stars driven by gas expulsion
has a larger velocity dispersion than that of the popu-
lation within tidal radius of the cluster, since escaping
stars generally have “hotter” kinematics than the pop-
ulation of gravitationally-bound stars.

5.2. Different Fates of NGC 2232 and LP 2439

After gas expulsion, NGC 2232 and LP 2439 enter a
phase of violent relaxation. Whether or not they can
manage to be virialized again depends on the duration
of the re-virialization process, which typically requires
20 — 40 crossing times (Parker & Wright 2016). To esti-
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Figure 6. The relative 3D velocity vectors for member candidates projected onto X-Y and Y-Z planes. The red vectors repre-
sent the velocities of member candidates of LP 2439 relative to its mean motion, (U, V, W)=(—8.3,219.1, —4.0) km s~ !, and the
blue vectors the velocities of member candidates of NGC 2232 relative to its mean motion, (U, V, W)=(-9.3,219.2, —3.7) km s~*
are shown in panels (a) and (b). RVs in (a) and (b) are obtained from Gaia DR 2. The center of each cluster is indicated with
the (+) symbol. Black circles denote the tidal radii. The purple and green vectors are the relative velocity of member candidates
of the purple and green groups, relative to the mean motion of NGC2232. (c¢) and (d): The blue vectors represent the relative
velocities of members in NGC 2232 that are cross matched with members in Jackson et al. (2020) with membership probability
larger than 90%, relative to its mean motion, (U, V, W)=(—9.7,218.9, —3.8) km s~ . RVsin (c) and (d) are taken from Jackson
et al. (2020). The scale of the velocity vectors is indicated in the bottom-left corner of each panel.

mate how long it takes for cluster to be re-virialized,
we compute the crossing time at the moment of gas
expulsion, by assuming an initial cluster radius of 1 pc
and adopting the 2D velocity dispersion obtained from
proper motion (see Section 5.1). The crossing times are
estimated as t., = rp /o, where ry is the half-mass ra-
dius and o is the 2D velocity dispersion obtained from
proper motion (see Section 5.1). The crossing time of
NGC2232 is 1.6 Myr and that of LP 2439 is 1.2 Myr.
Note that, as the velocity dispersion at the onset of gas
expulsion is likely higher, the estimated crossing times
provide upper limits. The age of 25Myr corresponds

to at least ~17 t., in NGC 2232 and 21 t.. in LP 2439.
Considering the 73% bound mass and the unremarkable
density profile (Figure 5), NGC 2232 may be in the pro-
cess of re-virialization. On the other hand, with more
than half of the mass unbound and a shallow volume
density profile (Figure 5), LP 2439 is most likely in the
process of dissolution.

Although NGC 2232 and LP 2439 originate from the
same GMC, we witness two different dynamical fates,
which stems from the different dynamical states right
before the gas dispersal (Goodwin 2009; Farias et al.
2018). Assuming the same timescale of gas expulsion
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and the same SFE in NGC 2232 and LP 2439, we may
conclude that NGC 2232 is initially subvirial and sub-
structured, supported by the observed associated fila-
mentary structures. On the contrary, LP 2439 may be
either in a virial or supervirial state before the onset
of gas expulsion. Since LP 2439 is more massive, the
gas expulsion timescale may be much faster in LP 2439
than in NGC 2232 considering stronger stellar feedback
from massive stars. The faster gas expulsion, the faster
the expansion of the cluster is. Therefore, this results
in a lower survival rate of clusters (Kroupa et al. 2001;
Baumgardt & Kroupa 2007; Dinnbier & Kroupa 2020b).
Either scenario supports the dissolution of LP 2439.
Bravi et al. (2018) measured radial velocities of three
open clusters, 1C 2602, IC 2391, and NGC 2547, in the
age between 30 Myr and 50 Myr, and find that they are
also expanding and dispersing. High-resolution spectro-
scopic data can be used to further constrain the dynam-
ical history and fate of additional young star clusters in
the Galactic field.

6. SUMMARY

Utilizing high-precision Gaia DR 2 astrometry, we ap-
ply the cluster finding method, STARGO, to identify
stellar structures around the NGC 2232, LP 2439 and
their neighboring regions in the 5D phase space of stars
(X,Y,Z, pocosd,us). Additional member cleaning is
carried out using the location of the candidate members
in the color-magnitude diagram. LP 2439 is a cluster
newly discovered by Liu & Pang (2019) and in this study
we quantify for the first time its dynamical state. Both
clusters had their individual distance of member candi-
dates corrected by a Bayesian method to further discuss
their 3D morphology.

1. We have identified four groupings of stars in the
sample: the clusters NGC 2232 and LP 2439, as
well as two neighboring filamentary structures re-
lated to NGC 2232. The identification of the mem-
ber candidates of the two star clusters is in a good
agreement with earlier studies. The ages of the
four groups are consistent with an age of 25 Myr.
This suggests that they all formed from the same
GMC.

2. The member stars in LP2439 have an av-
erage distance of 289.1 pc, with the center
at R.A.=10323785, Decl.=—05°8008, correspond-
ing to Cartesian Galactocentric coordinates of
(X,Y,Z) = (—8526.5, —179.1, +16.8) pc. The
tidal radius (8.3 pc) of LP 2439 is smaller than its
half-mass radius (8.8 pc). More than half of the
mass in this cluster is gravitationally unbound.

3. Member stars in NGC2232 have an aver-
age distance of 323.0 pc, with the center at
R.A.=96°8931, Decl.=—04°7697, corresponding to
Cartesian Galactocentric coordinates (X,Y,Z2) =
(—8564.0, —181.3, —14.2) pc. The tidal radius
(7.6 pc) of NGC 2232 is larger than its half-mass
radius (4.9pc). More than 70% of the cluster’s
mass is gravitationally bound. We identify two
filamentary structures (which we refer to as the
purple group and the green group) that are asso-
ciated with NGC 2232.

4. We observe no evidence of mass segregation among
member candidates of LP 2439 and NGC 2232. We
find an overall expansion in both star clusters,
that is mainly driven by gas expulsion. The ex-
pansion generates a loose and roughly spherically
symmetric spatial distribution of stars. We ob-
serve a shallow volume number density profile and
volume mass density profile for LP 2439.

5. Although NGC 2232 and LP 2439 are formed in
the same GMC, our analysis suggests that these
two star clusters will have different dynamical fu-
tures. LP 2439 is undergoing violent dissolution,
while NGC2232 may be in the process of re-
virialization. We propose that this reflects differ-
ent initial dynamical states prior to gas expulsion
in the two clusters. We propose two possibilities
to explain why how these star clusters have ended
up in their current states: (i) prior to gas removal,
NGC 2232 may have been substructured and sub-
virial, while at the same time, LP 2439 may have
been either in virial equilibrium or supervirial; or
(ii) gas expulsion in LP 2439 occurred at a much
faster rate than in NGC 2232.
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