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ABSTRACT

We obtain distances to 383 Galactic Wolf-Rayet (WR) stars from Gaia DR2 parallaxes and Bayesian
methods, with a prior based on Hu regions and dust extinction. Distances agree with those from
Bailer-Jones et al. for stars up to 2 kpc from the Sun, though deviate thereafter due to differing
priors, leading to modest reductions in luminosities for recent WR spectroscopic results. We calculate
visual and K-band absolute magnitudes, accounting for dust extinction contributions and binarity,
and identify 188 stars with reliable absolute magnitudes. For WR and O stars within 2 kpc, we
find a WR/O ratio of 0.1. The distances are used to generate absolute magnitude calibrations and
obtain the Gaia colour magnitude diagram for WR. stars. Average vWR-band absolute magnitudes
for WN stars range from —3.6 mag (WN3-4) to —7.0 mag (WN8-9ha), and —-3.1 (WO2-4) to —4.6
mag (WC9), with standard deviations of ~0.6 mag. Using Hu region scale heights, we identify 31
WR stars at large (30, |z|>156 pc) distances from the mid-plane as potential runaways accounting

for the Galactic warp, of which only 4 involve WN8-9 stars, contrary to previous claims.

Key words: stars: Wolf-Rayet — stars: massive — stars: distances — Galaxy: disc

1 INTRODUCTION

Wolf-Rayet (WR) stars are the final stages of evolution
for massive O stars (>25 My, Crowther 2007). With ex-
tremely fast and dense stellar winds, they play an impor-
tant role in helping to ionize Hi regions and disperse na-
tal gas left over from the star formation process. This feed-
back may drive and quench star formation. Additionally,
WR stars are potential progenitors of long Gamma Ray
Bursts (Leloudas et al. 2010) and stripped envelope super-
novae, although some may collapse directly to black holes
(Georgy et al. 2009).

The later stages of massive star evolution depend heav-
ily on parameters such as initial mass and metallicity, which
influence mass loss rates (Meynet & Maeder 2005). Such de-
pendencies make modelling massive star evolution challeng-
ing. The accuracy of evolutionary models can be tested with
observations, which in turn depend on reliable distances. In-
accurate distances can thus lead to an incorrect understand-
ing of massive star evolution.

The Milky Way contains a rich population of WR
stars, whose total has been estimated at 1200+200
(Rosslowe & Crowther 2015b). Over half have been de-
tected thus far'. Of those, approximately a third have

* garatel@sheffield.ac.uk
! http://pacrowther.staff.shef.ac.uk/WRcat/index.php,
v1.21

been discovered via IR surveys (e.g Crowther et al. 2006,
Hadfield et al. 2007, Shara et al. 2009), whilst the rest are
optically visible. Until now, distances to WR stars have re-
lied upon the small subset of the population, which are
thought to be members of clusters or associations (e.g
Lundstrém & Stenholm 1984). These stars, along with the
WR population of the Magellanic Clouds (e.g Smith 1968
and Vacca & Torres-Dodgen 1990), have been used to cal-
culate absolute magnitude calibrations (e.g van der Hucht
2001, Rosslowe & Crowther 2015a). The calibrations were
then applied to estimate distances to field stars. As there is
some variation in absolute magnitudes within spectral sub-
types, the resulting distances had large uncertainties (50%
according to van der Hucht 2001).

Binarity is a key additional piece of the evolutionary
puzzle for massive stars. Mason et al. (2009) estimates that
40-70% of all massive stars are in binaries. Additionally,
Sana et al. (2012) suggests that 70% of O stars will un-
dergo interaction during their lifetimes. WR, stars may form
via Roche Lobe overflow (Kippenhahn & Weigert 1967) at
the upper end of the stripped star regime (Gotberg et al.
2018) and may be responsible for the high rate of observed
Ibc supernovae, relative to the number of massive stars
(Eldridge et al. 2013, Smith et al. 2011).

Binaries therefore have a major influence on the evolu-
tionary trajectory of massive stars. Studying the fractions of
runaways can provide an insight into how massive binaries
interact and verify models involving binary physics. Here,
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Figure 1. Plot showing the colour magnitude diagram of Galactic WR stars from the catalogue detected by Gaia (red) and WR stars
only observed at IR wavelengths (grey). Stars not observed by Gaia have larger (>3) J-K colours, indicating significant extinction. Filled
red circles are stars with the most reliable distances, these are limited to bright sources (K<12) with J-K<3.

again, accurate distances are essential to determine how far
a WR star has travelled over its lifetime.

The second Gaia data release
(Gaia Collaboration et al. 2018a, Gaia Collaboration et al.
2016, hereafter referred to as DR2) offers parallaxes, proper
motions and positions for over a billion stars in the Galaxy.
A large fraction of the Galactic WR population have been
detected in the Gaia G band, (330-1050nm) and so Gaia
increases the number of WR with trigonometric parallaxes
from just one (WRI11 in Hipparcos, van Leeuwen 2007) to
almost 400.

In this work (Paper I) we present distances obtained
using Gaia data and discuss the resulting new insights into
Wolf-Rayet absolute magnitudes, runaways and physical pa-
rameters. In Section 2, we determine the most likely dis-
tances for Galactic WR stars using a Bayesian method and
in Section 3, validate these using absolute magnitudes. We
compare the new Gaia distances to previous values in Sec-
tion 4. Distances from the Galactic midplane are discussed
in section 5 and used to identify potential runaways. Finally,
we conclude with an overview and anticipate potential im-
provements from later Gaia data releases.

In Paper II (Rate, Crowther & Parker, in prep), we
will use these new distances and other Gaia DR2 results to
reevaluate WR membership of clusters and associations, and
discuss the implications of the results on our understanding
of massive star origins and evolution. Future studies will use
our distances and extinctions to calculate updated WR line
luminosity calibrations for application to unresolved extra-
galactic WR populations.

2 DISTANCE DETERMINATION METHODS

2.1 Gaia DR2 catalogue
The parallax and errors wused to calculate dis-
tances were taken from the Gaia DR2 catalogue

(Gaia Collaboration et al. 2018a). The calculation also
made use of G band magnitudes, astrometric excess noise
(to identify potentially spurious results) and Gaia RA and
Declination coordinates.

A python AsSTROQUERY (Astropy Collaboration et al.
2013, Astropy Collaboration et al. 2018) script downloaded
data from the Gaia archive (Salgado et al. 2017) using
the ADQL query in Appendix A of the online material.
The script searched for stars which were within 1”7 of the
quoted WR coordinates. Almost all known WR stars are
isolated enough for this constraint to be sufficient. The
majority (370) of 415 successful search coordinates came
from van der Hucht (2001). However, 45 coordinates from
the catalogue did not lead to correct Gaia detections. In
these instances, coordinates from siMBAD were used instead
(Wenger et al. 2000, accessed on 23/05/2018). We checked
the coordinates for accuracy using images from VPHAS+
DR3 (Drew et al. 2014), ipuas DR2 (Barentsen et al. 2014,
Drew et al. 2005) and 2MASS (Skrutskie et al. 2006), to en-
sure they corresponded to isolated WR stars. The remaining
243 WR stars yielded no successful results with either coor-
dinate set. Figure 1 shows most of these (>230) have J-K >
3 mag, indicating significant foreground dust extinction and
are therefore inaccessible to Gaia.

383 stars (58% of the total) from the Galactic WR cata-
logue'have Gaia parallaxes. Of those, 305 have positive par-
allaxes. Figure 2 shows that both the total WR population,
and the sample containing only the results with reliable dis-
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Figure 2. Histogram of G band magnitudes for Gaia DR2 de-
tected WR stars. The solid line (black) involves 188 WR stars
with reliable absolute magnitudes (Section 3) and the dashed line
(red) involves the full sample of 383 WR stars.

tances, appear to be relatively complete up to G ~13 mag.
However, for results with robust absolute magnitudes, the
distribution falls off more quickly beyond G ~13 mag. This
is because fainter magnitudes are preferentially removed due
to their larger astrometric excess noise and increased inci-
dence of negative parallaxes (which are more likely to pro-
duce unacceptable absolute magnitudes).

2.2 Bayesian methods

The conversion of Gaia parallaxes to distances significantly
modifies the shape of the original parallax (w) probability
distribution, which means uncertainties do not transform
symmetrically. This occurs unless the parallax errors (o)
are very small (0,/w < 0.1, Bailer-Jones 2015), which is not
the case for most of our DR2 sources Additionally, many
sources have negative parallaxes; a consequence of the data
processing algorithm fitting noisy observations (Luri et al.
2018) and of the variation in parallax zero points (see Section
2.2.1). Obtaining the WR star distances should therefore be
done carefully using Bayesian methods.

Bayesian inference is therefore the recommended way to
transform parallaxes to distances (Luri et al. 2018). The end
result is a probability distribution with correct uncertainties,
reflecting the non symmetric transformation of parallax to
distance. Bayesian methods are also capable of elegantly ac-
counting for unphysical parallaxes and so there is no need
to cut negative data from the sample (Luri et al. 2018).

The technical details of the Bayesian method used, in-
cluding equations and plots of the model Hi1 region and dust
maps, are in Appendices B, C and D in the online material.

2.2.1 Likelihoods

The likelihood can be constructed by assuming the paral-
lax distribution is Gaussian, with a mean at the parallax
measured by Gaia and the parallax error as the standard
deviation (Hogg 2018, Luri et al. 2018, Bailer-Jones 2015).

The parallaxes quoted by Gaia are not corrected for the
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Figure 3. Weighted fit to the unit weight uncertainty factors
from Arenou et al. (2018), used to increase the uncertainties o,
to account for underestimation in the Gaia catalogue. The dotted
line is the linear component of the fit, whilst the solid line is the
total fit and the red crosses are the unit weight uncertainties of
the external data.

global zero point. As our sample of WR stars is spread over
the sky and the zero point will therefore not be dominated by
regional systematics, we choose to apply this global correc-
tion to the distance calculation (Arenou et al. 2018). In light
of the variation in measured zero points and the fact that
Lindegren et al. (2018a) states that the zero point is likely
multivariate, with no general process currently available to
calculate it, we choose to use the globally measured QSO
zero point of —0.029 mas (Lindegren et al. 2018b, Luri et al.
2018). One possible effect of this on the final distances is
that if the full multivariate zero point could be used, some
small negative parallaxes could be converted to positive val-
ues. We discuss further effects of this choice in Section 4.1.

Additionally, analysis from Arenou et al. (2018) sug-
gests that, when compared to external data, the errors of
DR2 parallaxes in the catalogue are underestimated. This is
because they are consistent with the internal uncertainties,
and do not account for systematics. The underestimation
varies with G band magnitude and is particularly acute for
results in the range 12<G<15, which could be underesti-
mated by 30-50% (Gaia Collaboration et al. 2018a).

To account for this, we calibrate the uncertainties of
Gaia parallaxes using parallaxes from previous surveys.
Arenou et al. (2018) provide in their Table 1 the unit weight
error calculated using a variety of comparative surveys and
the median G band of these surveys. Using this data, we
present the conversion curve shown in Figure 3. This is sim-
ilar to the approach of Lindegren et al. (2018a), although
our model neglects the HST measurement (1.9 unit weight
error at G=8 mag). It is possible to fit a combined Gaussian
and straight line which can increase the size of the uncer-
tainties in proportion to the G band magnitude. Details of
the equation used for this fit and the impact of increasing
the uncertainties on the distances are in Appendices B and
E in the online material.

These increased uncertainties were applied to our WR
parallaxes and lead to a likelihood that is appropriate for
the WR population.
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2.2.2 Prior

The prior is a probability distribution of the expected dis-
tances for a given WR star. Previous work with Gaia
(Bailer-Jones et al. 2018) has opted for a smooth, exponen-
tially decreasing prior, with a single parameter that can be
tuned based on galactic latitude and longitude. This is de-
signed to follow the distribution of all observed stars within
the Milky Way and to provide a distance derived purely from
a geometric model.

Almost all WR stars are found at large (kiloparsec) dis-
tances and lie preferentially in the Galactic plane, so their
observed distribution will be significantly affected by extinc-
tion. Previous priors do not properly account for this, which
could be problematic for our sample.

Instead, we build a prior using Hir regions and a dust
model for extinction. Hir regions approximate the spatial dis-
tribution of massive stars. They are independent of previous
WR distribution maps, avoiding any bias from previous in-
correct results and are well sampled across the galaxy (as
they are detectable at a broad range of wavelengths).

To find the overall distribution, we considered Hi1 region
density along each line of sight. Figure 4 shows a mixture of
Gaussians fitted to binned Galactic latitude and longitude
distributions, which gave normalised numbers of Hi1 regions
at a given latitude or longitude coordinate. These were then
multiplied together to get a total number density along the
line of sight.

We apply a simple dust model (Rosslowe & Crowther
2015a) to account for the effects of extinction. This consists
of both molecular and atomic gas, to replicate the thin and
thick disks. For the Sun, we chose a distance of 8.122 kpc
(Gravity Collaboration et al. 2018) to the Galactic Centre
and a height of 20.8 pc (Bennett & Bovy 2019) above the
plane. The resulting distribution is shown in the online sup-
plementary material, in Appendix C.

The prior covered distances between 0 and 15 kpc, at a
resolution of 1 pc. The probability is zero below 300 pc, as
we do not expect to find any WR stars detected with Gaia
closer than this distance. The final form of the prior therefore
varies from Gaussian like in regions with a pronounced Hu
region peak or low extinction, to exponential like in regions
with a less pronounced peak or high extinction.

2.2.8 Posterior

We then calculated the posterior distribution. Figure 5
shows an example of this for WRA4, together with the prior
and its components.

Use of the numerical dust model meant we could not
differentiate the posterior and produce an analytical solu-
tion for the maximum likelihood. Instead the peak of the
distribution was taken as the most likely distance. Credible
intervals (similar to those used in Bailer-Jones et al. 2018)
give distances which, when used as integral limits, cover 68%
of the area below the curve. The one sigma errors are the
differences between the peak and these distances.

2.3 Flags from Gaia

The validity of the distances is determined by the quality
of the parallax data. A significantly negative parallax (less
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Figure 4. A mixture of Gaussians showing the number of Hil
regions over (a) Galactic latitude and (b) Galactic longitude,
based on Figure 6 from Paladini et al. (2003) and data from
Paladini et al. (2002). The solid lines are the individual Gaus-
sians and the black dotted line is the overall fit. The peak around
1=75-90° is the Cygnus X region.
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Figure 5. Posterior distribution for WR4, shown alongside the
prior components and credible interval. The filled star is the most
likely distance to WR4 (3.751’8:23 kpc, compared to 3.71fg:gg kpc
from Bailer-Jones et al. 2018).
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Table 1. Gaia DR2 astrometric, photometric and parallax properties for 383 Galactic WR. stars, including WR11 using a parallax
and photometry from Hipparcos (van Leeuwen 2007). The distance for WR11 was calculated in the same manner as WR with Gaia
results, except the adjustments to calculate w and o, were not applied. Stellar luminosities, updated from Hamann et al. (2019) and
Sander et al. (2019) according to our revised distances, are restricted to sources with no error flags. The full table is available in the
online supplementary material.

WR Spectral Alias RA Dec W+ 0oy d |z| G Gpp—Ggp Excess logL Flags
Number Type J2015 J2015 mas kpc pc mag mag Noise Lo
WR1  WN4b HD 4004 00 43 28.39 464 45 35.4 0.314+0.040 3.15*947 12513 979  1.05 0.00 g
WR3  WN3ha HD 9974 01 38 55.62 +58 09 22.6 0.342+0.051 2.90%$32 18837 10.58  0.18 0.10 556 g
WR4  WC5+47? HD 16523 02 41 11.67 +56 43 49.8 0.258+0.051 3.7570%) 174" 9.68  0.51 0.06 572 g
WR5  WC6 HD 17638 02 52 11.66 +56 56 07.1 0.334+0.042 2.97+043 90*lS 10.06  0.94 0.00 553 g
WR6  WN4b EZ CMa 06 54 13.04 -23 5542.0 0.441+0.065 2.27:942 376*1} 6.57  0.04 0.18 578 g
WR7  WN4b HD 56925 07 18 29.13 -13 13 01.5 0.221+0.051 4.23*7}9% 11*2 11.17  0.73 0.00 533 g
WR8  WNT70/CE HD 62910 07 44 58.22 -31 54 29.5 0.263+0.038 3.7470%3 226*41 9.92  0.84 0.00 g
WR9  WC5+07 HD 63099 07 4550.40 -34 19 48.5 0.212+0.035 4.57*38% 25619 10.14  1.30 0.00 g
WR10 WN5h HD 65865 07 59 46.24 -28 44 03.0 0.162+0.040 5.46%}3 7572 1094  0.60 0.09 578 g
WR11 WC8+O7.51I-V 1y Vel 08 09 31.96 —47 20 11.8 2.920+0.300 0.34709% 24*3  1.70

WRI12 WN8h Ve5-5 08 44 47.29 -45 58 55.4 0.154+0.037 5.71*}3} 1754 10.36  1.15 0.00 593 g

Columns are: (1) WR Name, (2) Spectral type, (3) Alternative name, (4) Gaia Right Ascension, (5) Gaia Declination, (6) Zero point
corrected parallax w and inflated error o, (7) Distance from the Sun, (8) Distance from the midplane, (9) Gaia G band apparent
magnitude, (10) Gaia colour index, (11) Astrometric excess noise, (12) Stellar luminosity, (13) Error flags, a = astrometric excess noise
> 1 mas; e = large parallax uncertainty |0, /w|>1; n = negative parallax w<0, g = good astrometry.

Table 2. Intrinsic colours of WR stars from PoOWR models (Hamann & Gréfener 2004 and Todt et al. 2015 for WN, Sander et al. 2012
for WC) for (b— v)OWR and monochromatic (J-K){'°" and (H-K){'°"°, and Rosslowe & Crowther (2015a) for (J-Ks)o and (H-Kq)o.

WR subtype PoWR model log(T/k) logR) (b—v)/® (J-Ks)o (H-Ko)o  (J-K)fom  (H-K)fo
WN3-4 WNE 12-11 4.95 1.0 -0.32#0.1 -0.11x0.1 —0.03+0.1 0.24 0.16
WN4b-7b  WNE 12-18 4.95 0.3 -0.18+0.1  0.37+0.1  0.27+0.1 0.63 0.40
WN5-6 WNE 08-11 4.75 1.0 -0.28+0.1  0.18+0.1  0.16+0.1 0.30 0.20
WNT7-9 WNL 06-13 4.65 0.8 -0.15+0.1  0.13+0.1  0.11x0.1 0.30 0.18
WN6ha WNL 07-07 4.70 1.4 -0.33+0.1 -0.015+0.1  0.03+0.1 0.00 0.00
WNT7ha WNL 07-07 4.70 1.4 -0.33+0.1 -0.04+0.1  0.01%0.1 0.00 0.00
WN8-9ha  WNL 05-07 4.60 1.4 -0.32#0.1 -0.04+0.1  0.01%0.1 0.01 0.00
Of/WN WNL 07-06 4.65 1.5 -0.34+0.1 -0.11x0.1 -0.07+0.1  -0.04 -0.03
WO02-3 WC 17-12 5.20 0.9 -0.37+0.1  0.11x0.1  0.00+0.1 0.20 0.11
WC4-7 WC 11-16 4.90 0.5 -0.20+0.2  0.62+0.1  0.58+0.2 0.54 0.33
WC8 WC 09-14 4.80 0.7 -0.37+0.1  0.43+0.1  0.380.1 0.38 0.21
WC9 WC 06-12 4.65 0.9 -0.32+0.1  0.23+0.1  0.26x0.1 0.12 0.09
WN/WC -0.23+0.1  0.37+0.1  0.27+0.1

than the zero point), will result in a smaller likelihood than
a positive parallax and will increase the proportional size of
the prior. Negative parallaxes can also indicate unreliable
Gaia data. Similarly, a large error (on the scale of the data
itself) will also result in a much smaller likelihood and a
greater influence from the prior.

These issues mainly arise from badly fitted parallax so-

lutions, which can be identified using parameters in the Gaia
catalogue. We chose astrometric excess noise (the observa-
tional noise which needs to be added to the data to match
the solution residuals) as this identifier. Large values can in-
dicate that a solution does not fit the data well. We chose to
use this parameter, as it was the quality indicator with the
clearest cut-off and acted as a good benchmark for remov-
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Figure 6. (a) Comparison between parallax error |0, /w| and as-
trometric error noise (mas) for Galactic WR stars from Gaia DR2,
for which dotted lines indicate values of unity for each parameter
to highlight data quality flags a, e, g, n; (b) Comparison between
G band magnitudes and inferred distances (pc) for Galactic WR
stars from Gaia DR2, with the dotted line marking a distance of
2 kpc.

ing bad values when calculating absolute magnitudes. The
excess noise can also account for modelling errors, which are
not included in the observational noise. Significant astro-
metric excess noise is mainly applied to fainter objects, in
particular those with brighter neighbours.

The Gaia documentation (Hambly et al. 2018) states
that high excess noise will be present in early releases and
suggests that users apply their own cut-offs to determine
erroneous values. The ideal excess for results with distances
is zero, which indicates a good fit. However, excluding an
outlier with excess noise 18 mas, the average value for our

sample is 0.71 mas and the standard deviation is 0.98 mas.
Therefore, we flag all results with noise above 1 mas.

Combined, our three criteria for flagging Gaia data
quality are

a = astrometric_excess_noise>1
e =|o,/w/>1
n = w<0.

Results without any of these issues are given the ’g’ flag.
These flags are applied to the distances in Table 1.

We apply the flags to the zero point corrected parallaxes
and the increased errors, as these are the values are used to
calculate distance. A star can be flagged if it satisfies one or
more of the criteria. If all three are applied, then 37% of
the WR stars with parallaxes have an a, e or n flag.

59% of the flagged results had more than one negative
flag. This reflects the way such errors are intertwined, where
a poor solution fit due to noisy observations can lead to a
large astrometric excess noise, sizeable errors and negative
parallaxes all at once.

The relations between flags are shown in Figure 6. In
general, WR stars with large astrometric excess noise are
supposedly located closer than 4 kpc, and in many cases
closer than 2 kpc. This latter group further breaks down
into brighter objects at around G=11 mag (WR146 and
WRI115) and G=15 mag (including WR77p) and fainter ob-
jects with G>17 mag. The fainter objects may have high
excess noise because of astrometric modelling difficulties,
caused by issues like binarity or a badly determined space-
craft attitude during a given time interval (Hambly et al.
2018, Lindegren et al. 2018b). These problems would make
it difficult for the Gaia AGIS algorithm to reliably extract
astrometric parameters. The brighter objects may have high
excess noise for a variety of reasons, such as issues with in-
strument calibration (Lindegren et al. 2018b). High astro-
metric excess noise can also occur if the stars are in binaries
(WR146) or potential binaries (WR115).

The other two flags show a less clear breakdown. Neg-
ative parallaxes can occur at all magnitudes and distances,
but have non zero excess noise. Only a small fraction of
results with large error ratios have zero astrometric excess
noise and none at all occur below G=12 mag. Both flags
become increasingly common beyond G=15 mag and only
a few points beyond G=18 mag are not flagged. This is ex-
pected given that highly reddened objects at any distance
are more difficult for Gaia to observe. The flags applied to
the data are listed in Table 1. Any users should note that
distances to these flagged stars may be suspect and should
account for this in their analysis.

3 ABSOLUTE MAGNITUDES

In addition to the Gaia data quality flags, we checked the
validity of the distance results by calculating absolute mag-
nitudes in the v"R- band (Smith 1968)?, designed to avoid
WR emission lines, and the K band. As part of this, we
calculated extinction using intrinsic colours and an adopted
extinction law. The result was then combined with distances
and apparent magnitudes to obtain absolute magnitudes.

2 A "WR’ superscript is added to distinguish the Smith v filter
from the standard Johnson V-band filter
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Figure 7. WN stars with Hell 4686A equivalent widths from
Conti & Massey (1989) and Smith et al. (1996). The lines show
the equivalent width for a typical single WN star at each subtype.
The shaded regions should contain only single stars.

3.1 Intrinsic colours for single stars

Intrinsic optical colours were taken from PoWR grids
(Hamann & Gréfener 2004 and Todt et al. 2015 for WN,
Sander et al. 2012 for WC), for single stars in the v?"R band
(see Table 2). The exception is for WN/WC stars, as the
value (b — V)OWR = —0.23 is averaged from the E(b — v)"} val-
ues of Sander et al. (2012) and the b"R and vW® apparent
magnitudes of each star. Intrinsic colours for the J, H and
K, bands are taken from Rosslowe & Crowther (2015a), with
monochromatic near-IR, POWR synthetic colours also in-
cluded.

3.2 Intrinsic colours for binary systems

16% (61 stars) of our WR sample were classified as bina-
ries. For these systems, we calculated absolute magnitudes
in the same manner as single stars, but included the com-
panion in the intrinsic colour by measuring the dilution of
the strongest optical emission lines. These are Hen 4686A
for WN stars, and Crv 5808A and Crir 5696A for WC stars.
We fit the relation of the equivalent width to subtype for
single stars (see Figs 7-8), to obtain the equivalent width of
a ’typical’ single star with a particular subtype.

For WC stars, we used Crv 5808A to obtain the typical
equivalent width of a single WR star with subtype 4, 5 or 6.
In subtypes 8 and 9, the dominant line is instead Crir 5696A .
The fractions for WC7, which can contain either line, were
the average dilution of the two. The fractional contribution
of the WR’s visible light (Fcwg,) to the binary was then
found using;:

EW,
F CwWRy = E_VVS (1)
where EW, is the WR equivalent width for the binary and
EW; is the equivalent width for a single star. We summed the
intrinsic colour of each component, weighted by contribution
fraction, to obtain the colour for the system.

WR stars contribute a higher fraction of the continuum
flux to the binary at near-IR wavelengths with respect to the
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Figure 8. Equivalent widths of (a) Crv 5808A and (b)
Crr 5696A from Torres et al. (1986), Conti & Massey (1989),
Smith et al. (1990), Cohen et al. (1991), Mauerhan et al. (2009)
and Zhekov et al. (2014) showing the relation between line
strengths and spectral types for both single and binary stars.
The dotted line shows the equivalent width for a typical single
WC star at each subtype. The shaded region is the one sigma
standard deviation and should contain only single stars.

Table 3. The relative continuum flux contribution of WR stars to
O-type companions at near-IR wavelengths for various subtypes,
adopting a Kurucz ATLAS O star model with Teg = 37500K and
log g = 5 for the companion, assuming each contribute 50% of the
V-band continuum flux.

WR subtypes Fwr/Fo
\% J H K

WNE-w 1 1.33 1.56 1.94
WNE-s 1 2.45 3.35 4.56
WN6ha 1 1.22 1.38 1.63
WN8 1 2.03 2.70 3.55
WN9 1 1.33 1.5 1.78
Of/WN 1 1.17 1.22 1.33
WC4-5 1 2.03 2.57 3.55
WC6-7 1 1.94 2.45 3.35
WC8 1 1.86 2.23 3.00
WC9 1 1.70 2.13 2.57

visual (see Table 3). To illustrate this, we compare template
spectra from WR stars of different subtypes to an O star
from a Kurucz ATLAS model (Tex = 37500K and log g = 5).
Each template spectrum is set to the same V-band contin-
uum flux. The fraction of light contributed by the template
O star at IR wavelengths can then be calculated. We use
this to obtain the intrinsic colours of the binary in the same
way as optical wavelength colours.

For WR11, we wused the light ratio derived in
De Marco et al. (2000) and for WR104, we used the ratio
from Williams & van der Hucht (2000). For WR30a, we es-
timated the fraction of light contributed by the WR was
10%, based on the emission line strength of similar WO4
star BAT99-123 (Br93, Sand 2). For WR64-4, we used the
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Her 1.16um, 1.69um and 2.19um IR lines to find contribu-
tion ratios, as no optical data were available. For WR35a, a
reverse approach was followed based on the absolute magni-
tude of the system and assuming an absolute V magnitude
for the 0O8.5V companion (from Martins & Plez 2006), to
calculate the absolute magnitude of the WR, component.

3.3 Optical and IR extinctions

We calculate dust extinctions using the intrinsic colours
(Table 2) and apparent magnitudes in the vWR band
taken from the Galactic Wolf-Rayet catalogue, which
was primarily compiled from van der Hucht (2001) and
Torres-Dodgen & Massey (1988). J, H and Ky band mag-
nitudes were primarily sourced from the 2MASS catalogue.
The K, band extinction, Ag,, was calculated using the stan-
dard extinction law Ag, = 0.125A%F (obtained from Ag, =
0.114Ay from Cardelli et al. 1989 and AR = 1.1Ay from
Turner 1982), if values of AR were available. Otherwise,
Ags was calculated with the relations of Ay and A; to
Ags (using parameters from Fritz et al. 2011 towards the
Galactic Centre and Stead & Hoare 2009 elsewhere, as in
Rosslowe & Crowther 2015a).

For WR25, known to have an anomalous extinc-
tion curve, we calculated A"R using R"R = 62 from
Crowther et al. (1995).

Since dust extinction preferentially attenuates blue
wavelengths, the Gaia Gpp — Ggp can be used as a proxy
for extinction. Some stars had unusually high K band ex-
tinctions (possibly due to incorrect photometry), which led
to erroneous absolute magnitudes. Figure 9(a) shows the
relationship between (Gzp — Ggp) and Ag,, while Fig 9(b)
compares (Gpp—Ggp) and AYR. A 50 (grey dashed lines) cut-
off from the line of best fit (black solid line) was used to
exclude incorrect extinctions. Some values of AYR were also
excluded for being outliers, indicating an issue either with
some photometry or the Ggp — Grp magnitudes.

To obtain meaningful results at low Gzp—Ggp (Where we
have no observations) we ensure that the extinction is zero
at the intrinsic colour, (Ggp—Ggp)o. We obtain (Ggp—Ggp)o for
a generic blue energy distribution, namely a BOV spectral
type, with V — I=-0.44 in the Johnson filter (Ducati et al.
2001). We transform this relation to the Cousins system
(Bessell 1979) and finally to (Ggp — Grp)o = —0.43, using the
V — I to Ggp — Ggp calibration in Evans et al. (2018).

Carrasco & Jordi (priv. comm) (using methodology
from Jordi et al. 2010) provide the transformation from Ay
to Ag by artificially reddening template POWR WR spectra
with different extinctions (from Ay ~ 0.5 to 36 mag). Syn-
thetic photometry for the Gaia (Maiz Apelldniz & Weiler
2018) passbands was then obtained at each Ay. This al-
lowed for the calculation of E(Ggp—Ggp) and Ag. The results
from Carrasco & Jordi allow us to find the intrinsic colour
(Gpp — Ggp)o for each WR subtype. The generic BOV model
we have used to calculate (Ggp — Ggp)o, is within the uncer-
tainty of the average WR value (Ggp — Ggp)y = —0.35 £ 0.14
of the subtypes in Table 4.

For the K band, we obtain the Gzp — Ggrp to Ag, rela-
tionship using data with Gzp — Ggp < 3. This is the regime
in which Ag, follows the extinction law, as these stars are
also observed in the v"R band. At higher Ggp — Ggp, the cal-
culated extinction begins to deviate from this relationship.

1.4

1.2

--50 bounds

—Best fit to data
0.0 —Weighted intercept
0 1 2 3 4 5

Ggp — Gprp

Figure 9. Gaia Gpp—Ggp colours for Galactic WR stars compared
to (a) Ks-band and (b) vWR band extinctions. In (a), the solid
black line presents the best fit to data with Ggp — Grp<3 while in
(b), the solid line is a best fit to all data. The grey dashed lines are
the 50 bounds, based on the uncertainties of the fit parameters.
The solid blue line is also the best fit to the data, but weighted
so that it passes through A)VR = Ags=0 at (Gpp — Ggp)o = —0.43, as
expected for a generic BOV star.

Table 4. Conversion equations between narrowband vWR and
Gaia G band filters for (Ggp — Ggrp)o of different spectral types,
using results from Carrasco & Jordi.

WR class  (Ggp — Ggp)o AR to Ag
WNE-w -0.412 —0.005 A,240.815A4,+0.540
WNE-s —0.188 —-0.005 A,240.8034,+0.506
WN6ha -0.407 —0.005 A,240.8164,+0.531

‘WN8 —0.200 —-0.004 A,240.8024,+0.501
WN9 -0.372 —0.005 A,240.814A4,+0.522
WC5 —0.659 —-0.006 A,240.8554,+0.558
WCT7 -0.431 —0.005 A,240.8304,+0.573
WC8 -0.317 —-0.005 A,240.8084,+0.572
WC9 -0.201 —-0.005 A,240.8054,+0.503
BOV SED —0.430 —-0.005 A,240.8164,+0.534
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Table 5. Average absolute magnitudes for Galactic Wolf-Rayet
subtypes in V"R and K, band filters. In the v"R band, the WC9d
sample has been combined with non dusty WC9 stars.

WR subtypes M, wer N(WWR) Mg, (mag) N(Ks)

(mag)
WN3-4 -3.6+05 6 -3.1+£0.7 7
WN5-6 -43+0.6 22 -4.0+05 33
WN6-7ha -6.5+03 3 -62+03 5
WN4-6b -45+0.6 13 -4.7+0.6 15
WN7 -4.6 0.6 10 -49+04 15
WN8 -5.7+0.6 8 -6.1+0.7 13
WN8-9ha -7.0+04 2 -69+04 2
WN9 -6.0+0.8 2 -5.8+0.8 6
Of/WN -5.8+0.1 2 -6.1 £0.1 3
WO0O2-4 -3.1+14 3 -27+10 4
WC4-5 -4.1+0.6 11 —-44+04 11
WC6-7 -39+04 18 -5.0£0.5 23
WC8 -4.5+09 6 -53+05 7
WC9 -4.6+04 12 -49+05 9
WCad -6.7+0.8 13

The empirical fit is shown in blue in Figure 9(a) and has
the form:

A=X(Gpp—Grp)+Y (2)

where Gpp — Ggp is the value from the Gaia catalogue,
X=0.2624 and Y=0.1121. The v"R band, shown in Figure
9(b), was much more closely grouped around the line of best
fit, with X=2.217 and Y=0.9436. The gradient is 8.45 times
the gradient for the K band. This is slightly larger than the
Ags = A,/7.97 extinction law used to calculate values of Ak,
with A,. The deviation reflects the fact that some values of
Ak, were not calculated using that extinction law.

We can also use the synthetic photometry from Car-
rasco & Jordi to calculate the conversion relationship from
AR to Ag (also shown in Table 4), by converting Ay in their
relationship to AWR. This enables us to calculate the absolute
Gaia G magnitude and present the Gaia colour magnitude
diagram (CMD) in Figure 10, for the most reliable WR re-
sults. Fig. 10(a) presents a CMD for Galactic WR stars plus
visually bright O stars from v4.1 of the Galactic O Star Cat-
alogue (GOSC, Maiz Apelldniz et al. 2013), while Fig. 10(b)
compares the CMD of WR stars to 70,000 DR2 stars from
Gaia Collaboration et al. (2018b). Two exceptionally bright
stars are the extreme hypergiants He3-519 (WR31a) and
AG Car (WR31b), which exhibit very late WN characteris-
tics at extreme visual minima (Smith et al. 1994).

3.4 Absolute magnitudes

We used the extinctions, distances and apparent magnitudes
to calculate the absolute magnitudes for stars that have reli-
able extinctions (within the 50~ bounds of Figure 9). Repeat-

Galactic Wolf-Rayet stars with Gaia DR2 1 9

ing the calculation using a Monte Carlo selection (bootstrap-
ping with replacement) from the distributions of the three
parameters, produced a binned histogram of absolute mag-
nitude against frequency. This acted as a proxy for the prob-
ability distribution of each absolute magnitude. A Gaussian
or Weibull distribution was fit to the binned data, to find
the most likely absolute magnitude and uncertainties (more
details are available in Appendix F of the online material).

For binaries, the absolute magnitudes of Wolf-Rayet
components were separated from the total system magni-
tude.

A multi step process of sigma clipping allowed us to
find reliable absolute magnitudes for all WR stars. First,
stars with high astrometric excess noise, or unrealistically
low absolute magnitudes (> —1 mag) were removed from the
sample. We then calculated the averages of the remaining
stars in each subtype class. Stars with unusually high or low
absolute magnitudes (defined as were greater than one sam-
ple standard deviation, from the mean) were then cut from
the sample. This cut-off provided a good balance between
excluding clearly incorrect values and including valid ones
across all subtypes.

The remaining sample contained only the most reli-
able absolute magnitude results in each subclass and were
used to calculate the averages presented in Table 5. LBVs,
aside from He 3-519 (WR31a) and AG Car (WR31b), were
removed due to variability. WR20-2, WR42-1, WR43-2,
WRA43-3 were also excluded from the averages, owing to un-
certain subtypes.

We obtain K band results for dusty subtypes (WC8d
and WC9d) by converting AWR to Ag,, using the standard
extinction law. This method prevents the IR dust emission
from contaminating the extinction calculation. The absolute
magnitudes could then be calculated for each subtype and
in each filter, with the standard deviation providing upper
and lower bounds on the typical absolute magnitudes. The
WC9d were combined in the vW¥R band, but not in the K
band, as their IR excess renders them brighter than dust free
WR stars. As there were only three WC8d (WR48a, WR53
and WR113) in the final sample, these stars were grouped
with the non dusty WCS stars and only WR113 was used to
calculate the final absolute K; in Table 5. Excluding WR113
from the average, we obtain My,=-5.3 mag for WC8 stars,
the same result as Table 5.

In Figure 11, we present the final absolute K band mag-
nitudes and uncertainties for each subtype. These are com-
pared with corresponding values from Rosslowe & Crowther
(2015a). Figure 12 shows the same distribution for the v"®
band, compared with van der Hucht (2001). Tables 6 and
7 show results for individual stars (the full lists are in the
supplementary online material).

We additionally plot the absolute magnitudes for 116
LMC stars in Figure 12, using results from Hainich et al.
(2014) for single WN and Of supergiant stars (exclud-
ing WN2b), Shenar et al. (2019) for stars in binaries,
Crowther et al. (2002) for single WC stars and redden-
ings from Tramper et al. (2015) and v"R band magni-
tudes from Torres-Dodgen & Massey (1988) for BAT99-123
(WO4). We adopt spectral types of LMC late WN stars from
Crowther & Smith (1997) instead of Schnurr et al. (2008).

From Fig. 12, absolute v*"®R magnitudes of LMC stars are
brighter than their Galactic analogues, so it is inappropriate
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Figure 10. (a) Gaia DR2 colour magnitude diagram for Galactic WR stars plus O stars from GOSC (v4.1, Maiz Apelldniz et al. 2013).

Absolute magnitudes are calculated using our inferred distance moduli u and Ag (converted from

WR
Av

using the relation from Carrasco

& Jordi). The red star is the WR component of ¥ Velorum, the only WR star with a trigonometric parallax from Hipparcos; (b) Gaia
DR2 colour magnitude diagram for Galactic WR stars plus 70,000 stars from DR2, satisfying the selection criteria from section 2.1 of
Gaia Collaboration et al. (2018b).
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Figure 11. Absolute mag-
nitudes in the K band.
Red crosses are individual
WR star results and the
red circle is the average for
each spectral subtype (with
the sample standard devia-
tion of the data as the un-
certainties). Green squares
are the comparative data
from Rosslowe & Crowther
(2015a).
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to apply LMC WR absolute magnitudes to Galactic stars.
LMC WN5-6 stars are particularly bright, since this sample
includes the luminous H-rich main sequence WN5-6h stars
whose closest Galactic analogues are WN6-7ha stars which
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WNS8

WN8-9ha
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are amongst the visually brightest WR stars in the Milky

Way.

In total, reasonable absolute magnitudes, extinctions
and no Gaia excess noise flags, were obtained in 188 cases.
Absolute magnitudes for almost all WR subtypes revealed
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Figure 12.  Absolute
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diamond the average for
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each subtype. LMC WN5-6
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H-rich  main  sequence
WN5-6h stars. Results for
WO were calculated using
Tramper et al. (2015) and
Torres-Dodgen & Massey
(1988)
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Table 6. Absolute Ks-band magnitudes for Galactic WR stars. The full table is available in the online supplementary material.

WR Spectral type Ks u J-K; H-K; Ags (mag) M%y: FYR/ Fsgj MYR Flags
Number (mag)  (mag)  (mag)  (mag) (mag) (mag)

WR1 WN4b 7.48 1249  0.73 0.38 0.36+0.09 -5.4192 b:
WR3 WN3ha 10.01 12.31 0.23 0.12 0.13+0.09 25401 b:
WR4 WC5+7? 7.88 12.87  0.87 0.69 0.21+0.13 -5.3+0:4 b
WR5 WC6 7.65 12.36  0.98 0.69 0.35+0.13 -5.1793 g
WR6 WN4b 5.89 11.78  0.46 0.34 0.06+0.09 —6.0193 b
WR7 WN4b 9.27 13.13  0.70 0.40 0.28+0.09 —4.2#04 g
WRS WN70/CE 7.93 12.87  0.64 0.39 0.36+0.09 -5.4%1 b:
WR9 WC5+07 7.54 13.3 0.91 0.57 0.52+0.09  -6.3*31 060+024  -58+0¢ b
WR10 WN5h 9.61 13.69  0.44 0.28 0.28+0.20 —4.5104 g

Columns: (1) WR Number, (2) Spectral type, (3) K apparent magnitude, (4) Distance modulus g, (5) J-Ks colour, (6) H-K; colour,
(7) Ks band extinction Agjy, (8) Absolute magnitude of binary system (including companion), (9) Fraction of light contributed to the
binary system by the WR component, (10) Absolute magnitude of WR star, (11) Error flags, where M > upperinitial 0r M < loweTinitial =
b, M > upperfing or M < lowerfnag = b: (initiar denotes the averages calculated before sigma clipping, fina are the final absolute magnitude
boundaries) and g are results with no issues.

standard deviations that overlapped with the uncertainty
range of the previous results in both the v"R and the K
bands. The differences between values can be attributed to
the improved distance estimates and the increased number
of stars with distances. Some stars, such as WR2 (the only
WN2 star, Chené et al. 2019), were not present in the Gaia
catalogue.

There is a clear trend across both filters of increasing
absolute magnitudes with increasing subtype. In both filters,
WN4-6b are brighter than their weak-lined counterparts

despite their higher effective temperatures (Hamann et al.
2006). WNLha stars are known to be highly luminous, and
conform to this expectation.

The spread in absolute magnitudes is similar to those
previously obtained in the near-IR, but slightly larger in the
vWR band. Rosslowe & Crowther (2015a) quote a range of
0.3-0.6 mag, whilst the standard deviation in our Ky band
results spans 0.1-1.0 mag, but is also more typically 0.3-0.6
mag. For the v'R band, the standard deviations range from
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Table 7. Absolute vVR-band magnitudes for Galactic WR stars. The full table is

available in the online supplementary material.

WR Spectral type vWRE0.1  u b-vWWE  AVR (mag) M5 (mag) FWR/ FSys MWR Flags
Number (mag) (mag) (mag) (mag)

WR1 WN4b 10.51 12.49 0.51 2.84+0.71 49708 ¢
WR3 WN3ha 10.70 12.31  -0.06 1.07+0.71 28408 b
WR4 WC5+7 10.53 12.87  0.20 1.65+1.01 42t g
WR5 WC6 11.02 12.36 047 2.76+1.01 42t ¢
WR6 WN4b 6.94 11.78  -0.07 0.45+0.71 -5.4%08% b
WR7 WN4b 11.75 1313 0.36 2.22+0.71 -3.8803 b
WRS8 WN70/CE 10.48 12.87 047 2.88+0.71 -5.4%98 b
WR9 WC5+07 10.93 13.3 0.74 4.16+0.72  -6.6108 0.29+0.12 =534 b
WR10 WN5h 11.08 13.69 0.22 2.26+1.61 -5.0*17 b

Columns: (1) WR, Number, (2) Spectral type, (3) vVR apparent magnitude and error, (4) Distance modulus g, (5) (b - )" colour, (6)
vWR band extinction A,, (7) Absolute magnitude of binary system (including companion), (8) Fraction of light contributed to the
binary system by the WR component, (9) Absolute magnitude of WR star, (10) Error flags, where M > upperiiia or M < lowerjpita =
b, M > upperfing or M < lowerfinag = b: (iniiar denotes the averages calculated before sigma clipping, fna are the final absolute magnitude
boundaries) and g are results with no issues.

0.3-1.4 mag and mostly have standard deviations between
0.4-0.6 mag.

We therefore corroborate the findings of Sander et al.
(2019) that WC stars of the same subtype have a broader
range of absolute magnitudes than expected. We also posit
this is true for WN stars (Hamann et al. 2019 also note the
relations between absolute magnitude and subtype are not
strict). The uncertainties show no systematic differences be-
tween WC and WN classes or regular variation across sub-
types. However, particularly in the v"R band, some classes
suffered from very small numbers of WR stars (only 2 WN9
stars had v"R band magnitudes, for instance). This increases
the size of the uncertainties on the mean result.

Due to this intrinsic variation, we advise caution when
using averages as absolute magnitude calibrations and rec-
ommend accounting for the large uncertainties by exploring
other methods, such as a Bayesian approach with a probabil-
ity distribution centred on the average magnitude. We also
recommend continued use of the intrinsic colours in Table
2, rather than calculating new values using our methods and
results. The large uncertainties of our absolute magnitudes,
mean that propagated uncertainties of any resulting intrinsic
colours are correspondingly large. These new uncertainties
are far larger than the intrinsic colours from Table 2.

3.5 Sensitivity of results to adopted intrinsic
colours

We test the sensitivity of the results to the intrinsic colours.
For the v"R band, this is straightforward in that any differ-
ence in (b — V)XVR is propagated through to the extinction (so
multiplied by 4.12, Turner 1982). However, within the Kj
band, the combination of (J-Kj)y and (H-Ky)y complicates
this somewhat and we test the effects by calculating M,
with alternative J—Ks and H-K; synthetic colours. These are
taken from the PoOWR grids (Hamann & Gréfener 2004 and
Todt et al. 2015 for WN, Sander et al. 2012 for WC), using

the same models as Table 2. Unlike the b—v"® colours,
these are only valid at the monochromatic wavelengths and
not the whole filter bands, which are affected by emission
lines, especially for early-type WC stars. The difference in
absolute magnitudes are between 0.05 for WN5-6 and 0.2 for
WC6-7 and WN2-4 (as emission lines fall within the filter
band and are not included in the monochromatic result),
with most subtypes falling between 0.1 and 0.2. In all in-
stances, this was well within the uncertainties on individual
magnitudes.

3.6 Photometric Flags

In addition to the Gaia flag, we identify results with poten-
tially spurious absolute magnitudes. As stars with incorrect
extinctions were removed, spurious results can indicate ei-
ther incorrect apparent magnitudes, or an incorrect Gaia
parallax, whose distance generates the wrong absolute mag-
nitude. We therefore adopt two different flags, one where the
absolute magnitude is implausible and another where the ab-
solute magnitude only just falls outside the uncertainty of
the subtype average. The latter does not necessarily indicate
a bad result, but these data should be treated with caution.

M > uppetiar or M < loweripisiq = b

M > upperfiq or M < lower g, = b:

where upper and lower are the upper and lower magni-
tude bounds of the absolute magnitude average. ;i denotes
the averages calculated before sigma clipping (Section 3),
rinar are the final absolute magnitude boundaries (as in Ta-
ble 5) and M is the absolute magnitude of individual WR
stars. Results with a ’b’ flag are highly implausible and lie
well outside the range of acceptable absolute magnitudes,
whilst those with a 'b:’ flag are still acceptable, but fall out-
side the 1o uncertainties of the results in Table 5. Again,
results without any of these issues are given the ’g’ flag. Re-
sults without any absolute magnitudes are flagged with "u’.
These stars were included to provide the reader with the
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Table 8. WR stars within 2 kpc of the Sun, including colour excess, K-band extinction and Ags/kpc, extinction per kpc.

WR Num- Alias Spectral type Distance Flags E(B-V) Axs Aks/kpc
ber (kpc)

WRIL y Vel WC8+07.5111-V 0.34*9 04 0.00£0.30  0.00+0.13  0.00*938
WRo4 HD 158860 WN5o 0.95%9% g 1.24£0.21  0.53£0.09 0557019
WR90 HD 156385 wCer 1152041 g 0.10£0.30  0.04+0.13  0.04*¢}!
WRT8 HD 151932 WN7h 1.25%013 g 0.44£0.21  0.19:0.09  0.15*3Y]
WR139 HD 193576 WN50-+O06IT-V 1.314007 g 0.81+0.24  0.35x0.10  0.26%0:0%
WRT79 HD 152270 WC7+05-8 1.37+012 g 0.31£0.26  0.13:0.11  0.10*48
WR145 AS 422 WN70/CE+? L465315 8 2.28+0.39  0.97+0.16  0.67*¢1
WR110 HD 165688 WN5-6b 1.58+913 g 1.13+0.21  0.48+0.09 030700
WRILL HD 165763 WCs 163903 g 0.22£0.30  0.09+0.13  0.06740%
WR140 HD 193793 WCT7pd+04-5 16494} g 0.65£0.22  0.28+0.09  0.17+4%
WR142 Sand 5 WO2 1657041 g 2.13+0.21  0.91£0.09  0.5579%
WR105 NS 4 WN9h L7353 e 241021  1.03x0.09 0597412
WR134 HD 191765 WN6b 175404 g 0.46+0.21  0.20£0.09  0.11+093
WR52 HD 115473 WC4 1.75+318 g 0.59+0.30  0.25£0.13  0.14*4(]
WR144 HM19-1 WC4 L7558 e 047019 0.27*1]
WR93 HD 157504 WCT7+07-9 L7675 g 1.67£0.23  0.71x0.10  0.40*4]
WR142-1 HBHalpha 4203-27 WN6o 1,77f8ﬁ§ g 0.69+0.16 0'39t8:%8
WRI113 HD 168206 WC8d+08-91V 1803934 g 0.94+0.21  0.40£0.09 02249
WRI42a  PCGO2 1 wes 18148 g 0.83+0.19  0.46*019
WR133 HD 190918 WN50+091 1851518 8 0.36+0.21  0.15:0.00  0.08*093
WR113-2 SMGO09 1425.47 WC5-6 1.86+020 g 0.65+0.21 0.35+021
WR70-5  WMIO0 11b WC9 L9575 1.26£0.26  0.65+02
WRO8 HDE 318016 WN8o/C7 1.961931 g 1.59+0.21  0.68+0.09 035007
WR25 HD 93162 02.51f* /WN6+0 1.97+018 g 0.62+0.21 0.26+0.09 0.13303
WR135 HD 192103 WCs 1.98:918 g 0.41x0.21  0.18£0.09 00948
WRS5 HD 1556038 WNG6h 1.99+939 g 1.03£0.21  0.44%0.09 022700

distance moduli of the stars and any other helpful informa-
tion (e.g apparent magnitudes), if their absolute magnitudes
could not be calculated.

For all subsequent analysis we use only the most pho-
tometrically reliable results, which have a 'b:’ or ’g’ flag in
either the v"R band, or the K, band. These data do not have
high astrometric excess noise (’a’) Gaia data quality flags.
Results with, for example, two 'b’ flags were excluded. These
flags are applied to the absolute magnitudes in Tables 7 and
6.

We note that 13 objects retained in this selection pro-
cess had either negative parallax ('n’) or high parallax to
error ratio (’¢’) Gaia flags. However, the reliable absolute

magnitudes mean the distances may still be valid.

13

4 NEW DISTANCES TO WR STARS AND
COMPARISON TO OTHER GAIA DERIVED
DISTANCES

We can compare the WR star sample from Gaia to the total
population. There is no substantial difference between the
latitude and longitude distribution of WR stars detected in
Gaia and the total known WR distribution. The exception is
for some regions, such as around Westerlund 1 and towards
the Galactic Centre, which went undetected by Gaia due to
their high extinctions (with Ay > 30 mag in the latter case).

Crowding presented an additional challenge. WR, 43A
and 43B are not included in the final distance catalogue as
the same Gaia source was detected for both stars. The de-
tection for WR43C is also spurious, as the position overlaps
with other objects. These stars are located in the compact
cluster NGC 3603 (Melena et al. 2008, Crowther & Dessart
1998) and therefore blending is to be expected. It is possible
that further stars are missing parallaxes due to crowding,
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as this issue would reduce the quality of the Gaia five pa-
rameter solution below acceptable limits, and cause it to be
excluded from the Gaia catalogue.

Finally, some stars may not have been detected due to
their close binary companions. Arenou et al. (2018) shows
that completeness falls for separations below 2”7, to a limit
at 0.12”. This may account for three missing stars with nar-
rowband vW"R < 15 mag (WR2, WR63 and WR&6), two of
which (WR63 and WR86) have known companions.

Table 1 includes distances for each WR star with
measured parallaxes. Also included are the 68% credible
intervals. Table 8 lists the closest WR stars (with reli-
able results) within 2 kpc of the Sun. We find 26 WR
stars within this distance, similar to the 30 WR stars
within 2 kpc from Conti et al. (1983). We also calculate
distances to O stars using our Bayesian prior and GOSC
v4.1 (Maiz Apellaniz et al. 2013). For the O star population
within 2 kpc, we obtain a WR/O ratio of 0.10. This ratio
is within the 0.07-0.10 range of Conti et al. (1983), found
by comparing lifetimes of H and He core burning phases
from massive star models, as an analogue to O star and WR
star phases. However, our ratio includes all O stars, and
not just the most massive population that WR stars are
descended from. Conti et al. (1983) also calculate a WR/O
ratio with only O stars >40M,, and find a much higher ratio
of 0.36+0.15.

Table 8 also includes K;-band extinctions, and extinc-
tions per kpc for these nearby WR stars, with Ak, /kpc ~
0.28 mag, albeit with significant star-to-star variation. Dust
extinctions of stars in common with the 3D dust map from
Pan-STARRSI and 2MASS Green et al. (2015) shows rea-
sonable overall agreement.

4.1 Comparison with previous WR distances

Rosslowe & Crowther (2015a) provide distance estimates for
228 Galactic WR stars based on previous absolute magni-
tude calibrations. Of those, 87 have reliable distances from
this work. Fig. 13(a) compares distances to Galactic WR
stars in common with Rosslowe & Crowther (2015a). Agree-
ment is reasonable up to ~2 kpc. This is the subset of Gaia
sources with the lowest uncertainties and extinction, en-
abling accurate applications of our prior and absolute mag-
nitude calibrations. Beyond 2 kpc, there is significant scat-
ter, with many stars closer than previously thought. These
are principally more highly reddened WR stars that have
been discovered recently. Conversely many stars that were
thought to be nearby based on calibrations, have signifi-
cantly larger distances (e.g. WR5T is revised from 2.98+0.52
kpc to 5.50%142 kpc).

All of our 188 stars with reliable absolute magnitudes
have distance estimates from Bailer-Jones et al. (2018).
Comparisons are presented in Figure 13(b). Again, good
agreement is obtained up to ~2 kpc, beyond which the
Bailer-Jones et al. (2018) distances are generally larger than
our results. The average w/o, for stars at distances beyond
2.5 kpc is —=0.71. The error is therefore a substantial propor-
tion of the total parallax, which suggests disparities stem
primarily from limitations in the Gaia data and the dif-
ferences between the two priors. At large distances and so
proportionally large parallax errors, the prior dominates the
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Figure 13. (a) A comparison between distances to Galactic WR
stars in common between this work and Rosslowe & Crowther
(2015a). The black dashed line indicates one-to-one agreement.
Error bars from Rosslowe & Crowther (2015a) have been omitted
for clarity; (b) A comparison between WR distances obtained in
this work and Bailer-Jones et al. (2018). We illustrate the effect
of extinction by presenting the full prior including both dust and
Hir regions (red stars) and a prior with only Hir regions (black
Cross).

data and the peak of the posterior shifts closer to the peak
of the prior.

For this work, the peak of the prior probability defaults
to <3 kpc, depending on longitude. If the peak in the Bailer-
Jones prior is substantially closer or further, this results in
a large divergence between the two measures. Our prior dif-
fers significantly from Bailer-Jones et al. (2018) as it more
directly accounts for extinction and the specific distribution
of massive stars. The red stars/black crosses in Figure 13(b)
show the contrast between results calculated with/without
the dust extinction model. In most instances, the stars had
results more in line with Bailer-Jones et al. (2018) when dust
was excluded. Therefore, in the vast majority of cases, dust
extinction in the prior is the primary factor leading to dif-
ferent results.

Since distances from Bailer-Jones et al. (2018) formed
the basis of the recent spectroscopic studies of Galactic WR,
stars by Sander et al. (2019) and Hamann et al. (2019), use
of distances from this study with no warning flags would lead
to generally modest 0.05 dex reductions in stellar luminosity.
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Figure 14. A comparison between the WR distances from the midplane from Rosslowe & Crowther (2015a) and this work. Blue circles
are the points from this work with distances greater than 3o, where o is the HiI region scale height. The dotted line indicates parity
between the two measures. Stars with significant disagrement are labelled with their WR numbers.

These are included in Table 1, with higher reductions for
relatively distant stars including WR74 (WN70, 0.24 dex),
WRI1 (WNTb, 0.23 dex) ,WR56 (WC7, 0.20 dex) and WR64
(WC7, 0.20 dex).

We also compare the distances to a Galactic LBV
(WR31b = AG Car) and LBV candidate (WR31a = He 3-
519) which are in common with Smith et al. (2019). They
obtain a distance of 7.12*323 kpc to WR31a, versus 7.35:1%
kpc from this work, and 4.65%)& kpc to WR31b, versus
4.85:898 kpc from this work. These are well within the un-
certainties of both stars, particularly given WR31a has a
high error to parallax ratio of 0.72 (as measured directly
from the catalogue values). Smith et al. (2019) adopt a dif-
ferent zero point to our study, namely 0.05 mas as an initial
value and modelling some uncertainty in this as part of their
calculation. This decision is based on the variety of differ-
ent zero points found in the literature (e.g Riess et al. 2018,
Zinn et al. 2019, Stassun & Torres 2018 and Graczyk et al.
2019).

Therefore, these distances are systematically closer than
those from Bailer-Jones et al. (2018). This result agrees
both with our findings and Schénrich et al. (2019), who also
find that Bailer-Jones et al. (2018) appear to systematically
overestimate distances. As Smith et al. (2019) adopts a simi-
lar prior to that of Bailer-Jones et al. (2018), the overlapping
results therefore indicate that the larger zero point is per-
forming much the same function as our dust model, acting
to moderate the distances of Bailer-Jones et al. (2018).
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Figure 15. A histogram distribution of WR distances from the
Galactic disk. The dotted line shows the Cauchy fit from Equation
3.

5 DISTANCES FROM THE GALACTIC DISK

To identify potential runaway stars, we calculated distances
from the Galactic plane using the most likely distance from
the Sun and the Galactic latitude of the star, with the ad-
dition of the 20.8 pc (Bennett & Bovy 2019) for the Sun’s
distance above the midplane. The 68% distance uncertainty
intervals were scaled to give height uncertainties.
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16  Rate & Crowther

The new midplane distances in Table 1 are compared
with results from Rosslowe & Crowther (2015a) in Figure
14. In general, the deviation from previous results increases
with height, reflecting the uncertainty of distances to very
remote WR stars. The scale heights, o, of Hir regions loosely
trace massive star formation sites and can therefore highlight
potential runaways. Based on the median north scale height
between 3.9 kpc and 5.6 kpc in Paladini et al. (2004), o is
52 pc. The south scale heights contained too few points to
be reliable.

We additionally calculated the scale height of the WR
population. The histogram of WR distances from the mid-
plane is presented in Figure 15 and can be fit with a Cauchy
distribution

A v?
my (z= o +7?

g= ®3)
where A is the scale constant, c¢ is the distribution centre
and vy is the scale parameter, specifying the half width half
maximum (HWHM). Fitting these parameters gives a centre
of 1.5 pc and a HWHM of 53.7 pc. The central value of
our distribution is similar to Rosslowe & Crowther (2015a)
(1.9 pc), though the HWHM is somewhat smaller, at 39.2
pc. The central value would suggest many WR stars are
slightly above the plane, but this may be due to planar dust
extinction rendering WR stars which sit below the disk being
inaccessible to Gaia.

Our results are similar to Conti & Vacca (1990), who
find a WR scale height of 45+5 pc using an isothermal
disk model and Bobylev & Bajkova (2016), who obtained
a height 51.3+3.7 pc using the same method. However, this
latter value relies on a sample at <4 kpc (excluding distant
stars to avoid the effects of Galactic disk warp) and thus
only covers about half the WR stars in our sample.

To identify only the most extreme runaways and ensure
they did not form in situ, we apply a 3o cut-off using the
Hrr region scale height. Since a velocity of 1 kms™' equates
to 1 pcMyr™!, runaways (=30 kms™') will travel in excess
of 150 pc over a typical WR lifetime of 5 Myr. 91% of 383
WR stars in Gaia reside within three scale heights from the
Galactic plane, so 9 % of WR stars are located far from the
Galactic plane. Table 9 presents the |z| distances for each
of these stars.

However, the resulting runaway list does not acount for
the known warp in the Galactic disk. Romero-Gémez et al.
(2019) estimate the warp begins at a radius of 12-13 kpc
from the Galactic centre for their sample of young, bright
stars (which they refer to as the OB sample). All but two of
our WR stars are within 12 kpc of the Galactic centre and
by this measure, would be unaffected. However, their results
show some complex structures that in fact suggest some of
our sample may be affected by the warp. An alternative
measure from Li et al. (2019), estimates that the Galactic
disk instead begins to warp at a radius of 9.2 kpc. 20 stars
are further from the centre than this distance, and so their
heights would need to account for the warp.

To obtain a robust candidate list of runaways with >30
kms™', we used the Galactic warp model and onset from
Li et al. (2019) to calculate the height of the Galactic plane
at the position of each of the 383 WR stars with distances.
We subtracted off the height of this Galactic warp, which
produced a distance from the midplane for each star, which

accounted for the warp. These distances were then used to
exclude any stars which were not 3o from the plane, once
the warp was accounted for. Using this method, we excluded
WRS8 and WR12 from our runaway list in Table 9. Therefore,
31 stars (8 % of WR stars in Gaia) are robust runaway
candidates.

We do not apply the warp to our full list of distances
from the plane in Table 1, as the warp onset and model are
still uncertain.

The runaways identified in Rosslowe & Crowther
(2015a) generally remain far from the plane. However, many
of the more extreme distances from the plane are now mod-
erated, due to reduced distances from the Sun. This sug-
gests that extreme runaways are less common than previ-
ously thought. WR93a and WR64 are not included, as they
were identified as having abnormal v"R band extinction (Sec-
tion 3), which meant it was not possible to calculate their
absolute magnitudes, so their distances could not be vali-
dated.

Two main evolutionary paths may have created these
runaways. The first is the disruption of a binary system when
the primary star explodes as a supernova and ejects the re-
maining companion (Blaauw 1961). The second scenario is
dynamical ejection from a dense cluster, which can eject
both binary and single stars (Poveda et al. 1967). The ma-
jority of outliers with >30 distances are apparently single
stars, as only WR30 and WR69 have confirmed OB com-
panions.

As both single stars and binaries can be ejected from
clusters, it is not possible for us to definitively state which
mechanism is dominant. We defer a discussion of the origin
of runaways to Paper II which considers the association of
WR stars with star clusters or OB associations. However, we
note that recent simulations suggest fast runaways from ei-
ther mechanism are anticipated to be very rare (Renzo et al.
2019; Oh & Kroupa 2016), in stark contrast with the high
fraction of WR stars at extreme distances from the Galactic
plane.

Two stars merit individual consideration. The high ve-
locity runaway WR124 is now located at |z|=360 pc, com-
pared to previous estimates of 217 pc (Rosslowe & Crowther
2015a), 193 pc (Marchenko et al. 2010) and 250 pc
(Moffat et al. 1982). This confirms its runaway status, al-
though our work places it significantly further from the Sun
(5.9 kpc instead of 3.3 kpc from Marchenko et al. 2010).

WR148 is located furthest from the Galactic
plane. Drissen et al. (1986) suggested it as a possible
WR+compact object binary disrupted by a SN, however,
Munoz et al. (2017) claim it is instead a WN+O binary. If
the latter is true, our data suggests that WR148 is a binary
system that has been ejected from a cluster, concurring
with Munoz et al. (2017). Assuming a lifetime of 5 Myr
and a straight vertical trajectory from the Galactic disk,
the minimum possible velocity for WR148 is 212 kms™!,
making it a very rapid cluster ejection.

Moffat (1989) suggested WN8-9 were over represented
amongst runaways, a finding which was corroborated by
Rosslowe & Crowther (2015a). However amongst our sam-
ple, only 4 out of 31 stars are of the WN8-9 subtype. The
previous over representation disappears with the drop in ex-
treme runaways. If our sample is representative of the wider
WR star population, this suggests that the observed dis-
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Table 9. Distance of WR stars from the midplane |z|, for which
excesses exceed 30-, where 0=52 pc, the Hil region scale height of
52 pc. Previously identified runaways with |z| >300 pc according
to Rosslowe & Crowther (2015a) are also indicated

WR Spectral Dist |z Hito Known
Num-  type (kpc) (pc) runaway
ber

WR148 WN8h+ 947175 108712 20.9*35 Yes
WR57  WCS8 5.50t14 4627 8.9t22 No
WR123 WN8o 5.35%136 42312 8.1723  Yes
WR73  WC9d 6.817183 423t 8.1*% No
WR17 WC5 6.75+174 41312 7.9*%l Yes
WR71  WN6o 3.19%087  402%%  7.7t17  Yes
WR6  WN4b 227804 37613 7.2t1¢ No
WR75¢  WC9 715178 366785 7.0717  Yes
WR124 WN8h 587148 3608  6.971% Yes
WR150 WC5 873110 3573 6.9t} No
WR61 WNb5o 5.49+0% 3538  6.8715 Yes
WR49  WN5(h) 8.35714  348*%  6.7t13 Yes
WR58 WN4b/CE 5887142 3378  6.51]] No
WR40 WN8h 3.83+0¢1 30273 5.85)1 No
WR126 WC5/WN 7.57H43 300133 5.8} No
WR103 WC9d+? 346408 275t1% 53t No

WR33 WC5; WC6  7.59+14%  273+3%  5.2+0 No
WR69 WC9d+OB  3.48+06% 27273 52+19 No

WR92 WC9 3.78+0% 2717 5.2718 No
WR54  WN5o0 6.52¢137  264%§0  5.17l4  Yes
WR129 WN4o 54703 254*% 49719 No
WR83  WN50 3.80%049  251*3  4.8t13 No
WR131 WN7h+abs  6.92714 227743 4.443%8 No
WR56  WCT 8.67+148 226741  4.370%  Yes
WR30 WC6+06-8  5.09%09) 2117  4.1202 No
WR20  WN50 6.98%048 204438 3.9t37 No
WR3  WNB3ha 2.9070% 18843  3.6701 Yes
WR4  WC5+47 3.75:08  1744]  3.47%7 No
WR128 WN4(h) 2.90%03%  170%33  3.3*31 No
WR52  WC4 1758918 159*1F  3.1%33 No
WR34  WNb50 741713 159733 3.179¢ No

tribution was due to overestimated distance measurements,
which would have made the stars appear further from the
plane than they truly are.

6 CONCLUSIONS

We have calculated distances and absolute magnitudes of
the Galactic WR population using data from Gaia DR2:
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e 383 WR stars (58% of the known Galactic population)
have full five parameter astrometric solutions (proper mo-
tions and parallaxes) in the Gaia catalogue. WR stars
with large J-K>3 colours, indicating high dust extinc-
tions, were generally not detected by Gaia.

e We used the Gaia parallaxes to calculate distances to the
383 WR stars detected by Gaia. We use Bayesian methods
to properly transform the parallax uncertainties to dis-
tance uncertainties and to obtain distances from negative
parallaxes. Our Bayesian prior accounts for extinction us-
ing a Galactic dust model and the specific distribution of
massive stars using Hir regions. Potential underestimates
of parallax uncertainties and the zero point error are ac-
counted for in our calculation.

e The resulting distances agree well with both the previ-
ous calibration (Rosslowe & Crowther 2015a) and DR2
distances from Bailer-Jones et al. (2018) up to 2 kpc.
Deviations above 2 kpc are due primarily to the large
uncertainties of the Gaia parallaxes. Distances from
Bailer-Jones et al. (2018) formed the basis of recent spec-
troscopic studies of Galactic WR stars by Sander et al.
(2019) and Hamann et al. (2019). Use of distances from
this study would generally lead to modest 0.05 dex reduc-
tions in stellar luminosities, albeit with reductions of up
to 0.2 dex for relatively distant stars.

e 26 WR stars are found within 2 kpc, compared to 30 WR,
stars from Conti et al. (1983). Based on the population in
GOSC v4.1 (Maiz Apelldniz et al. 2013), the WR/O star
ratio in this region is 0.10.

e We calculate absolute magnitudes for WR stars, in both
the vWR and K, bands. Of these, 188 stars have an ab-
solute magnitude in either band and were used to gener-
ate subtype averages for calibrations. Both WN and WC
stars are found to be more diverse in their absolute mag-
nitude ranges than anticipated and therefore we recom-
mend avoiding use of calibrations without accounting for
this large intrinsic spread.

e We have applied our new distances to identify 31 poten-
tial runaways from the Galactic disk, accounting for the
Galactic warp. Hi1 region scale heights define the cut-offs
for runaway status. 20 of these WR stars with |z|>156 pc
are new detections. The vast majority of the runaway stars
are single. However, as both companion supernovae and
dynamical ejection from clusters can produce single star
runaways, it was not possible for us to determine the dom-
inant runaway production mechanism, which is deferred
to Paper II.

The current limitations of our prior are mainly the sim-
plified dust extinction map. With an increased number of
observations, the quality of future Gaia release data should
improve. Therefore, the number of WR stars with negative
parallaxes should fall and we thus expect a corresponding
decrease in the number of flagged results. Better parallax to
error ratios in the early DR3 release (estimated to improve
by a factor 1.2, Brown 2019), will also reduce uncertainties
and the effect of our prior when used with small parallaxes.
Further improvements to the astrometric modelling and fit-
ting algorithms should also reduce the number of question-
able results via a reduction in astrometric excess noise. Fi-
nally, there is a possibility that the number of WR stars
with distances will increase. 32 objects only had two pa-
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rameter solutions (fitting positions) from Gaia DR2. Future
Gaia data releases may find satisfactory full five parameter
solutions, which would also include parallaxes.
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