The
University
NGy Of
&% Sheffield.

This is a repository copy of Unlocking Galactic Wolf—-Rayet stars with Gaia DR2 — II.
Cluster and association membership.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/161581/

Version: Accepted Version

Article:
Rate, G., Crowther, P.A. and Parker, R.J. (2020) Unlocking Galactic Wolf—Rayet stars with
Gaia DR2 — Il. Cluster and association membership. Monthly Notices of the Royal

Astronomical Society, 495 (1). pp. 1209-1226. ISSN 0035-8711

https://doi.org/10.1093/mnras/staal1290

This is a pre-copyedited, author-produced PDF of an article accepted for publication in
Monthly Notices of the Royal Astronomical Society following peer review. The version of
record Gemma Rate, Paul A Crowther, Richard J Parker, Unlocking Galactic Wolf-Rayet
stars with Gaia DR2 — Il. Cluster and association membership, Monthly Notices of the
Royal Astronomical Society, Volume 495, Issue 1, June 2020, Pages 1209-1226, is
available online at: https://doi.org/10.1093/mnras/staal290.

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose o
university consortium eprints@whiterose.ac.uk
/,:-‘ Uriversities of Leecs: Shetfiekd & York https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

2005.02533v1 [astro-ph.SR] 5May 2020

arxXiv

MNRAS 000, 1-19 (2019)

Preprint 7 May 2020 Compiled using MNRAS IATEX style file v3.0

Unlocking Galactic Wolf-Rayet stars with Gaia DR2 II:
Cluster and Association membership

Gemma Rate,* Paul A. Crowther, Richard J. Parkerf

Department of Physics and Astronomy, University of Sheffield, Sheffield, S3 7TRH, UK

Accepted XXX. Received YYY; in original form ZZZ

1 INTRODUCTION

ABSTRACT

Galactic Wolf-Rayet (WR) star membership of star forming regions can be used to
constrain the formation environments of massive stars. Here, we utilise Gaia DR2
parallaxes and proper motions to reconsider WR star membership of clusters and
associations in the Galactic disk, supplemented by recent near-IR studies of young
massive clusters. We find that only 18-36% of 553 WR stars external to the Galac-
tic Centre region are located in clusters, OB associations or obscured star-forming
regions, such that at least 64% of the known disk WR population are isolated, in
contrast with only 13% of O stars from the Galactic O star Catalogue. The fraction
located in clusters, OB associations or star-forming regions rises to 25-41% from a
global census of 663 WR stars including the Galactic Centre region. We use simu-
lations to explore the formation processes of isolated WR stars. Neither runaways,
nor low mass clusters, are numerous enough to account for the low cluster member-
ship fraction. Rapid cluster dissolution is excluded as mass segregation ensures WR,
stars remain in dense, well populated environments. Only low density environments
consistently produce WR stars that appeared to be isolated during the WR, phase.
We therefore conclude that a significant fraction of WR progenitors originate in low
density association-like surroundings which expand over time. We provide distance es-
timates to clusters and associations host to WR stars, and estimate cluster ages from
isochrone fitting.

Key words: stars: Wolf-Rayet — galaxies: individual (Milky Way) — stars: distances
— Galaxy: open clusters and associations: general — galaxies: star formation

to the formation of massive stars via competitive accretion
or mergers. Therefore, one would expect that WR stars are

Classical Wolf-Rayet (WR) stars are the Helium core burn-
ing stage of the most massive O stars (>25My). Due to
their short lifetimes, they are excellent tracers of massive
star formation and evolution (Crowther 2007). In common
with their O star progenitors, they have a strong influence
on the galactic environment, ionizing H 11 regions and ex-
pelling gas from their surroundings, which may both trigger
and quench further star formation (e.g Baug et al. 2019).
Historically, the overwhelming majority of stars were
thought to form in clusters (Lada & Lada 2003), which dis-
solve over time, although this is highly dependent on the def-
inition of a cluster (Bressert et al. 2010). Under the cluster
formation scenario, progenitors of WR stars are believed to
be restricted to relatively rich, dense clusters with masses in
excess of 10°M, (Weidner et al. 2010), which are favourable
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located in star clusters, unless they have been dynamically
ejected during the star formation process (Poveda et al.
1967) or following the core collapse supernova of a binary
companion (Blaauw 1961).

However, it has recently been established that star for-
mation in the nearby Cygnus OB2 association occurred at
a relatively low density, with no evidence that massive stars
formed in high density regions (Wright et al. 2014). Indeed,
from an inspection of v3 of the Galactic O star Catalogue
(Maiz Apelldniz et al. 2013), only 42% of O stars are thought
to be members of star clusters, with almost three quarters
located in OB associations and/or low density (<100s stars
pc?) star forming regions (as summarised in Table 1). These
statistics are likely to be upper limits given membership has
not been confirmed from Gaia proper motions/parallaxes,
although some comparisons with earlier distance estimates
have been undertaken (Shull & Danforth 2019).
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Table 1. Summary of membership of clusters, OB associations of
radio/infrared-selected star forming regions for stars included in
v3 of the Galactic O star Catalogue (Maiz Apelldniz et al. 2013).

Sample Cluster OB Assoc  S.F. region Isolated
Member Member Member
611 258 (42%) 441 (72%) 445 (73%) 82 (13%)

For optically visible WR stars, Lundstrém & Sten-
holm (1984) found that only 10-30% of stars identified at
that time lay within clusters, which was updated by van
der Hucht (2001) to include WR stars identified from in-
frared surveys, revealing that 35% of Galactic WR stars were
thought to be located either in clusters or associations. The
known Galactic WR census has grown substantially in recent
years, with infrared surveys revealing significant populations
in clusters and the field (Mauerhan et al. 2011; Shara et al.
2012; Chené et al. 2013; Kanarek et al. 2015; Rosslowe &
Crowther 2018).

The second Gaia data release, hereafter referred to as
DR2, provides parallaxes, proper motions and positions for
over a billion stars in the Galaxy (Gaia Collaboration et al.
2018). Data from Gaia supports the notion that not all stars
are born in clusters (Ward et al. 2019) and increases the
number of WR stars with trigonometric parallaxes from just
one (WRI11) to 383. In Rate & Crowther (2020) (Paper I), we
used Gaia parallaxes to calculate distances and new absolute
magnitude calibrations for Galactic WR stars and to identify
runaway candidates.

The environment of WR stars is also relevant to our un-
derstanding of core-collapse supernovae (ccSNe) which are
deficient in hydrogen and/or helium; namely IIb, Ib and
Ic, or collectively stripped-envelope supernovae (SE-SNe).
Historically, massive WR stars were thought to be the im-
mediate progenitors of SE-SNe. Over the last decade, evi-
dence has accumulated suggesting the majority of SE-SNe
arise primarily from lower mass stars in close binaries. This
evidence includes ccSNe statistics (Smith et al. 2011), non-
detection of WR progenitors in SE-SNe (Eldridge et al. 2013)
and their inferred modest ejecta masses (Dessart et al. 2011;
Prentice et al. 2019).

In contrast, studies of ccSNe environments have estab-
lished that those most stripped of hydrogen and helium are
most closely associated with star-forming regions (Anderson
et al. 2012; Kuncarayakti et al. 2018). This is particularly
acute for broad-lined Ic SNe and long Gamma Ray Bursts
(GRBs) (Fruchter et al. 2006; Kelly & Kirshner 2012) which
are most closely linked to WR progenitors, as they possess
the highest ejecta masses of SE-SNe (Drout et al. 2011); al-
though long GRBs strongly favour low metallicities (Modjaz
et al. 2008). Consequently, there is conflicting evidence for
and against WR stars as the progenitors of highly stripped
ccSNe, some of which directly involves their immediate en-
vironments.

Here we use the new distances, along with Gaia proper
motions, to analyse WR membership of Galactic clusters
and associations, supplemented by IR surveys for sources
inaccessible to Gaia. We outline the methods in Section 2.
Cluster/association membership and distances are presented
in Section 3, ages are estimated in Section 4. Finally, impli-

Table 2. Clusters and associations (in parentheses) excluded
from Gaia DR2 membership analysis. Claimed membership from
Lundstrém & Stenholm (1984), van der Hucht (2001), Borissova
et al. (2012), Wallace et al. (2005), Messineo et al. (2009), de la
Fuente et al. (2015), Davies et al. (2012b), Bibby et al. (2008),
Kurtev et al. (2007) and Chené et al. (2013).

No reliable mem- No parallaxes or Few objects from

bership data proper motions  membership list de-
from Gaia (high tected by Gaia
Av)
AG Car Arches C1104-610 a
(Anon. Cen OB) [DBS2003] 179 C1104-610 b
(Anon. Pup a) Galactic Centre NGC 6871
(Anon. Pup b) Mercer 20 (Serpens OB1)
(Anon. Sct OB) Mercer 70 (Serpens OB2)
(Anon. Sco OB) Mercer 81 VVV CL099
(Anon. Vel a) SGR 1806-20
(Anon. Vel b) Sher 1
(Crux OB 4) Quartet
Dolidze 29 Quintuplet
Henize 3 VVV CL011
(Norma OB4) VVV CL036
(Vulpecula OB2) VVV CL073
VVV CL074
W43
(Cas OBI1)

cations for massive star formation and their environments,
informed by N-body simulations, are presented in Section 5.
This is followed with a discussion and brief conclusions in
Section 6.

2 ASSESSMENT OF CLUSTER/ASSOCIATION
MEMBERSHIP

2.1 Cluster/association candidates

The Galactic Wolf-Rayet catalogue ' includes 663 WR stars
(v1.23, July 2019) and lists the supposed members of star
clusters and OB associations. To assess which WR stars are
genuine members of a named cluster or association, we ob-
tain lists of all candidate members from the literature and
use these to determine the proper motions and distances of
the clusters and OB associations. The results were then com-
pared to the proper motions and distances of the individual

WR stars.

Of course, historical definitions of Galactic OB associa-

tions (Humphreys 1978) were undertaken from observations
of visually bright O and B-type stars, so are inevitably lim-

ited to stars located within a couple of kpc from the Sun.
The majority of star clusters and OB associations are also
associated with optical nebulosities, drawn from one or more
historical catalogues, namely the New General Catalogue
(Dreyer 1888), Index Catalogue (Dreyer 1910), Sharpless 2
(Sharpless 1959) or RCW (Rodgers et al. 1960).

Table 1, correlates stars in v3 of the Galactic O star
Catalogue (Maiz Apellaniz et al. 2013) to various regions to

! http://pacrowther.staff.shef.ac.uk/WRcat/index.php
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determine membership. Numbers in different columns over-
lap because the O stars may be identified as members of
both clusters and associations (due to hierarchical star for-
mation) and an individual star may also have surrounding
nebulosity in addition to cluster or association membership.

In contrast, only ~7% of the Galactic WR. population
detected by Gaia lies within 2 kpc (Paper I), such that
only a small fraction may lie within catalogued OB asso-
ciations. Ideally, membership of star-forming regions identi-
fied from radio (Russeil 2003) or infrared (Conti & Crowther
2004; Rahman & Murray 2010; Urquhart et al. 2014) sur-
veys would be more revealing, although this is beyond the
capabilities of Gaia.

Consequently, here we focus on O and B star members
of clusters and/or associations selected, where possible, to
ensure a bright sample that could be reliably detected by
Gaia DR2 and fit the same distribution as our prior for
WR stars (Paper I), (which results in somewhat lower dis-
tances with respect to Bailer-Jones et al. 2018). Our prior
consisted of a H 11 region model, based on radio observations
from Paladini et al. 2004 and Paladini et al. 2003. This was
combined with a dust disk model from Rosslowe & Crowther
(2015). The dust was converted to an I band extinction map
by calibrating the total dust along line of sight, with the
maximum extinction at the Galactic centre. This map could
be applied to the H 11 region model, to approximate the H
11 region distribution as observed by Gaia’s white light G
band.

Unfortunately, some cluster members lacked spectral
type information. In these instances, we used the siMBAD
database to obtain the most recently assigned spectral type.
However, many candidates remain unclassified. Addition-
ally, for some larger candidate catalogues, we used only the
20 brightest stars, as this provided a reasonable number of
members for comparison and ensured these objects would be
observed by Gaia. Overall, we were able to use Gaia data to
assess the WR star membership in 28 clusters and 15 asso-
ciations. We will revisit the issue of visually obscured WR
stars in Section 5.

2.2 Excluded clusters and associations

Table 2 lists specific clusters and associations excluded from
our Gaia analysis. There are three main reasons why individ-
ual clusters and associations were omitted. No membership
lists could be identified for Dolidze 29 or Henize 3. Anony-
mous associations in Cen, Pup, Sct, Sco and Vel, plus Norma
OB4 and Crux OB4 also lacked membership information.
Star lists were available for the parent region of Vulpecula
OB2, but these did not break down into lists for specific OB
associations.

The membership lists of other excluded clusters and
associations were too small to test the WR membership, or
were not available to Gaia. Only 3 members of NGC 6871
were available in the Gaia DR2 catalogue, including WR113,
and the only stars detected by Gaia for Sagittarius OB7,
Serpens OB1 and Serpens OB2 were their supposed WR
members.

The remaining clusters were not observed by Gaia, as
they are only accessible to IR observations, owing to high
dust extinctions. For completeness, we include WR mem-
bership of embedded clusters in the Galactic disk, but only

MNRAS 000, 1-19 (2019)
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summarise previous results for the 110 WR stars within the
Galactic Centre region (I = 360 = 1°, b = 0 = 1°), which in-
cludes the Galactic Centre, Quintuplet and Arches clusters.

2.3 Selection criteria

To assess cluster and association membership, we identified
groups of stars by eye in RA and DEC proper motion space.
We then compared this to the WR star proper motions, to
determine if the latter were part of the groups. The Gaia
proper motion zero point is far smaller than the proper
motion measurements (~10uas yr~!, compared to mas scale
proper motions, Lindegren et al. 2018b) and therefore no
corrections needed to be applied. Additionally, the uncer-
tainties tended to be small when compared with parallax
and distance uncertainties.

We assign individual WR stars as members of clus-
ters/associations, possible members or non-members, de-
pending on the similarity of proper motions with respect
to other members. The proximity required for membership
depends on the proper motion dispersions of the cluster or
association. 4 WR stars in clusters and 4 WR stars in asso-
ciations showed possible evidence of ejection, in which the
star is located near the cluster or association in proper mo-
tion space (travelling within one or two mas yr~' in most
cases), but is clearly isolated from the main group. It is
possible that other clusters and associations could contain
ejected stars, but these are masked by the scatter in the
proper motion data. By way of example, Drew et al. (2018)
support WR20aa and WR20c as potential stellar ejections
from Westerlund 2 approximately 0.5 Myr ago.

Distances were used as a secondary check, to remove
foreground and background stars. Parallaxes were converted
to distances using the same prior and bayesian method as
Paper I. The prior was based on H 11 regions and extinction,
and so is applicable to other OB cluster members. If WR
stars showed strong agreement in proper motion space but
disagreed in distance, they were assigned either as members
or possible members, depending on how distant they were
from the main cluster or association.

We checked our membership assignment was reasonable
using the Python scikit-learn (Pedregosa et al. 2011) imple-
mentation of DBSCAN. However, compared to the manual
classification, the automated method had a number of lim-
itations. When defining clusters in proper motion and par-
allax space, it struggled with boundary stars and could not
account for sparse or scattered data. Additionally, it was dif-
ficult for this algorithm to properly weight the more reliable
feature (proper motion) and account for quality indicators
such as astrometric excess noise. We therefore chose not to
use this automated method and used our manual classifica-
tion to make the final membership decision.

As part of our analysis, we have obtained Gaia DR2
distances to the clusters/associations. Although we could
not model the shape and distance of each cluster simulta-
neously, (as recommended by Luri et al. 2018) it was still
possible to get an approximation using the distances of indi-
vidual members. To do this, we averaged positive parallaxes
for all supposed members with astrometric excess noise <1.
The systematic parallax uncertainty of the cluster or associ-
ation could then be found by adapting the correlated error
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Table 3. WR star membership of clusters for Gaia DR2 sources (bold) and non Gaia sources (non bold), external to the Galactic Centre
region. (a) Decision was made based on proper motion and parallax clustering, not distances. (b) Large scatter in the data points. (c)
Decision was made based on very few data points. (d) Possible former member ejected from cluster.

Cluster Member Possible member Non member References  Notes
Berkeley 86 139 1
Berkeley 87 142 2
Bochum 7 12 3
Bochum 10 23 4 WEBDA. No spectral types.
Bochum 14 104 3 No spectral types.
Cl 1813-178 111-4 111-2¢ 5
Collinder 121 6 3 20 brightest objects in the J band.
Probability of membership>80%.
Collinder 228 24° 6 GOSC.
Danks 1 48a, 48-7 48-8, 48-9 7
48-10 48-4
Danks 2 48-2¢h 7
[DBS2003] 179 84-1, 84-6, 84-7 8
Dolidze 3 1379 3 20 brightest objects in the J band.
Probability of membership>80%.
Dolidze 33 1207 3 20 brightest objects in the J band.
Probability of membership>80%.
Havlen-Moffat 1 87¢ 89 6 GOSC.
Hogg 15 47¢ 4 No spectral type information.
Markarian 50 157 2
Mercer 23 125-3¢ 9
Mercer 30 46-3, 46-4, 46-5, 10
46-6
Mercer 70 70-12 11
Mercer 81 76-2, 76-3, 76-4, 76- 12
5, 76-6, 76-7, 76-8,
76-9
NGC 3603 43-2, 42-1¢ 13
43A, 43B, 43C WR43A, WR43B and WR43C un-
resolved by Gaia.
NGC 6231 79, 79ab 78 6 GOSC.
Pismis 20 67¢ 2
Pismis 24 93 6 GOSC.
Quartet 1181, 118-2, 118-3 14
Ruprecht 44 10 2
SGR 0806-20 11la, 111b, 1llc, 15
111d
Trumpler 16 25 6 GOSC.
Trumpler 27 95, 98 2
VVV CL009 45-5 16
VVV CL036 60-6 16
VVV CL041 62-2 17 Selected cluster members, with
J<16
VVV CL073 75-25, 75-26 16
VVV CL074 75-27, 75-28, 75-29, 16, 18
75-32
VVV CL099 84-8, 84-9, 84-10 16
‘W43 121a 19
Westerlund 17 7Taa, T7a, b 7Tp®d, TTrd 20
77c,d, f, h, i, j
77m, n, o, q, S, sa
T7sb, sc, sd
T7e, g, k, 1
Westerlund 2 20a, 20b* 21 Stars with spectra (in table 3).

(1) Massey et al. (1995), (2) Massey et al. (2001) and references therein, (3) Dias et al. (2014c), Dias et al. (2014b) (4) Lasker et al.
(1990), (5) Messineo et al. (2011), (6) Maiz Apellaniz et al. (2013), (7) Davies et al. (2012a), (8) Borissova et al. (2012), (9) Hanson
et al. (2010), (10) de la Fuente et al. (2016), (11) de la Fuente et al. (2015), (12) Davies et al. (2012b), (13) Melena et al. (2008) , (14)
Messineo et al. (2009), (15) Bibby et al. (2008), (16) Chené et al. (2013), (17) Chené et al. (2015), (18) Martins et al. (2019), (19) Blum

et al. (1999), (20) Clark et al. (2005), (21) Vargas Alvarez et al. (2013),

MNRAS 000, 1-19 (2019)
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Table 4. Possible WR star membership of OB associations for Gaia DR2 sources (bold) and non-Gaia sources (non-bold), external to
the Galactic Centre. (a) Decision was made based on pmra/pmdec and parallax clustering, not distances. (b) Large scatter in the data
points. (c) Decision was made based on very few data points. (d) Possible former member ejected from cluster, (e) Result taken directly
from Chené et al. (2019).

Association Member Possible member Non-member References  Notes
Ara OB1 T7b 1 GOSC.
Carina OB1 (incl Tr 22, 24, 25 184, 23¢ 1 GOSC.
16, Coll 232)
Cassiopeia OB1 2¢ 2 No Gaia astrometry.
Cassiopeia OB7 1 1 GOSC.
Centaurus OB1 48b 1 GOSC.
Cephus OB1 152%¢ 1537 1 GOSC.
]_54abc7 1551117('
Circinus OB1 67 65, 66, 68 3 20 brightest objects in the
J band. No spectral types.
Probability of  member-
ship>80%.
Cygnus OB1 137", 138% 136, 139 1 GOSC.
1414
Cygnus OB2 144, 145 142a¢ 1 GOSC.
Cygnus OB3 135" 134 1 GOSC.
Cygnus OB9 142ac® 1 GOSC.
Dragonfish 46-2, 46-3, 46-4, 46-10 4
46-5, 46-6, 46-8,
46-9, 46-16, 46-17
Puppis OB2 10 5,6
Scorpius OB1 79, 79a 78¢ 1 GOSC.
Sagittarius OB1 108, 104 1 GOSC.
105%, 110,
11117(:
Gamma Velorum 11 7,8 WR 11 from Hipparcos cata-

logue. No spectral types.

(1) Maiz Apelldniz et al. (2013), (2) Chené et al. (2019), (3) Kharchenko et al. (2013), (4) Rahman et al. (2011), (5) Mel'nik & Dambis
(2017), (6) Turner (1981), (7) van Leeuwen (2007), (8) Jeffries et al. (2014a)

calculation outlined in (Lindegren et al. 2018a, 2018b)

1 -1
Tetust = \/ Z(02) + (V) (1)
n n

where n is the number of stars used to calculate the un-
certainty, o, (described in Paper I) is the inflated uncer-
tainty of each star’s parallax, averaged for the cluster. The

,[ﬁ(a’i) term accounts for the random error and variance

of the systematic error, using the external calibration with
data from Table 1 of Arenou et al. (2018). However, it does
not account for the spatial covariance function, V,(6), which
is required to calculate the systematic errors for the mean
parallax of stars in a cluster (Lindegren et al. 2018a). The
full systematic term, %((Vw(&-,j))) (where ((V,(6;))) is the
average V,(6) of n(n-1)/2 non redundant pairs of stars (i and
j) in the cluster) is therefore required.

The initial binned V,(#) values from Lindegren et al.
(2018b) were not sufficiently high enough resolution to ac-
count for the small angular separations between the stars in
our clusters. We therefore fit a polynomial (with 14 param-
eters, although the results were not sensitive to changes in
the number of these parameters) to the V,,(0) data, in a sim-
ilar manner to the bottom panel of figure 14 of Lindegren
et al. (2018b). We then apply our prior from Paper I to the
average parallax and uncertainty, to obtain the distance and
its uncertainty.

In many cases, foreground or background objects had

MNRAS 000, 1-19 (2019)

been misidentified as members and were contaminating the
mean parallax. We therefore apply parallax cuts to remove
these from the averages. We do not apply any cuts to associ-
ations (aside from removing a foreground star from Puppis
OB2), as they may comprise multiple subregions, with dif-
ferent distances.

3 WR MEMBERSHIP

Table 3 summarises WR membership of star clusters in the
Galactic disk, drawn from Gaia DR2 proper motions (bold)
or literature results for embedded clusters (non bold). Ta-
ble 4 provides a summary of WR membership of OB associ-
ations drawn from Gaia DR2, supplemented by results for
Chené et al. (2019) for WR2 (Cas OB1).

Table 3 reveals that only 43 WR stars from 62 claimed
cluster members were confirmed from our analysis. Only
11% of WR stars with Gaia DR2 distances are in clusters.
For associations, only 23 WR stars from 48 claimed mem-
bers were confirmed, including WRI11 in the y Vel group
(see Table 4). However, membership of associations proved
to be more challenging than clusters owing to greater scatter
in proper motions and distances.

Combining cluster and association membership (includ-
ing WR25 and the members of Mercer 30, which are both as-
sociation and cluster members, and WR24, WR79, WR79a
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and WR137 which are possible cluster members but con-
firmed association members), this rises to17% of the total
WR sample with Gaia DR2 distances. Additionally, in many
cases, only a few cluster/association members were detected
by Gaia DR2. This leaves the full proper motion and dis-
tance range of the cluster or association uncertain, which
would potentially exclude WR members.

Several physically small or sparsely populated clusters,

Table 5. Summary of membership of clusters, OB associations
and radio/infrared-selected star-forming regions (including can-
didates from Tables 3 and 4) for the known Galactic WR popula-
tion. Some stars were members of both clusters and associations
(where the cluster is a sub-region of the association), but we in-
clude these objects in the cluster statistics, as the cluster is their
primary formation environment.

like Pismis 24 and Berkeley 86, were thought to host WR Region Cluster Assoc Candid Isolated Total
stars but do not. In the former’s case, this is a cluster with Disk Gaia 43 18 65 253 379
few members and WR93 (WC7+0) has a radically differ- Disk non-Gaia 37 1 37 99 174
ent proper motion. Lundstrom & Stenholm (1984) only re- Galactic Centre 68 2 40 110
garded it as a possible member and we can confirm it is not. Total 148 19 104 392 663

For Berkeley 86, Lundstrom & Stenholm (1984) consider
WR139 (WN50+0) as a probable cluster member, but note
it sits outside the apparent cluster and has a lower colour
excess. We find that WR139 differs from known members in
its proper motion and distance. Therefore we do not consider
it a member.

A number of other clusters and associations did not
have any confirmed members. This is because their proper
motions are highly scattered, possibly because they are un-
bound, or broken down into subgroups along the line of sight.
This made it difficult to locate the main proper motion cen-
tre of the cluster. For instance, Cassiopeia OB7 included a
couple of possible members at a similar distance to WR1
(WN4b), but with no coherent proper motions.

Additionally, the existence of some clusters and asso-
ciations is questionable. Ara OB1 shows a large scatter in
proper motions, which indicates there is no relation between
the supposed members. The catalogue for Kharchenko et al.
(2013) also suggests it may not be a cluster. Collinder 121
also contains stars with a wide range of proper motions,
though they are all at approximately the same distance.
Other clusters and associations with no or few members
detected by Gaia, such Serpens OB1, may also be chance
alignments.

The proper motions of proposed WR members of Cir
OB1 (WR65, WR67) agreed with other members; although
their distances were in tension. In these instances future im-
provements to distance accuracy from Gaia, would help with
membership identification.

Tables 3—4 also include literature results for embedded
clusters within the Galactic disk, which are inaccessible to
Gaia. Results are summarised in Table 5, and reveal that
only 18% of 553 WR stars in the Galactic disk are confirmed
members of clusters or OB associations.

OB associations included in the WR catalogue are
nearby and have low associated extinction. However, the ma-
jority of WR stars are at ~ kpc distances from the Sun and
so beyond the extent of these catalogued associations. Ad-
ditionally, more distant, moderately obscured star forming
regions are historically detected at IR wavelengths but not
at optical wavelengths and so these are not included in the
OB associations of the WR star catalogue.

To account for this and incorporate these more distant
star forming regions we have compared the location of WR
stars to radio-selected H 11 regions from Russeil (2003)
and infrared selected star forming regions from Conti &
Crowther (2004), Rahman & Murray (2010), and Urquhart
et al. (2014). In particular, Urquhart et al. (2014) provide
star-forming complexes from the Red MSX Source (RMS)

Additionally, some stars included in the original Gaia distance
total (WR11 and the stars in NGC3603) are here not counted as
part of the disk Gaia population.

survey of massive star forming regions within the Galactic
disk. Accounting for potential membership of obscured star
forming regions, the fraction associated with star clusters,
OB associations or obscured star formation in the Galactic
disk could be as high as ~ 36%.

If we include the 110 WR stars within the Galactic Cen-
tre region, of which 13 are members of the Arches cluster
(Clark et al. 2018a), 19 are members of the Quintuplet clus-
ter (Clark et al. 2018b) and 36 lie within the Central Clus-
ter (Krabbe et al. 1995; Tanner et al. 2005; Paumard et al.
2006; Fritz et al. 2010), 25% of 663 WR stars are confirmed
members of clusters or associations, rising to 41% if poten-
tial association with radio/infrared star forming regions are
confirmed.

Tables 6 and 7 compare our cluster and association dis-
tances with literature results. The distances of most clusters
and associations are similar to previous estimates. However,
we find that distances to Mercer 23, Mercer 30, Dolidze 3,
Dolidze 33 and the Dragonfish association are closer than
previous estimates. In particular, the revised distance of 5.2
kpc to the Dragonfish association is significantly closer than
previous determinations of 12 kpc (de la Fuente et al. 2016)
or 7 kpc (Kurtev et al. 2007). However, the member stars are
flagged with high (>0.3) astrometric excess noise and error
to parallax ratios. This indicates the distance may domi-
nated by the prior and therefore may be inaccurate. This is
also relevant to its host cluster Mercer 30, which has a re-
vised distance of 4.7 kpc, on the basis of just two members
with positive parallaxes and astrometric excess noise below
1.

Bochum 14 is found to be significantly more distant
than previously thought.This distance is likely to be robust,
since only one member has astrometric excess noise >0.3 (a
further two members were removed for having astrometric
excess noises above 1 mas).

We now discuss selected rich clusters/associations host-
ing multiple WR populations.

3.1 Carina nebula

The Carina nebula (NGC 3572) is the richest optically bright
giant H 11 region in the Milky Way. Gaia DR2 confirms that
Car OB1 hosts WR22, WR24 and WR25, with WR18 and
WR23 possible members. The substructure of the region is

MNRAS 000, 1-19 (2019)
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Table 6. Revised distances to star clusters using OB members obtained from Gaia DR2 compared to literature values (indicated with

DR2 if also obtained from Gaia).

Cluster Distance (this Number of Previous distances (kpc) References  Parallax cut
work) (kpc) stars (mas)

Berkeley 86 1.7633.92 11 1.91 1

Berkley 87 1.72:3:13 18 1.58 2

Bochum 10 2.58:’8:% 8 2.7 3 w<0.5

Bochum 14 2.88+0:38 14 0.57 4 w<0.5

Bochum 7 5.55+:92 21 5.6£1.7, 4.2+2.1 5,6 w<0.3

Cl 1813-178 2.05312 16 2.90.8 - 4.87932 7

Collinder 121 2.52+0:14 9 0.75-1.00, 0.55 8,9 w<0.5

Collinder 228 2.54+023 14 3.16, 2.01, 2.87 (DR2) 2,9, 10

Danks 1 3.41*833 12 3.8+0.6 11

Danks 2 430523 5 3.8+0.6 11 w<0.5

Dolidze 3 2.13:%17 21 1.03 4

Dolidze 33 2.9640:3% 12 1.07 4 w<0.5

Havlen-Moffat 1 3.13%033 7 3.30 12

Hogg 15 3.20+94¢ 3 3.20 4 w<0.3

Markarian 50 2'52t8i%3 8 3.63, 3.46+0.35 2,13

Mercer 23 3.362039 6 6.5+0.3 14

Mercer 30 4.72+07 2 7.2+0.9, 12.6+1.5 15, 16

NGC 3603 6.74+134 8 7.2+0.1 17 (DR2)  w<0.1

NGC 6231 1.60%04) 12 1.24 4

Pismis 20 3.44+834 5 3.47, 3.18 2,9

Pismis 24 1.714012 6 2.51 2

Ruprecht 44 5.38+)%8 16 4.79 2

Trumpler 16 2.319%2 16 3.16, 2.10, 2.87 (DR2) 2,9, 10 w>0.3

Trumpler 27 243405 33 2.88 2 w<0.5

VVV CL009 5.62+)37 6 5+1 18

VVV CL041 3.56+532 18 4.2+0.9 19

Westerlund 1 3.78203% 22 2.6+34 (DR2), 3.87+323 (DR2) 20, 21 w<0.5

Westerlund 2 4.11+58 21 4.16+0.07+0.26 22 w<0.5

(1) Massey et al. (1995), (2) Massey et al. (2001), (3) Patat & Carraro (2001), (4) Dias et al. (2002), Dias et al. (2014a), (5) Corti et al.
(2018b), (6) Corti et al. (2007), (7) Messineo et al. (2011), (8) Kaltcheva & Makarov (2007), (9) Mel'nik & Dambis (2017), (10) Shull &
Danforth (2019), (11) Davies et al. (2012a), (12) Vazquez & Baume (2001), (13) Baume et al. (2004), (14) Hanson et al. (2010), (15)
Kurtev et al. (2007), (16) de la Fuente et al. (2016), (17) Drew et al. (2019), (18) Chené et al. (2013), (19) Chené et al. (2015), (20)
Aghakhanloo et al. (2020), (21) Davies & Beasor (2019), (22) Vargas Alvarez et al. (2013)

quite complex (Buckner et al. 2019, Reiter & Parker 2019),
as it also contains the clusters Trumpler 16 and Trumpler 14
(Molina-Lera et al. 2016). WR25 is a member of Trumpler
16, which has a parallax of 0.430+0.115mas, corresponding
to a distance of 2.18737¢ kpc. Davidson et al. (2018) pro-
poses a slightly larger parallax of 0.383+0.017mas, which
falls within our uncertainties and Smith (2006c¢) gives a dis-
tance of 2.35+0.05 kpc to n Carinae/Trumpler 14. WR24 is
also a possible member of Collinder 228, although this is

MNRAS 000, 1-19 (2019)

difficult to confirm, as the cluster contains stars exhibiting
a wide range of proper motions.

Molina-Lera et al. (2016) investigate the complex struc-
ture of Carina, identifying a foreground population at 1.4—
2.3 kpc (corresponding to Trumpler 18), a second popula-
tion distributed over 2.0-3.3 kpc, plus a background group.
Shull & Danforth (2019) obtain 2.87 + 0.73 kpc? for 29 O
star members of Trumpler 14-16 and Collinder 228 based on

2 Calculated using inverted parallaxes.
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Table 7. Revised distances to OB associations using OB members obtained from Gaia DR2, compared to literature values (indicated
with DR2 if also obtained from Guaia).

Associations Distance (this Number of Previous distances (kpc) References
work) (kpc) stars
Ara OBla, b 1.64+9%2 9 1.3,1.1/2.78 1,2
Carina OB1 2.68+018 82 1.8-2.8, 2.01, 2.87+0.73 (DR2) 2,3, 4
Cassiopeia OB1 2.4 8 5
Cassiopeia OB7 3.61%047 3 2.01 2
Centaurus OB1 2.48+349 9 1.92 2
Cephus OB1 3.40’:8:% 10 2.78 2
Circinus OB1 1.13993 24 2.01, 1.78 2
Cygnus OB1 1.97+9:9 13 1.46 2
Cygnus OB2 1.57+0:08 34 1.46 2
Cygnus OB3 2.05t8:8§ 8 1.83 2
Cygnus OB9 1.62+9:9% 9 0.96 2
Dragonfish 5.24%083 12 12.4+1.7, 7.2+0.9 6, 7
Gamma Vel 037919084 20 034530810 0124-0.383 700850013 (DR2) 8
Puppis OB2 5.561032 8 3.18 2
Scorpius OB1 1.65+0:07 26 1.53 2
Sagittarius OB1 1.21+3%3 6 1.26 2

(1) Baume et al. (2011), (2) Mel'nik & Dambis (2017), (3) Molina-Lera et al. (2016), (4) Shull & Danforth (2019), (5) Chené et al.
(2019), (6) de la Fuente et al. (2016), (7) Kurtev et al. (2007), (8) Franciosini et al. (2018)

Gaia DR2 parallaxes. We also note the bulk of objects in our
sample are between 2 and 4 kpc. Molina-Lera et al. (2016)
also quote colour excesses of 0.3-0.6 mag. For our WR star
sample, WR22, WR24 have values in this range, with E(B-
V)=0.50+0.21 and E(B-V)=0.35+0.21, respectively (Paper
I). WR25 has a higher E(B-V)=0.93+0.31, using an anoma-
lous reddening law of R"R = 6.2, from Crowther et al. (1995).
WR23 has a comparatively low E(B-V)=0.18+0.29 (Paper
I) which suggests it could be a foreground object. However,
the parallax derived distance is consistent with the Carina
region and the reddening measurement has a large uncer-
tainty.

3.2 Cygnus OB2

Cygnus OB2 is the nearest OB association rich in massive
stars (Massey & Thompson 1991). We find a distance of
1.57+398 kpc for Cygnus OB2, albeit with some substructure.
Figure 1 shows the distribution of distances and proper mo-
tions, indicating a spread from 1.4 kpc to 1.8 kpc (if uncer-
tainties are included). WR144 is located towards the rear of
the association at ~1.7 kpc, whilst WR145 is closer to ~1.4
kpc. Both these distances are in line with pre-Gaia DR2 lit-
erature distances of 1.45 kpc (Wright et al. 2015) and 1.7
kpc (Massey & Thompson 1991).

Berlanas et al. (2019) have modelled the substructure of
the cluster using DR2 data, and have concluded that there
are two main groups. One of these, at around 1.76 kpc, they
term the 'main’ group, with a ’foreground’ group at 1.35 kpc.

Our results place WR145 as a member of the foreground
group and WR144 as a member of the more distant main
group.

3.3 Danks 1 and 2

Danks 1 and 2 clusters are young massive clusters within the
G305 star formation complex (Davies et al. 2012a). In Danks
1, three WR stars that were thought to be members have
been confirmed, with three possible (but unconfirmed) mem-
bers. Our membership list has very few entries for Danks 2,
but we confirm WR48-2 is a member. The astrometric ex-
cess noise of all Danks 1 and 2 WR stars are greater than 0.3
mas, with WRA48-4 exceeding 1 mas, indicating potentially
unreliable astrometric results.

We find a distance of 3.41*)3} kpc to Danks 1 and
4.30t32 kpc to Danks 2, in fair agreement with the 3.8+0.6
kpc average distance of the G305 complex (hosting Danks 1
and 2), from Davies et al. (2012a).

Danks 1 and 2 are in regions of high dust extinction,
with Ax=1.12£0.16 for Danks 1 and Ax=0.92+0.29 for Danks
2 (Davies et al. 2012a). This is consistent with Ax=0.99+0.22
for WR48-7 and Ax=0.83+0.20 for WR48-10 in Danks 1.
However, WRA48-2 in Danks 2 has Ax=0.48+0.20, signifi-
cantly lower than the range for the cluster found by Davies
et al. (2012a). In Paper I, we found the absolute magnitude
for WR48-2 is anomalously faint for a WC7 or WCS star,
suggesting an underestimate of dust extinction, such that
WRA48-2 is a member of Danks 2.

MNRAS 000, 1-19 (2019)
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Figure 1. Distances vs G magnitudes (upper panel) and proper
motions (lower panel) for members of Cyg OB2. Grey crosses are
O and B stars from Maiz Apelldniz et al. (2013) while red stars
are WR stars WR144 and WR145.

3.4 vy Velorum

WRI11, the WC8 component of y Velorum, is confirmed as a
member of its eponymous association. As WR11 is too bright
for Gaia, we use proper motion and parallax results from
Hipparcos (van Leeuwen 2007) to confirm membership. The
list of known members was compiled from the 20 brightest
members in the V band (Jeffries et al. 2014a). These are
not OB stars, because the y Velorum system is primarily
surrounded by low mass stars (Jeflries et al. 2014b).

The association has a wide range of proper motions,
consistent with the suggestion by (Jeffries et al. 2014b) that

MNRAS 000, 1-19 (2019)
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Figure 2. Distances vs G magnitudes (upper panel) and proper
motions (lower panel) for members of Westerlund 1. Grey crosses
are OB stars from Clark et al. (2005) while red stars are WR stars
from Crowther et al. (2006a).

it is barely bound. We find a distance of 0.379*3%% kpc to
the group, consistent with the distance to WR11 (0.342+5:938
kpc). It is also consistent with results from Franciosini et al.
(2018), who obtain two populations at 345.4*19+12¢ pc and
383.423133 pc, respectively (accounting for both systematic
and random errors). Two populations were also found by
Jeffries et al. (2014b).

However, Cantat-Gaudin et al. (2019) used Gaia DR2
to find that the two populations previously identified (e.g
Jeffries et al. 2014b, Franciosini et al. 2018) are part of a
much larger and more complex region around Vela OB2.
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These were possibly created by a supernova, which triggered
star formation in the surrounding gas cloud.

Unfortunately, the current scope and methods of this
paper do not allow us to fully disentangle the structure of
Vela OB2 and assign membership to a specific subregion.
We simply note that it is a member of this region and does
therefore not appear to be isolated.

3.5 NGC 3603

NGC 3603 is one of the youngest, most compact and high
mass star clusters in the Milky Way (Moffat et al. 2002).
Unfortunately, young massive WN stars within the cluster
core (Crowther & Dessart 1998) could not be resolved with
Gaia DR2, but we confirm that WR42-1 and WR43-2 in its
periphery are members.

We obtain a distance of 6.74%13% kpc for NGC 3603,
within uncertainty of the literature values of 7.2 kpc (Mel-
nick et al. 1989) and 7.6 kpc (Melena et al. 2008). Recently,
Drew et al. (2019) obtained a distance of 7.2+0.1 kpc for a
full sample of O star members, increasing to 8.2+0.4 kpc,
when restricting the sample to stars within 1 arcmin of the
cluster centre.

3.6 Westerlund 1

Westerlund 1 is an exceptionally rich star cluster (Clark
et al. 2005), thought to host 24 WR stars (Crowther et al.
2006a). Gata DR2 detects 20 of these stars, and we confirm
18 stars as members of Westerlund 1, as shown in Fig. 2. In
two cases membership could not be confirmed, owing to an
unphysical distance (WR77p) or discrepant proper motions
(WRT77r). Unfortunately, many confirmed WR members also
have astrometric excess noises above 1 mas, which means
their distances are somewhat unreliable. However, our pri-
mary membership indicator is proper motion, which is less
vulnerable to large fractional uncertainties than parallax. A
further 4 stars are not detected by Gaia, which we assume
to be members.

We estimate a cluster distance of 3.78+33¢ kpc (though
this excludes many stars with high excess noise). This is
more distant than the 2.673$ kpc obtained from the full
bayesian combination of cluster member parallaxes from
Aghakhanloo et al. (2020). The difference may stem from
the fact we excluded some stars, via a parallax cut, as they
seemed to be foreground objects. However, our result is
consistent with 3.87#32; kpc from Davies & Beasor (2019).
All three results from Gaia are closer than the historical
distance estimates of around 4-5 kpc (Clark et al. 2005;
Crowther et al. 2006a). Davies & Beasor (2019) propose that
the zero point is the dominant source of parallax uncertainty,
adopting —0.05 mas instead of our —0.03 mas (Paper I).

3.7 Westerlund 2

Westerlund 2 is another rich, young high mass cluster (Rauw
et al. 2007). Proper motions for WR20a and WR20b are
comparable to the Gaia cluster median of y, = —5.172 mas
yr7l us = 2.990 mas yr~! (Drew et al. 2018), favouring clus-
ter membership. Drew et al. (2018) infer that WR20c and

WR20aa possess proper motions consistent with recent (0.5
Myr) ejection from Westerlund 2.

We obtain a distance to the cluster of 4.11*3%) kpc,
which is close to the previous estimate of 4.16+0.07 (ran-
dom) +0.26 (systematic) kpc from Vargas Alvarez et al.
(2013). There is some evidence for a background group or
association (Drew et al. 2018), to which WR20a is a possi-
ble member (a distance of 5 kpc was inferred in Paper I).
The extinctions of both WR stars are consistent with previ-
ous values for the cluster. Vargas Alvarez et al. (2013) lists
a range of 5.7<Ay<7.5 mag for OB stars in Westerlund 2,
compared with Ay=6.44+0.64 and 7.57+0.64 mag for WR20a
and WR20b, respectively, obtained from AWF (visual extinc-
tion in the Smith narrow band (Smith 1968) in Paper I plus
A"R=1.1Ay from Turner 1982).

4 CLUSTER AGES

Armed with our revised distances and confirmed OB, WR
members of star clusters, we are able to estimate ages from
a comparison between cluster members and solar metallic-
ity isochrones (Brott et al. 2011), following the approach
of Massey et al. (2001) and Crowther et al. (2006a). It is
important to recognise that these isochrones are based on
single stars and do not account for mass transfer in binaries,
which may lead to resulting rejuvenated massive stars. Our
results are therefore a lower limit for the true cluster ages
(e.g Stevance et al. 2020 find that single star isochrones can
underestimate the true ages of H 11 regions by 0.2 dex, when
compared to binary population synthesis models).

Temperature calibrations for O stars are obtained from
Martins et al. (2005), whilst those for B stars are from Conti
et al. (2008). O star bolometric corrections and intrinsic
colours are from Martins & Plez (2006b) (via Martins & Plez
2006a). Intrinsic colours for B stars are taken from Wegner
(1994). Crowther et al. (2006b) provide bolometric correc-
tions for supergiants in the V band, Lanz & Hubeny (2007)
provide the same for dwarfs.

The clusters Cl 1813-178, Danks 1 and Danks 2, Mercer
23, VVV CL009 and VVV CL041 were excluded from the
age analysis, as only IR data was available for these clusters
and spectral types for many O and B star cluster members
were uncertain.

We categorise clusters with ages of <2 Myr as ’young’,
those with 2-5 Myr ages as intermediate and >5 Myr as old.
Table 8 lists cluster ages, the adopted Ry used to calculate
reddening, average extinctions Ay for cluster members, WR
members and spectral types of OB stars within the cluster.
Unfortunately, no spectral type information was available for
the members of Bochum 10 or 14 and so it was not possible
to determine their cluster ages.
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Table 8. Age estimates of star cluster within the Galactic disk host to WR stars, sorted by increasing age. Cluster membership of WR stars from Gaia DR2 are indicated in bold. We

categorise ages as either young (< 2 Myr), intermediate (2-5 Myr) or old (= 5 Myr).

Cluster Agein Myr  Photo- me- Ry Ry Ref Mean Ay  Age in Myr (liter- Age WR members (Sp Type) OB Sp Type OB Ref
(V-band) try Ref (mag) ature) Ref Range
— Young —
NGC 3603 1+1 2 3.55 1 4.9 1+1,1--4 1,2 WR43-2 (O2If*/WN5), 03V-08.5V 2
WR42-1 (WN4b), WR43A
(WN6ha+WNG6ha),
WR43B (WN6ha), WR43C
(O31f*/WN6)
Trumpler 16 1+1 3,4 3.1 1.7 1.4 5 WR25 (02.5If*/WN6+4-0) 03.5V-BOV 3,4
Westerlund 2 2+1 6 4.1 6 7.2 <1 6 WR20a (O3If*/WN6+  O3V-O8V 7,8
O3If*/WN6), WR20b
(WN6ha)
Collinder 228 ~2 5 3.1 1.4 WR24 (WN6ha) O5III-9.5V 5
— Intermediate —
Westerlund 1 <5 9 3.1 12.6 4.5-5 10 WRT77aa (WC9d), O9III-B5Ia 9
WRT77a (WN6)
Bochum 7 ~5 11 3.3 12 2.7 <3 11 WR12 (WN8h) 06.5V-BOV 11
— Old —
Ruprecht 44 7+3 13, 5 3.1 1.9 3 5 WR10 (WN5ha) O8III-B1V 13,5
Trumpler 27 75 14, 5 3.1 14 4.7 5 5 WR95 (WC9d), WR98 OSIII-B8I 15, 5
(WN8/C7)
Berkeley 87 89 15, 5 3.1 5.1 3 5 WR142 (WO2) 08.511I-B1V 16, 5
Markarian 50 ~ 10 5 3.1 2.5 7.4 5 WR157 (WN5-B1II) BOIII-B1.5V 17, 5

(1) Sung & Bessell (2004), (2) Melena et al. (2008), (3) Massey & Johnson (1993), (4) Smith (2006a), Smith (2006b), (5) Massey et al. (2001), (6) Hur et al. (2015), (7) Rauw et al.
(2007), (8) Rauw et al. (2011), (9) Clark et al. (2020), (10) Crowther et al. (2006a), (11) Corti et al. (2018b), Corti et al. (2018a), (12) Sung et al. (1999), (13) Turner (1981), (14)

Perren et al. (2012), (15) Moffat et al. (1977), (16) Turner & Forbes (1982), (17) Turner et al. (1983)
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All four young clusters host hydrogen-rich main se-
quence WN stars, Of/WN stars and early O dwarfs. These
add to the increasing evidence that main-sequence very mas-
sive stars exhibit transition Of/WN or weak-lined WNh
spectral morphologies (Crowther et al. 2010). Two clusters
have age estimates of <5 Myr, so one would expect them
to host classical WR stars (hydrogen-deficient WN and WC
stars) and mid-type O stars. This is true in both instances
and although the age estimate for Westerlund 1 is an upper
limit, it is in line with the previous literature value from
Crowther et al. (2006a).

Four clusters were assigned ages of >5 Myr, owing to
the presence of late O and early B giants. Both Markarian
50 (WR157) and Ruprecht 44 (WR10) also host weak-lined
WN5 stars, with previous age estimates for Markarian 50
pointing to ages of 7 Myr or greater (Massey et al. 2001;
Crowther et al. 2006a). In contrast, previous estimates of
the age of Ruprecht 44 have indicated ~3 Myr, and the lu-
minosity of WR10 from Hamann et al. (2019) adjusted to the
revised distance of Paper I is relatively high (log(L/Ly)=>5.8)
for an age of 7 Myr, suggesting it could be a rejuvenated
merger product (Schneider et al. 2014).

Trumpler 27, another old cluster, contains a very late
WC and WN/C type; both expected for a younger cluster.
However, the uncertainty of the result may mean that the
cluster is somewhat younger than 7 Myr, with the younger
limit of 5 Myr more in line with previous estimates. The WO
star in Berkeley 87 would also appear to be too young for a
cluster 8-9 Myr old. However, we note that there is a wide
scatter in the possible isochrones that would fit this cluster.
The bulk of stars are best fit to the 89 Myr isochrone,
but there are two outliers at ~4 Myr (including the only O
star in the sample). These younger outliers better match the
age result from Massey et al. (2001) and may indicate the
presence of multiple populations in Berkeley 87.

For the selected star clusters, there is no evidence of
a population of low luminosity WR stars in old clusters,
originating from envelope stripping by a close companion.
Models from Gotberg et al. (2018) indicate that stripped
helium stars can exhibit a variety of spectral types depend-
ing on their mass. At solar metallicity, progenitors of > 15M
mass donors in close binaries which produce stripped helium
stars of > SM, are anticipated to resemble WN stars. How-
ever, due to their low luminosities and/or dilution from an
early-type companion (mass gainer), these features may go
undetected.

5 IMPLICATIONS FOR MASSIVE STAR
FORMATION AND ENVIRONMENTS

We have confirmed literature results of a low cluster mem-
bership fraction of 14% for WR stars within the Galactic
disk, increasing to at most 36% after OB association/star-
forming region membership is considered (Table 5). If the O-
type progenitors of WR stars primarily originated in popu-
lous, or high mass star clusters, the only way to produce such
a low WR cluster membership fraction is if the WR stars
are ejected from the cluster, or if the cluster dissolves and is
consequently unrecognisable. Only 42% of nearby Galactic
O stars currently lie within known star clusters (Table 1),
so assuming a low ejection fraction or modest ejection veloc-

ities, approximately half of WR, progenitors formed within
clusters have been lost. A relatively high fraction of O stars
can be dynamically ejected from dense, relatively massive
star clusters over the first few Myr (Poveda et al. 1967), al-
beit with relatively modest velocities, of order 10 kms™' (Oh
& Kroupa 2016).

Alternatively, the majority of WR progenitors may orig-
inate in OB associations, but be ejected following the disrup-
tion of their binary systems due to core-collapse supernovae
(Blaauw 1961). Over 70% of Galactic OB stars in the Solar
Neighbourhood (few kpc) are found in OB associations/star
forming regions, whereas at most 36% of WR, stars exter-
nal to the Galactic Centre region are associated with a star
forming region. Since the majority of massive stars appear
to be born in close binary systems (Sana et al. 2012), it
is possible that WR, stars are ejected through this mecha-
nism. However, simulations suggest only 3% of such binaries
lead to runaway WR stars, with >30 km ~' (Eldridge et al.
2013), with slower moving walkaway stars much more com-
mon (Renzo et al. 2019).

It is therefore apparent that WR stars may be ejected
either dynamically from dense clusters, or via the disrup-
tion of a binary system following a supernova (albeit with
relatively modest velocities in most instances). Recalling 1
kms™! equates to 1 pc/Myr, a WR star with an age of 4
Myr moving at 10 kms™ would travel no more than 40 pc
from its birth site, usually much less owing to the delayed
timescale for dynamical ejection/binary disruption. In con-
trast, field WR stars dominate the population in the Galac-
tic disk, with runaways relatively common. From Paper I,
we identified 8% of WR stars from Gaia DR2 to lie at least
three H 11 scale heights from the Galactic midplane, rep-
resenting a minimum runaway fraction. The true runaway
fraction must be higher, since these statistics neglect WR
stars ejected within the disk. Indeed, the runaway fraction
of O stars is 10-25% (Gies & Bolton 1986), with a high frac-
tion of runaways amongst the field O star population (de
Wit et al. 2005).

The fact that only a minority of O stars are found
in open clusters, together with the tension between the
scarcity of predicted fast moving WR stars from low-mass
clusters/close binaries, and the observed runaway fraction
from the field population of WR stars, argues for an al-
ternative to the usual assumption that their progenitors
originate in dense clusters. In the following subsections we
consider the possibility that WR progenitors originate in
low density star-forming regions which are not recognised
as clusters/associations, or that their host star cluster has
dissolved.

We do not include primordial binaries in these simula-
tions, despite the high incidence of close binaries of massive
stars (Sana et al. 2012). If binary systems containing mas-
sive stars form via capture, then we implement stellar and
binary evolution. However, we do not find any instances of
the formation of very close binaries that would subsequently
undergo common-envelope evolution in our simulations (and
hence lengthen the WR-phase).

The close binary channel may produce main sequence
mergers or strip the envelope of the primary through Roche
Lobe overflow (de Mink et al. 2014), extending the limit for
the formation of WR stars to lower masses. Shenar et al.
(2020) suggest a lower initial mass threshold of 18M, for
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Figure 3. Monte Carlo simulations of the number of clusters
with different masses, which contain WR stars. Each line shows
the relation between cluster mass and number if they contain one
WR star. The cutoff applied in the upper panel was >10 Mg to
OB stars (corresponding to O stars and early B stars, which are
the brightest OB subtypes) and >25 Mgy for WR stars. For the
lower panel the cutoff was >5 Mg for OB stars (a stricter criterion
removing O stars, early B and mid B stars) and >25 Mg for WR
stars.

solar-metallicity WR stars, while Gotberg et al. (2018) sug-
gest 15 My, although such helium core masses/luminosities
lie below those of WR stars included in our study. Nev-
ertheless, they are considered to dominate the statistics of
stripped envelope core-collapse supernovae (Eldridge et al.
2013; Smith et al. 2011).

The simulations presented below thus assume that WR
stars originate from (initially) single stars with masses in
excess of 25 M. According to Meynet & Maeder (2005) the
lower mass limit to the formation of single WR stars at solar
metallicity is 22 M, for rapid rotators, or 37 M, for non-
rotators, while Shenar et al. (2020) obtain 20-30 M.

5.1 High mass stars in low-mass clusters and
associations

Here we consider the possibility that an apparently isolated
WR star is in fact part of a low-mass star-forming region
that has formed one massive star, with the remaining stellar
content too faint to be observed (Parker & Goodwin 2007).
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One piece of evidence for WR stars in such environ-
ments comes from isolated protostellar cores of high mass
stars. An example is G328.255-0.532 which may eventually
form a ~50 MO star (Csengeri et al. 2018).

A notable example of an existing low-mass star forming
region host to massive stars is the y Velorum group (Jeffries
et al. 2014b), Additionally, Prisinzano et al. (2016) finds
that the total mass of the cluster is only ~100 Mg. How-
ever, accounting for the wider environment, Cantat-Gaudin
et al. (2019) find a total mass of 2330M,. This potentially
indicates that these regions surrounding a single massive
star appear low mass, but may be part of much wider, more
massive star forming regions.

In order to test the hypothesis that our observed iso-
lated WR stars are the most massive stars within low-mass,
faint regions, we perform a Monte Carlo experiment simi-
lar to those in Parker & Goodwin (2007) and Tehrani et al.
(2019). First, we sample cluster masses, My in the range
50 — 10*M,, from a single power-law of the form

N(Mg) < M7, (2)

where 8 =2 (Lada & Lada 2003). Once the cluster mass has
been selected, we populate the cluster with stellar masses
drawn from a Maschberger (2013) Initial Mass Function,
which has a probability density function of the form

s3] (-3

where yu = 0.2 M, is the average stellar mass, @ = 2.3 is the
Salpeter (1955) power-law exponent for higher mass stars,
and B = 1.4 describes the slope of the IMF for low-mass
objects (which also deviates from the log-normal form; Bas-
tian, Covey & Meyer 2010). We sample this distribution in
the mass range 0.1 — 300 Mg, which allows for the most mas-
sive stars known to form (Crowther et al. 2010).

We sample from these distributions until we obtain a
total stellar mass of 10°M,. We then determine how many
clusters contain one WR star (defined as having an individ-
ual mass >25M,, by assuming solar metallicity (Crowther
2007) and no other OB stars. These are defined as having
individual masses >5 M, (to exclude O stars, early and mid
B-type stars, where the latter are the most faint OB spectral
types likely to be visible) or >10 M, (to exclude O stars and
early B stars, which would be visible in most cases).

Figure 3 shows the cluster mass functions for all clusters
(solid black line), clusters containing exactly one WR star
(red dashed line), clusters containing one WR star and no
other OB stars (green dot-dashed line), clusters containing
one WR star with the remaining stellar mass <100 M (the
dark blue dotted line) and clusters containing one WR star,
no OB stars and with the remaining stellar mass <100 M,
(the cyan dot-dashed line).

We consider that only WR stars within clusters for
which the remaining stellar mass <100 My could be mis-
classified as being isolated. The upper and lower panels of
Figure 3 show that these low mass (<100 My) clusters con-
taining 1 WR star and no OB stars (defining OB stars as
>10 M, and >5 M, respectively), will only form in around
8%—-15% of instances. This is significantly smaller than our
observed isolated fraction of 59-75% of WR stars.
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Figure 4. Local densities around stars in simulated clusters. The
dotted lines are the upper and lower density bounds of the clus-
ter, whilst the dashed line is the median. The solid lines are the
stars that will evolve into a WR star, with the coloured segments
denoting the WR phase. In the upper panel, there are two WR
stars in the cluster (red and green), both of which remain in dense
regions during their lifetimes. However, in the lower panel, the
WR star has moved into a moderately dense environment during
its evolution (though the surroundings are still denser than the
median of the cluster).

5.2 Dissolution of star clusters

We now explore the possibility that WR stars appear to be
isolated because their birth, or host star clusters have dis-
solved. Observations indicate that only 10per cent of star
clusters survive beyond an age of 10Myr (Lada & Lada
2003). The exact reasons for this rapid destruction of star
clusters is still debated. Clusters could be disrupted by the
expulsion of gas leftover from the star formation process (Tu-
tukov 1978; Lada et al. 1984; Goodwin 1997; Baumgardt &
Kroupa 2007; Shukirgaliyev et al. 2018), although the effec-
tiveness of this mechanism has been questioned (Kruijssen
et al. 2012).

An alternative to gas expulsion is the rapid expansion

Table 9. The variation in initial conditions of our N-body simula-~
tions. We show the initial radius, fractal dimension, the resultant
initial stellar density, the initial virial state and the figures show-
ing the particular simulation.

Radius Fractal Initial Virial  Figure(s)
dimen- density state
sion (Mg pc™)
D
1pc 1.6 10* Sub Fig. 4
1pc 1.6 10* Super Fig. 5 (upper
panel)
5pc 1.6 102 Super Fig. 5 (lower
panel)
5pc 2.0 10 Super Fig. 6

of a star cluster through two-body and violent relaxation
(Parker et al. 2014b), which has been shown to cause clus-
ters to expand significantly, thereby also significantly reduc-
ing the stellar density (Moeckel et al. 2012; Gieles et al. 2012;
Parker & Meyer 2012). In this scenario, the rapid (<10 Myr)
dynamical expansion of clusters could result in stellar den-
sities similar to the Galactic field (~0.1 Mg pc™3, Korchagin
et al. 2003), causing the WR star(s) to appear isolated.

To test this hypothesis, we perform N-body simulations
of the evolution of star-forming regions with a range of ini-
tial conditions. We use the results to determine the median
stellar density during the WR, phase of the massive stars,
and compare this to the local stellar density surrounding
the WR stars. The simulations are modified versions of those
presented in Parker et al. (2014a) and Parker et al. (2014b)
and we refer the interested reader to those papers for a full
description. However, we summarise the initial conditions
here.

We draw 1500 stars randomly from the stellar IMF de-
scribed in Eqn. 3. Occasionally, this results in clusters with
no sufficiently massive stars (>25My), but usually between
one and five stars are massive enough to undergo a WR
phase. We distribute these stars randomly in space and ve-
locity within a fractal distribution (Goodwin & Whitworth
2004), which is the most straightforward way of creating the
spatially and kinematically sub-structured initial conditions
observed in young star-forming regions.

The amount of sub-structure in these fractals is set by
the fractal dimension D; a star-forming region with high
initial spatial and kinematic substructure has a low frac-
tal dimension (D = 1.6), whereas a star-forming region with
moderate amounts of substructure has a higher fractal di-
mension (D = 2.0). We run simulations with both degrees of
substructure (as observations also indicate a wide range of
initial substructure in a star-forming region, Cartwright &
Whitworth 2004). Simulations with a high amount of initial
sub-structure have higher local stellar densities relative to
those with less substructure. We also vary the global density
of the simulations by varying the initial radius of the region,
which is either 1 or 5pc.

Finally, we vary the initial virial ratio. Our star-forming
regions can be subvirial, which means they collapse into the
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Figure 5. Local densities around stars in expanding environ-
ments. The upper panel shows an initially dense, highly sub-
structured simulation. The WR star remains in regions of high
density due to mass segregation, before being ejected from the
cluster. In the lower panel, a moderate density, but highly sub-
structured simulation, the WR stars also remain in moderate or
dense surroundings. These regions are still dense enough to be
distinguished from the field.

potential well of the region and form a smooth, spherically
symmetric star cluster. Following the formation of the star
cluster, two-body relaxation dominates and the cluster ex-
pands. In other simulations, the star-forming regions are ini-
tially supervirial, which means they expand immediately.

A summary of the initial conditions of our N-body sim-
ulations, and the corresponding figure references, are given
in Table 9. In all simulations, we evolve the star-forming re-
gions for 10 Myr (i.e. long enough for the massive stars to
undergo the WR phase before evolving into a stellar rem-
nant). We include stellar evolution using the SeBa package
(Portegies Zwart & Verbunt 1996) and the star-forming re-
gions are evolved dynamically using kira (Portegies Zwart
et al. 1999).

20 simulations were run for each combination of sub-
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Figure 6. An expanding, low density, moderate substructure sim-
ulation. Here, the WR stars are in sparse environments and so
appear to be isolated.

structure, global density and initial virial ratio parameters.
As we used the same 1500 stars for each set of initial condi-
tions, 13 out of 20 simulations contained WR stars regardless
of the other initial parameters.

Fig. 4 shows two of the initially subvirial simulations
(i.e. they collapse to form a cluster). The cluster then ex-
pands via two-body relaxation. The median, upper and lower
bounds of local density variation are plotted over time,
alongside the density for stars with initial mass >25 M.
The median local density falls during cluster dissolution, as
expected. However, due to mass segregation (Allison et al.
2010; Parker et al. 2014b), 90% of WR stars remain prefer-
entially located in regions of high (>1000 Mgpc™) density.
These regions are still recognizable as clusters, whilst the
outer regions have dissolved. This suggests that WR stars
in isolated environments are unlikely to origin