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ABSTRACT

Context. Open clusters are very good tracers of the evolution of the Galactic disc. Thanks to Gaia, their kinematics can be investigated
with an unprecedented precision and accuracy.

Aims. The distribution of open clusters in the 6D phase space is revisited with Gaia DR2.

Methods. The weighted mean radial velocity of open clusters was determined, using the most probable members available from
a previous astrometric investigation that also provided mean parallaxes and proper motions. Those parameters, all derived from
Gaia DR2 only, were combined to provide the 6D phase-space information of 861 clusters. The velocity distribution of nearby
clusters was investigated, as well as the spatial and velocity distributions of the whole sample as a function of age. A high-quality
subsample was used to investigate some possible pairs and groups of clusters sharing the same Galactic position and velocity.
Results. For the high-quality sample of 406 clusters, the median uncertainty of the weighted mean radial velocity is 0.5 kms~!. The
accuracy, assessed by comparison to ground-based high-resolution spectroscopy, is better than 1 kms™'. Open clusters nicely follow
the velocity distribution of field stars in the close solar neighbourhood as previously revealed by Gaia DR2. As expected, the vertical
distribution of young clusters is very flat, but the novelty is the high precision to which this can be seen. The dispersion of vertical
velocities of young clusters is at the level of 5 kms™!. Clusters older than 1 Gyr span distances to the Galactic plane of up to 1 kpc
with a vertical velocity dispersion of 14 kms™, typical of the thin disc. Five pairs of clusters and one group with five members might

be physically related. Other binary candidates that have been identified previously are found to be chance alignments.

Key words. stars: kinematics and dynamics — Galaxy: kinematics and dynamics — open clusters and associations: general

1. Introduction

Open clusters (OCs) are tracers of the formation and evolution of
our Galaxy. Their ages cover the entire lifespan of the Galactic
disc, tracing the young to old thin-disc components. Their spatial
distribution and motion can help to better understand the gravi-
tational potential and the perturbations that act on the structure
and dynamics of the Galaxy. Understanding how OCs evolve
and disrupt is very important for explaining the assembly and
evolution of the Milky Way disc and spiral galaxies in general.
Most Galactic OCs evaporate entirely in some 108 years (Wielen
1971), and the OCs known to be older than 1 Gyr are thought to
have survived as a result of their orbital properties, which keep
them away from the Galactic plane (Friel 1995). Internal interac-
tions between members, stellar evolution, encounters with giant
molecular clouds, and gravitational harassment by the Galactic
potential are the dynamical processes that contribute to the dis-
ruption of an OC (see e.g. Gieles et al. 2006; Gustafsson et al.

* The table with cluster velocities is only available at the CDS
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or
via http://cdsarc.u-strasbg.fr/viz-bin/qcat?]/A+A/619/
A155

2016). The OCs that have survived these effects are thus crucial
targets for understanding how several hundreds of thousands of
similar objects may already have been dissolved into our Galaxy
(Bland-Hawthorn et al. 2010). Another important question re-
lated to star formation is whether OCs tend to form in pairs or
groups. Binary clusters are fairly well established in the Magel-
lanic Clouds, but not in our Galaxy (Subramaniam et al. 1995;
de La Fuente Marcos & de La Fuente Marcos 2009; Vazquez
et al. 2010). The fraction of binary clusters can shed light on the
star-forming activity in molecular clouds and on the tidal disrup-
tion timescales. Therefore the determination of the spatial and
kinematical properties of OCs and a better knowledge of how
they evolve with time provide strong constraints for testing the
dynamical processes that occur at local and Galactic scales.

The information about OCs is compiled in large catalogues
and databases, such as WEBDA (Mermilliod & Paunzen 2003),
and the regularly updated catalogues of Dias et al. (2002),
hereafter DAML, and of Kharchenko et al. (2013), hereafter
MWSC. With this observational material available before the
Gaia era, several studies have drawn a picture of the kinemati-
cal behaviour of the OC system using several hundred objects.
Dias & Lépine (2005) compiled a sample of 212 clusters for which
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proper motions, radial velocities, distances, and ages were avail-
able, which later became DAML. The authors used the sample to
study the pattern speed of the nearby spiral structure. Wu et al.
(2009) analysed the kinematics and orbits for a sample of 488
OC:s extracted from DAML. They determined the velocity ellip-
soid and computed orbits with three different potentials resulting
in different vertical motions. They showed that the distribution of
derived orbital eccentricities for OCs is very similar to that derived
for the field population of dwarfs and giants in the thin disc. Vande
Putte etal. (2010) also analysed DAML and computed the orbits of
481 OCs in order to find clues on their origin. They found that or-
bital eccentricity and maximum height are correlated with metal-
licity. They suggested that four OCs with high altitude and low
metallicity could be of extragalactic origin. Gozha et al. (2012)
built a catalogue of fundamental astrophysical parameters for 593
OCs of the Galaxy mainly from the sources mentioned above. The
authors compared the kinematical and chemical properties of OCs
to those of a large sample of field thin-disc stars and concluded that
the properties differ. The authors also found evidence for the het-
erogeneity of the OC population. Conrad et al. (2017) determined
6D phase-space information for 432 OCs and compact associa-
tions by combining several catalogues of individual stars and OC
parameters (Kharchenko et al. 2004, 2005, 2007) updated with
the mean radial velocity (RV) of 110 OCs determined by Conrad
et al. (2014) with RAVE data (Steinmetz et al. 2006). They fo-
cused on the detection of groups. They identified 19 groupings,
including 14 pairs, 4 groups with 3—5 members, and a complex
with 15 members. They investigated the age spread and spatial
distributions of these structures.

The study of OCs greatly benefits from Gaia data (Gaia
Collaboration 2016) and in particular from the recent second
release, Gaia DR2 (Gaia Collaboration 2018b). Cantat-Gaudin
et al. (2018; hereafter Paper I) determined membership and as-
trometric parameters for 1237 OCs using only Gaia DR2 data.
This very homogeneous sample revealed the distribution of OCs
within 4 kpc from the Sun with an unprecedented precision. Fur-
thermore, 60 new OCs were serendipitously discovered.

Gaia DR2 provides the RV of about seven million relatively
bright, late-type stars (Sartoretti et al. 2018b) collected by the
RVS instrument (Cropper et al. 2018). The combination of par-
allax, proper motion, and RV gives access to the phase-space
information. An illustration of the great potential of Gaia DR2
for studying the kinematics of the Galactic disc is given by Gaia
Collaboration (2018c) and Antoja et al. (2018), who revealed the
richness of phase-space substructures.

The dramatic improvement of the 3D OC velocities with
Gaia DR2 allows us to revisit the global properties of the OC sys-
tem. In this paper we compute mean RVs of 861 OCs from Paper
I using only Gaia DR2 data. Section 2 describes the procedure
we used, the assessment of the precision and accuracy of the cat-
alogue by comparison to ground-based datasets, and the defini-
tion of a high-quality sample. We combine the mean RVs with
the astrometric parameters derived in Paper I to compute their 3D
Galactic velocities (Sect. 3). We investigate the kinematics versus
age of that sample and try to identify pairs and groups.

2. Mean radial velocity of open clusters
2.1. Input data

Gaia DR2 provides the largest and most homogeneous cat-
alogue of RVs for 7.2 million FGK-type stars brighter than
Grvs = 12mag. The stars are distributed over the full celestial
sphere. The typical precision of Gaia DR2 RVs is at the kms™!

A1S55, page 2 of 11

level. At the bright end, the precision is of the order of 0.2-0.3
kms~!. At the faint end, it ranges from ~1.4 kms~! for K stars
to ~3.7 kms~! for F stars. The Gaia spectroscopic processing
pipeline is described in Sartoretti et al. (2018b), while Katz et al.
(2018) describe the properties of the Gaia RV catalogue. Addi-
tional information useful for the catalogue users can be found in
the online documentation (van Leeuwen et al. 2018; Sartoretti
et al. 2018a).

Membership and mean astrometric parameters were inves-
tigated in Paper I for 1237 OCs. We took the corresponding
list of probable members as the starting catalogue for the RV
study. Nearly 10000 stars in more than 1000 OCs were found
to have an RV in Gaia DR2. Their errors range from 0.11 to 20
kms~! with a median value of 1.7 kms~!. The mean RV of an
OC, RV, was computed with a weighting scheme based on the
uncertainty of the individual measurements following Soubiran
et al. (2013), with an iterative rejection of outliers differing by
more than 10 kms™' from the mean. The weight w; applied to
the individual velocity measurement RV; is w; = 1/ el.z, € being
the RV error for the star i provided in Gaia DR2. The internal
error of RV is

I= Zwi ei/Zw,-.
i i
The RVoc weighted standard deviation ory,,. is defined as

L
Thyee = —5——— Zwi(RV,- —RVoe).

The RV ¢ uncertainty is defined as the maximum of the stan-
dard error ory,./ VN and 1 / VN (Jasniewicz & Mayor 1988),
where N is the number of star members.

The list of members in Paper I is provided together
with a probability p computed by the UPMASK method
(Krone-Martins & Moitinho 2014). The probability p can take
discrete values of 0.1, 0.2, ..., 0.9, or 1.0. Of the stars with an
RV, 46% have p = 1 to belong to its parent cluster, while 22%
have p < 0.5. The mean RV of an OC can be significantly differ-
ent when all the candidate members or only the most probable
members are considered. The total number of OCs for which a
mean RV can be computed also depends on the adopted proba-
bility cut, as shown in Table 1. It is thus needed to find the opti-
mal selection of stars according to their membership probability
that gives the best trade-off between the number of OCs and the
uncertainties of RV means. In order to find that optimal cut in
membership probability, we compared for a reference subsample
the results obtained in each probability class. As reference sub-
sample we selected the 312 OCs with at least 3 members with
p > 0.8 and an uncertainty of the RV mean lower than 2 kms™.
The results obtained for the reference subsample are presented in
Fig. 1, which shows the median difference to the reference value
obtained when only stars of a given probability (0.1, 0.2, ...,
0.9, 1.0) are considered. The median absolute deviation (MAD)
is also shown. This figure shows that the mean RV of OCs does
not change significantly when it is computed with only stars of a
given probability, the agreement with the reference value is bet-
ter than 1 kms™'. However, the dispersion increases when less
probable members are used to compute the mean RV, owing to
the inclusion of non-members with different RVs. This analysis
convinced us to consider only stars with a membership probabil-
ity of p > 0.4 because they do not seem highly contaminated by
non-members (dispersion < 5.5 kms~!). We find it safer to adopt



C. Soubiran et al.: Open cluster kinematics with Gaia DR2

—
%)

L

2]

Difference to reference (kms ™'

44 [ ]
n
2 n
u [ ]
°
0 ® o ° ° ° [
(] °
0.2 0.4 0.6 0.8 1.0

Membership probability

Fig. 1. Mean RV for the 312 best OCs computed as reference value us-
ing the most probable members. The median difference to the reference
value (blue dots) and MAD (orange squares) is shown for stars with a

given probability value.

Table 1. Number of stars with a membership probability (p) above a
given cut, and the corresponding number of OCs with at least one RV

measurement.

Cut N stars N OCs
p=>0.1 9883 1039
p=02 8983 990
p=>03 8416 948
p=>04 8004 907
p =05 7665 873
p>0.6 7291 821
p =07 6854 766
p=0.8 6353 713
p =09 5672 639
p=10 4576 531

this rule in order to increase the reliability of the results for OCs
with only one member with RV. An illustration of the RV dis-
tribution dependence on the membership probability is shown in
Fig. 2 for the OC Skiff JO058+68.4, which has 36 members, 16
with p > 0.4, and one outlier.

In total we provide a mean RV based on Gaia data for 861
OCs. Not all of them have the same level of reliability, 35% rely
on only one star, while nearly 50% rely on at least three mem-
bers. The RV standard deviation of this latter subsample is shown
in Fig. 3. The most probable value of the standard deviation lies
between 1.0 and 1.5 kms™!. The catalogue is available as an
electronic table at the CDS. It gives for each OC the number
of members with p > 0.4, the weighted mean, standard devia-
tion, uncertainty, and the number of members that were kept for
the computation after rejection of outliers.

2.2. Comparison to other datasets

We compared our mean RV with that of different catalogues.
The largest RV source for OC candidates is the MWSC, which
provides basic parameters for 3006 entries, including RVs
for 953 of them. With this catalogue, we obtain a median
difference of 1 kms~! with a MAD of 5.5 kms~! for 374 OCs
in common. Several outliers with an RV difference larger than
20 kms~' mostly correspond to OCs in which the RV relies
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Fig. 2. Distribution of RV as a function of G magnitude for the 36 mem-
bers of Skiff J0058+68.4 with a colour code corresponding to the mem-
bership probability, shown as an example. The error bars are the RV
uncertainties provided in the Gaia DR2 catalogue. The 15 stars used for
the calculation of the weighted RV mean are shown as open squares.
The mean value, —23.4 kms™!, is shown as a blue dotted line.
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Freq

404

20 A

0-
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Fig. 3. Histogram of the RV standard deviation, in log scale, for the OCs
with at least three members.

on one or two members, either in the MWSC or in our sam-
ple. When restricted to the 140 common OCs with at least
three RV members in each catalogue, the median difference re-
mains the same, but the MAD decreases to 2.5 kms™!. There
are still outliers, such as FSR 0866, for which the Gaia RV is
65.5 + 0.5 kms~! based on three members, while the MWSC
RV is 0.7 + 20.3 kms~! based on two stars, HIP 33219 and HIP
33287. HIP 33219 (Gaia DR2 888516072258008704) is a B8
star whose parallax is incompatible with the mean parallax of
the cluster given in Paper I, while HIP 33287 is a double star
that is not in Gaia DR2, but its HIPPARCOS parallax is also in-
compatible with the cluster value in Paper I. We conclude that
the MWSC RV is based on two non-members. FSR 0866 is a
poorly studied OC for which no other RV determination is avail-
able in the literature. Another discrepant OC is NGC 2244, for
which the Gaia RV is 75.2 + 1.8 kms~! based on three members
(five members with p > 0.4, but two outliers), while MWSC
gives 26.2 + 3.4 km s~! based on 12 hot stars, most of which
are astrometric members according to Paper I, but no Gaia RV
is available for them. The MWSC individual RVs seem of good
quality, while the 12 Gaia RVs are more dispersed, as shown in
Fig. 4. The 3 stars on which the mean Gaia RV is based have
never been studied before, so that their measurement cannot be
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Fig. 4. Distribution of RV for members for NGC 2244. The symbols and
colour code are the same as in Fig. 2. The blue dotted line shows the
mean RV computed in this study, while the grey dotted line corresponds
to the mean RV quoted in the MWSC.

assessed against an external source. For this object the MWSC
mean RV looks more reliable, although there is no clear expla-
nation why the Gaia RV would be in error. According to the
Simbad database, NGC 2244 is an ionising cluster of the Rosette
Nebula with a nearby associated stellar cluster, NGC 2237. It is
therefore possible that two clusters with different RV overlap in
that area.

We compared our catalogue to that of Conrad et al. (2014),
who provide the mean RV of 110 OCs based on RAVE DR4
(Kordopatis et al. 2013), 62 of which are common with our sam-
ple. The median difference for these common OCs is 0.1 kms™!
with a large dispersion (MAD = 8 kms™!) because of several
outliers with significant disagreement. The largest disagreement,
115km s, isforIC 2581, which has only one member in each cat-
alogue. If the comparison is restricted to the 25 OCs with at least
three members in each catalogue, the MAD decreases to 3 km s~h
but still has several outliers, as shown in Fig. 5. Several OCs have
very large error bars in RAVE, such as IC 4729, NGC 2451A, and
Alessi 24, which do not correspond to the RV error of individ-
ual stars. It is likely that non-members or spectroscopic binaries
were included in the mean RV from RAVE for these OCs. On
that point, the new astrometric memberships derived in Paper I
dramatically improve the reliability of the mean RVs.

Although it is included in the MWSC, we focus here on
the homogeneous sample from Mermilliod et al. (2008, 2009),
which provides mean RV for 172 OCs, 142 of which are part
of our list. The comparison shows an excellent agreement (see
Fig. 5) with a median difference and MAD of 0.5 km s~!. Twenty
OCs show a difference of 10 kms™! or larger. Most of these out-
liers (18) correspond to OCs with only one RV member, either in
Gaia DR2 or in Mermilliod et al. (2008), so the significant differ-
ence may not be reliable. The two remaining targets, NGC 2925
and Trumpler 3, have less significant differences of ~10 kms™!
based on four and five members from Gaia, and two and three
stars in Mermilliod et al. (2008). An interesting case is Stock 2,
which has a Gaia mean RV of 8.2 + 0.1 kms™! based on 183
members, while the Mermilliod et al. (2008) determination is
based on one star (=22.4 + 0.15 kms™!). The value from the
MWSC does not agree for this OC, either, although it is based
on 27 stars (1.8 + 1.8 kms™"). Gaia DR2 provides a dramatical
improvement of the mean RV of this OC.

The OCCASO survey focuses on red giants in OCs that were
poorly studied before. It observes them at high spectroscopic
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Fig. 5. Comparison of mean RV from Gaia DR2 with those from
Conrad et al. (2014) using RAVE data (upper panel) and from
(Mermilliod et al. 2008, 2009; lower panel). The OCs with at least three
members in each catalogue are shown in orange. The error bars combine
the uncertainties of both catalogues.

resolution in order to derive RVs and abundances Casamiquela
et al. (2016). Eighteen OCs have been observed with at least
six giants per cluster, and mean RVs were determined with
a median precision of 0.2 kms™' (Casamiquela et al. 2017;
CasamiquelaFloriach 2017). The 18 OCs are part of our catalogue
and we derived a median difference less than 0.1 kms~!' with a
MAD of 0.3 kms~!. Only 2 OCs differ by more than 0.6 kms™!
(but less than 1.6 kms™!), NGC 6705 and NGC 6791, which have
standard deviations of ~1.6 kms~! in both catalogues.

These comparisons show the excellent agreement of the
Gaia DR2 RVs with ground-based catalogues, as has been
reported by Katz et al. (2018), and this confirms the good
quality of the RVS data. The agreement with the homo-
geneous high-quality catalogues of Mermilliod et al. (2008,
2009) and OCCASO (Casamiquela et al. 2017) is better than
0.5 kms™".

Most of the outliers in these comparisons are well explained
by the lowest reliability of the mean RVs that rely on very few
members. This convinced us to select a high-quality subsample
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of OCs that include at least three RV members, giving an un-
certainty on the mean RV lower than 3 kms~!. This subsample
of 406 OCs is used in the following to better interpret the OC
kinematics.

2.3. High-quality sample

For the high-quality sample, the median number of members is
seven and the median uncertainty of the weighted mean RV is
0.5 kms~!. Gaia DR2 considerably improves the kinematical
information of these 406 OCs, both in the number of members
with a RV determination and in the precision of the mean value
for the OC. Gaia DR2 provides a first RV for several OCs. For
some OCs that have an RV available in the literature, many more
members are provided on which the mean RV can be determined.
We list below a selection of the most remarkable improvements
due to Gaia DR2 RV data.

— Of the 60 newly discovered OCs, named Gulliver and re-
ported in Paper I, 11 are part of the high-quality sample with
up to 12 members (Gulliver 9) and 15 members (Gulliver 6).
Gulliver 6 is also the nearest of these newly discovered OCs,
at 416 pc. Gulliver 4 and Gulliver 44 show the lowest RV
dispersion, ory = 1 km s~!, with three and five members,
respectively.

— We report 49 RV members for Collinder 110, which is part
of the MWSC, but has no RV provided there. The recent
determination for Collinder 110 of 38.7 + 0.8 kms™' by
Carlberg (2014) agrees excellently well with our determina-
tion of 38.2 + 0.2 kms~!.

— We report 51 RV members for Roslund 6, which is also part
of the MWSC, but lacks an RV there. Roslund 6 has no RV
in the literature as yet, although it is a nearby OC at 352 pc.

— We report the first RV determination for Pismis 3: RV =
30.3 + 0.25 kms~!. This is based on 33 members.

— We report the first RV determination for Stock 1: RV =
—19.5 + 0.5 kms~!. This is based on 30 members.

— Pozzo 1 corresponds to the y Velorum cluster, or Vela
OB2, whose complex kinematical structure has been stud-
ied by Jeffries et al. (2014) as part of the Gaia ESO Sur-
vey (Gilmore et al. 2012; Randich et al. 2013). Jeftries et al.
(2014) found two groups separated by 2 kms~!. We find 27
members in that area with a mean value of RV= 18.7 +
0.7 kms™' corresponding to a clear peak, while a secondary
peak might lie at RV =16.8 kms™'. This agrees well with
Jeffries et al. (2014). However, the RV uncertainties for these
stars are large, with a median value of 4.4 km s~!. This means
that these stars are fast rotators, as has also been shown by
Jeffries et al. (2014).

— Trumpler 19 is a poorly studied OC for which we report 26
RV members and RV = —26.4 + 0.3 kms~!.

— ASCC 41, or Herschel 1, is a poorly populated OC confirmed
by Bica & Bonatto (2011) using photometry. We report the
first RV determination for it: RV = —10.1+0.35 kms~". This
is based on 23 members.

— Ruprecht 147 is the oldest nearby star OC, at a distance of
~300pc with an age of ~3 Gyr. It received little attention
until the spectroscopic study by Curtis et al. (2013), which
gave an RV of 41.1 kms~! that agrees very well with our
determination of RV = 41.8 + 0.15 kms~! which is based
on 72 members. The value determined by Carlberg (2014),
RV = 42.5+ 1.0 kms™!, also agrees well.

— The Pleiades have the most RV members, with 212 members
giving RV= 5.9 + 0.1 kms~'. This doubles the number of
RV members quoted in MWSC.
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Fig. 6. Histogram of OC distances as listed in Paper I (in blue) for

the 861 OCs with a Gaia DR2 RV determination (in red) and for the

406 OCs of the high-quality sample (dotted red). A zoom on nearby
OCs is presented in the inset panel.

— Atadistance similar to that of the Pleiades (~135 pc), Platais
8 benefits from a significant improvement of its mean RV
thanks to 32 members, which give RV = 20.6 + 0.6 kms™'.

— The second most populated OC is NGC 3532 with 209 mem-
bers and RV= 5.4 + 0.2 kms~!. In the MWSC, its RV was
based on four stars.

— The nearest OC in our high-quality sample is Alessi 13
(104 plc), which has three members and an RV = 21.1 2.0
kms™.

About half of our high-quality sample had either no RV in the
literature or an RV based on only one member in the MWSC.

Figure 6 shows the histogram of distances based on
Gaia DR2 astrometry determined in Paper I for the full cat-
alogue of 1237 objects as well as the 861 OCs with an RV
determination, and the 406 OCs of the high-quality sample.
The zoom on the nearby OCs shows that our high-quality sam-
ple is complete at 99% up to 500 pc, compared to the Paper I
list. As explained in Paper I, three nearby OCs are not part of
our sample because of their large extension on the sky, namely
Collinder 285 (the Ursa Major moving group), Melotte 25 (the
Hyades), and Melotte 111 (Coma Ber). The parameters of these
nearby OCs are provided in Gaia Collaboration (2018a). All
the other OCs from Paper I closer than 500 pc to the Sun are
part of our high-quality sample, except for 3 OCs. Mamajek 1
(104 pc) is missing because it has only two RV members, which
give a mean of RV= 16.7 + 0.9 kms~'. NGC 1333 (296.5 pc)
is missing because it has only one member with a large un-
certainty at RV= 1.9 + 5.9 kms~'. The dark cloud nebula
LDN 1641 South at 432 pc has no RV measurement. It is worth
noting that nearby OCs were discovered thanks to Gaia DR2
by Castro-Ginard et al. (2018) after the list in Paper I was
established.

Compared to the MWSC, several nearby OCs seem to be
missing in our high-quality sample. Some OCs that are listed in
the MWSC with a distance closer than 500 pc that we did not
find in Paper I may be explained mainly by the low contrast
of members with respect to the background, in density, and in
proper motion. Loose associations, such as the e Chamaeleontis
and the pu Oph groups, may have been missed for this reason,
as explained in Paper I. In other cases, the distance estimation
in MWSC is in question. For instance, Collinder 132 has an es-
timated distance of 330 pc in the MWSC, but it is 653.5 pc in
Paper 1 based on the parallax of nearly 100 stars. The same
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panel) and (Y, Z) (bottom panel) for the high-quality OC sample closer
than 500 pc. The size and angle of the arrows are proportional to
(Vg, Vg = Vo), (Vg, Vz), and (V,; — V., Vz) . The horizontal and verti-
cal lines indicate the position of the Sun. Several objects discussed in
the text are represented by different symbols and colours. The red di-
amond represents Ruprecht 147, the green squares show Mamajek 4,
NGC 2632, and Stock 2 (Group 1 in Table 2), the magenta stars show
Turner 5, NGC 7092, ASCC 41, NGC 1662, Ruprecht 98, and Stock 10
(Group 2 in Table 2), and the blue circles indicate RSG 7 and RSG 8.

situation occurs for Stock 23: 450 pc in the MWSC and 609 pc
in Paper I. The MWSC also contains several objects that were
shown to be not real (see e.g. Kos et al. 2018). Even if it
is not complete for the associations and moving groups, our
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high-quality sample is fairly complete in terms of OCs up to
500 pc, which gives us the opportunity to investigate their
kinematics.

3. Galactic velocities

We computed heliocentric and Galactic Cartesian and cylindri-
cal positions and velocities of the 861 OCs by combining their
mean position, most probable distance, proper motion, and asso-
ciated uncertainties from Paper I with their weighted mean RV
and uncertainty determined in this study. These positions and
velocities are provided in an electronic table at the CDS. We
adopted the same conventions and reference values for the Sun
as in Gaia Collaboration (2018c). The Cartesian U, V, and W ve-
locities with respect to the Sun are oriented towards the Galactic
centre, the direction of Galactic rotation, and the north Galactic
pole, respectively. The Cartesian Galactic coordinates (X, Y, Z)
are such that the Sun is at X = -8.34kpc, Y = 0, Z = 27 pc. The
Galactic cylindrical coordinates are (R, ¢, Z, Vg, V4, Vz) with ¢
in the direction of Galactic rotation and the origin at the line
Sun-Galactic centre. The circular velocity at the solar radius is
V. = 240 kms™!, and the peculiar velocity of the Sun with re-
spect to the local standard of rest is (U, V, W) = (11.1, 12.24,
7.25) kms~'. With the error propagation, we obtain median ve-
locity uncertainties of (0.6, 0.8, 0.2) km s~lin (Vg, Vg, Vz) and
(0.4, 0.5, 0.1) kms~! when the high-quality sample is consid-
ered. Only two OCs have an uncertainty in one velocity com-
ponent larger than 20 kms™', BH 222 and Berkeley 29. BH
222 is a starburst cluster in the inner Milky Way according to
Marco et al. (2014) for which our RV determination is reli-
able (RV= -119.3 + 2.8 kms~! based on five stars) and in
agreement with that of Marco et al. (2014). However, the as-
trometric parameters are more uncertain, which leads to velocity
uncertainties of ~100 kms™' in the V¢ and V; components. For
Berkeley 29, we have only one candidate member, with a mem-
bership probability p = 0.4, which differs by 25 kms~! from
the mean value of the cluster determined by Yong et al. (2005).
This OC is the most distant open cluster known, at a Galacto-
centric distance >20kpc (e.g. Tosi et al. 2004). The brightest
stars of that cluster have V > 14.2 and were confirmed as RV
members by Bragaglia et al. (2005), who determined RV~ 29
km s~! with low-resolution spectra. Another determination gives
RV = 24.66 + 0.36 kms~! (Sestito et al. 2008). In conclusion,
the only star on which our RV is based is likely not a member of
Berkeley 29, and the mean value given in our catalogue is incor-
rect (a note is provided in the table available at the CDS). Except
for these two objects, the unprecedented precision in 3D veloci-
ties of our sample allows us to revisit the kinematics of the OC
population.

3.1. Nearby open clusters

Figure 7 displays the distribution of the nearby OCs (distance <
500 pc) of the high-quality sample in position with a representa-
tion of their motion. The visual inspection of these plots provides
the following information:

— The OC with the highest velocity is Ruprecht 147, which
is expected since it is the oldest cluster in the solar
neighbourhood (log(age)! =9.33 in the MWSC) and thus its
kinematics is representative of the hot thin disc.

— In the OCs with the largest motion, two groups can be seen
that share similar velocities in the three components. The

' log(age in yr).


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834020&pdf_id=7

C. Soubiran et al.: Open cluster kinematics with Gaia DR2

Table 2. log(age) from the MWSC and phase-space information from Gaia (in pc and kms™") for OCs in two kinematical groups with higher

radial motion (see text for the adopted conventions).

Cluster log(age) X Y V4 Vr Vg Vz
Group 1
Mamajek 4  8.815 -79319+1.1 -116.8+03 -115.7+0.3 27305 2258+02 -9.8+0.2
NGC 2632 8.92 —8480.8 + 0.1 -68.5+0.1 113.5 £ 0.1 29.8+0.1 232.1+0.1 -2.6+0.1
Stock 2 8.44 -8597.2+0.2 272.0+£0.2 33+0.1 26.8+0.1 233.4+0.1 -6.9+0.1
Group 2
Turner 5 8.49 -8380.9+0.3 -406.3+3.2 949+0.6 -28.0+0.2 2533+0.8 23+0.2
NGC 7092 8.569 -8351.6 + 0.1 296.6 +0.7 1.8+£0.1 -291+0.1 2489+02 -57x0.1
ASCC 41 8.7 -8563.9+0.7 -182.7+0.6 77.2+02 -272+03 2535+02 33+0.1
NGC 1662 8.695 -8720.6 £ 1.1 -52.1+02 -1341+04 -266+0.2 252.1+0.1 8.3+0.1
Ruprecht 98 8.8 -8118.8+0.7 -428.1+14 -52+0.1 -172+03 254.6+0.7 -13.8+0.1
Stock 10 8.42 -8694.3+ 1.0 51.6 £0.1 36.2+0.1 -21.1+0.5 252.8+0.1 1.6 £0.1

first group includes Mamajek 4, NGC 2632, and Stock 2.
They are characterised by a significant radial motion to-
wards the Galactic centre, a small rotation lag, and a neg-
ative vertical motion. These OCs are not close in space. The
second group includes Turner 5, NGC 7092, ASCC 41, and
NGC 1662, and possibly also Ruprecht 98 and Stock 10,
all characterised by a significant radial motion towards the
Galactic anticentre with a rotation slightly faster than that of
the LSR. The 6D phase-space parameters of the OCs in these
two groups are detailed in Table 2.

— RSG 7 and RSG 8, two OCs recently found by Roser et al.
(2016), are confirmed as two separate OCs very close in
space and motion.

— The cluster Turner 5 has a velocity that is closest to that of the
Sun. According to the MWSC, it is much younger and more
metal-poor than the Sun, which excludes this OC as the birth-
place of the Sun. Two other OCs differ by less than 10 kms~!
from the velocity of the Sun, RSG 5 and Teutsch 35. RSG 5
is a very young OC according to Roser et al. (2016), while
there is no information yet on the properties of Teutsch 35.

How do the kinematics of the nearby OCs compare with the
kinematics of field stars? It is known from the Hipparcos era
(Perryman et al. 1997) that the stellar phase-space distribution in
the solar neighbouhood is clumpy (e.g. Dehnen & Binney 1998;
Chereul et al. 1999; Famaey et al. 2005; Antoja et al. 2008).
This has been confirmed by Gaia DR2 data with a high degree
of detail by Gaia Collaboration (2018c), who showed that sev-
eral nearby OCs are associated with overdensities in the (U, V)
plane. Seven of the eight OCs that lie closer than 200 pc were
shown to be associated with a large structure that forms an arch.
We show in Fig. 8 the (Vg, V) distribution of our OC sample
that lies closer than 500 pc together with the stellar distribu-
tion in the same volume, taken from the catalogue built by Gaia
Collaboration (2018c). The OCs clearly overlap with the field
star clumps that have the highest density. Only Ruprecht 147
is isolated: its velocity is significantly different from that of the
other OCs, but is still compatible with the field star velocity. The
two groups that are identified in Fig. 7 based on their higher ve-
locity, in particular in the radial direction, stand out in Fig. 8,
where they lie on diametrically opposed sides of the bulk distri-
bution. However, they are clearly associated with the field star
structures. Ages are available in MWSC for these OCs and re-
ported in Table 2. They are older than the majority of nearby
OCs. The median log(age) of nearby OCs is ~8.2 according to
MWSC whereas these nine OCs with large velocities range from
log(age) = 8.42 to log(age) = 8.92. Although error bars are not
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Fig. 8. Velocity distribution of nearby OCs (dist < 500 pc) in (Vi, Vy),
superimposed on field stars in the same volume around the Sun taken
from Gaia Collaboration (2018c). The most extreme OCs are indicated,
in particular, the two groups listed in Table 2.

available for all of them, the ages of these OCs are rather differ-
ent, which means that they are probably not physical groups but
merely confirm the known correlation between age and kinemat-
ics in the thin disc.

3.2. Age velocity relation for open clusters

We used the full sample of 861 OCs where mean velocities
and dispersions were computed in four age groups. Ages are
available in the MWSC for about half of the sample. A ve-
locity ellipsoid was fitted in each age bin using the stochas-
tic expectation maximization (SEM) method (Celeux & Diebolt
1986), which separates multivariate Gaussian populations with-
out any a priori information. This method has previously
been used in stellar kinematics by Soubiran et al. (2003) and
Krone-Martins et al. (2010). The results are presented in Table
3. In each age bin, two populations were assumed, but as ex-
pected, the algorithm converged to a mixture where the bulk OC
population dominates at more than 90%, the rest represent the
few OCs with different velocities. Although a velocity ellispoid
is not a perfect representation in a non-axisymetric disc, it of-
fers a convenient way to show how the kinematical behaviour
of the OC population evolves with time. The most striking re-
sult is the low dispersion obtained for the youngest populations,
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Fig. 9. Distribution of the high-quality sample in Z, distance to the
Galactic plane, vs. age. The size of the symbols is proportional to the
total heliocentric velocity of the targets.

Table 3. Parameters of the velocity ellipsoid in four age bins.

log(age) N % Vg Ovg Vs o, Vz ov,
yr kms™' kms™!' kms™' kms™! kms! kms!
<7.8 106 90 -3.1 11.7 2384 10.6 -1.5 4.3
7.8-84 98 96 -1.0 132 238.6 11.1 -0.0 52
84-9.0 109 95 0.8 17.1 2377 11.8 -0.1 6.8
>9.0 61 93 6.0 223 2338 232 1.0 14.0

Notes. N is the number of OCs per bin. The values are those of the
dominating population in a two-population fit, and the corresponding
percentage of OCs is also given.

in particular in V; , where the dispersion is 4-5 kms~'. This
has to be compared to the dispersions obtained by Wu et al.
(2009) from their sample of ~500 OCs extracted from DAML:
(cU,oV,ocW) = (28.7,15.8,11.0) kms~'. The dispersion in the
three components increases smoothly with age with a signifi-
cant increase for the oldest population. The oldest population is
clearly very distinct from the younger ones, as is shown by the
vertical distribution of the high-quality sample as a function of
age in Fig. 9. Where the young OCs are confined in the plane,
the OCs with log(age) > 9 exhibit a much wider range of vertical
position, and their total velocity is higher as well. Moreover, the
OCs with high velocities are old on average. The only OC that
appears with a high velocity and young age is NGC 2244, which
was previously mentioned as a possible confusion with another
OC in the Rosetta nebula (see Fig. 4).

3.3. Peculiar open clusters, pairs, and groups

Here we consider the high-quality sample of 406 OCs in order to
identify OCs with unusual velocities, pairs of OCs, and groups.
This sample spans distances up to ~10kpc, but most of the
targets lie closer than 5kpc. Figure 10 shows the spatial dis-
tribution of this sample in Galactic cylindrical coordinates. A
few OCs are extreme in their Galactic position. The two inner
OCs are BH 222 and Teutsch 85. BH 222 was mentioned previ-
ously as having a large error in distance. Teutsch 85 is a poorly
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Fig. 10. Spatial distribution of the high-quality sample in Galactic cylin-
drical coordinates.

studied OC for which we provide a good-quality RV of —119.6 +
1.15 kms™! based on five stars. Three OCs lie ~1 kpc below the
Galactic plane: Melotte 66, NGC 2243, and NGC 2204. Melotte
66 is one of the four OCs that were identified by Vande Putte
et al. (2010) to possibly have an extragalactic origin. However,
it has been extensively studied since that paper. Its metallicity
is well established (—0.36 + 0.03, Netopil et al. 2016), and its
chemical composition and age (3.4+0.3 Gyr, Carraro et al. 2014)
make it a typical object of the thin disc. NGC 2243 is even more
metal-poor (—0.50 + 0.08, Netopil et al. 2016) and NGC 2204
to a lesser extent (—0.24 + 0.08, Netopil et al. 2016). For these
two objects, the detailed chemical composition has been demon-
strated to be typical of the thin disc by Jacobson et al. (2011).
The new velocities obtained with Gaia data do not change these
conclusions.

Two clusters have unusually high velocities for OCs: BH 222
(already mentioned for its large parallax uncertainty) and BH
140. BH 140 was poorly documented until Paper I, where it is
shown to be a globular cluster. Our RV determination based on
four stars (RV= 90.4 + 0.9 kms~!) combined with the good
astrometric parameters determined in Paper I from 439 members
gives a 3D velocity typical of the halo and thus confirms the
nature of this cluster. Figure 11 shows the velocity distribution
of the high-quality sample in Galactic cylindrical coordinates,
without these two objects.

Other OCs look extreme in their Galactic velocity. Trum-
pler 19, Haffner 5, and Berkeley 17 have Vx < —70 km s7L,
BH 72, Ruprecht 171, FSR 1407, and Ruprecht 75 have V; >
270 kms~!, and Berkeley 17, Berkeley 14, and Ruprecht 171
have |V;| > 35 kms~'. Some of them (Trumpler 19, Haffner 5,
Ruprecht 171, FSR 1407, and Ruprecht 75) have been poorly
studied until now, but the MWSC lists them as old OCs, which
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Fig. 11. Velocity distribution of the high-quality sample in Galac-
tic cylindrical coordinates. BH 222 and BH 140 are not represented
(see text).

are interesting for further study now that their members have
been refined thanks to Gaia DR2.

Binary clusters are supposed to exist, but their frac-
tion in the Galaxy, possibly from 8% to 20%, is subject to de-
bate (see e.g. Subramaniam et al. 1995; de La Fuente Marcos &
de La Fuente Marcos 2009, and references therein). Our high-
quality sample gives a good opportunity to search for such ob-
jects. A pair of nearby clusters, RSG 7 and RSG 8, was found to
be close in space and motion based on the examination of Fig. 7
(Sect. 3.1). With fewer than 100 nearby OCs, it was possible to
see this pair in the figures. For the larger high-quality sample,
it is mandatory to use more objective criteria that are able to
measure the proximity of targets in the 6D phase space. Conrad
et al. (2017) adapted a method inspired by extragalactic work in
order to identify OC groups with linking lengths 100 pc and 10
kms~!. The linking length is related to the separation of mem-
bers belonging to a group and should be significantly smaller
than the typical separation of objects in the population. In or-
der to estimate the typical separation of OCs in our sample, we
looked for the nearest neighbour of each OC in distance and ve-
locity. The corresponding histograms are shown in Fig. 12. The
separations in space peak at ~150pc, while the separations in
velocities peak at ~3 kms~!. This latter value is very low but
not surprising owing to small dispersions that were found when
fitting a velocity ellipsoid to our sample. Among the young pop-
ulation of OCs that dominates the sample, it is likely to find OCs
that share very similar velocities. For instance, we find 39 clus-
ter pairs with velocity differences lower than 2 kms~!, although
they do not show any peculiar proximity in space. The spatial
separation is possibly more discriminant if we expect to find
clusters that originated from a common molecular cloud in one
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Fig. 12. Histogram of the distance between nearest neighbours in the
high-quality sample (upper panel) and the same in velocity (lower
panel).

possibly sequential star formation event. The closest pair of our
sample includes ASCC 16 and ASCC 21, which are separated by
~45 pc, with a velocity difference of 4.4 kms™'. This is our best
candidate for a physical pair. Their physical link is supported by
their similar young age, log(age) =7. and 7.11, respectively, in
the MWSC, and log(age) =6.93 and 7.11 in DAML. Collinder
140 and NGC 2451B form our second best candidate, separated
by ~58 pc, with a velocity difference of 1.9 km s~!. This pair also
has a similar young age, log(age) = 7.548 and 7.648 in DAML. A
third pair with a separation smaller than 100 pc includes IC 2602
and Platais 8, which are part of the binary OCs identified by
Conrad et al. (2017). The similarity of their age in DAML,
log(age) = 7.507 and 7.78, respectively, makes the physical bi-
narity plausible. The space separations for these three pairs have
to be compared to the typical value of 10 pc of the binary candi-
dates proposed by de La Fuente Marcos & de La Fuente Marcos
(2009). Table 4 gives the list of the pairs that differ by less than
200 pc in distance and 5 kms~! in velocity in our high-quality
sample. A possibly larger complex is formed by ASCC 16,
ASCC 19, ASCC 21, Gulliver 6, and NGC 2232 since they ap-
pear several times in that table. RSG 7 and RSG 8 that were men-
tioned in the previous section are recovered with this method,
but their separation in position is rather large. Precise ages and
chemical composition would help to clarify the physical link of
these pairs.

The most famous binary cluster is formed by / and y
Persei (NGC 869 and NGC 884, Messow & Schorr 1913). Unfor-
tunately, these two OCs are not part of our high-quality sample
because their mean RV relies on one and two stars, respectively.
However, since they are part of the larger sample of 861 OCs,
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Table 4. Pairs of OCs differing by less than 200 pc in their Galactic
position and 5 kms~! in velocity in the high-quality sample.

Cluster 1 Cluster 2 Apos (pc) AV (kms™!)
ASCC 101 NGC 7058 185 1.8
ASCC 105 Roslund 5 130 3.9
ASCC 16 ASCC 19 151 3.9
ASCC 16 ASCC 21 45 4.4
ASCC 19 Gulliver 6 181 4.3
ASCC 97 1C 4725 145 34
Alessi 20 Stock 12 183 2.7
Collinder 140 NGC?2451B 58 1.9
Gulliver 6 NGC2232 159 4.8
IC 2602 Platais 8 83 4.5
RSG 7 RSG 8 145 2.8

Table 5. Separation in space and velocity of binary candidates from the
literature, computed from our mean parameters for 861 OCs.

Cluster 1 Cluster 2 Ref.  Apos (pc) AV (kms™)
Alessi 13 Mamajek 1 1 292 5.5
Alessi 21 NGC 2422 1 172 8.9
Platais 8 IC 2602 1 83 4.5
Turner 9 ASCC 110 1 1759 6.0
Collinder 394 NGC6716 1 29 13.9
IC 1396 NGC 7160 1 128 13.9
NGC 869 NGC 884 2 62 19.7
NGC 5617 Trumpler 22 3 559 10.8
IC 4756 NGC 6633 4 375 6.7

References. (1) Conrad et al. (2017), (2) Messow & Schorr (1913), (3)
De Silva et al. (2015), (4) Casamiquela et al. (2016).

their separation in space and velocity can still be computed. They
appear to be at ~62 pc from each other. Similarly, we tested sev-
eral other binary candidates from the literature that could be re-
trieved in our full sample of 861 OCs even if the velocity dif-
ference is not reliable in some cases. The results are presented
in Table 5. None of the candidates proposed by de La Fuente
Marcos & de La Fuente Marcos (2009) are part of our sample,
unfortunately. Several pairs identified by Conrad et al. (2017)
were retrieved, among which Alessi 21 and NGC 2422 are in
the high-quality sample, with a reliable velocity difference, as
well as Platais 8 and IC 2602 mentioned above. At ~172 pc from
each other, Alessi 21 and NGC 2422 are more likely to result
from a chance alignment than that they are a physical binary sys-
tem. An excellent candidate binary is the pair Collinder 394 and
NGC 6716, which lie at a distance of less than 30 pc from each
other. They have different ages in the MWSC, but these ages are
uncertain since no error bars are provided.

4. Conclusions

Gaia DR2 substantially improves our knowledge of the OC
population. The astrometric membership from Paper I cross-
matched with the Gaia DR2 RV catalogue of ~7 million stars
allowed us to compute the mean RV of 861 OCs. Particularly ro-
bust is our high-quality sample of 406 OCs for which the mean
RV relies on at least three members. The median uncertainty of
the mean RVs in this sample is 0.5 kms~!. This list contains
several poorly studied OCs that had no RV before, or a RV that
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relied on one or two questionable members. For the OCs that had
been well studied before, the comparison with the best ground-
based RVs shows a general agreement at the 0.5 km s~ level.

These new RVs combined with the most probable distances
and mean proper motions determined in Paper I allowed us to
compute the 6D phase-space information of OCs. They were
found to follow the velocity distribution of field stars in the close
solar neighbourhood that was previously revealed by Gaia DR2
(Gaia Collaboration 2018c; Antoja et al. 2018). As expected, the
vertical distribution of young OCs is very flat, but the novelty is
the high precision to which this can be seen. The dispersion of
vertical velocities of young OCs is at the level of 5 kms~!. Clus-
ters older than 1 Gyr span distances to the Galactic plane of up to
1 kpc with a vertical velocity dispersion of 14 kms™!, typical of
the thin disc. There is no need to invoke an extragalactic origin
to explain the kinematical behaviour of the old OCs.

Five pairs of clusters with similar velocities were found with
a separation of 29-83 pc, but none at a close separation of 10 pc
as found in the Magellanic Clouds. This might be due to the
incompleteness of our sample or to the low fraction of multi-
ple systems forming in the local spiral arms. One group has five
members that may be physically related. Other binary clusters
previously identified have large separation in position and may
correspond to a non-physical double, although further study with
precise age and chemical composition is required to shed light on
their nature.
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