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ABSTRACT

Context. The star cluster R136 inside the Large Magellanic Cloud hosts a rich population of massive stars, including the most massive
stars known. The strong stellar winds of these very luminous stars impact their evolution and the surrounding environment. We currently
lack detailed knowledge of the wind structure that is needed to quantify this impact.

Aims. Our goal is to observationally constrain the stellar and wind properties of the massive stars in R136, in particular the wind-
structure parameters related to wind clumping.

Methods. We simultaneously analyse optical and ultraviolet spectroscopy of 53 O-type and three WNh-stars using the FASTWIND
model atmosphere code and a genetic algorithm. The models account for optically thick clumps and effects related to porosity and
velocity-porosity, as well as a non-void interclump medium.

Results. We obtain stellar parameters, surface abundances, mass-loss rates, terminal velocities, and clumping characteristics and
compare them to theoretical predictions and evolutionary models. The clumping properties include the density of the interclump
medium and the velocity-porosity of the wind. For the first time, these characteristics are systematically measured for a wide range of
effective temperatures and luminosities.

Conclusions. We confirm a cluster age of 1.0-2.5 Myr and derived an initial stellar mass of >250 M, for the most massive star in our
sample, R136al. The winds of our sample stars are highly clumped, with an average clumping factor of f;; =29 + 15. We find tentative
trends in the wind-structure parameters as a function of the mass-loss rate, suggesting that the winds of stars with higher mass-loss
rates are less clumped. We compare several theoretical predictions to the observed mass-loss rates and terminal velocities and find that
none satisfactorily reproduce both quantities. The prescription of Krticka & Kubdat (2018) matches the observed mass-loss rates best.

Key words. stars: massive — stars: mass-loss — stars: winds, outflows — stars: fundamental parameters — Magellanic Clouds —
galaxies: star clusters: individual: R136

1. Introduction

The star cluster R136 inside the Large Magellanic Cloud (LMC)
hosts some of the richest populations of high-mass stars in
the local Universe. Nine stars within this cluster have masses
around or exceeding 100 My and a few even surpass ~150 M

* Tables A.1, A2, 1.1, 1.2 are also available at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http:
//cdsarc.u-strasbg. fr/viz-bin/cat/]/A+A/663/A36

Article published by EDP Sciences

(Crowther et al. 2010, 2016; Bestenlehner et al. 2020). These
massive, very luminous, hot stars play an important role in the
Universe. They strongly influence their surroundings through
the direct injection of mass, momentum, and energy from
winds (Weaver et al. 1977), radiation pressure (Mathews 1967),
and thermal expansion caused by photoionisation from extreme
ultraviolet (UV) photons (Kahn 1954; Spitzer 1978). This feed-
back can act to both disperse star-forming clouds (e.g. Dale
et al. 2014; Kim et al. 2018) and cause compressive flows that
lead to the formation of new stars (e.g. Inutsuka et al. 2015;
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Rahner et al. 2018; Fujii et al. 2021). The mass-loss rates and
terminal velocities of winds have a direct impact on the ability
for stars to regulate their environment. The deposition rates of
stellar wind energy and ionising photons from massive stars are
important quantities in driving the multi-phase structure of the
interstellar medium and the regulation of future star formation.
Furthermore, massive stars end their lives in supernovae, thereby
enriching the interstellar medium with newly formed chemical
elements and leaving behind compact remnants such as black
holes (see, e.g. Smartt 2009; Langer 2012, for a review). More-
over, with their high masses and at half solar metallicity, the stars
in R136 are close observable counterparts to the first stars, which
are estimated to have a characteristic mass of tens to hundreds of
solar masses (see, e.g. Hirano et al. 2014, 2015; Sugimura et al.
2020; Chon et al. 2021; Park et al. 2021, and references therein).

R136 resides inside the Tarantula Nebula or 30 Doradus.
This nearby, unobscured, large and intrinsically very bright star
forming region (Kennicutt 1984; Doran et al. 2013), hosting
many hundreds of massive stars (M > 8 M), resembles giant
starbursts observed in distant galaxies (Cardamone et al. 2009;
Crowther et al. 2017). The massive star content of the Tarantula
Nebula was studied in great detail in the VLT Flames Tarantula
Survey (VFTS, e.g. Evans et al. 2011, 2020; Bestenlehner et al.
2014; Schneider et al. 2018b); however, due to severe crowd-
ing, the central core of the R136 cluster was not part of the
observing campaign. With the spatial resolution of the Hubble
Space Telescope (HST), individual stars in the R136 core can
be resolved. This was employed by Crowther et al. (2016), who
used HST to collect optical and UV spectroscopy of the clus-
ter, hereby complementing the VFTS survey and extending the
coverage to the most massive stars. Focussing on the UV spec-
troscopy of this dataset, Crowther et al. (2016) derived a cluster
age of 1.5 18:; Myr and found that the He 11 11640 emission
is completely dominated by stars with initial masses 2100 M.
Bestenlehner et al. (2020) focussed on the optical spectra and
derived detailed spectral parameters for all sources. Their find-
ings include a top-heavy initial mass function (IMF) for massive
stars in the cluster, and a strong helium enrichment for the most
luminous stars.

In order to understand massive star evolution, it is key to
know the mass-loss rates of these very massive stars. More-
over, by calibrating theoretical models with observed mass-loss
rates and stellar properties, we can improve future large-scale
studies of stellar feedback, and hence obtain a more complete
picture of how stars shape our Universe. For very massive stars,
the effects of mass loss become especially important, as the
rates generally increase with luminosity and thus with mass (e.g.
Puls et al. 2008; Vink et al. 2011; Vink 2015). Moreover, their
large convective cores ensure that they evolve close to homoge-
neously, diminishing the relative effect of other processes such
as rotational mixing and magnetic fields (Yusof et al. 2013;
Kohler et al. 2015; Ramachandran et al. 2019). Unfortunately,
due to a lack of empirical constraints and the proximity to the
Eddington limit, the mass-loss rates in this regime are uncertain
(e.g. Langer 2012). Furthermore, obtaining accurate, empirical
mass-loss rates is hampered by the presence of small-scale inho-
mogeneities in the wind, also called ‘clumps’ (see e.g. Puls
et al. 2008, for a review). The origin of this wind structure, or
so-called wind clumping, is theoretically attributed to the line-
deshadowing instability (LDI), an inherent property of the line
force that drives the winds of these stars (e.g. Owocki & Rybicki
1984, 1985, and references therein).

Since wind clumping determines how our diagnostics
respond to mass-loss rates, it is imperative to take it into
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account properly when studying massive star winds. The
simplest approach to account for wind clumping in diagnostic
models is to assume that the outflowing gas is concentrated in
clumps that are small and rarefied enough so that they stay opti-
cally thin, and that the interclump medium is void (e.g. Hamann
& Koesterke 1998; Hillier & Miller 1999; Puls et al. 2006).
For O-stars, this ‘optically thin clumping’ or ‘micro-clumping’
approach leads to a downward revision of empirical mass-loss
rates compared to the assumption of a smooth wind for pro-
cesses that are dependent on the square of the wind density,
such as the formation of the Ha line, but it can also affect lines
indirectly due to changes in the ionisation and excitation equilib-
rium (see e.g. Puls et al. 2008, and references therein). If clumps
become optically thick (for the considered process), the clump-
ing affects diagnostics in a more complicated way. In this case,
light can be blocked by clumps, but can also leak through porous
channels in the wind and in this way escape without interacting
(Shaviv 1998, 2000; Owocki et al. 2004). These velocity-
porosity or ‘vorosity’ effects mostly impact resonance lines;
neglecting these phenomena can lead to an underestimation of
mass-loss rates (e.g. Fullerton et al. 2006; Oskinova et al. 2007,
Sundqvist et al. 2011; Surlan et al. 2013). In order to obtain
reliable mass-loss rate measurements, it is thus essential to con-
sider all the aforementioned effects. To date, only one sample of
04-07.5 supergiants has been studied using an optically thick
clumping description in a model atmosphere code (Hawcroft
et al. 2021).

In this paper, we reanalyse the R136 sample of Crowther
et al. (2016) and Bestenlehner et al. (2020), but now combine
the optical and UV spectroscopy, allowing us to study the mass-
loss rates and wind structure in detail. For the wind structure, we
assume the two-component formalism of Sundqvist et al. (2014)
implemented in FASTWIND (Sundqvist & Puls 2018), allow-
ing for optically thick clumps and thus including the effects of
porosity, velocity-porosity, and a non-void interclump medium.
This yields the most accurate mass-loss rate measurements pos-
sible with current model atmosphere codes, and furthermore will
allow us for the first time to investigate the wind structure for a
wide range of stellar properties.

The remainder of this paper is structured as follows. We start
by presenting the R136 sample and our dataset in Sect. 2. In
Sect. 3 we lay out our methodology. Here, we introduce our
fitting algorithm KIwI-GA and describe the model atmosphere
code FASTWIND. In particular, we emphasise the parameterisa-
tion of the wind structure parameters (Sect. 3.1.1). The results
of our analysis are presented in Sect. 4. This section is con-
cluded with several tests of robustness (Sect. 4.7). We discuss
our results in the context of theoretical predictions and evolu-
tionary models in Sect. 5; Sect. 5.1 is dedicated to mass-loss
rates and wind momentum; Sect. 5.2 pertains to the potential
trends that we observed in the wind structure parameters; and
in Sect. 5.3 we consider our findings in the context of stellar
evolution. Two methods for measuring terminal velocities are
compared in Sect. 5.4. We conclude with a summary and outlook
(Sect. 6).

2. Sample and data

Our sample consists of 56 stars residing in the core of the
R136 cluster. Spectral types range from late to early O-type,
plus three hydrogen-rich Wolf-Rayet (WNh) stars of subtype
WNS5h. Of the O-type stars, four are supergiants, five are giants,
and the rest are dwarfs (Bestenlehner et al. 2020, Caballero-
Nieves, in prep.). Figure 1 shows their positions with their
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Fig. 1. HST/WFC3 V-band (F555W) photometry of the core of R136
(O’Connell 2010). Positions of the stars in our sample are indicated
(yellow to red closed circles) with respect to the slits of the HST/STIS
observations (light blue lines). The colour of the circles indicates the
current (evolutionary) mass of each source as derived in this paper.
Identifications starting with ‘H’ from Hunter et al. (1995); those starting
with ‘a’ and ‘b’ from Weigelt & Baier (1985). H68 and H129 (located
4.61” and ~4.10” from al, respectively) are part of our sample but fall
outside the region shown here. Three stars identified here (blue open cir-
cles) are not in our sample: H42 and H77 (SB2s), and H39 (analysed in
de Koter et al. 1998, outside our slit coverage). Twelve stars of our sam-
ple overlap with that of de Koter et al. (1997, 1998, black open circles).
Not indicated in the image are H17, north of al, and the two components
of a6, H19 (north) and H26 (south); see Sect. 2.1 for more details.

Hunter et al. (1995) or Weigelt & Baier (1985) identification, pro-
jected onto an HST/WFC3 image (O’Connell 2010). The figure
shows that the area is very crowded; the high spatial resolution
of HST is thus a necessity to resolve individual stars in the core
of the cluster. Recent advances in adaptive optics have made
it possible to obtain such high-resolution observations of the
core of R136 also with ground based instruments, as is done by
Khorrami et al. (2017, 2021, imaging with SPHERE) and Castro
et al. (2021, optical spectroscopy with MUSE-NFM).

Previous spectroscopic analyses of several sample stars have
been carried out. A sub sample consisting of bright members
of the cluster core has been studied by de Koter et al. (1997,
1998), who measured stellar parameters as well as mass-loss
rates of 14 sources using HST/GHRS/FOS optical and UV
spectroscopy (overlap with our sample is indicated in Fig. 1).
Massey & Hunter (1998) analyse optical HST/GHRS/FOS spec-
tra, focussing on stars in the outskirts and surroundings of the
cluster. Schnurr et al. (2009) obtained time-resolved NIR spec-
tra of five stars in the core, searching for binarity and reporting
a dearth of short period binaries in their sample. We assume in
this study that the sources we observe are either single or that
the light is dominated by the brightest component; however, the

Table 1. Observational setup of the HST/STIS long-slit spectroscopy.

Grating Grating positions Wavelength ~ 1/AQ
G140L 1425 1150-1717 A 1250
G430M 3936, 4194, 4451, 4706 37954743 A 7700
G750M 6581 6297-6866 A 5850

multiplicity properties of the sample remain an open question
and require further investigation (Shenar et al. 2019). Combin-
ing aforementioned UV, optical and NIR spectroscopy, Crowther
et al. (2010) re-derived physical properties of the WNh stars,
finding a present day mass of 265 M, for the most massive star,
R136al.

A comprehensive view of the cluster core was first given by
Crowther et al. (2016), who secured optical and UV HST/STIS
spectroscopy of the central cluster and obtained temperatures,
wind velocities and spectral types from the UV spectra. The
55 optical spectra of this dataset' were analysed by Bestenlehner
et al. (2020), who determined detailed stellar parameters for all
stars and found that at least seven stars have current masses of
100 M, or more, reporting 215 M, for R136al.

2.1. HST/STIS data

For our analysis we use blue-optical, Ha, and far-UV HST-
STIS spectroscopy (PI: Crowther, Crowther et al. 2016). For this,
17 HST-STIS long-slit (52" x 0.2”) contiguous pointings were
done for six different gratings; technical details are summarised
in Table 1. The setup is depicted in Fig. 1. The orientation of
the slits (at position angle 64° or 244°) was chosen to align
with R136al and R136a2, that lie only 0.1” apart. The image
shows that crowding can occur elsewhere, which can cause con-
tamination of spectra of stars that lie close together. While the
spectral extraction process was designed to avoid this, several
spectra might still be affected (see Table 1.1). The contamination
is severe only in the case of R136a6. This source can be resolved
into two sources, H19 and H26, having a flux ratio of 0.78 in
the V-band and a separation of only 70 mas> (Hunter et al. 1995;
Khorrami et al. 2017). The brighter component was likely located
partially out of the slit, and we therefore expect that H19 and H26
have an approximately equal contribution to the flux of what we
call ‘R136a6’. We have no way of separating these components
and therefore analyse R136a6 as if it were single; however, we
exclude it from the analysis of the sample as a whole regarding
mass-loss and clumping properties.

The spectra were extracted with MULTISPEC, a pack-
age tailored to extracting spectra from crowded regions
(Maiz-Apellaniz 2005, 2007). Exceptions are the UV spectra of
H70 and H141, where the extraction was done with CALSTIS
(Bostroem & Proffitt 2011). Since more than two sources are in
each pointing the sources are not necessarily centred in the slit,
which causes an uncertainty in the absolute wavelength scale that
can be as large as +2 pixels (see also Sect. 2.3). Ha suffers from
strong nebular emission, for which we correct by interpolating
the Ha emission of off-source spectra and subtracting this from

1 For one star, R136a8, there are no optical spectra available except the
Ha line. This star was not included in the sample of Bestenlehner et al.
(2020), but is included in our optical + UV analysis.

2 These sources are clearly visible in the extreme adaptive optics
VLT/SPHERE K-band images of Khorrami et al. (2021, their Fig. 2),
but were already identified by Hunter et al. (1995) with HST/WFC2.
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the source spectra. The signal-to-noise ratio (S/N) of the result-
ing spectra is in the range 7-70, with average values of 23, 19,
and 19 for UV, blue-optical and Her. Figure B.1 shows a distri-
bution of the S/N of the sample stars per wavelength range. A
more comprehensive description of the UV data reduction can
be found in Crowther et al. (2016), and the optical reduction will
be described in more detail in Caballero-Nieves (in prep.).

2.2. GHRS data

For ten sources, we complement the HST/STIS spectra with
archival HST/GHRS UV spectra (PIs: Heap & Ebbetts, de Koter
et al. 1997, 1998). The wavelength range of these spectra spans
from 1150 to 1750 A, which means that they include the full
N 1v 41718 line, contrary to our UV HST/STIS spectra where
this line is positioned right on the edge of the grating. We do
not use the spectra of R136al and a3 because they are possi-
bly contaminated in view of the size of the aperture (0.22")>.
Furthermore, the sample of de Koter et al. (1998) includes H39
which is not covered by our slits (see Fig. 1) and H42, which
is an SB2. We include the N 1v 11718 in our fitting for the ten
remaining spectra of their sample, while using HST/STIS data
for all other lines. Moreover, the resolving power (1/AAQ) of these
spectra is approximately 5000, which allows us to resolve the
interstellar C 1v A11548-1551 lines and use this for the correc-
tion of the HST/STIS data (see Sect. 2.5). For more details of the
HST/GHRS observations and data reduction we refer to de Koter
et al. (1997, 1998).

2.3. Optical data preparation

Our spectral fitting code needs a set of normalised spectral lines.
To this end we have normalised the spectra of the optical and Ha
gratings locally around the diagnostic lines, assuming that the
continuum can be approximated as a straight line. For each line
we obtain the S/N from the continuum selected for the normali-
sation, and define the uncertainties on the normalised flux as the
inverse of the S/N. In some cases we exclude data points, this
includes isolated points that deviate a factor 2 or more from the
value of the surrounding points, or data points in the centre of
Ha where nebular subtraction may have been imperfect*.

The radial velocity shift is determined by fitting to the
spectral lines in each grating a set of Gaussian functions with
centres corresponding to the rest wavelengths of the lines con-
sidered. For lines that are affected strongly by the stellar wind
(Ha and He 11 14686) we use the synthetic lines of a small
grid of FASTWIND models to determine the radial velocity
shift.

As described in Sect. 2.1, the absolute wavelength scale of
all observations can deviate up to 2 pixels. We correct for this
by assuming that the wavelength deviation behaves similar to a
Doppler shift. In practice, this means that we correct the spec-
tra for a radial velocity without considering the aforementioned
wavelength deviation, that is, we measure the ‘radial velocity’,
but this value includes both the true radial velocity, as well as
an adjustment for the absolute wavelength deviation. The latter
adjustment, typically of the order of 0—100 km s~ (or 2 pix-
els), is not physical, but we simply do not have a better model
to describe the offset. This approach is thus a pragmatic one,

3 For the same reason, de Koter et al. (1997, 1998) do not analyse the
spectrum of R136a2.

4 The removal of points in the core of Ha may increase uncertainties on
the mass-loss rate determination. Given the UV wind lines that we take
into account in our fits, we expect this effect to be of minor importance.
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merely to correct the wavelength scale for several effects in
order to bring the diagnostic lines in the rest frame of the syn-
thetic spectra. An overview of the derived velocities used for the
correction can be found in Appendix B.2.

2.4. UV data preparation

The continuum of hot star UV spectra is hidden by a forest of
lines, most notably lines of highly ionised iron group elements
such as Fe 1v-v. Locating the continuum is thus not trivial, espe-
cially since the depth of the so-called pseudo-continuum, formed
by the iron lines, depends on stellar properties, in particular on
the effective temperature 7. To assist the normalisation, we
use a grid of CMFGEN models in which the iron lines are mod-
elled (Hillier & Miller 1998; Bestenlehner et al. 2014). With the
normalised synthetic spectra that these models provide we can
recover the shape of the true continuum. Our approach is as
follows: Firstly, we select a CMFGEN model from the grid that
matches best the stellar and wind parameters from Bestenlehner
et al. (2020). We may change our choice of model later, see
below. Secondly, we mask the wind lines and interstellar lines,
so that only the pseudo-continuum is left. Thirdly, we divide
the observed UV flux by the normalised flux of the model and
fit this quantity with a polynomial, getting a so-called normal-
isation model. Finally, we divide the observed UV flux by the
normalisation model in order to obtain the normalised flux.

Getting a reliable normalisation hinges on the first step. It is
especially important that the Tt of the model matches that of the
observed spectrum. In order to assure this, we treat Tq as a free
parameter. We repeat the above steps for all Teg in the CMFGEN
grid (ranging from 35-56 kK in nine steps, LMC metallicity; see
Bestenlehner et al. 2014) and assess for which temperature the
iron pseudo-continuum has the best fit. We also vary the radial
velocity vr,q of each model (in steps of 25 km s~!, which is about
a tenth of the resolution element) and assess which value fits
best. Just as for the optical, this v.,q value includes a possible
correction for the wavelength calibration (see also Sect. 2.3).
For the micro-turbulent velocity vpicro We assume 10 km 571
for all models, as this is the only value included in the grid of
Bestenlehner et al. (2014) and because the exact value of vpicro
has little influence on this specific exercise. An example of the
UV normalisation process is shown in Fig. 2.

The final output is a spectrum normalised with the best fit-
ting T.g, and corrected for v,,g. Before accepting a fit we check
it visually; extra care is taken for sources where the fit value
of Tq falls outside the uncertainty margins of the T4 derived
by Bestenlehner et al. (2020). For six sources the model with
Teq as derived from fitting the iron pseudo-continuum did not
result in a good fit and in these cases we adopted the value of
Bestenlehner et al. (2020) for T.g (see Table 1.1). The GHRS
data are normalised in a similar way, but instead of fitting T
we assume the value found from the HST-STIS iron forest fit.

A by-product of the normalisation process is a measurement
of T from the iron lines alone; this measure is independent
from the H, He, C, N, O diagnostic lines used for the rest of this
work and the analysis of Bestenlehner et al. (2020). These values
can be found in Table 1.1 and are compared to the H, He, C, N,
O temperature measurements in Appendix D.1.

We obtain the S/N of the HST-STIS UV spectra by using
the HST-STIS exposure time calculator?, assuming the F555W
magnitude from De Marchi et al. (2011), and exposure times and
AFrsssy from Crowther et al. (2016). Using the S/N we get from

5 https://etc.stsci.edu/etc/input/stis/spectroscopic/
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the calculator, we estimate the uncertainty on the flux points we
use for the fit. For the GHRS data we use the provided error
spectra.

2.5. Corrections for interstellar absorption lines in the UV

Three interstellar absorption lines blend with important diag-
nostics: H I at 1215.67 A (Ly-), the Si 1v doublet at 1393.76—
1402.77 A, and C 1v doublet at 1548.20-1550.77 A. We correct
for Ly-o and C 1v A41548-1551 by recovering the H 1 and
C 1V column density in the line of sight (Vg and Ncjy, respec-
tively), by fitting the interstellar profiles with a Voigt-Hjerting
function® (Tepper-Garcia 2006, 2007). For the damping factors
of the Lorentzian component of the profiles we use the radia-
tive damping constants of the transitions. We fit the interstellar
components of multiple spectra and correct the spectra with aver-
aged values rather than the values of the individual fits, since we
expect the uncertainties in this fitting process to dominate over
the difference in column density from star to star.

In the case of Ly-a, the Voigt-Hjerting profile is fitted to
a subset of the points of the normalised UV flux. We do not
fit those parts of the spectrum where the Ly-a profile might
be blended with the N v 1240 doublet. To estimate where this
line ends, we use for each source the edge velocity vegge from
Crowther et al. (2016). Furthermore, for fitting the wings, we
select points that trace the stellar continuum: parts of the spec-
trum that seem free of absorption lines. Figure 3 shows an
example of a fit of the Ly-« profile. For finding the average of Ny
we fit the Ly-a profiles of the 29 stars brighter than My = -5.50
(values from Bestenlehner et al. 2020) and obtain a value of
log(Ny [cm™2])=21.88 +0.07, in good agreement with other Ny

6 Often simply called Voigt function (e.g. Mihalas 1978, Hubeny &
Mihalas 2014).
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Fig. 3. Ly-« fitting procedure for H35. Upper panel: original data (blue:
flux points indicated with a large dot are considered in the fit, small ones
are not) and the best fit Ly-a profile (orange dashed line). Lower panel:
Ly-a corrected flux and the values of Ny and Ar_, used for the correc-
tion. Indicated with vertical lines are the rest wavelengths of transitions
of diagnostic lines (yellow dotted) and the position of the edge of the
N v 21240 line (yellow dashed).

measurements towards 30 Doradus (e.g. de Boer et al. 1980, who
find log(Ng [em™2])=21.85+ 8}2).

For C 1v A11548-1551, we use the higher resolution GHRS
spectra of de Koter et al. (1998). Before fitting the interstellar
profile we fit a polynomial through the stellar P Cygni pro-
file of each star and subtract it from the spectrum, so that the
interstellar component remains. We resolve two interstellar com-
ponents with a different velocity in each part of the doublet,
so we fit two double Voight-Hjerting profiles, where the ratio
of the strength of each of the doublet components and the dis-
tance between them is set by the oscillator strengths and the rest
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All sources
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Wavelength [each plot runs from 1546 to 1551A]

Normalised flux

Fig. 4. Best fits of the interstellar C 1v 2141548-1551 lines for all sources
of de Koter et al. (1998). For each source we show the normalised flux
of the interstellar lines (black dots) and the best fit (orange lines). The
last panel contains the best fit of all sources (blue lines).

wavelength difference, respectively. We fit all spectra of de Koter
et al. (1998), except for R136b, where we had problems correct-
ing for the stellar line. From this we find column densities of
log(Nc,-v[cm’z]) =14.72 +0.10 and 14.21 +0.07. The individual
and mean fits are shown in Fig. 4.

The derived average profiles are used for computing the inter-
stellar line optical depth (as a function of wavelength), which
we then subtract from the observed optical depth of each star,
obtaining the corrected optical depth, which we convert back to
normalised flux. In the case of C 1v 441548-1551, the average
profile is convolved with an instrumental profile corresponding
to R = 1250 before it is used for the interstellar corrections of the
HST/STIS data. The uncertainty margins on the column densi-
ties are used to estimate an uncertainty on the corrected flux, in
addition to photon noise.

For all sample stars but one, the Si 1v 111394-1402 stel-
lar lines are in absorption and can, even in the higher resolution
data of de Koter et al. (1998) not be distinguished from the inter-
stellar components. Only in R136b the interstellar component is
resolved, however here we are not able to accurately correct for
the stellar profile. We therefore cannot correct for the interstel-
lar Si 1v 141394-1402 and do not use this line. The exception is
R136b where the line is strongly in emission, and we can clip the
interstellar part.

2.6. VLT/SPHERE K photometry

In our fitting procedure we calibrate the luminosity with an
observed stellar flux (see Sect. 3.3). For this we use the absolute,
dereddened K;-band magnitudes as presented in Bestenlehner
et al. (2020). They use VLT/SPHERE K magnitudes from
Khorrami et al. (2017) and in addition B or U and V magnitudes
for the extinction correction (Hunter et al. 1995; De Marchi et al.
2011) and an LMC distance modulus of 18.48 mag (Pietrzynski
et al. 2019). The K;-band is the optimal choice for a luminosity
anchor because at these wavelengths (2.2 um) the extinction is
low, while thermal radiation of dust is not yet an issue.

3. Methods

For the analysis we use the model atmosphere code FASTWIND
(version: V10.3.1) to compute synthetic spectra and the genetic
algorithm KIwI-GA for the fitting. In this section we intro-
duce both tools and also describe our fitting setup and related
assumptions.

3.1. FASTWIND

FASTWIND is a model atmosphere code tailored to hot stars
with winds (Santolaya-Rey et al. 1997; Puls et al. 2005;
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Rivero Gonzdlez et al. 2012; Carneiro et al. 2016; Sundqvist &
Puls 2018). It solves the NLTE number-density rate equations
and takes into account the effects of line-blocking and line-
blanketing’. The atmosphere consists of a spherically extended
photosphere in (pseudo-)hydrostatic equilibrium that is con-
nected to an expanding stellar wind at a velocity transition point
vp near the sonic point. The stellar wind is parameterised by a
mass-loss rate M, a terminal velocity v, and a wind accelera-
tion parameter 3. The wind velocity v, as a function of radius r
is expressed by the classic g-velocity law:

(1) = veo(1 = b/, (1)

where b is a radius close to the stellar radius® R, , the exact value
of b depending on vy (see Santolaya-Rey et al. 1997). Under
these assumptions the structure and ionisation and excitation
state of the atmosphere and the wind are computed, resulting in
a so-called atmosphere model. Using this model, the individual
spectral lines are synthesised.

FASTWIND stands out in terms of speed, as one model is
computed in approximately 15—45 minutes on a single modern
CPU. Such a short computation time allows one to compute
many models, and thus explore the parameter space thoroughly
(see Sect. 3.2). Precision and speed are achieved simultaneously
by splitting up the atomic elements in ‘explicit’ and ‘back-
ground’ elements. The explicit elements are computed in the
co-moving frame using detailed atomic models for the spectral
lines, while the background elements are only computed in an
approximate way. Individual transitions of the latter are not syn-
thesised, but their radiation field is taken into account, which is
essential for the treatment of effects of line-blocking and blan-
keting. To speed up the computation, FASTWIND calculates a
representative mean radiation background instead of a detailed
field (for details, see Puls et al. 2005).

For this work we use FASTWIND version V10.3.1 (Sundqvist
& Puls 2018), including explicit elements H, He, C, N, O, Si,
P. This version is suitable for the analysis of stars with winds
that are moderately optically thin in the optical continuum. This
condition is met for all sample stars, including the three WNh
stars. While the WNh stars do have the densest winds of our
sample stars, they are not as dense as those of classical Wolf-
Rayet stars. Indeed, when we run a FASTWIND model with WNh
parameters, we find that the electron scattering optical depth at
the sonic point is well below unity at 7. =0.28 (for a typical O-
star, we find 7. ~ 0.02).

3.1.1. Wind clumping, porosity, and vorosity

Clumping is implemented in FASTWIND V10.3.1 as detailed in
Sundqvist & Puls (2018), employing the two-component formal-
ism introduced in Sundqvist et al. (2014). In this prescription, the
clumped wind consists of overdense clumps with a density p
and an interclump medium with a lower density p;.. The clumps
occupy a certain fraction of the total wind volume f,, referred
to as the volume filling factor. The clumping factor f of the
medium can be written as:

_ <p_2> _ fvolpgl +( - ﬁ/ol)pizc
T2 T (Fope + (= fro)pic)®

We note that for the conventional assumption (not adopted
here) of a void interclump medium (p;. =0) this would lead to

@

7 See, e.g. Pauldrach et al. (2001), for an explanation of these concepts.
8 As defined in Santolaya-Rey et al. (1997), their Eq. (10).
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Clumped wind

Clumps can become optically thick,
especially in strong resonance lines.

Velocity-porosity or “vorosity”
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Fig. 5. Illustration of the effects of clumping and porosity in velocity space. Each sketch shows the star (yellow) and its clumpy wind (different
shades of grey). In the left figure we indicate different parameters that describe the wind structure. In the middle and right sketches we illustrate
how the effective transparency of spectral lines in the wind depends on volume filling fraction as well as on the velocity span of the clumps.
Depicted are photons of different frequencies (v, in red and v, in blue, with v; < v,) that are intercepted by a strong absorption line if they are
Doppler shifted with the right velocity. The corresponding resonance zones lie at 0.5v., and 0.6v., (shaded red and blue, respectively).

Ja=1/fyo1. The parameters describing the clumped medium are
illustrated in the left panel of Fig. 5.

The formalism of Sundqvist et al. (2014) allows for the pos-
sibility of the clumps becoming optically thick. When clumps
become optically thick porosity effects come into play, both in
physical and velocity space. Spatial porosity allows photons that
would have normally interacted with a slab of gas to escape
freely. Some photons will be absorbed by gas that is compressed
into dense clumps, but the separation between the clumps allows
others to escape without interaction. The velocity field of the
wind plays a crucial role in this; the fact that the outflow acceler-
ates results in increasing Doppler shifts throughout the wind and
causes the spectral line resonance zones in which the clumps are
optically thick for a certain frequency to be very narrow in the
radial direction (at least as long as the velocity is not close to ve).
If one then assumes that all clumps follow the underlying aver-
age velocity field, the amount of leakage for line photons can be
directly linked to the spatial volume filling factor f,;. This effect
is illustrated in the middle panel of Fig. 5.

However, the clumps do not necessarily follow the average
velocity field’. For example, the velocity span of the clumps,
ov, can be larger than that of the underlying smooth field dvgy
(Eq. (1)). In this case the Doppler shifted gas in the clumps
spans a wider range of velocities than does the smooth field,
which means that effectively the resonance zone in the wind
for a given transition becomes larger. In other words, if the
clumps are at least somewhat optically thick more gas has the
right Doppler shift to absorb a photon of a given frequency, and
thus more light is absorbed. This effect of porosity in velocity

9 The velocity field can, for example, be severely altered by shocks (see
Sect. 3.1.3).

space, is also called velocity-porosity or ‘vorosity’ (as coined by
Owocki 2008). The non-normalised velocity filling factor, fior,
depends on both f,, and the relative velocity span of the clumps
0U/OUgm:

f vor = ﬂ/ol

ov
So | (3)

sm

In FASTWIND a normalised version of this factor is imple-
mented:

Sor _ Jvo1(60/ 00 )
1 +fvor B 1+ fvol(év/évsm)’

taking values from O to 1. The parameter f.; is called the velocity
filling factor. It is important to note that this equation reduces to
the purely geometrical effect, depending only on f,., when év
follows the underlying smooth field:

fvol
1+ fvol ’

The effect of vorosity is illustrated in the middle and right panels
of Fig. 5.

These clumping and vorosity effects are implemented in
FASTWIND by means of an ‘effective opacity formalism’. In this
formalism, various properties of the clumps and the interclump
medium (such as temperature) are assumed to be similar, and the
rate equations, etc., are evaluated for a fiducial clump density
p =<{p)fa. This allows one to approximate the clumpy wind as a
one component medium with a certain average ionisation state
and a single effective opacity. Essentially, the expensive com-
putation of the NLTE occupation numbers is done only once,

fvel =

“

fvel =

[6v/6vsm — 1]. (5)
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obtaining an average opacity (y) for a mean clump density,
and then re-scaled in order to infer the effective opacity of the
two-component clumped wind. The effective opacity y.g can be
expressed as:

1 + 7afi
Xeff=<)(>1—dflc, (6)
+ Tel

with 7 the clump optical depth (Sundqvist et al. 2014). The
interclump density contrast, fi., is defined as:

ﬁc = Pnc/<P> (7)

The formalism accounts for the vorosity effects by adjusting the
clump optical depth. For line opacity the clump optical depth in
the rapidly accelerating winds is then computed in the Sobolev
approximation:

= }'_s(l — (1= fuofio): ®)

vor

with 75 the Sobolev optical depth for the mean wind. In the case
of continuum opacity, on the other hand, the clump optical depth
will depend on the porosity length 4 (= L1/ fyo1, With [ the char-
acteristic length scale of clumps). This parameter, describing the
spatial porosity, can impact optically thick continua, where it can
affect, for example, the ionisation rates. By default in FASTWIND
a radial variation of this parameter in the form of a so-called
velocity-stretch law is assumed:

h(vr) = heoUr [ Voo, 9

with &, the porosity length at the terminal wind velocity, given
as input by the user. In this work we adopt h., =Ry, follow-
ing Sundqvist & Puls (2018). We refer the reader to Sundqvist
et al. (2014) and Sundqvist & Puls (2018) for a more detailed and
quantitative explanation of the effective opacity formalism and
its implementation in FASTWIND.

We conclude our description of the wind structure imple-
mentation by noting that we assume a stratified clumping factor,
that is, we assume the clumping factor to vary throughout the
wind. Several stratifications are implemented in FASTWIND. In
this work we adopt the implementation used by Sundqvist &
Puls (2018) and Hawcroft et al. (2021), where the clumping is
described by three parameters: the onset velocity of clumping
Uclstart> the maximum clumping factor fy, and the velocity at
which this maximum clumping factor is reached, vejmax. At the
base of the wind the medium is assumed to be unclumped, its
structure being only affected by micro-turbulence. Then, from
Ur = Ugl start UNtHl 0 = 0o max the clumping factor increases linearly
with wind velocity from 1 to f, staying constant at fy for
Ur > U max- This assumption for the clumping stratification is
conform empirical findings in at least the lower and interme-
diate wind (e.g. Puls et al. 2006; Rubio-Diez et al. 2021). At
Ur > Uamax the clumping stays constant at the maximum value,
Ja. The values for vey start, Uelmax and fo are specified by the user
(see Sect. 3.5). A summary of the wind structure parameters is
given in Table 2.

3.1.2. Wind turbulence

The wind structure parameters described in Sect. 3.1.1 are all
used in the process of computing the ionisation and excitation
structure of the model atmosphere. An additional parameter,
the wind turbulence velocity vwindturb, 1S Used only during the
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Table 2. Parameters that describe the wind structure in FASTWIND.

Wind structure parameters in FASTWIND

Ja Clumping factor

fic Interclump density contrast
Srel Velocity filling factor

Vel start Onset of clumping

Ucl,max Clumping reaches maximum (f)

h Porosity length

Uwindturb Wind turbulence

Notes. All these parameters can directly affect the shape of a spectral
line, except for i, which is only impacting continuum opacity. We note
that f is in fact the maximum value of clumping that is reached at
Ucl,max» aNd Uyingrury the maximum value of the wind turbulence reached
at the terminal velocity. Furthermore, it is important to note that not all
parameters listed here are treated as free parameters in our analysis (see
Sect. 3.5).

synthesis of spectral lines. This parameter introduces a depth-
dependence of the micro-turbulent velocity throughout the wind.
During the computation of the ionisation and excitation structure
the micro-turbulent velocity is assumed to be constant, but when
the lines are synthesised, the micro-turbulent velocity increases
linearly with wind velocity from vycro at the base of the wind, to
Uwindwurb» at the point where the wind reaches its terminal veloc-
ity (Haser et al. 1995). The wind turbulence velocity is typically
of the order of 0.1v., (e.g. Groenewegen et al. 1989), and is used
here to mimic the effects of a large wind velocity dispersion upon
the spectral line formation. Evidence for such a velocity disper-
sion is found in both LDI simulations (e.g. Hamann 1980; Puls
et al. 1993; Driessen et al. 2019) as well as in observations (e.g.
Lucy 1982; Groenewegen et al. 1989; Prinja et al. 1990).

3.1.3. Wind-embedded shocks and X-rays

Instabilities in the winds of massive stars can cause shocks to
form in the wind (e.g. Owocki et al. 1988; Feldmeier et al.
1997). These wind-embedded shocks give rise to X-ray emis-
sion, which, both by direct and Auger ionisation, can alter the
ionisation balance of the wind, as well as the velocity fields of
the interclump medium and the clumps. Wind-embedded shocks
and associated X-ray emission are implemented into FASTWIND,
and their characteristics can be tweaked. In our analysis we
include X-ray emission by assuming canonical values for each
star. Details about the implementation of X-rays in FASTWIND
and our assumptions regarding the canonical values are detailed
in Appendix G.

3.2. A new genetic algorithm: KIWI-GA

In order to find the best fitting FASTWIND models we devel-
oped a Genetic Algorithm (GA), which we call KIwI-GA. GAs
employ the concept of natural selection or survival of the fittest
(Darwin 1859). The goal is to find, for a given dataset (stellar
spectrum), the best fitting model. For this, the algorithm starts
by computing a group (generation) of random models (individ-
uals). After computing the first generation of models (parents),
the fitness of each model is assessed by comparing each model
to the data. In our case, we use the )(2 value as a fitness
measure:

N 2
Fobs,i = Fmod,i
2 obs, mod,
= 3 (Zebsi = Fmodi | 10
X ;_O( Eon ) (10)
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Fig. 6. Flowchart portraying the workings of KIwI-GA. In each genera-
tion, depicted by the green circle with arrows, a large amount of models
is computed (typically 50—-250). The reproduction step is a means of
natural selection towards fitter models, which eventually leads to con-
vergence of the algorithm towards the best fitting solution (typically
after 30—100 generations).

where N is the number of data points of the spectrum that is
considered in the fit, Fobs; the observed normalised flux, Fmod,i
the normalised flux of the model, and &g ; the uncertainty on
the observed flux. Generally, models that have parameters that
resemble the properties of the observed spectrum will be fitter
(have a lower y?) than models with parameters that are far off.
By picking new (offspring) models by combining the parame-
ters of the fittest models of the previous (parent) generation, the
offspring models will generally fit the observed spectrum bet-
ter than the parent generation. For example, a model with a Teg
that is similar to that of the observed star will generally have a
better fit than a model with a T that is far off, and this value
of T will thus have an increased chance of being selected for
models of the new generation. We note that in the process of
combining the parameters of two parent models, a fraction of the
parameters is altered randomly (we call this mutation), in order
to maintain and introduce diversity in the model parameters. By
iterating this procedure (the offspring generation becomes the
new parent generation), we eliminate parameter values that differ
greatly from value that matches the data, while parameter values
that match the data well will be kept. This way, the algorithm
converges towards models with a better fit to the data. Figure 6
illustrates the workings of the algorithm. Especially for large
parameter spaces, this is a very efficient search method. In the
past GAs have been successfully used for the analysis of massive
star spectra (e.g. Mokiem et al. 2005, 2006; Tramper et al. 2014;
Ramirez-Agudelo et al. 2017; Abdul-Masih et al. 2021; Hawcroft
et al. 2021).

KIWI-GA is written in PYTHON and uses elements of the
algorithm of Mokiem et al. (2005), who in turn use the PTKAIA
algorithm of Charbonneau (1995). The new aspects of the algo-
rithm are introduced after careful assessment of considerations
laid out by Pohlheim (2007), who presents an overview of pos-
sible structures and operators that can be part of a GA. For
KiwIi-GA we selected structures and operators that seemed ben-
eficial for solving our specific optimisation problem; for details,
we refer the reader to Appendix C. For the parallel processing we

use the SCHWIMMBAD package, following Abdul-Masih et al.
(2021). Within K1wI-GA a python command initiates the execu-
tion of FASTWIND, a Fortran executable. KIwi-GA is publicly
available and has a comprehensive documentation in order to be

accessible to new users'”.

3.3. Stellar radius and luminosity

In our KiwI-GA runs the stellar radius is estimated for each
model individually using an observed, extinction corrected mag-
nitude (Sect. 2.6), following the procedure described in Mokiem
et al. (2005). Based on the temperature of each model, a Planck
curve with temperature 7 =0.9T . is computed and compared
to the observed magnitude, after which a radius is chosen such
that the Planck curve matches the observed anchor magnitude
(Mokiem et al. 2005, who follow Markova et al. 2004). For this,
we use a transmission curve of the adopted filter, in our case
the VLT/SPHERE K, filter!!. The Planck curve thus serves as
an ‘SED estimate’ during the run and the radius is an output of
the run, as is luminositylz. When a run is finalised we compute
the real SED of the best fitting model and use this to correct
the radius that was estimated during the run. Furthermore we
scale the obtained mass-loss rates using the optical depth invari-
ant wind-strength parameter Q = M/(R,vs)>'? (Puls et al. 1996,
Holgado et al. 2018, their Appendix B). It is important to note
that there is no need to recompute all models, as the radius has
very little impact on the normalised spectrum. The radius cor-
rections for our stars range from 0 to +8% with an average of
3.6% for the O-stars and from —20 to —9% for the WNh stars.
We note that for future runs, where the K,-band is used as an
anchor magnitude, a Planck curve with T =0.837.¢ would be a
better guess — the previous estimate of 7'=0.9T.¢ was tailored
to V-band magnitude anchors.

3.4. Best fit parameters and error bars

From the output of each KIWI-GA run we derive best fit param-
eters and uncertainties thereof (error bars) with the method of
Tramper et al. (2014). For this, we identify the best fitting model
(that with the lowest y?) and use this model to implicitly adjust
the uncertainty of each flux point that is fitted, such that the Xfe d
value of the best fitting model equals unity. These adjusted flux
uncertainties are then used for recomputing the y? of each model
in the run. This procedure is equivalent to dividing all > values
of the run by the (original) Xfe 4 Of the best model. After the flux
uncertainty adjustment we find the models that should be con-
sidered statistically indistinguishable from the best model, which
we call the family of best fitting models. We do this by comput-
ing for each model the probability P that the difference between
the two models is caused by random fluctuations:
P(x*.v) =1-T(¥*/2.v/2) (1)
with T'(y?/2,v/2) the incomplete gamma function, representing
the cumulative distribution function of the )(2 distribution, eval-
uated at y?, for v=rngua — fiee the degrees of freedom, where

10 https://github.com/sarahbrands/Kiwi-GA

I The filter is specified by the user and any filter of which a transmis-
sion curve is available can be chosen. Currently the following filters
are implemented: Johnson V, HST F555W, and VLT/SPHERE K. The
transmission curves are taken from the SVO Filter Profile Service:
http://svo2.cab.inta-csic.es/theory/fps/

12 K1wI-GA also has the option to set the radius to a fixed value for all
models.
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Ndata 18 the number of flux points that is taken into account dur-
ing the fit and ny.. the number of free parameters. The best fitting
models are all models where P > 0.32 (i.e. the 68% confidence
interval; we call this 10) or P > 0.05 (i.e. the 95% confidence
interval). From this group we derive error bars by identifying
for each parameter what is the lowest and the highest value that
is present. In other words, the parameter space spanned by the
family of best fitting models determines the size of the error
bars. In case the distribution from which we derive the con-
fidence intervals is symmetric and Gaussian, the 68 and 95%
confidence intervals translate directly into standard deviations of
1o and 20, respectively. For convenience, we refer to the 68 and
95% confidence intervals as 1 and 20 uncertainties, even though
the confidence intervals we derive are not necessarily symmetric
and Gaussian. In all tables we present 1o~ uncertainties, unless
explicitly stated otherwise. For practical purposes, we generally
mark the parameter of the best fitting model, however, we stress
that all models in the family of best fitting models should be
considered as statistically equivalent.

The normalisation of y? values that is part of this method
relies on the assumption that the best fitting model has a good
fit to the data. This condition is satisfied for all stars in our
sample except for the three WNh stars, where clear deviations
between the best fitting model and data can be seen. In this case
the method described above underestimates the error bars and
therefore we assume increased error bars for these three stars,
such that the error region covers the width of the peak in the y?
distributions. This way, the error bars of the WNh stars are more
in line with those of the O-stars of the sample (Sect. 4).

For luminosity, radius and mass-loss rate we increase the
error bars given the uncertainty on the magnitudes (as presented
in Khorrami et al. 2017). The uncertainty in radius and luminos-
ity is directly related to the uncertainty in the observed flux at
the K-band. For the mass-loss rate, we increase the errors prop-
agating the uncertainty on the stellar radius, assuming a scaling
of M o R (see e.g. Puls et al. 1996).

Lastly, we stress that the uncertainties that we derive from
the KIWI-GA runs, as described in this section, are only sta-
tistical uncertainties. Systematic uncertainties, that could arise,
for example, due to assumptions regarding extinction, normali-
sation, or the modelling, are not included in these values.

3.5. Fitting strategy

We fit the full sample two times with KIwI-GA. The first time
we consider only the optical parts of the data, the second time
we fit the optical and UV data simultaneously. Ultimately, we
are interested in the values of the optical + UV analysis, but
the optical fitting still serves a threefold purpose. First, we use
the derived values for rotational broadening and helium abun-
dance as fixed values for the optical + UV fitting, reducing the
amount of free parameters of those runs. Second, it provides
mass-loss rates as derived from recombination lines only, assum-
ing a smooth wind. Third, it allows us to compare our analysis
method, fitting with KIiwi-GA, to the spectroscopic analysis
with IACOB-GBAT (Simén-Diaz et al. 2011) of the same data
by Bestenlehner et al. (2020). The second and third point are
addressed in Appendix D. The details of each fitting setup are
summarised in Table 3 and explained in detail below.

3.5.1. Optical-only setup

The optical-only runs have 5-7 free parameters 7ifee, as Speci-
fied in Table 3. Here, g is the gravitational acceleration, veq sin i

A36, page 10 of 44

Table 3. Free parameters in the optical-only and optical + UV fits.

Fit Free parameters Results
Optical- Tefr, g, Veq SN i, M, Xpe, (nn, )  Table 1.2
only
Optical + UV Tegr, g, M, B, Ueos fils Uclstarts Tables A.1,
(high S/N)  vyindturbs fic» frel> BN, Bic, (0, A3

XHe)
Optical + UV Tegr, g, M, B, Voo, fi1 Table A.2
(low S/N)

Notes. Parameters in brackets are free only in a subset of the runs, see
text. The last column contains for each fit a reference to the table where
the best fit parameters are presented. Parameter names are defined in the
text.

the projected rotational broadening, M the mass-loss rate, and
Xge the helium surface abundance, where xy. = nye/ny, With nye
and ny the helium and hydrogen number density. If any line is
(partially) in emission, we also fit the wind acceleration parame-
ter 3, and when we see a nitrogen line above the noise we fit the
nitrogen abundance ny (with ny the number density). The other
parameters are held fixed at the values discussed below.

We assume a smooth wind (f;; =1) for all stars except for
the WNh stars, for which we assume f; = 10. Furthermore, we
assUMe Umicro = 10 km s™!, and in case 8 is fixed we assume
B=0.9. Because the resolution and S/N of the data do not
allow us to distinguish between broadening due to rotation versus
broadening due to macro-turbulence, we only fit veq sin i, assum-
ing vmacro =0 km s~!. In practice this means that all broadening
is captured in a single parameter veq sini and, since for our stars
likely vmacro > 0 km s7! (see e.g. Simén-Diaz et al. 2017), the
projected rotational velocities that we find are upper limits of
the actual veq sini. The derived veq sini is thus an upper limit.
We adopted surface abundances of the CNO-elements using the
evolutionary grids of Brott et al. (2011a) and Kohler et al. (2015),
based on stellar parameters of Bestenlehner et al. (2020), and
other abundances are fixed to Z=0.5 Z,. We assume the values
of Crowther et al. (2016) for the terminal velocities of the winds
Uso. For 12 stars v, was not available and in these cases we esti-
mate the velocities by inter- and extrapolating the dependence
of v, on luminosity L, that we empirically find using the val-
ues of Crowther et al. (2016) and Bestenlehner et al. (2020), for
logL/Ly < 5.6.

The optical-only KIwIi-GA runs have a population of 71
to 95 individuals, with the exception of the WNh stars, where
we have 191 individuals. The runs of most stars converge in
approximately 20 generations. To ensure that all runs are fully
converged, we iterate for 30 generations. The runs of sources
with strong emission lines converge later and we run them for
40-60 generations.

3.5.2. Optical + UV setup

The optical + UV runs have 6 to 14 free parameters. For 39 stars
with relatively high S/N we fit 12 free parameters as listed
in Table 3, in which nc refers to the carbon abundance (by
number). For the WNh-stars we fit two additional free param-
eters (see also below): oxygen abundance ng (by number) and
Xge. The other 17 stars have too low S/N and too weak wind
lines to distinguish between 12 free parameters and we there-
fore only consider 6 free parameters for these stars (Table 3).
In this case, the CNO-abundances are fixed to LMC baseline
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values, for which we assumed log(nc/ny) + 12 = 7.75 for carbon,
log(nn/ny) + 12=6.9 for nitrogen and log(np/ny) + 12=38.35
for oxygen (Kurt & Dufour 1998, as in Brott et al. 2011a; Kohler
et al. 2015). The wind structure parameters are fixed based on
typical values we find from the 12-free-parameter runs with
lower mass-loss rates: fic =0.05, fier =0.15, ¢ start/Veo = 0.05,
Uwindturb/Veo = 0.15 (Sect. 5.2). For all optical + UV runs the veloc-
ity at which the maximum clumping factor is reached is given by
Vcl,max / Voo = Max(0.3, vey start /Voo)-

Oxygen abundance is only a free parameter for the WNh
stars. Test runs with free oxygen abundance for the other stars
resulted in extremely high values of log(ng/np) + 12 =9-10. We
suspect that this is related to the fact that we have only two oxy-
gen lines in our spectra, both in UV, where there is overlap with
various iron lines. We therefore fix it based on the evolutionary
grids of Brott et al. (2011a) and Kohler et al. (2015), based on
stellar mass, rotation and age as derived by Bestenlehner et al.
(2020).

The optical + UV KiwI-GA runs have a population of 95 or
191 individuals (6 or 12 free parameters, respectively). For the
WNh stars we have 239 individuals (14 free parameters). The
runs of most stars converge in approximately 20 or 40 gener-
ations (6 or 12—14 free parameters), so to be on the safe side,
we iterate for 30 or 60 generations (6 or 12-14 free parameters).
The limits within which each parameter is allowed to vary can
be read off from fitness plots shown in the run overview of each
star, which can be found on zenodo!?. We discuss the robustness
of this setup in Sect. 4.7.

3.5.3. Diagnostic line selection

We use all strong spectral lines that are present in our spectra that
can be synthesised with FASTWIND V10.3.1 and where inter-
stellar absorption or emission did not pose a problem. For the
optical, these are lines of H, He I, He 11, N 111, N 1V and/or N V.
No optical C or O lines were available due to the limited opti-
cal wavelength range and moderate S/N and resolution. In some
cases data quality was too poor to include a certain line and the
line was omitted from fitting; in particular this concerned Ha
for 11 sources. We included the following UV lines in the fits of
most stars: C 1v 41165, C 111 11170, N v 11240, O 1v 11340,
O v 11371, C 1V A11548-1551, He 11 11640. It is important to
note that:
— For N v 11240 we only fit the part that could be recovered
after the Ly-a correction (see also Sect. 2.5).
— In one case we fitted Si 1V 4141394-1402 (R136b, see also
Sect. 2.5).
— Part of O 1v 11340 is clipped because of the presence of the
strong interstellar CII 1336 line.
— For stars where O v 11371 was very weak (cooler stars), we
omit it from the analysis completely, as, in those cases, the
iron pseudo-continuum dominates the absorption.
— N1V 41718 was included for about half of the stars. In cases
where we had GHRS data we included the full line. In other
cases, we included the blue part of the line from the HST
data, but only if this was clearly visible in absorption.
An overview of the spectral lines used for the analysis of each
individual star is presented in Table 1.3.

We note that the UV spectroscopy includes diagnostics for
M, v, as well as for the wind structure parameters £, fic, feels
so that we can break the degeneracy between these parameters.
For example, the strength of Ha depends on the density squared,

3 https://zenodo.org/record/6353513

whereas resonance lines typically depend linearly on density, and
so respond to clumping differently (e.g. Puls et al. 2006). Clumps
often become optically thick in strong resonance lines, while
recombination lines are generally less affected; nonetheless,
vorosity effects can sometimes also result in extra light leakage
in recombination lines, resulting in weaker profiles (Sundqvist
et al. 2010, 2011; Oskinova et al. 2007; Surlan et al. 2012).
Bouret et al. (2005) find that O vV 41371 and N 1v 41718 are
also indirectly (due to a modified ionisation structure) sensitive
to optically thin clumping, where typically the absorption part
of the lines get weaker for higher clumping factors. A non-void
interclump density further affects line saturation, for example in
the case of N v 11240 (Zsargé et al. 2008; Surlan et al. 2012,
2013; Sundqvist & Puls 2018). In particular, both the absorp-
tion and emission parts of the line profiles get stronger with a
larger interclump density, where Surlan et al. (2012) find that the
effect is most pronounced for the strong lines. Lastly, the onset
of clumping affects the line shape close to the line centre (Bouret
et al. 2003; Surlan et al. 2012).

4. Results

For 39 stars, we obtain 14 stellar and wind parameters per star, for
the remaining 17 stars, 8 parameters. For the WNh stars we addi-
tionally obtain oxygen surface abundance, as their oxygen lines
are very strong and dominate the iron pseudo-continuum. A rep-
resentative example of an output summary is presented in Fig. 7.
The top half of the figure shows that the agreement between
models and data is good: the best fitting model and the family
of best solutions (20~ confidence region) cover the error bars on
the data both for the optical as well as the UV data. The bottom
half of the figure contains the goodness of fit for all computed
models. This is illustrative for the way we derive uncertainties
on all parameters: if the fitness distribution of a certain param-
eter is strongly peaked, the uncertainties on that parameter are
small; if it is wide, the uncertainties are large. Output summaries
for the other stars can be found on zenodo'?.

The best fit parameters of the optical + UV runs for all stars
are presented in Figs. 8 and 9 and Tables A.1 and A.2. Notes on
peculiarities of individual sources can be found in Appendix F.
In Appendix I we present additional values derived from the opti-
cal + UV runs such as stellar masses, ages and ionising fluxes, as
well as best fit values of the optical-only runs. We note that we
derived several parameters from both the optical-only as well as
the optical + UV analysis. In the remainder of the paper, unless
specified otherwise, we show and interpret only one set of values:
xge and veq sin i were taken from the optical-only analysis'* while
the remaining parameters were taken from the optical + UV anal-
ysis. The WNh stars are an exception: here we do measure xy
in the optical + UV fit, so in this case we use this value instead
of the optical-only value. Lastly, our values generally agree well
with the stellar properties derived by Bestenlehner et al. (2020)
based on optical spectroscopy only. A detailed discussion of the
comparison of different methods can be found in Appendix D. In
the rest of this section we highlight several results that deserve
special attention, and conclude with a robustness analysis.

4.1. Hertzsprung-Russell diagram

Figure 10 shows the derived temperatures and luminosities in
a Hertzsprung-Russell diagram (HRD). We review the HRD

4 'We do not fit this in the optical + UV analysis.
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Fig. 7. Kiwi-GA output summary for the optical + UV run of H35 (60 generations). The top of the figure shows the line profiles that were
considered in the fit. For each spectral line we show the observed spectrum (black bars), the best fit model (green solid line), and the family of best
fitting models, that is, the region spanned by all models in the 20~ confidence interval (light green shaded area). The bottom of the figure shows
for each free parameter the goodness-of-fit (expressed as 1/x2,) of each model of the run represented by a dark blue dot). The position of the best
model, as well as the 1o~ and 20 error regions (dark and light shaded yellow, respectively) are indicated. Output summaries for the other runs can
be found on zenodo (https://zenodo.org/record/6353513).

A36, page 12 of 44


https://zenodo.org/record/6353513

“HIH.IIHii'HHIHI!Hilliilfllllilﬂl!
W b DR

o,
00000

sssss

g S %5%
£ ’2% S ES
$s 553
S o AR

S S Z

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
mmmmmmmmmm
HHHHHHHHH

A TR ANy -
TRl 2
ULHLUTTIRHRH UL THHOLH B £
SUONUL UL BB
LU LG - 55
AT 2
T tteh
g1/ MO TR TR s |
Aol s 2
AU L
T |

n
a,
A > O
. WS o



A&A 663, A36 (2022)

Tett logg XHe VegSini M Vo B feiump
HI —F— —E B = —i —H—=— E—— .
H41 lliE— == B — 8 - T — .
HI23 —f— —lE— == —i —ils B— a |
HIS9 llf—— —HEllE- = Sl 1 —— - T .
HI20 —llfF— —lE EBH==— Tl 3 — = B =
HI2o —lF— —FEE E—— = = = E— ..
H134 —flfF— —lE B = = —A= B— El
Hios —EEl— — Sl BB — -l = H— .
H130o —FF— —FllF E—— B == = ==
HI7-EIE— Sl = -l - B S —— .
H13: HlR——— —lE— = = = = = I T
H132 —llF— —FlE E—— = = = == I T
HIlI2 S — —EEE = s = == ==
HI21 —FlF—— —- E—— [ & A e S
Hie FllE— —F—HEE E— —E B IS TS s
H73 —— —E = T - T s
Hile —fflF— —llE BN [ & === e T
elock s Ree a)g,,)f’ w2 NN, < ,f)Q & 9 A% ° @c?i,)oz%e° NN ISR
[kK] [log cm s72] [Nhe/nul [ kms1] [log Mo yr=11 [ km s™1] [] []
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Fig. 10. Positions of the R136 sources (optical + UV analysis, dark blue
points) in the Hertzsprung-Russell diagram. Yellow dashed and dotted
yellow lines are LMC evolutionary tracks of Brott et al. (2011a) and
Kohler et al. (2015), respectively. Red solid lines are isochrones. All
tracks have an initial rotation of ~160 km s~', representative for the O-
stars in the sample. We note that the tracks shown in Fig. 17 have a
higher initial rotation.

positions of the stars and inspect the fit of all sources by eye
to check for irregularities. From this we conclude that our tem-
perature and luminosity measurements are reliable for all stars
except H129 and R136a3. For R136a3 we find a low tempera-
ture (42 000 K), but see in the spectrum strong lines of higher
ionised ions such as N v and O v. These lines are not matched
by the best fit model, where they are weak. A higher tempera-
ture for this star thus seems more likely and we test this with an
additional run where we fix Teg to 50 000 K, the value found by
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Bestenlehner et al. (2020). Although this decreases the fitness of
several other lines — and in such a way that we obtain a worse
overall fitness — a higher temperature does improve the fit to the
N v and O V lines, and places the star closer to the other WNh
stars in the HRD. Lastly, from the fit of the iron lines in the UV
we found a best fitting temperature of 47 000 K, where the fit-
ness of the 50 000 K model is almost as good, but the fit to the
45 000 K model significantly less, even worse for the 42 000 K
model (Fig. F.2). Taking all this into account, we consider the
higher T.g for this star more likely and accept the parameters of
the fixed-Teg run (50 000 K) as the parameters which we use
for further analysis (for more details and the spectral fits, see
Appendix F.3). The best fitting models of HI29 seem to fit the
data well, however, the S/N of this source is very low and its
position in HRD is far left of the main sequence where we do
not expect any O-type stars. Bestenlehner et al. (2020) reported
for this star a total-to-selective extinction Ry that was 5o below
the average for R136. This could point to NIR-excess, although
this would imply an even lower luminosity for this star, keeping
it in the improbable HRD region.

For the subsequent analysis we only use temperatures from
our optical + UV analysis. In Appendix D.I we present a
detailed comparison of the different temperature measurements
(our three different measurements, plus those of Bestenlehner
et al. 2020). Generally, the temperatures agree within their
uncertainties.

4.2. Stellar mass and age

In order to derive the evolutionary mass M.y, the initial mass
My and the age T we use BONNSAIP (Schneider et al. 2014)
combined with the grids of Brott et al. (2011a) and Kohler et al.
(2015). BONNSALI is a Bayesian tool that allows us to compare
observed stellar parameters to stellar evolution models in order

15 The BONNSAI web-service is available at https://www.astro.
uni-bonn.de/stars/bonnsai/
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to infer full posterior distributions of key model parameters such
as initial mass and stellar age. Our input parameters are observed
luminosity, temperature, helium surface abundance and surface
gravity. We use standard settings except for the prior of the ini-
tial rotational velocity, for which we assume the distribution
of Ramirez-Agudelo et al. (2013) instead of a flat distribution.
We find a robust output for all stars except three. For those the
observed values match poorly with the posterior distribution of
the BONNSAI run. In the case of H129 the value for Teg cannot
be reproduced given the observed log L/Ls and logg. For this
star, we deemed our derived luminosity measurement unreliable
(Sect. 4.1), and we exclude this source from further analysis.
In two other cases, R136b and H30, our observed logg value
lies in the P < 0.05 tail of the posterior distribution. There-
fore both spectroscopic and evolutionary parameters should be
treated with care, although the spectroscopic fits of these stars
look good. We do include both sources in further analyses that
need M. as an input, but check whether the results change dras-
tically upon inclusion or exclusion of R136b and H30, which
is not the case. The derived ages and masses can be found in
Table I.1. We cross-check our BONNSAI output with that of
Bestenlehner et al. (2020) and find generally good agreement,
see Appendix E for details. In the remainder of the paper, we use
the BONNSALI evolutionary masses when we need stellar masses
for our analysis.

4.3. Terminal velocity

For all stars we have set the terminal wind velocity v, as a free
parameter in the optical + UV fit. For 46 sources we were able
to accurately constrain v, albeit with large uncertainties for the
stars with lower mass-loss rates (see Figs. 8 and 9). For three
of the remaining sources (R136a2, R136b, H36) we do find a
tightly constrained value, but see that the fit to the blue wing of
C 1V A11548-1551 is not good: the saturated absorption edge of
the best model for these stars extends about 400 km s~! more
to the blue as the absorption edge we see in the data. For the
remaining seven sources (H73, H121, H135, H141, H159, H162,
and H173) the wind lines crucial for determining v.,, especially
C 1v 1115481551, turn out to be too weak to get a constraint:
the )(2 distribution for v, was flat. In these cases, while we do
find some best fit value v, this value is not meaningful and we
regard v, as unconstrained.

4.4. Wind acceleration parameter 3

The wind acceleration parameter 3 is fitted for all stars. For stars
withlog M > —5.7, we find values up to 8 = 1.50 with an average
of 1.08 +0.20, whereas for stars with lower mass-loss rates we
find that for all but two sources § is consistent with 0.7 within
1o errors, with an average of 0.72 + 0.06 (see Figs. 8 and 9). We
note that 8=0.7 was the lowest allowed value during the fitting,
this is discussed in Sect. 4.7.

4.5. Onset of clumping

We derive the onset of clumping for 39 sources and find a value
of versiart = 0.07 £ 09 oo, translating into Rejgtar = 1.02 £ 007 R,
on average. There is not much variation across the sample: two
thirds of the stars have a value of vgjgare < 0.1 Voo OF Rejstart <
1.08 R,, the higher values that we derive have large error bars —
within 20 all sources are consistent with vy seart < 0.05 veo. This

is visible in Fig. 8.

4.6. lonising flux

We derive H, He 1 and He 11 ionising fluxes Qy, Q1, Q> for each
star'® based on the best fitting model (Table I.1). We estimate the
errors on these values by computing, for one star (H35, spectral
type O3 V), the ionising flux for each model in a full Kiwi-GA
run; afterwards we apply an error analysis based on the y? value
of each model, as we do for all other parameters'’. From this we
find 10 uncertainties on the derived ionising fluxes to be, approx-
imately, 0.07 dex for log Qp, 0.1 dex for log Q,, 0.4 dex for
log Q. We assume that the uncertainties of the ionising fluxes
of the other sources scale with their relative uncertainties (com-
pared to those of H35) on effective temperature and luminosity.
Lastly, in Table 1.1 we provide also the H-I ionising luminosity,
that is, the energy of each star emitted by photons capable of
ionising hydrogen, a quantity relevant for large scale simulations
involving radiative feedback of massive stars.

4.7. Robustness and systematic errors

In order to check whether our results are robust under small
changes in our setup we carry out several test runs. We picked
the O3 V star H35, a typical source'®, and fit its spectrum many
times, each time changing one aspect of the setup. As a reference
point, we compare all runs with the ‘fiducial run’ for H35, that
is, the run with the setup as used for all optical + UV runs in this
paper. In Fig. 11 this comparison is presented.

First, we show the robustness of the genetic algorithm itself
by redoing our fiducial run. We must be sure that the initial pool
of individuals contains enough variation. If the variation is large
enough to cover the full parameter space, then with exactly the
same setup but different random initial parameters, we should
get the same or very similar results. Indeed, when we do this
test we do see small differences, but generally the agreement
between the two runs is very good: for each parameter the 1 and
20 regions are similar and the best fitting parameters of each
runs lie in the 1o error regions of the other run.

Having done this initial test we then vary the setup, chang-
ing one aspect at the time. We see that within uncertainties the
different setups show consistent results and our setup is robust
to most changes. The choice for micro-turbulence vycr, S€€MS to
have the largest effect on the derived parameters, especially Teg.
Changing the value from our fiducial fixed value of 105 km s™!
does not have much effect, but changing it to either a fixed value
of 15 km s~! or leaving it as a free variable results in a best fit
value of T.g that is ~2000 K higher than that of our fiducial
run, just on the edge of the 20 error bars. From the data that we
have we cannot determine what is the actual value of vpicro and
thus of Teg: the run with vyicro as a free parameter resulted in
a velocity exceeding the typical sound speed in the atmospheres
of these stars (Umicro =30 km s™!) and thus seemed not reliable
(though for a recent finding, see Schultz et al. 2022). Apart from
changes in T.¢ we note that also abundances change when we
assume a different value for vycro, the largest change being seen

16 Here, by convention, Q, =¢q.4nR2, with g, the ionising radiation
(number of photons) per unit surface area per second and x € {0, 1,2}.
17 Uncertainties on ionising fluxes are now a standard output of KiwI-
GA, but this functionality was implemented only after we had done all
fits. Since carrying out a fit is computationally expensive, we decided to
do a rerun with the new functionality only for one star.

8 'We consider H35 a ‘typical source’ because O3 V is the most
common spectral type in our sample and the data quality of H35 is rep-
resentative: there are sources with higher S/N, but the H35 data is good
enough so that we can constrain each of our 12 free parameters.
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Fig. 11. Comparison of parameters from the different test runs, fitting in each instance the spectrum of H35. For each run and each parameter we
indicate the best fit value (blue dots) and 1 and 20 error bars (dark and light yellow). In the first column we show the parameters of our ‘fiducial
run’: this is the setup as used throughout the paper. The other columns show parameters of runs were we changed the setup, one aspect at the

time: ‘Fiducial (redo)’ — different initial random population of models, ‘Vpicro5 km s7!”

_1s

and ‘Umicro 15 km s™'” — assumed value for vy to 5 and

15 km s~!, respectively, instead of 10 km s™', ‘Upicro fre€’ — vmicro a free parameter, ‘Oxygen free’ — oxygen abundance a free parameter, ‘No O lines’
— exclude both O 1v 11340 and O v 41371 from the fitting, ‘No X-rays * — do not include any X-rays, ‘X-rays free’ — fx a free parameter, ‘v¢max” —
ASSUME V) max = 2Vcl start 10St€Ad Of Vgt max /U0 = MaX(0.3, Vel start Vo), ‘Min =0.5" — set lower limit of 8 to 0.5 instead of 0.7 and ‘Only UV’ — only fit
the UV spectra. For reference, the best fit value and 20 error region of the fiducial run are shown in blue throughout all columns.

in the carbon abundance when vpicro is lowered to 5 km s~'.

This is expected as vmicro impacts the equivalent width of lines.
Considering the above, we must thus keep in mind that the lack
of atmospheric lines from which we can accurately determine
micro-turbulence leads to systematic uncertainties in 7. and
abundances, which we estimate to be about 2000 K and 0.5 dex,
respectively.

The mass-loss rates and high clumping factors that we derive
are robust within the optically thick clumping framework. We
consistently find f; > 10, but distinguishing between the higher
clumping factors proves difficult. This could be due to the fact
that the clumping sensitivity saturates towards higher clumping
factors for several of the clumping diagnostics. Since leaving
oxygen abundance as a free parameter consistently leads to
very high oxygen abundances, we decided to keep the oxygen
abundance fixed during our fits. Possible causes for the high
obtained oxygen abundances could be blends with iron lines,
which are not present in our synthesised model spectrum, or
specific shortcomings in the FASTWIND oxygen model atom, so
that ionisation structure of these ions is not well reproduced by
FASTWIND. Regardless of the cause we checked the robustness
of our results given this uncertainty by doing a run with oxy-
gen abundance left free, and one where we left out both oxygen
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lines. In both cases, the resulting fit parameters change slightly
but are within errors consistent with our fiducial run. This also
holds for the wind structure parameters fi. and fye, which show
to be unaffected by either leaving the abundance free nor leaving
out the lines (see Fig. 11).

For stars with comparatively low mass-loss rates of log M <
—5.8 we find an average wind acceleration parameter of
B=0.72 £0.06, with many of the derived values at 0.7. Since
this is the lowest value allowed in our fits, we test the effect of
extending our parameter space: for four stars we do another run
with the same setup except that now we extend the allowed range
of 8 values up to as low as 0.5. We find in all cases that the dis-
tribution is nearly flat between 0.5 and 0.7. In these runs 5=0.7
remains in the 20 error range. Fig. 11 shows that for H35 with
the lower best fit value of 3 the other parameters do not change
significantly given the uncertainties.

Apart from the aspects discussed so far, we do also change
the prescription for v¢j max and the X-ray setup. Lastly, we do arun
with only UV data. The results seem robust to all these changes.
The run with UV data only shows the diagnostic power of these
relatively few spectral lines. The optical data adds most to the
accuracy of the gravity, though one has to keep in mind that in
this ‘UV-only run’ rotation and helium abundance are fixed to
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values derived from optical data. In conclusion, our fitting setup
seems generally robust to the assumptions we made. However,
one should be aware of possible systematic errors, especially
with regard to uncertainty due to the micro-turbulence that seems
to affect the derived T4 and abundances.

5. Discussion

We discuss our results in the context of theoretical predictions
and evolutionary models. In Sect. 5.1 we compare the mass-loss
rates that we obtained to the predictions of Vink et al. (2000,
2001); Krticka & Kubat (2018) and Bjorklund et al. (2021).
Here, we also compare the observed and predicted terminal
velocities and the modified wind momenta. We conclude this
section with a comparison to the CAK-type mass-loss theory of
Bestenlehner (2020), and provide an equation for mass-loss rate
as a function of the Eddington parameter for electron scattering.
The mass-loss rates used in this section rely on the simultane-
ous fit of the wind structure (clumping) parameters. We observe
weak trends in these parameters as a function of mass-loss rate,
which is discussed in Sect. 5.2.

The stellar evolution, mass and age of the sources
based on the optical data is already discussed in detail by
Bestenlehner et al. (2020). After briefly reviewing consistency
with their results (Sect. 5.3.1), we add to their discussion based
on additional clues we can get from the abundances based on
UV spectroscopy (Sect. 5.3.2). Furthermore, Sect. 5.3.1 contains
a discussion of the surface gravities and mass estimates that we
find for the three WNh stars. We conclude our discussion with
a more technical topic, namely the comparison of the terminal
velocity measurements from by-eye fitting (Crowther et al. 2016)
to our optical + UV spectral analysis (Sect. 5.4).

5.1. Mass-loss rates, wind momentum and terminal velocities

In Fig. 12 we compare our observed mass-loss rates to theoreti-
cal predictions of Vink et al. (2001, hereafter VinkOl), Krticka &
Kubdt (2018, hereafter Krti¢18) and Bjorklund et al. (2021, here-
after Bjork21). All three predict mass-loss rates of hot luminous
stars by computing the line force based on the density and ion-
isation structure of a model atmosphere: Vink(Ol use ISA-WIND
(de Koter et al. 1993), Krti¢c18 use METUJE (Krticka & Kubat
2010, 2017) and Bjork21 use FASTWIND (version 11: Puls et al.
2020). Where VinkO1 uses a Monte-Carlo method in combina-
tion with the Sobolev approximation for the line computation,
Krti¢18 and Bjork21 perform radiative transfer in the co-moving
frame, though the former effectively places their critical point
upstream from that of Bjork21 (see Sundqvist et al. 2019). Fur-
thermore the codes differ in their approach regarding the wind
dynamics; Krti¢18 and Bjork21 solve numerically the equations
of motion and VinkO1 use a prescribed velocity structure assum-
ing conservation of total radiative and kinetic energy. We note
that for this comparison we use the VinkOl1, Krti¢18 and Bjork21
prescriptions as presented in their respective papers, even though
they assume different values for the solar abundances: VinkOl on
the one hand, and Krti¢18 and Bjork21 on the other hand assume
solar metal mass fractions of Z; =0.019 and Z; = 0.013, respec-
tively. For a mass-loss prediction at Z=0.5 Z; in the VinkOl
prescription one thus implicitly assumes a metal content of a
factor 1.46 higher than one would under the same assumption
(Z=0.5 Zy) in the Bjork21 or Krti¢18 prescriptions. Correcting
for this would bring the VinkO1 relation approximately 0.13 dex
closer to the Bjork2l prescription, on average. Other differ-
ences in assumptions between the approaches may also result in

XPea,vink = 11.7 Xiod,vink = 13:0 XZq vink = 22.5

Xied, krtic, = 2-8 Xod, kitic. =6-9  Xed, krtie. = 11.2
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Fig. 12. Mass-loss rates from the optical + UV fits (dark blue solid
diamonds) compared to the mass-loss predictions of Vink et al. (2001,
light blue triangles), Krticka & Kubét (2018, red solid line) and
Bjorklund et al. (2021, orange dot-dashed line). The prescription of
Vink et al. (2001) depends on more parameters than luminosity; a lin-
ear fit through the individual points (light blue dashed line) is plotted
to guide the eye. Thin dotted lines in corresponding colours show the
extrapolation of each prescription beyond the coverage of their respec-
tive model grids. For reference, a linear fit through the data points is
shown (thin dashed darkblue line). For all mass-loss prescriptions we
assess the goodness of fit (y2-values, top) for three ranges of luminosity.

systematic differences, for example, related to micro-turbulence,
line lists and temperature structure.

We assess the goodness of fit of each prescription to our
observations for three luminosity regimes: low (log L/Ls < 5.3),
intermediate (5.3 < logL/Ls < 6.2) and high (logL/Ls > 6.2).
Results are shown in Fig. 12. We note that the highest luminosi-
ties that we observed lie outside the grids of VinkO1, Krti¢18 and
Bjork21, which extend only to log L/L, =6.00,log L/Ly =6.07
and log L/L; =6.25, respectively. Furthermore, it is important
to note that for four sources (H73, H116, H121, and H162), for
which we derived mass-loss rates in the range log M = —8.68 to
—8.42, the 1o error bars range (nearly) to the edge of our param-
eter space, log M =-9.50. In our fitting and with the derivation
of the )(2 values, we treated the derived values and uncertainties
the same as those of the other points, even though these are tech-
nically upper limits. Removing these four points from the fit does
not alter the results significantly. The same holds for fitting and
XZ values of the modified wind momentum (see below); here we
have one additional source with only an upper limit, H135, for
which we derive an upper limit only for v.

Comparing observed and theoretical mass-loss rates
(Fig. 12), we see that, overall, the predictions of Krti¢18 fit best
to our observations, outperforming the other two in the regime
where mass loss impacts evolution the most (log L/Ls > 5.3),
and matching almost perfectly with the linear fit through our
observations. In the low-luminosity regime the Bjork21 rates
match better with our observations: the prediction is in good
agreement with the group of low-luminosity observations,
reflected in the low sze 4- The VinkOl1 rates there are on average
an order of magnitude too high in this regime, though several
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Fig. 13. As Fig. 12 but now for the modified wind momentum. In
grey circles we show the values or upper limits of Mokiem et al.
(2007); Bestenlehner et al. (2014); Ramirez-Agudelo et al. (2017);
Sabin-Sanjulidn et al. (2017), which we all lowered by 0.7 dex, assuming
fcl =25.

individual points lie well below that average, close to the
observed points. Observing weak winds in this luminosity
regime is not unusual (e.g. Puls et al. 1996, 2008; Martins et al.
2005; de Almeida et al. 2019). In the intermediate regime, the
performance of the three predictions is similar. The Krtic18
rates perform best; their predictions are, on average, only a
factor 1.3 lower than the observed rates. The Bjork21 rates are a
close second, being too low with, on average, a factor 1.5. The
VinkOl rates in the intermediate regime are, on average, a factor
2.0 too high, consistent with previous findings (e.g. Bouret
et al. 2012; Surlan et al. 2013; Cohen et al. 2014). However,
it is important to note that the overestimation of the VinkOl
rates in this regime decreases to only a factor 1.5 if one would
apply an average downward shift to correct for the different
assumptions of VinkOl versus Bjork2l and Krti¢18 regarding
LMC metallicity. Inspecting the high-luminosity end we see that
the Krtic18 rates best match the observations. Both Bjork21 and
VinkOl overestimate the mass-loss rates of the most luminous
stars; of those two, the prediction of VinkOl lies closest to the
observed rates.

We conclude the mass-loss rate comparison with noting that
recently Vink & Sander (2021) updated the VinkOl Monte Carlo
mass-loss recipe with dynamically consistent computations of
the terminal wind velocity. The mass-loss rates they predict
are similar to those of VinkOl, but typically lie a bit higher;
for our sample, the Vink & Sander (2021) rates lie on aver-
age 0.11 and 0.17 dex above the VinkO1 rates, with the average
absolute difference being 0.19 and 0.17 dex, using the predicted
and observed terminal velocities, respectively. Given that the
VinkOl rates generally overpredict the observed mass-loss rates,
the updated recipe does so even more and therefore the VinkO1
recipe outperforms the Vink & Sander (2021) recipe for our
sample.

Another way of comparing the predictions to our
observations is by their modified wind momentum,
Diom = Mve, VR4 /Ro (with M and v, in cgs-units), shown
in Fig. 13. Bjork21 provide an explicit equation for the wind
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momentum as a function of luminosity and metallicity. Krti¢18
do not provide this, instead we compute Do, for all the models
in their LMC grid, and obtain a linear fit through these points as
a function of luminosity. Since Vink0Ol do not predict terminal
velocities, their relation for wind momentum (Vink et al. 2000,
their Eq. (15)) is semi-empirical; they use observed values
for v, and R,. The relation plotted in Fig. 13 is corrected for
lowered M and v, as a result of the lower metallicity in the LMC
compared to the Milky Way (VinkOl1; Leitherer et al. 1992). For
the modified wind momentum the Bjork21 predictions match
best our observations in all luminosity regimes. The VinkOl
prediction is too high over the full luminosity range, which is
to be expected given their overprediction of the mass-loss rates.
The Krti¢18 predictions lie close to that of Bjork21, but their
prediction is less steep, translating in underpredicting Dpon, for
the higher luminosities, and overpredicting it for the less bright
stars.

Figure 14 shows observed and predicted terminal velocities
as a function of both log L/Ls and T.g. Neither the predictions
of Bjork2l nor those of Krti¢18 fit the observed values well.
Both predict decreasing terminal velocities as a function of Teg
and log L/Ls, whereas observations show the opposite. Also in
absolute sense the predicted velocities deviate from the observed
values. Looking at the left side of the figure, we see that the dif-
ference between the observed velocities and those predicted by
Bjork21 is especially large in the lower luminosity regime, where
the Bjork21 and VinkOl mass-loss rates diverge the most. The
predicted terminal velocities of Krti¢18 in this regime match rea-
sonably well our observations, but their predictions are too low
in the intermediate regime.

Of all terminal velocity predictions considered here, those
of Vink & Sander (2021) are most in line with observations';
both the absolute values as well as the trend as a function of
luminosity are in line with observations (see the green dashed
lines in the left panels of Fig. 14), except around 35 000 K, where
they predict extremely high velocities. In Fig. 14 we do not show
their predictions for T =35 000 K, and do not include them in
the fit.

It is clear that none of the theoretical models considered here
can reproduce both the observed mass-loss rates and the termi-
nal velocities that we observe. It has to be noted, however, that
while the luminosity range spanned by the hydrodynamic models
covers our observations reasonably well, this is not the case for
the temperatures of the models: the maximum model T.g in the
grids of Bjork21, Krti¢18 and Vink & Sander (2021) is 45 000 K,
while about 50% of our sample has a T.g higher than that. The
VinkO1 grid extends further to 50 000 K, however they do not
predict terminal velocities.

We now look more quantitatively at the modified wind
momentum, and fit a powerlaw to our observations as a function
of luminosity (dark blue dashed line):

log Dpom = log Dy + xlog L/L. (12)
For this and other fits where we have to take into account
uncertainties in both coordinates we use the orthogonal dis-
tance regression (ODR) routine of SCIPY. Our best fit yields
x=2.00+£0.11 and log Dy=17.05+0.65. A comparison to
other LMC studies shows that this is relatively high: observations
of Mokiem et al. (2007); Bestenlehner et al. (2014); Ramirez-
Agudelo et al. (2017); Sabin-Sanjulian et al. (2017, grey circles

1 In Fig. 14 we plot the v, of the Z=1/3 Z, models, multiplied by
a factor (0.5/(1/3))*!1° =1.08 so that they correspond to our assumed
LMC metallicity of Z=0.5 Z,.
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Fig. 14. Terminal velocity v., (fop) and the ratio ve/vVesc et (Pottom) against log L/ L, (left) and T.g (right) for the R136 sample (solid dark blue
diamonds) compared to predicted values (yellow squares, red stars, and green pentagons Bjorklund et al. 2021; Krticka & Kubat 2018 and Vink
& Sander 2021, respectively). Light purple triangles denote R136 sources for which we could not derive v, values (see Sect. 4.3), and in the
bottom plot also includes the WNh stars, where we cannot be too confident about ve . Grey circles around the points of the WNh stars allows to
distinguish them from the O-type stars. Dark and light coloured error bars denote 1 and 20~ uncertainties, respectively. The lines, plotted in different
styles (see legend) show linear fits to both the observed (dark blue) and predicted values (red, orange and green). In the bottom panel, the black
dashed line shows the empirically derived ve, /vesc ef =2.6 (Lamers et al. 1995). The grey shaded regions in the luminosity plots correspond to those
in Fig. 12. We note that we do not show any points of models with 7. =35 000 K for the Vink & Sander (2021) predictions; in this regime the
predicted terminal velocities largely exceed the velocity scale of this plot. The linear fit through the Vink & Sander (2021) predictions also excludes

these points.

in Fig. 13) give slopes in the range 1.45-1.87. We note, how-
ever, that not all these analyses take into account uncertainties in
Dyyom and/or L in the same way, which might affect the derived
slopes (see Markova et al. 2004). Furthermore, beware that the
relatively high wind momenta for low-luminosity stars found by
other LMC studies (grey circles in the leftmost part of the plot)
are likely only upper limits, as these studies lack UV coverage
and are therefore rely only on He and He 11 14686 for their
mass-loss determinations.

As shown by Puls et al. (1996), the slope x of the modi-
fied wind momentum-luminosity relation can be interpreted as
a measure for the distribution of line strengths of the spectral
lines contributing to the wind driving: it is the inverse of the
force multiplier a.¢ in (modified) CAK-theory (Castor et al.
1975, with subsequent modifications by Abbott 1982; Pauldrach
et al. 1986): x=1/a.g. Here, a.¢ captures both «, the slope of
the line strength distribution, as well as the force multiplier d,
that accounts for the ionisation state of the wind in an approx-
imate way (Abbott 1982), that is, x™! = e =a —  in Eq. (12).
Our slope of x=2.00+0.11 then translates into a mean value
of @ =0.50+0.03 or @ =0.60 + 0.03 if we assume the typical
value of 0.1 for 6 (Abbott 1982; Puls et al. 2008). This is in line
with typical values expected for O-stars, @ ~ 0.5-0.6 (Abbott
1982; Pauldrach et al. 1994; Puls et al. 2000, 2008).

We can obtain a.g from our data in a different manner by
inspecting the dependence of mass-loss rate on the Eddington
parameter for electron scattering. Bestenlehner (2020) extended

the CAK mass-loss prescription (Castor et al. 1975) from the
regime of optically thin to that of optically thick winds, by
expressing the stellar mass in terms of the electron scatter-
ing Eddington parameter I'.. The mass-loss rate can then be
expressed as a function of I, the transition mass-loss rate Me,"am
and the force multiplier a.g:

10g M= IOg Me,trans
1 1-
+ ( + 0.5) log(Te) - (ﬂ + 2) log(1 — T).
Qeff @,

eff

1. Dominates when I'. <1 II. Dominates when I'e—1

(13)

Our a.¢ is equal to what Bestenlehner (2020) calls @, and what
Pauldrach et al. (1994) and Puls et al. (1996, 2008) call ’. The
transition mass-loss rate corresponds to the transition Eddington
parameter e yrans. At I'e =g yrans the first (I) and the second (II)
terms in Eq. (13) are equal. At this point the mass-loss depen-
dency changes from being dominated by the first term to being
dominated by the second term.

We compute I, for all our sources?’ using the BONNSAI evo-
lutionary masses and fit Eq. (13) to our observations, in order
to derive a mean value for a.q for the sample, as well as the

2

20 T, = Lk, /4ncGM with L the luminosity, M the stellar mass, k. the
electron scattering opacity, ¢ the speed of light and G the gravitational
constant.
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Fig. 15. Best fit and 1o error region that we obtain by fitting the CAK-
type mass-loss prescription as described in Bestenlehner (2020, red
solid line and shaded area) to our observed mass-loss rates (blue cir-
cles, dark and light error bars denote 10~ and 20 uncertainties). The best
fit values we derive are shown in the bottom right corner. For compari-
son we show the CAK-type prescription also for the case of @ =0.50,
as obtained by fitting the slope of the modified wind momentum (dark
red dashed line). Eight sources that lie close or above I, an are labelled
with their abbreviated identifications (e.g. al is R136al).

transition mass-loss rate. We find @ =0.46 +0.04 (a ~ 0.56)
and log Me,mms =-5.19+£0.10 (see Fig. 15, red solid line).
Our value for Me,mms matches well with the mass-loss rate of
log M =-5.2+0.2 that Vink & Grifener (2012) find for transi-
tion objects in the Arches cluster. This agreement was not strictly
expected as the definitions for the transition mass-loss rates of
Bestenlehner (2020) and Vink & Grifener (2012) differ, with the
transition of Bestenlehner (2020) relating to different terms in
Eq. (13), and Vink & Grifener (2012) deriving their rate based on
the inference that stars with a spectral type O4-6If+ correspond
to the transition from optically thin to optically thick winds. The
. we find from the fit with the Bestenlehner (2020) prescrip-
tion is lower than we found before using the wind momentum
relation, however, taking into account errors on both a.g and
Me,tms we see that a.g =0.50 found from the wind momentum
is just within the 1o~ uncertainty range (Fig. 15, shaded area and
dashed line). In the high mass-loss regime the relations using
the different values for a.¢ barely differ, for the low mass-loss
regime one sees that the rates match better the low value of
ef = 0.46.

Filling in the best fit values for Eq. (13), we obtain the fol-
lowing empirical mass-loss rate dependence on the Eddington
parameter for electron scattering®':
log M =-5.19 +2.69log(T’e) — 3.191og(1 — ). (14)
This equation could be used as a mass-loss rate prescription for
stellar evolutionary computations for massive stars in the LMC.
While our relation is derived based on stars of M > 15 M, the
scatter up to M =40 Mg (I'e yrans = 0.2) is large and the best results
will be obtained for stars with M > 40 M.

5.2. Wind structure

Upon investigating possible trends in wind structure parameters,
we plot the obtained values against mass-loss rate. The results
are shown in Fig. 16. For computing the averages M and the

21 For this we use the non-rounded value from our fit: @.g = 0.456.
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errors on the averages U quoted in this section we weigh the
best fit value for each individual star, x;, with the inverse of its
20 uncertainty (w;):

N, N, 2
WX owi(x — M
ZIL and U = M

N N
2iZoWi 2iZoWi

M= , (15)

where N, is the number of measurements of the quantity under
consideration.

The left panel a of Fig. 16 shows the derived clumping fac-
tors. We find that all but five stars have a best fitting clumping
factor of f; > 10, with an average for all stars of (f) =29 + 15.
When dividing the sample in two groups based on their mass-
loss rates being lower or higher than log M = -6, we find typ-
ically lower values for f; for the stars in the higher mass-loss
rate group, although this difference is barely significant; aver-
age values and uncertainties are displayed at the top of Fig. 16.
Hawcroft et al. (2021), who analyse a sample of eight Galactic
O-supergiants with mass-loss rates log M > —6 in a similar fash-
ion, find (f;) =25+ 4 for their sample. This is consistent with
our findings.

The middle panels b and ¢ show our values for fi. and fie.
We find averages of (fi.) =0.13 8:% and (fie1) =0.46 £ 0.39. As

before, we also divide the points in two groups based on log M
and compute the averages of each group (displayed at the top of
Fig. 16). For the interclump density contrast we find a signifi-
cant difference between the two groups. The stars with a lower
mass-loss rate typically have a lower fi. than stars with a higher
mass-loss rate (values and errors at the top of Fig. 16). In other
words for stars with lower mass-loss rate we find a stronger den-
sity contrast between the clumps and the interclump medium, or,
equivalently, a relatively lower interclump medium density. We
also find a trend in the velocity filling factor, where for the groups
with a lower and higher mass-loss rate we find lower and higher
values of f,e respectively. We compare our values of fi. and fie
to those of Hawcroft et al. (2021) and find that these are generally
in agreement with our findings. However, given the small range
of mass-loss rates of the stars of the sample that Hawcroft et al.
(2021) consider, this comparison cannot give any confirmation
of the differences we find between the low- and high mass-loss
rate groups.

The last parameter that is related to the wind structure is the
wind turbulence vyindwrb, Shown in the rightmost panel d. Also
here, we observe a weak trend where the turbulence seems to
be less strong in the stars with higher mass-loss rates. Hawcroft
et al. (2021) do not measure this parameter.

For all wind structure parameters, the observations show ten-
tative trends as a function of mass loss. Overall, it appears that
the stars with higher mass-loss rates typically have smoother
winds than the stars with lower mass-loss rates. All wind struc-
ture diagnostics indicate this: the stars with higher mass-loss
rates have on average lower clumping factors, a lower contrast
between the density in the interclump and clump medium, less
wind turbulence, and higher velocity filling factors. The latter
may sound like evidence for stronger clumping effects, how-
ever a high velocity filling factor too can indicate smooth wind.
Namely, as fiei — 1, this ‘erases’ the density contrast, so that
the wind is fully consisting of absorbing material and there are
no gaps in velocity space through which the light can escape. In
other words, the velocity-porosity effects are no longer present,
as it would in either a smooth wind or a wind with only opti-
cally thin clumps. This follows explicitly from the equations for
the effective opacity (Sundqvist & Puls 2018), summarised in
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Fig. 16. Wind structure parameters plotted against mass-loss rate of stars in R136 (blue diamonds, dark and light shaded error bars denote 10~ and
20 uncertainties) and eight Galactic stars of the sample of Hawcroft et al. (2021, orange circles, 20~ uncertainties). The limits of the y-axis of each
plot coincide with the range of values that was allowed during the fit. The panels a—d show, from left to right, the clumping factor, the interclump
density contrast, the vorosity and the wind turbulence. At the top of each panel the average value of the parameter ( + 1o~ uncertainty) is quoted for
two M regimes: low (log M < —6, light grey shaded) and high (log M > —6, dark grey shaded). In the leftmost panel, the diamonds with a white
interior denote sources that are not present in the other three panels, as the fi., fie; and vyingun vValues were not fitted in their optical + UV runs. No
values of Hawcroft et al. (2021) are shown in the rightmost panel, as they do not fit vyindurb-

our Sect. 3.1.1: if fie — 1, then fior — oo (Eq. (4)), leading to
7 — 0 (Eq. (8)), which then means that y. — (v) (Eq. (6)),
such that the limit for either optically thin clumping (if fi > 1)
or a smooth wind (if f; =1) is recovered. We do stress that,
although the wind structure parameters of the higher mass-loss
rate stars imply that their winds are on average smoother than
those of the low mass-loss rate stars, their clumping factors are
still significant (>4 with an average of 21 + 15). The high mea-
sured velocity filling factors are thus pointing to optically thin
clumps, rather than a smooth wind.

We note that while we discuss these trends only as a func-
tion of mass-loss rate, we obtain very similar results when
we plot the wind structure parameters against other stellar or
wind properties, such as luminosity. This is due to strong cor-
relations between mass-loss rate and stellar properties. The
interested reader can find the wind structure parameters plot-
ted against luminosity, temperature, Eddington parameter for
electron scattering or wind acceleration in Figs. H.1-H.4.

5.3. Evolution

Since the stellar parameters we derive are generally consistent
with those of Bestenlehner et al. (2020), we do expect similar
results for the age and initial mass distributions of the cluster.
Indeed this is what we find when analysing the HRD positions of
our sources (see Fig. 10 and Sect. 4.2): we derive a cluster age of
1-2.5 Myr (median: 1.46 Myr) and an initial mass function with
a power law slope of y=1.99+0.11 in the range 30-200 M.
Detailed comparisons between this work and Bestenlehner et al.
(2020) can be found in Appendices D and E. The rest of this
section will focus on mass determination of the WNh stars and
the evolution of the stars in the context of surface abundances.

5.3.1. Mass and age of the WNh stars

Figure 17 shows the HRD positions of these stars as we find
from our analysis, and compares these to the positions derived
by Crowther et al. (2010, UV/optical/near-IR spectroscopy) and
Bestenlehner et al. (2020, optical spectrocopy). The position
of R136a3 as found from our analysis is indicated twice as its
effective temperature is hard to constrain; the diamond marks
the higher temperature HRD position that we adopt in this

discussion, the cross the less likely alternative (see Sect. 4.1 and
Appendix F.3 for details).

Looking at the left hand side of Fig. 17 we see that there is
a considerable spread in observed temperatures and luminosi-
ties for the WNhs stars. However, while the temperature we
derive for R136al is 7000 K lower than that of Crowther et al.
(2010), the initial masses from our and their analyses agree rather
well: 273 +% My and 320+ ,0° Mo, respectively. This is can
be explained by differences in the evolutionary tracks used to
derive these masses. The right hand side of Fig. 17 shows how
different assumptions for the evolutionary computations can lead
to divergent theoretical predictions. Nonetheless, it is clear that
regardless uncertainty in both observations and theory, the pre-
viously accepted initial mass-limit (Figer 2005) challenged by
Crowther et al. (2010) is indeed well exceeded by al and a2, and
likely by a3 too; all different tracks in the left of Fig. 17 point
to an initial mass of >250 M for R136al, the most massive
star in our sample, and, conservatively, >150 M for R136a2
and R136a3. Of course, these results might not hold if the
sources turn out to be in multiples, something that is currently
being investigated with radial velocity measurements using HST-
observations (Shenar et al. 2019). Furthermore, we note that our
masses not only rely on the adequate determination of effective
temperatures, and the used evolutionary tracks, but also on the
flux calibration and reddening of the anchor magnitude used for
our analysis. In this context, we note that Rubio-Diez et al. (2017)
focus in particular on the infrared (K-band) flux calibration of
R136al, R136a2 and R136a3, and find considerably lower ini-
tial masses for these stars compared to our analysis and that of
Crowther et al. (2010), their highest derived initial mass being
an upper limit of 194 M, for R136al. For their analysis, Rubio-
Diez et al. (2017) use VLT/SINFONI K-band spectrophotometry,
effective temperatures of Crowther et al. (2010) and evolutionary
tracks of Kohler et al. (2015).

We measure the current masses of the WNh stars in a
second manner. By measuring the surface gravity, we can
obtain the spectroscopic mass Mgpee (= geRi /G, with g, =g +
(veq Sini)* /R, surface gravity corrected for centrifugal accelera-
tions, and G the gravitational constant). Contrary to the analysis
of Bestenlehner et al. (2020), in our fits logg is a free parame-
ter also for the WNh stars. The winds of the WNh stars are so
dense that we do not expect to see a very strong signature of
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Fig. 17. Positions of the WNh stars and evolutionary tracks in the Hertzsprung-Russell diagram. Left: temperature and luminosity of the WNh
stars as found from this analysis (dark blue diamonds), as derived by Crowther et al. (2010, red circles) and as derived by Bestenlehner et al.
(2020, orange squares). The cross indicates an alternative (but unlikely, see text) position for R136a3. Shown in the background is a subset of the
evolutionary tracks of Kohler et al. (2015, thin grey dashed lines), on which the evolutionary masses and ages derived in this paper are based. Also
shown is the corresponding Zero Age Main Sequence (ZAMS, thick grey dashed line) and the 0.75 Myr and 1.5 Myr isochrones (grey dotted) of
the Kohler et al. (2015) models. Right: comparison of the stellar evolution models of Crowther et al. (2010, solid lines), Yusof et al. (2013, dotted
lines), Kohler et al. (2015, dashed lines) and Griéfener (2021, dashed-dotted lines). For each grid we show tracks of models with an initial mass of
150, 200, 300 and 500 M, in light green, dark green, light blue and dark blue, respectively. Black thick lines denote the ZAMS positions of each
grid. The notable difference in ZAMS positions of the tracks of Crowther et al. (2010), Yusof et al. (2013) on the one hand, and Kohler et al. (2015)
and Grifener (2021) on the other hand is related to their treatment of convection in the inflated envelopes of the most massive stars. For reference,
the observed positions as in the left panel are also shown in the right panel (grey and without error bars). All tracks have an initial rotation veg
of 0.4 Vg eric, With veqeri¢ the critical velocity, except for those of Kohler et al. (2015), for which we show the models with veq ini =350 km s7! for
150-300 M, models and 300 km s~! for the 500 M, model, corresponding t0 Vegini /Veg,crit = 0.38 £ 0.01.
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Fig. 18. Measurements of the surface gravity logg of the WNh star
R136al. Plotted is the fitness (I/szed) as a function of log g, where each
dot is a model in the KIWI-GA run. The colour corresponds to the
(spectroscopic) stellar mass matching each model. The yellow shaded
regions correspond to 1 and 20 uncertainties, and the orange dashed
line the position of the best fit.

the surface gravity in the spectrum. Still, from our Kiwi-GA
fits we do constrain log g of both R136al and R136a2, for which
we find a 20 range of log g =3.35-3.9 and log g =3.55-3.75,
respectively. For R136a3 we only find a lower limit, log g > 3.4.
Figure 18 shows that the fitness distribution of the gravity of
R136al clearly favours a value lower than 4.0. When using the
measured log g values in combination with the derived radii to
derive spectroscopic masses, these compare well with the evo-
lutionary masses (see Table 4), further supporting very high
masses for these stars.

5.3.2. CNO abundances

As CNO surface abundances are expected to change over the
course of stellar evolution (e.g. Kohler et al. 2015; Eggenberger
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Table 4. Ages and masses of the WNh stars with 1o errors.

R136al R136a2 R136a3
Mgpee (M) 303+ %3 159 + 23 >179
Moo (Mg) 22222 186+11 179210
Mg (Mo)  273+3  221+16 213412
AgeMyr)  114+017 1344013 ] 284017

et al. 2021), they could be used to set apart the more evolved
stars from the rest. Before we assess this for our sample, we
check whether the derived abundances are consistent with the
theory of CNO-processing. This is an especially important check
because without exception the C and N abundances are derived
from lines that are (mostly) formed in the stellar wind, and thus
their strength and shape not only depends on abundance and tem-
perature, but also on a handful of wind properties. Since all those
properties can vary independently from each other, consistency
with CNO-processing theory is not guaranteed intrinsically and
needs to be checked. The diagram in Fig. 19 allows for such
a consistency check, by comparing the ratios nx/nc to nx/no.
Maeder et al. (2014) derive analytically the limits of these ratios
given CNO and CN equilibrium: we expect all observations to
fall somewhere between the region bordered by those. Further-
more, evolutionary tracks of different masses and initial rotation
(Brott et al. 2011a; Kohler et al. 2015) predict quite a narrow
range in which we expect points to lie. This method has also
been applied by Martins et al. (2015) and Carneiro et al. (2019).

The WNh stars — the only sources for which we measure oxy-
gen abundance — lie in the area predicted by Maeder et al. (2014),
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Fig. 19. Comparison of our observed CNO-abundances to the theory
of CNO processing. Only for three sources all abundances were mea-
sured (red triangles), for the rest the oxygen abundance is fixed to the
LMC baseline value of no =8.35 (see text). The yellow shaded region
marks the regime between the analytical limiting solutions (CNO- and
CN-equilibrium) of Maeder et al. (2014), their Egs. (14) and (17),
respectively. Dotted, dashed and solid blue lines show evolutionary
tracks of 30, 60 and 150 My, respectively (Brott et al. 2011a; Kohler
et al. 2015), where light and dark blues indicate models with low
(~100 km s~") and high (~500 km s~') initial rotation velocities.

and moreover match well the evolutionary predictions depicted
in Fig. 19. For the other sources, we do not measure oxygen abun-
dance and we therefore assumed for all stars the LMC baseline
value, log ng/ny + 12 =28.35 (Kurt & Dufour 1998, as in Brott
et al. 2011a; Kohler et al. 2015), so no enrichment or depletion.
With this assumption and considering the uncertainties on the
measurements, our observations are generally consistent with
CNO-processing, except for R136a7. For this source evolution-
ary models predict oxygen depletion to ng =7.20, assuming an
initial mass of 100 M, and an initial rotation of 300 km s~!. This
would move this source into the region consistent with CNO-
processing. If we also assume oxygen depletion for other sources,
as was done in the optical + UV fitting??, the shift along the
log nn/np axis is small (0.1-0.2 dex to the right). We note that
there is an uncertainty in the observed LMC baseline abundances
of CNO (see, e.g. Dopita et al. 2019) that could affect Fig. 19.
However, we find that changes in the diagram that could result
from this are smaller than the typical error bars on our observa-
tions. Overall, we conclude that no violation of CNO-processing
is observed and that abundances and wind parameters can be dis-
entangled from a set of 9-11 (metal) wind lines, albeit with large
uncertainties.

Six sources stand out in Fig. 19. These are the WNh stars,
R136a5, R136b, and H30. Bestenlehner et al. (2020) show, based
on the helium abundance, that the enrichment of these stars is
mainly driven by mass loss (see also Bestenlehner et al. 2014).
Here, we further investigate the nitrogen enrichment by placing
our sources in a Hunter diagram. This diagram, introduced by
Hunter et al. 2008, shows the nitrogen surface abundance of stars
versus their projected rotational velocity. By comparing these
quantities, one can gain insight into mixing processes that occur
within the star; rotational mixing being one of the mechanisms

22 For each star we estimate the amount by combining the mass, pro-
jected rotation and age of the stars according to Bestenlehner et al.
(2020), as described in Sect. 3.5.2.
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Fig. 20. Hunter diagrams, showing stellar age (red to blue colour bar)
as a function of rotation and nitrogen surface abundance. Evolutionary
tracks are taken from Kohler et al. (2015) and depict the evolution of
stars with an initial mass of 230 M, (top), 100 M, (centre), and 60 M
(bottom) with a range of initial rotation rates. We note that the theoreti-
cal rotation rates are scaled by 7/4 to correct for the average projection
angle, and that the tracks are cut off at T < 29 000 K. The diamond
markers indicate the observed positions of sources in the respective
mass-regimes, where their colour maps to age via the same coding as
the tracks. For a discussion on the error bars on the observed rotation
rates of the WNh stars, see text.

that can bring processed elements to the surface. In the Hunter
diagrams in Fig. 20 we compare our observed values with evolu-
tionary tracks of different rotation rates (Kohler et al. 2015). In
order to account for the different masses of the sources, we com-
pare three subgroups of sources with tracks of three different
masses.

All WNh stars (M, =213-273 M, top panel of Fig. 20)
show strong nitrogen enrichment; we find a similar nitrogen
surface abundance and age for all three. Given the large uncer-
tainty on the rotation rate, the nitrogen abundance and age of
R136al match the tracks quite well. For R136a2 and R136a3
the obtained nitrogen abundances are, given the obtained ages,
slightly too high for any of the tracks. However, the difference
is not large and within uncertainties the single star models and
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observations match. We emphasise that, while the best fit val-
ues for the veq sini are prominently marked (based on the best
fitting model of the optical only run for each star), one should
not overlook the large error bars. In the most extreme case of
R136a3 these span all displayed veq sin i values, implying that we
cannot put any constraints on the current veq sin i of this source.
Adding to the uncertainty (not captured in the statistical error
bars shown here) is the fact that we derive all rotation rates by
convolution of the line profiles, hereby implicitly assuming that
the emergent radiation is emitted from one single rotating layer.
This assumption likely breaks down for all available spectral
lines in the WNh spectra, casting further doubt on the validity
of the WNh rotation rates that we derive. A more sophisticated
approach would be to include the effects of rotation on the veloc-
ity field of the wind into the formal integral (Shenar et al. 2014),
however this is not within the current capabilities of FASTWIND.
Regardless of the observed veq sini values, a high initial rota-
tion is suggested for all WNh stars if one compares the tracks to
the observed ages and nitrogen abundances. This was also found
from the BONNSATI runs for these sources based on a compari-
son of the observed luminosity, temperature, surface gravity and
helium surface abundance to the Kohler et al. (2015) tracks.

The middle panel of Fig. 20 shows stars in the mass range
Miyi =92—-127 M. The age and position of the sources gen-
erally show good agreement with the evolutionary tracks. The
three points that lie close together (R136a4, R136a6 and H36),
all seem to have started out with a moderate initial rotation rate.
R136b is highly nitrogen enriched, which suggests that the star
must have had an initial rotation in the range of 300-450 km s~!
and is older than the other stars. Indeed, the age of the star,
derived from the observed luminosity, temperature, surface grav-
ity and helium abundance, is 2 Myr. Looking at the physical
position of this star in the cluster (Fig. 1) we see that it is located
a bit on the outskirts of the cluster, further away from the centre
than most other very massive stars (Fig. 1). Possibly this could be
related to its somewhat higher age, however, we do not have any
evidence for this; Bestenlehner et al. (2020) considers the ages
and positions of all sources and does not find a correlation of
age and position (we confirm this finding, see Appendix E). The
outlier in this panel is R136a5, that, within its 1o errors, does
not seem to fall on any of those tracks. We note that this star has
a slightly higher initial mass than that of the tracks shown here
(116 My,). Tracks with higher mass would have more enrichment
(see top panel), and thus would bring the tracks and the observa-
tions of R136a5 closer together. R136a7 could also be considered
an outlier as it is the only source in this mass-range not showing
significant enrichment. Yet, it is consistent with the tracks, as,

with an age of 0.5 + 8% Myr, R136a7 is one of the youngest, if

not the youngest, star in the sample®*.

The bottom panel of Fig. 20 shows stars in the mass range
Min; =52—-68 M. Most of them are not yet nitrogen enriched.
For a few we do observe a slight enrichment, though with very
large uncertainties. Within errors, the observations are consistent
with the 60 M, tracks of Kohler et al. (2015).

It is interesting that while for the WNh stars we require high
initial surface rotation rates (vegini > 300 km s™1) in order to
match the tracks, this is not the case for most O-stars. The O-
stars in Fig. 20, except R136a7 and R136b, suggest initial surface
rotation rates veq,ini < 300 km s~!. The inferred initial rotation

23 See Table 1.1. For several other stars we find from BONNSALI a for-
mal age of almost zero, however in all these cases the errors bars are
extremely large (1-2.5 Myr), so we consider the age of these sources
unconstrained.
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rates are, for all stars, consistent with the values inferred using
BONNSAI based on different observables (luminosity, tempera-
ture, surface gravity and helium abundance); with this we find
100 km s~! for all with the exception of the WNh stars, R136a7
and R136b, for which we find veg ini > 300 km s~!. The difference
between the WNh stars and R136b and R136a7 on the one hand,
and the other O-stars on the other hand might indicate that the
two groups of stars are formed through a different channel. We
note that only for sources for which we observed helium enrich-
ment (xg. > 0.14), a high initial rotation rate was derived using
BONNSAL

In summary, the collection of Hunter diagrams shows the
enrichment of young (very) massive stars. At an age of ~1.5 Myr
the ~60 M, stars are barely nitrogen enriched, while the
~100 Mg and ~200 M, stars show enrichment of about one and
two orders of magnitude, respectively. This is roughly consistent
with the single star models of Kohler et al. (2015). We note that
Hunter et al. (2008); Brott et al. (2011b); Grin et al. (2017) report
a population of slowly spinning nitrogen enriched stars, which
we do not identify in our study. This may potentially point to
binary interaction as a source of such stars; given the young age
of our population it could be expected that such interactions have
not yet occurred frequently.

5.4. Terminal velocity measurements

With spectral fitting we are able to break the degeneracy between
Voo and vyindgwrb- While based on the edge velocity alone one
cannot disentangle v., and vyindwrb, the shape of the absorption
component of C 1V A11548-1551 is affected differently by the
two parameters, and we are able to distinguish between the two.
We note that narrow absorption components, unresolved in our
spectra, may have contributed to absorption near the terminal
velocity of non-saturated line profiles (Prinja et al. 1990). As the
equivalent width of these absorption components is small, we do
not expect a significant effect on our measurements.

The terminal velocities we find from spectral fitting are sys-
tematically larger than those of Crowther et al. (2016), who
used the exact same dataset but obtained v., by inspecting the
blue wing of the C 1v A111548-1551 P Cygni line (Fig. 21). For
29 sources they identify the maximum blueward extent of (near)
saturated absorption profiles, vpjck, and assume ve, = vppack (fol-
lowing Prinja et al. 1990). For these 29 sources they also identify
the velocity at which the violet absorption meets the contin-
uum, Uedge, and with this derive v =0.8veqee. With the latter
relation they estimate v, by identifying veqge for the remaining
15 sources, that have less strong wind lines.

Figure 21 shows the v, values derived from spectral fitting
versus those found from vpack OF Vedge, Which we call veo piye. We
find an average difference of 283 +30 km s~! between the two
methods, taking into account uncertainties on the measurements,
and excluding three sources for which we could not obtain a good
fit to the C 1V A11548-1551 profile (see Sect. 4.3). Moreover,
a trend is visible in the difference: on average the difference
between v., derived with the two methods increases for lower
terminal velocities. Figure 22 shows C 1v A11548-1551 pro-
files for three sources with different mass-loss rates and terminal
velocities. The location of v, according to this work and that
of Crowther et al. (2016) is indicated. According to the spectral
models, the terminal velocity does not coincide with the point of
strongest absorption, but lies more towards the blue. Some desat-
uration thus occurs close to the terminal velocity already in H48,
the star with the strongest P Cygni profile of these three. If the
approach of Crowther et al. (2016) is followed for obtaining v,
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Fig. 21. Comparison of terminal velocities v, determined by spectral
fitting (this work) to those determined by locating vy)..x (Crowther et al.
2016). Circles indicate sources for which Crowther et al. (2016) esti-
mated v., based on vy, solid triangles indicate sources for which they
used 0.8vcqee. Grey symbols indicate sources for which we could not
obtained a good fit to the C 1V A11548-1551 profile. The thick red
dashed line shows where the two methods agree, while the blue solid
line shows a linear fit through the data. See also Fig. 22.
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Fig. 22. Line profiles of C 1V 111548-1551 and the best fit models (20)
compared to the values of v, determined by spectral fitting (this work,
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(bottom). In all cases v, from spectral modelling lies bluewards of that
of Crowther et al. (2016). See also Fig. 21.

the obtained values ve pie could be corrected for this effect by
using the relation shown as the blue solid line in Fig. 21:

Voo = Voo plue + 0.27 X (3700 = Voo piue): (16)

1 1

(velocities in km s~!) for 1000 km s~ > Uoo blue > 3500 km s7°.
One could use this equation for getting a more accurate first order
estimate of v, from reading off vy, from spectra with relatively
poor resolution.

Upon comparing the edge velocities of Crowther et al.
(2016), obtained by reading off the velocity at the wavelength
where the blue edge of C 1v A11548-1551 meets the contin-
uum, to the edge velocities we obtain by spectral modelling and
asSUMINg Vedge = Voo + Vwindturb, We find that they are generally in
good agreement. For our sample we find the following average:

Uwindturb = 0.14 £ 0.06 v
Do = 0.8 0.04 vege.

or, equivalently:
a7

Had Crowther et al. (2016) assumed this value instead of
Voo = 0.80eqge, Our respective values for v, would lie closer
together for the weaker wind sources (triangles in Fig. 21),
although part of the discrepancy would still remain. We stress
that Eq. (17) is based on fits of the sources for which we
carried out 12-free parameter fits, that is, the sources with
stronger winds. Data of higher S/N and resolution is required
to disentangle v., and vyingurb for the sources with weaker winds.

6. Summary and outlook

We have simultaneously analysed optical and UV spectroscopy
of a population of 56 stars in the core of the R136 star clus-
ter, nine members of which have masses M > 100 M. For the
first time we investigate the wind structure parameters of a large
range of spectral types while fitting the interclump density, the
wind turbulence, and the effects of optically thick clumps such
as velocity-porosity. By taking these effects into account, we
have improved the accuracy of mass-loss determinations of the
most massive stars. Moreover, the derived mass-loss rates are
no longer affected by the well-known mass-loss and clumping
dichotomy, but they are actual values. Our main findings are the
following:

— The HRD positions of the sources suggest a cluster age of 1—
2.5 Myr, which is in line with the findings of Bestenlehner
et al. (2020). The ages of the highly nitrogen enriched WNh
stars are in line with the age of the rest of the population.

— Our conservative estimate for the initial mass of R136al,
which is the most massive star in our sample, is 250 M. The
initial masses of R136a2 and R136a3 well exceed 150 M.
The spectroscopic masses of these sources, which we mea-
sure here for the first time, further support this conclusion.

— We compared the theoretical predictions of Vink et al.
(2001), Krticka & Kubat (2018), Bjorklund et al. (2021), and
Vink & Sander (2021) to the observed mass-loss rates and
terminal velocities and found that none of the predictions
satisfactorily reproduce both quantities. The largest discrep-
ancies for the terminal velocities were found for stars with
logL/Ls < 5.3 for the Bjorklund et al. (2021) predictions,
and stars with log L/ L, > 5.3 for the Krticka & Kubat (2018)
predictions.

— Opverall, the mass-loss recipe of Krticka & Kubit (2018) best
matches the observed mass-loss rates of the stars in our sam-
ple. The predictions of Bjorklund et al. (2021) match almost
as nicely, performing better in the low-luminosity regime
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(log L/Ly < 5.3), but worse for the higher luminosities. The
prescriptions of Vink et al. (2001) and Vink & Sander (2021)
overpredict the mass-loss rates for all luminosity regimes.

— The stellar winds of the stars in our sample are highly
clumped, with an average clumping factor of f;; =29 + 15.

— We find tentative trends in the wind structure parameters as a
function of mass loss, where the stars with the highest mass-
loss rates seem to have smoother, albeit still clumpy, winds
(but see below).

— We provide a prescription for the mass-loss rates of the most
massive stars as a function of the electron scattering Edding-
ton parameter, following the work of Bestenlehner (2020).
For this, we used our best fit values of the CAK force mul-
tiplier parameter @ =@ — 6 =0.46 £ 0.04 and the transition
mass-loss rate 10g Me qrans = —5.19 £ 0.10.

— The point with the strongest absorption in a P-Cygni pro-
file does not typically correspond with the terminal velocity,
which lies more bluewards. We provide an equation that
quantifies this effect.

This is the first investigation of the trends in the wind struc-
ture parameters of massive stars. While the measurements of
Hawcroft et al. (2021) are not in contradiction with our results,
they cannot confirm the trends we observed either, given the lim-
ited span of mass-loss rates in their sample. Further investigation
of these trends is thus necessary. Hawcroft (in prep.) are under-
taking such a study, analysing optical and UV spectroscopy of a
sample of about 30 LMC and SMC stars covering most O-type
subclasses (03-09). Furthermore, our study can be considered
a pilot for a larger investigation making use of the high-quality
HST UV spectra of the ULLYSES project?** (Roman-Duval et al.
2020). The ULLYSES sample, when complete, will consist of
~250 massive stars (mostly in the Magellanic Clouds), includ-
ing ~150 O-stars, covering all O-star subtypes and luminos-
ity classes. Complemented by the optical XshootU program??,
ULLYSES will provide an excellent opportunity for further study
of the structure of massive star winds.
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Appendix A: Best fit parameters

The best fit parameters and 1o error bars for the optical + UV
fits can be found in Table A.1 to A.3.
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Table A.2. Best fit parameters and 1o error bars® for the optical + UV fits of the 17 stars where we fitted six free parameters.

Source logL/Lg Ter(K) logg Ry /Rg log M Voo (km/s) fa B

H73 508007 32500+%00 41003 12407 -8.48+02% 400050~ 1= 09005
H108 4.89i§;{g 40000i§§8§ 4.osi§;§§ 5.9i8;§ -8.09i8g§ 1350i§§8 31420 0.70i§;g;
HI12 511201 355004220 410047 95405 8.40+0%0 130057 37«11 0702061
HIl4 5224007 4450013§3§ 4.2018§§ 6.9+03  -7.48+0°0 2100i1§5 463, 0.7oig;§§
HI6  4.87+00 36000440 405508 70409 gaga0®  joo0wlD0  45:0" 070208
HI20  4.85:00 4ooooi;g§§ 4.45+02 56407 799+ ;38 1600152% 371 072402
HI21 479010 3350043000 4.05i8'§8 74203 842203 4300300 1 ﬁg 0 75188;1
HI23  493x f(1’§ 400003000 4.0018f3§ 6.1i8f; -7.69J_r5f5§ 20001358 4011 0.70i8f§§
H129 4.48i0;(fg 4200053‘%38 4.25i§§g 3.3i§;§ -8.09i835 1300i§50 945! 0.70i§;g§
HI32  5.04:000 4000030 4204080 69403 —8.3418:? 130010 4348 0.70+2
HI34 4755010 360004300 405508 6120 g00:08  2000:30 3620 070403
HI3S 47100 29oooij°08 390030 90407 8254000 400100 4110 1302072
HI39  4.91+000 400002000 4.1518;48 6.oi8;§ -8.20i82 130030 4249 0.70i8;§§
H141 4.69¢§;{§ 3ooooi§§§§ 3.80¢§j§ 8.318;5 -7.5618:28 43001%88 47+%, 0.70J_r§;gg
HISO  471sfil 31000:300 395408 7.9:04 -7.711§;§§ 4looi§§§8 a2e 13082
HIG2 4.8l ig;gg 36000i§g88 4.30i§;g§ 6.6i§;§ -8.47i6;£ 1ooi3§8 46+ 1 ozio;%g
HI73 446201 26500+ 3.85:000 81407  8.15+)0 3700300 49+5  0.70+)2

@ We note that when the error bar reaches the edge of the parameter space, the best fit value is in fact
an upper or lower limit. Figure 9 shows when this is the case.

Table A.3. Best fit parameters and 1o error bars for the oxygen and
helium abundances of the optical + UV runs of the WNh stars.

Source XHe log no/ny+12
RI36al  022:0.05 830x]%
RI136a2 039011 7.801%}5%
R136a3  0.37+0.10 7.45+0

—0.75

Notes. Only for these stars oxygen and helium
abundance were fitted in the optical + UV runs.
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Fig. B.1. S/N distribution for each wavelength range: UV (left), blue-
optical (middle) and Ha (right). Mean y, median M and standard
devition o are given for each range.

Appendix B: Data quality
B.1. S/N

Distributions of S/N for all sources in our sample are shown in
Fig. B.1. We see that generally the UV spectra have the highest
S/N, but we note that typically C 1v 211165-C111 41170, which is
very close to the blue grating edge and is also slightly affected by
Ly-a absorption, has a lower S/N than the values shown in the
figure. Also, in the most red part of the UV grating, He 11 11640
and N 1v 41718 (if used at all) are typically a bit more noisy than
the other lines.

B.2. Wavelength correction

The radial velocity shifts inferred for all stars, for each grating,
are shown in Fig. B.2. If our radial velocity measurements were
accurate, we would expect that they have a mean velocity of
267.7 + 25 km s~!, as measured by Hénault-Brunet et al. (2012),
who analysed high-quality spectra of stars around the R136 core.
Due to the calibration related wavelength offset however, the dis-
persion we find is expected to be higher. Indeed, the standard
deviation on the radial velocities is of the order of +2 pixels for
most gratings. The exception is He, where the typical offset is 3
to 4 pixels.

Appendix C: Technical details of Kiwi-GA

We now discuss how KIwI-GA differs from the algorithm of
Mokiem et al. (2005) and Abdul-Masih et al. (2021), who follow
the approach of the former. First of all, KIwI-GA applies opera-
tions of recombination (mixing of parameters of two models) and
mutation (addition of random variations to a subset of the param-
eters) directly on the model parameters. Mokiem et al. (2005)
store the parameter values in the form of one string per model,
where each character of the string can have a value from 0...9
and different parts of the string indirectly represent the values of
all parameters. On these strings the mutation and recombination
operations are applied. The fact that this concept is abandoned
in KIwI-GA has consequences for the way that mutation and
recombination are implemented. With this in mind, we list here
the most significant changes of our algorithm compared to that
of Mokiem et al. (2005):

— Recombination is carried out per parameter. Given two sets
of parameters (parents), the new parameters (offspring) are
chosen by, for each parameter, picking the value of one of
the parents. The genome can thus be split in more locations
than only one or two, but not in the middle of a parameter.

T T
uv 1 +4 4194 +1
15 A I =301 =280
- : M=313 M=288
g 10 i 1 0=162 o=74
Q 1
(@] 1 |
= T
T T
4451 1 +2 4706 1 +2
15 A 1=286 1
) M=290
S 10 o=67
o
(@]
5 -

0 500 O
Vshife (km/s)

500 O
Vshift (km/s)

500
Vshift (km/s)

Fig. B.2. Distribution of measured wavelength corrections vgg in
km s~!, for each grating (dark blue). We indicate the mean R136 veloc-
ity of 267.7 km s~ as measured by Hénault-Brunet et al. (2012, black
dashed lines), together with the non-binary-corrected velocity disper-
sion of o = +25 km s~! (orange-red shaded), as well as a velocity range
corresponding +2 pixels around the R136 mean (yellow shaded). The
numbers in the upper right corner of each plot denote the amount of
stars that fall out of the plotted velocity range. Below that, we show the
inferred mean y, median M and standard deviation o of each grating
(all in km s71).

This implies that mutation due to recombination can never
occur.

— No parents are cloned, that is, recombination always oc-
curs®. All new models are thus the product of both recom-
bination and mutation, and none of mutation alone. This in-
creases the diversity of the population.

— Two types of mutation are introduced, each having a differ-
ent rate of occurrence. In each case the size of the mutation,
or the amount with which the parameter value changes, fol-
lows a Gaussian distribution. Small mutations, where the
value of the mutated parameter lies close to the original
value, occur frequently: after recombination, each parame-
ter has a large chance to undergo a small mutation. Larger
mutations occur with a lower frequency. The exact frequen-
cies can be set by the user, in this work we assumed a rate
of 0.5 for the small mutations, and a maximum rate of 1/7gce
for the larger mutations. The latter means that on average one
parameter per model undergoes a large mutation. This man-
ner of mutating parameters is very different from the scheme
used in Mokiem et al. (2005, see Appendix C.1 for details).

— Reinsertion of new individuals into the parent population is
done according to an elitist-fitness scheme, where the parent
population can be larger than the amount of individuals in
one generation. This means that after each generation, the fit-
ness of both parent and offspring models is assessed and the
top models of each sub-population will form the new parent
population. An elitist-fitness scheme leads to a fitter parent
population, while diversity is ensured by always including a
certain fraction of offspring models?’.

Together, these adaptions result in a faster parameter space
exploration, that is, less generations need to be computed.

26 Though not recommended, the user can choose to include cloned
models by adjusting the clone fraction to 0 < fyone < 1.
27 The exact value can be set by the user, we chose a fraction 0.75.
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Fig. B.3. Distribution (top panels) and cumulative distribution (bottom panels) of mutation sizes of different schemes. The panels in the first three
columns on the left show the behaviour of different types of mutation that result from modifying strings that represent the parameters in three
different ways: by replacing one string digit by a random other digit (mutation by replacement), by increasing or decreasing the value of one string
digit with 1 (creep mutation), and by changing one or more digits of a string by slicing it during the recombination process (cross-over mutation).
The green vertical line indicates the original value of the parameter (in the third panels from the left this are two lines: one for each parent), in
orange, red and blue the distribution of parameter values after the mutation has taken place. The different colours refer to the amount of digits that
decode one parameter. The rightmost panels show the behaviour when the mutation size is described by a Gaussian distribution, as is the case in

Kiwi-GA.

Especially the exploration around the best fit, done in order
to assess the uncertainty regions, benefits from the algorithm
adaptions.

Apart from these major points there are other additions,
such as the fact that H-1, He-I and He-1I ionising fluxes and
uncertainties thereof can be given as an output, the possibil-
ity to make the first generation larger compared to the rest of
the generations®, the option to treat X-ray parameters as free
parameters, and the option to estimate an appropriate volume
filling fraction fx for each model such that Lx /Ly, = 1077 (see
Appendix G.2). Furthermore, KIWI-GA can be used in com-
bination with FASTWIND version 11, which can treat radiative
transfer of the full spectrum in the co-moving frame (Puls et al.
2020).

C.1. Mutation in Kiwi-GA

Figure B.3 shows several mutation schemes implemented in the
algorithms of Mokiem et al. (2005) and Abdul-Masih et al.
(2021), next to the mutation scheme used in KiwIi-GA. The
scheme used in KIWI-GA results in a mutation distribution that
covers the parameter space more regularly. In practice, this gives
the user more control over the ratio of small to large mutations.

28 This aids the initial exploration of the parameter space, with only a
small increase of computation time.
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On the one hand, parameters close to fit models (created by small
mutations) are expected to be more successful (because the origi-
nal model was already fit), but on the other hand parameters very
different from the fit models can cause larger improvement in fit-
ness. This is the reason that we chose for small mutations with a
high probability, and large mutations with a low probability.
Optimising hyper parameters of a genetic algorithm, such as
mutation rate, is not trivial. An extensive study costs a lot of
resources, so we limited ourselves to educated guesses and a few
test runs. Nonetheless, the choices we have made seem to work
well in practice, when the parameter space is well behaved. In
the end, the goal is to map for each parameter the envelope of
the fitness distribution (i.e. as a function of each free parame-
ter, find the lowest x?), but without computing every model in
the parameter space. In the grid-fitting approach each model in
the parameter space is computed, and one can be certain that
the envelope of the fitness distribution is completely mapped.
With a genetic algorithm, the mapping is only approximate; one
might miss certain models in the parameter space. In Fig. B.4
we compare fitness distributions of KIWI-GA to those of PYGA,
using runs with identical setup. The KIwI-GA distributions are
smoother (have less gaps), meaning that that set of models pro-
vide a closer representation of the true fitness envelope. We see
that both algorithms find very similar best fit solutions, that are
in both cases close to the true values, that is, the ones that the
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Fig. B.4. Comparison of the fitness distributions of Tz and log M of two genetic algorithm runs. The dark blue points show the models of a
KIwI-GA run, the yellow points the models of a PYGA run. Setup of the runs was identical: both runs had the same data (FASTWIND model
with simulated S/N of 30), parameter space, number of individuals, and number of generations. The left two plots show the run states after 30
generations, the right two plots after 60 generations. The ‘true values’, that is, the value of the model used for simulating the data, is indicated with

ared line. Dark blue and yellow dotted lines indicate the best fit models.

original model have (mind that deviations from this could be
caused by the simulated data: a S/N of 30 was imposed on the
synthetic spectra). In practice, this thus means that the algo-
rithms work the same and give similar outputs, but that with
KIiwI-GA one needs to compute less models, that is, needs a
lower amount of computation time to trace the envelope of the
fitness distribution. We suspect that the reason for this lies mostly
in the mutation scheme, but also other changes in the algorithm
could have contributed to the improved performance. We note
that KIWI-GA has the option to use the mutation operators used
in the algorithms of Charbonneau (1995); Mokiem et al. (2005,
demonstrated in Fig. B.3). Furthermore, we note that, regardless
of the genetic algorithm or mutation operators used, the amount
of generations must be increased with higher quality data.

Appendix D: Comparison of methods

In this section we compare the results of different methods. We
stress that the error bars have to be taken into account when
comparing the different methods; with a few exceptions, the
agreement is good. To illustrate typical differences in the best
fit models of the different methods, we show in Figure D.1 a
selection of optical lines for two stars: one star where there is
some discrepancy between parameters, another star for which
the agreement between parameters is good; the latter being
representative for the sample.

We derive the parameters T.g, logg, M, log L/Ly, and in
some cases also 8 and nitrogen abundance, in two different man-
ners: the optical-only and optical + UV runs. Additionally, we
obtain a third measure for T.s by fitting CMFGEN models to
the iron pseudo-continuum in the UV. Lastly, Bestenlehner et al.
(2020) have already carried out an optical-only analysis of the
same spectra, but using a different method. For the O-stars,
Bestenlehner et al. (2020) use the IACOB-GBAT tool Simén-
Diaz et al. (2011) instead of FASTWIND and KiwI-GA, while
for the WNh stars, they use CMFGEN. For a few stars, values
where obtained both with FASTWIND and CMFGEN, in which
case we adopt, in this section, the result of their FASTWIND anal-
ysis. Furthermore, in our analysis nitrogen abundance was a free
parameter that could range from 6.9 to 10.0, while Bestenlehner

et al. (2020) use only three grid values, namely 7.1, 8.2 and 8.5. In
this section we compare the outcomes of the different analyses.

D.1. Temperatures

Figure D.2 shows a comparison of the three T.x measurements
from this paper to each other and to those of the optical-only
analysis of Bestenlehner et al. (2020). For the hotter stars (Teg 2
45000 K) we find systematically higher temperatures from our
optical-only analysis than does Bestenlehner et al. (2020, top left
panel), though within errors also there the agreement between
the methods is good. Inspecting the top right and lower left
panels, we see that these higher temperatures we find from our
optical-only analysis are not found from the optical + UV fit.
Assuming that the optical + UV analysis is the most reliable
method because it takes into account the most spectral informa-
tion, the temperatures of Bestenlehner et al. (2020) seem to be
more reliable than our optical-only values, although the differ-
ence is small. It may be the case that the nitrogen lines do not
affect strongly the goodness of fit that KIwI-GA uses for fitting,
while this should be the case. Namely, for measuring the temper-
ature for stars hotter than ~ 45000 K one relies mostly on (weak)
nitrogen lines, as He-1/He-II ratio can no longer be used since
all He-1 is gone at those temperatures. Upon inspecting our fits
and especially the fits to the nitrogen lines, we do not see cases
where the nitrogen lines have an especially bad fit. The reason
for the slight, albeit significant overestimation of our optical-only
temperatures is thus not understood.

The bottom right panel of Fig. D.2 contains a comparison of
our optical + UV temperatures and the temperatures we get from
fitting the iron lines with the CMFGEN grid. Clearly, the iron (Fe)
lines show a strong temperature dependence that is consistent
with the temperatures of the H-He-C-N-O lines. At the lower end
the Fe lines indicate a systematically higher temperature. This
can be explained by the fact that the lowest temperature of the
CMFGEN grid is 35481 K. At the higher temperature end the
points are scattered. This could be due to the fact that in the
wavelength range from 1600 — 1700 A, where most of the Fe 1v
lines lie, the S/N of our spectra is poor. Lastly, we note that
both Fe lines as well as H-He-C-N-O lines are sensitive to
micro-turbulence, but that a fixed value for micro-turbulence was
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Fig. D.2. Comparison of different temperature analyses in units of
1000 K. Top: the optical-only analysis of Bestenlehner et al. (2020)
against our optical-only (left) and our optical + UV analysis (right).
Bottom: our optical-only (left) and our iron pseudo-continuum analysis
(right) against our optical + UV analysis. The shaded are in the bottom
right plot indicates the region that is not covered by the CMFGEN grid
that we used (Bestenlehner et al. 2014).

assumed in both the CMFGEN grid and in the optical + UV runs
(10 km s~ in both cases).

D.2. Mass-loss rates & B

We see a systematic offset offset between the mass-loss rates
obtained by our optical-only analysis, and that of Bestenlehner
et al. (2020). This can be explained by the different assumptions
and or fit-values for the wind acceleration parameter 8. For most
sources, in the optical-only analysis we assume 8 = 0.9, while
Bestenlehner et al. (2020) leaves this parameter free, and finds
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Fig. D.3. Comparison of the mass-loss rates derived from the opti-
cal + UV data, versus those of the optical-only data (fitted assuming
a smooth wind) corrected for clumping using the individual £, values
obtained from our optical + UV fits. The difference between the two
seems to be related to different values of 8 (see text).

for most sources a value of 1.0 (16 sources) or 1.2 (28 sources)?’.
When basing the mass loss only on optical lines without strong
emission features, the parameter S is degenerate with mass-loss
rate, where a lower mass-loss rate or a lower 8 are having the
same effect on the wind line. This explains the observed dis-
crepancy in measured mass-loss rates: we find or assume lower
values for 3, resulting in higher values for mass-loss rate, com-
pared to Bestenlehner et al. (2020). For deducing additional
uncertainties on M related to lack of knowledge of the value of 3,
one should vary 3 and assess for each value the corresponding M.

2 Values obtained through personal communication with the author.
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Fig. D.4. Comparison of different analyses. Left column: optical-only
analysis with KiwI-GA (this work) against the optical-only analysis
with JACOB-GBAT (Bestenlehner et al. 2020), right column: optical-
only analysis with KIWI-GA vs. optical + UV analysis with KIWI-GA
(both this work).

Markova et al. (2004) and Repolust et al. (2004) carry out such
an analysis and find typical uncertainties of 0.1 — 0.3 dex.

The discrepancy between the optical-only and optical + UV
measurements of the mass-loss rate is related predominantly to
clumping. We investigate whether the observed differences is in
line with expectations by using the individual f;| values obtained
from our optical + UV fits to do a clumping correction for the
mass-loss rates from our optical-only fits, where we assumed a
smooth wind, that is, f;; = 1. In other words, we check whether

MopHUV = Mopl/ \[ﬁ:l,opHUV

is satisfied®’. In theory, the density of the p’-sensitive optical
recombination lines from which the optical-only mass-loss rates
are derived should scale with \/E and the above should hold,
assuming the adopted clumping factor is spatially constant. Upon
applying the clumping correction to Moy we find that on aver-
age the shifted values are too low compared to MOPHUV. Closer
inspection reveals that this discrepancy is related to different val-
ues of S that are assumed or derived for the optical-only and
the optical + UV runs. Again, the degeneracy of 8 and M plays
a role: For sources where Bop < Bopuv the correction with

v/ fetopt+uv 18 too large, while for sources where Bope > Boptruv
Eq. D.1 is satisfied (see Fig. D.3). The latter group includes the

sources where He is in emission and S could be measured from
the optical-only run. Lastly, we note that after taking into account
the different values of 8 there remains a group where the cor-
rection with /fo ope+uv 1S nOt large enough. An explanation for
this could be that the mass-loss rates found from the optical-
only analysis are higher than the true mass-loss rates. For these
sources we probably derive an upper limit rather than the actual
mass-loss rate from the optical-only data.

(D.1)

D.3. Other parameters

Figure D.4 shows a comparison of the optical-only analysis of
this paper to the optical-UV analysis, and the analysis of Besten-
lehner et al. (2020). The most striking differences can be seen
in the nitrogen abundance. The match of the Bestenlehner et al.
(2020) analysis with our optical-only analysis is not particularly
good, but it is important to note that Bestenlehner et al. (2020)
stress that the nitrogen abundance value that they provide is
an indication rather than a precise measurement’' and that the
error bars on our optical-only analysis are very large. Further-
more, upon closer inspection of individual sources we see that
agreement is good for all six sources that have significant over-
abundance (R136al, R136a2, R136a3, R136a4, R136a5, R136b,
H36, H48). This is also the case for these sources if one com-
pares the optical-only versus optical + UV analysis, though
there is a slight systematic towards higher abundances from the
optical-only analysis.

For logg, log L/Lgy, veqsini, xg there is generally good
agreement between the different runs. The exception are a few
Ueq Sini values of our analysis that seem to be very high, how-
ever this concerns a few very low S/N stars for which veq sini is
essentially unconstrained. Another point that shows a clear mis-
match is the one with the highest He abundance in the bottom
plot: this is a3, where we from the optical only analysis found
a temperature of 42750 K where with the UV data we assessed

30 From this analysis we exclude the three WNh stars, for which we
assumed f; = 10 in the optical-only runs.

31 We note that they measure only the nitrogen abundance for stars with
T > 45000 K, so we include only these points in the comparison plot.
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Fig. E.2. Age distribution of stars in the core of R136, as found using
BONNSAL The dark blue solid line and the shaded area around it are the
observed distribution and bootstrapped 20" uncertainties.

that 50000 K is likely closer to the true value, given the Nv and
OvV lines in the UV. With a higher temperature, we find a lower
He abundance.

The above shows that, even if the same code is used for
the analysis, the outcome (at least the best fit parameters) can
strongly depend on the analysis method, at least when the data
quality is not superb.

Appendix E: Stellar masses and ages

The power law slope of the initial mass function that we derive,
v = 1.99 + 0.11 in the range 30 — 200 M, is consistent with
the value of 1.9018% derived for massive stars in the wider 30
Doradus region (Schneider et al. 2018b). The sample of Schnei-
der et al. (2018b) excludes the core of R136 and the most massive

star in their sample is 203+35 Mo. The highest initial mass that
we derive, 273432 My, for R136al, is consistent with the stochas-
tic sampling analysis of Schneider et al. (2018b), that excludes
maximum initial masses of over 500 My in 30 Doradus with
90% certainty. We note that for our BONNSAT runs we used the

Salpeter (1955) initial mass-function, that, with a slope of 2.35,
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Fig. E.4. As Fig. 1, but colour coding by stellar age instead of mass.

prefers lower masses. This can impact the slope that we derive,
albeit in a conservative way, that is, without this prior we would
have found an even shallower slope. Regarding the ages; while
we derive a cluster age of 1 — 2.5 Myr, there is a tail of older
stars, suggesting that the stars in R136 are not coeval; this could
be either the result of a projected view onto this dense central
region in 30 Doradus, or is related to the formation of R136 (see
also Crowther et al. 2016; Schneider et al. 2018a; Bestenlehner
2020).

A comparison of the evolutionary and spectroscopic masses
(see also table Table I.1) can be found in Fig. E.1. The masses
agree well within errors, but for M > 70M, the spectroscopic
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masses are, with a few exceptions, systematically higher than the
evolutionary masses. Bestenlehner et al. (2020) find the same
(their Figure 3), although in some cases (e.g. R136a5, R136b) the
current analysis gives larger values. Furthermore, we note that
in addition we derive spectroscopic masses for the WNh stars
R136al-a3. For an in depth discussion of the mass discrepancy,
see Bestenlehner et al. (2020).

The age distribution we derive for R136 based on the BONN-
SAI values is shown in Fig. E.2. We find a strong peak at
1.1-1.3 Myr, consistent with the results of Bestenlehner et al.
(2020). A second peak peak may be suggestive of a second burst
of star formation around 2.0 Myr, though given the uncertainties
the evidence for this is not strong.

Figure E.3 shows the initial mass distribution we derive from
the BONNSAI values. We fit a power law in the form £(M) oc M~
to the initial mass distribution in the mass range 30-200M,, and
find a slope of ¥ = 1.99 £ 0.11. This is consistent with the results
of Bestenlehner et al. (2020) of the R136 core (y = 2.0 = 0.3),
and the findings of Schneider et al. (2018b, y = 1.90+(3/) for
the rest of the Tarantula Nebula, but steeper than the standard
Salpeter initial mass function.

Lastly, we compare the age of our sources with the spatial
distribution (Fig. E.4). While many young sources are found
close to the centre, several of them are also found in the outskirts.
Moreover, the old sources are scattered throughout the cluster.
The fact that we do not observe them in the very centre might be
an observational bias: the very bright WNh stars could dominate
the older, lower mass stars in that region. We thus conclude that
we do not see a strong correlation between the spatial position
of the stars and their age. This is in line with what Bestenlehner
et al. (2020) conclude (their Figure 11).

Appendix F: Notes on individual sources
F.1. R136at

Possibly contaminated by H17, which lies north of R136al with
an angular separation of 75 mas and a flux ratio of 0.112 in the
K-band (Khorrami et al. 2017). Due to the low flux ratio and the
fact that H17 lies mostly outside the slit we assume the spectral
analysis of R136al is not affected by H17.

For this star O v 41371 is poorly reproduced — something
that is seen also for the other WNh stars of the sample (R136a2,
R136a3). In particular, the line is not broad enough compared
to the data, implying that there is not enough O V in the outer
wind. We explored whether this could be related to our (canon-
ical) X-ray assumptions by probing the X-ray parameter space,
and ruled this out as a cause. Another possibility is that some-
thing might go wrong with the FASTWIND treatment particularly
for very dense winds, either due to indirect line overlap effects
in the outer wind, or something else. Lastly, it could be that the
wind structure that is assumed (i.e. the clumping stratification) is
not representative for what actually happens in the wind, and it
could be that this discrepancy especially shows, or, is largest for,
the WNh stars. The exact cause of the issue is currently uniden-
tified. We note that O v 11371 is sensitive to clumping, however
we do not believe the poor fit of O v 41371 results in spurious
clumping factors for the WNh stars. Namely, for this particular
line a higher clumping factor leads to a weaker profile which is
the opposite behaviour of some other of the clumping factor sen-
sitive lines (e.g. C 1V A11548-1551). In the WNh stars we find
rather high clumping factors, where a better fit of O v 11371
(deeper profile) would be obtained with a lower clumping factor.

It thus seems that other clumping sensitive lines dominate the
value that we obtain.

F.2. R136a2

O v 41371 was poorly reproduced;
Appendix F.I.

see explanation in

F.3. R136a3

The best fit of the optical + UV run of R136a3 results in a Teg of
42 kK, as opposed to 50 kK found by Bestenlehner et al. (2020)
and 53 kK found by Crowther et al. (2010). Upon inspecting the
fit we see that while in general the fit is matching the data well,
this does not hold for the higher ionisation lines C 1v 11165,
O v 41371, and N v 124604-4620, suggesting the derived T
of 42 kK is too low. We carried out another fit where we fixed
T to 50 kK and it is important to note that the fits to O v 11371
and N v 114604—4620 improved considerably, but the fit to many
other lines got worse (Fig. F.1). The mass-loss rate and helium
abundance we find from the two runs differ significantly, we find
log M = —4.218:8471 and log M = —4.518:8‘7‘, and xge = 0.4918?%
and xyge = 0.3718:}8 for the low and high temperature, respec-
tively. Because there is no way to reproduce the strong O v 11371
and N v 1144604-4620 lines with a lower temperature, and the
fact that when assuming a low effective temperature R136a3 lies
far away from the other two WNh stars in the HRD, we deem the
higher temperature more likely. Further support for that comes
from the fit to the iron lines in the UV presented in Fig. F.2,
resulting in a temperature of around 47000 — 50000 K. For these
reasons, we adopt a temperature of T.g = SOKK for R136a3. The
other stellar parameters we obtain from the optical + UV run
with Ty fixed to that value (blue model in Fig. F.1). For the
Ueq Sini we stick to the value of the optical-only run (best fit:
Tes = 42750 K) as we do for the other stars.

We note that Khorrami et al. (2017) resolve R136a3 into two
sources, however the flux ratio is 0.124 in the J-band (0.044 in
the K-band), so in practice one source will dominate our optical
and UV spectroscopy. We do not see evidence for unresolved
binarity of R136a3 where the source would consist of a hot and a
cooler component, at least not directly: no He I lines are visible.

Furthermore, we note that, while we adapted the higher Teg
for R136a3 for the rest of our analysis for reasons explained in
this section, we have to keep in mind that the low values we
obtained from our original fit may point to the limits of the appli-
cability of this FASTWIND version, which was not designed for
situations where, for example, Hy is in strong emission. Lastly,
we note that, also in the higher Teg fit, O V 21371 was poorly
reproduced; see explanation in Appendix F.1.

F.4. R136a6

R136a6 consists of two stars with an approximately equal flux
contribution (see also Sect. 2.1). We carry out the spectral anal-
ysis but exclude it from the analyses of the sample as a whole
regarding mass-loss and clumping properties.

F.5. R136a8

No optical spectra are available and thus they are not included in
the analysis of Bestenlehner et al. (2020). The optical + UV run
of this source was thus in fact carried out on UV data only. The
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Fig. F.1. Two KiwI-GA runs for R136a3. In blue the original run, having a setup identical to that of all other stars (resulting in T = 42 kK). In
red the run where we fixed Teq to 50 kK, all other aspects of the setup held the same. For some lines the higher temperature results in a better fit
than the original run (light red background), while for other lines the original run resulted in better fits (light blue background).
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Fig. F.2. Fitness distribution of the iron pseudo-continuum fit of
R136a3. The best fitting temperature (47315 K) is indicated. A tem-
perature of 50000 K results in about the same fitness. The fitness is
comparable to the inverse of a y?: it is the inverse of the sum of the
square of the residuals. The residuals are the difference between the
normalised observed flux F; and model flux Fyy.q;, for all flux points of
the iron pseudo-continuum.

setup was the same as for the other sources, but instead of fixing
the veq sini and helium abundance on values derived of the opti-
cal, we fixed them at 150 km s~! and xy. = 0.10, respectively;
these are typical values given the optical-only fits of the other
sample stars.

F.6. H36

From the optical-only run we find Ty = 42000 K for this star.
This value is low compared to what we find from the opti-
cal + UV run, 49500 K, and inconsistent with the spectral type
of the star (O2 If*). The optical-only fit is good (i.e. profiles of
models covering the uncertainty ranges coincide with the scat-
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ter of the data points), with the exception of N v 114604-4620,
which is too weak in our models. Upon comparison of the opti-
cal lines of the optical-only and optical + UV fits we see that the
higher temperature of the optical + UV run does not improve the
fit of most optical lines, not even for N v 114604—-4620, which
has a similar best fit profile in both our runs. Most notable is the
worsening of the Balmer line fits, which generally are too deep
for the optical + UV fit, but match the data well for the optical-
only fit. In this temperature regime and with this data quality,
the He 1 and He 11 are of not much help for constraining the tem-
perature, between our optical-only and optical + UV runs these
lines are, within the noise level, unchanged. Bestenlehner et al.
(2020) find, based on optical data only, a high temperature for
this star (52000 K). Their N v 114604-4620 seems to have a
better fit than we get, this seems to be at the cost of the fitness
of He 11 14686, and, as for our optical + UV run, of the Balmer
lines, which for their best model are too deep compared to what
is observed. However, the higher ionisation ions, both the N 1v
lines in the optical and UV as well as the strong O v 41371, do
strongly support a high temperature, which we therefore deem
more likely for this source.

F.7. H129

The position of H129 in the HRD is on the left of main sequence.
We do not use the parameters derived for this star for the fur-
ther analysis, but exclude it from the analyses of the sample as
a whole regarding mass-loss and clumping properties (see also
Sect. 4.1). For the optical-only run we estimated v, based on
L/L from Bestenlehner et al. (2020), but the extrapolated veloc-
ity was only 100 km s~! we assumed a velocity of 500 km s
instead.
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Appendix G: X-ray
G.1. X-rays implementation in FASTWIND

Wind-embedded shocks and associated X-ray emission are
implemented into FASTWIND by assuming a very small fraction
of the stellar wind to be very hot and emit X-rays*?> (Carneiro
et al. 2016). The shocks are then described by five parameters:
the volume filling fraction of the X-ray emission fx, the maxi-
mum jump velocity of the shocks u. and the exponent yy that
relates the outflow velocity to the jump velocity (1., and yx
together describing the shock temperature, typically being of the
order 10° K), and two parameters related to the onset radius of

the X-ray emission’: Riﬂ?ﬂm and a factor myx. The total X-ray
luminosity is thus not a free parameter, but follows as output
from the model. For further details on the implementation of

wind-embedded shocks in FASTWIND see Carneiro et al. (2016).

G.2. Assumptions regarding X-rays

For both optical-only and optical + UV fits, we include wind-
embedded shocks and resulting X-rays. The corresponding
parameters are not fitted, but instead fixed at certain values for
each star. For all stars, we assume yx = 0.75, mx = 30, and
R'™ = 1.45. The value of yy sets the gradient of the shock
strength relative to the wind velocity (Pauldrach et al. 1994);
a value of yx < 1 means that the relative increase in shock
jump velocity as a function of radius is higher than that of the
wind velocity. Our assumed value yx = 0.75 lies in between
the higher value assumed by Krticka & Kubdt (2009); Carneiro
et al. (2016) and the lower values adopted in models of Pauldrach
et al. (1994). For mx we use the best fit value from Pauldrach
et al. (2001), and in our choice of R;Eﬂ:“ we follow, for example,
Pauldrach et al. (1994).

The X-ray parameters having the most profound influence on
the ionisation fractions are the maximum jump velocity of the
shocks u. and the volume filling fraction of the X-ray emis-
sion fx (Carneiro et al. 2016), because they directly relate to
the temperature distribution and total X-ray flux. We tailor these
parameters per star; for the first, we assume u, = 0.3v., (after
Carneiro et al. 2016, who follow Krticka & Kubat 2009). Here
we take v, values from Crowther et al. (2016), or use the esti-
mated values as discussed in Sect. 3.5.1. For two stars with v,
~ 3500 (H36 and H46) we assume u, = 0.20., based on LDI
simulations of winds of luminous stars with high terminal veloc-
ities (F. Driessen, priv. comm.). The typical maximum jump
velocities we assume translate to maximum shock temperatures
ranging from 0.6 — 28.0 - 10° K.

Then, given these assumptions, we choose fx such that the
total X-ray luminosity in the ROSAT band (0.1-2.5 keV) equals
Lx/L = 1077, the canonical ratio for O-stars (e.g. Chlebowski
et al. 1989; Berghoefer et al. 1997; Sana et al. 2006; Nazé et al.
2011; Rauw et al. 2015. for Galactic O-stars; Crowther in prep.
confirm that this is a reasonable assumption for our sample
stars, finding an average of log Lx/L = —6.6 + 0.3 for nine X-
ray sources associated with R136a.). However, Lx is not a direct
input parameter of FASTWIND. Instead, we estimate fx as to give

32 This is the standard approach that is employed in several model atmo-
sphere codes for hot stars (for references, see Carneiro et al. 2016). In
later versions of FASTWIND, an alternative implementation, account-
ing for the different effective emissivities from radiative and adiabatic
shock cooling zones, is also implemented (see Puls et al. 2020).

33 See Eq. (8) of Carneiro et al. (2016).
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Fig. G.1. Left: Lx/L against L of the our best fitting models (dark blue
diamonds with 20 error bars). Right: Distribution of the Ly /L values
from our best fitting models. We indicate the typical observed value
of Lx/L (orange dashed line) and the typical scatter around this value
(yellow band). We stress that the X-ray luminosity Lx/L is not a free
parameter in our fitting and the Ly /L values shown here do not represent
the actual X-ray flux of the given stars: this plot serves solely as a check
on our assumptions (see text).

Ly close to Lx/L = 1077 This is done foy each model individu-
ally during the KIwI-GA run. Based on M and v., of the model,
Jx is computed to satisfy:

log(fx) = —5.45 — 1.05 log(Mg/ve), (G.D)
where Mg = M/107%, with M in My yr~!. This equation is
derived from the observational values of Kudritzki et al. (1996,
their Figure 6). We note that we extrapolate the relation that they
find to weaker winds (lower Ms/v..). The input and output X-ray
parameters for each source can be found in Table G.1.

G.3. Validity of the X-ray assumptions

We check the validity of the assumptions for our X-ray setup by
comparing the output log Lx /L of each optical + UV run to the
canonical value, log Lx/L = —7. Figure G.1 shows that indeed,
generally the output values are close to canonical. In the six cases
where it is not, we underestimated the assumed X-ray flux. Exact
values of X-ray input and output can be found in Table G.1.

Appendix H: Trends in wind structure

Figure H.1 to H.4 show the trends in the wind structure parame-
ters as a function of effective temperature, luminosity, 3, and the
Eddington parameter for electron scattering. As these parameters
are strongly correlated with each other, in all these plots similar
trends are visible (see Sect. 5.2).

Appendix I: Additional tables

Table 1.2 contains the values of the optical-only runs. Table 1.1
contains stellar masses, ages, and ionising fluxes based on the
parameters derived from optical + UV runs. Furthermore, it con-
tains the temperatures derived based on the iron continuum. We
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Table G.1. X-ray input and output values for the optical + UV runs.

S. A. Brands et al.: The most massive stars and their clumped winds

Source Uso (km/s) log fx logLx/L
R136al 780 33410028 41017
R136a2 728 353:008  g.50:007
R136a3 720 342000 g50, 018
R136a4 743 -1.911%}% -7.241%}%%
R136a5 846 -2.7118;8; '7‘4718:85
R13626 795 2.16+0% 7,08+
R136a7 813 -2.291%{?2 -7.101%}%
R136a8 743 -1.96200> -7.09+002
R136b 846 -2.9li§;§§ -8.o3i§;§§
H30 747 722027 717+
H31 844 -1.611&81 -6.951&8?
H35 831 -1.79i8;?§ -6.65i8;§;
H36 700 2415008 7504 0o
H40 825 L6103 6884001
H45 786 BRI ST
H46 688 258:00 6.0, 008
H47 914 250:00 689,004
H48 914 -2.16i§f§§ -6.721%}??
H49 894 14901 6754003
H50 786 16608 6774000
H52 846 15500 6602002
H55 864 146008 6742000
HS8 894 -1.22i8f?§ -6.951&%’%
H62 831 1740 g 6asble
H64 531 112008 730200
H65 762 17401 6054017
H66 777 15800 6 624003
H68 573 -1.17i8f% _7.1118582
H69 774 -0.90+ §§ -6.97i§;§§
H70 801 -1.50i8;}§ -6.74209
H71 743 -1.23x047-6.59+00
H75 765 -1.321%}3% -6.52¢8f§§
H78 713 L1y —6.72i8:(1é
HS0 497 0.51+0%  -7.81+)
H86 743 1442018639, B0
H90 743 -1.1518% -6.551§f§%
H92 624 -0.06+02  -7.27x02]
HY4 747 061021 6882013
H143 444 -0.111%}%% -7.3518%%
H73 603 0.96:£ 09 -8.18i8;§§
H108 312 0.040 746+
H112 565 0.341%;%2 -7.781%;%
H114 531 -0.39+750 -7.02i8;%g
H116 288 0.8318;?8‘ 82747
H120 313 0.0118;‘2‘3 -7.3807
Hi121 344 0.94i8:§1 -8.03i8;;§
HI123 485 02002 6,971
H129 150 o.ozigfég -8.43¢§f§
H132 464 0.2918§5 7592
H134 351 0.22i8;%f; -7.55+ 11§
H135 363 -0.300°%  -7.64+02
H139 369 013040 7435011
H141 300 005031 782,030
H159 388 0.1818}%t -7.661%}%@
H162 350 —0.72i8%§ —7.56i(]):i§’
HI73 212 06105  -841+53

Notes. Input: u,. Output: log fx and log Lx/L. Error bars are 1o

note that the uncertainties we quote for Meyo1, Mini, and the age
are only statistical uncertainties that result from the BONNSAI
tool. Systematic uncertainties, that is, those resulting from the
chosen input-physics of the evolutionary model, for example, the
assumed mixing scheme, or mass-loss rate prescription, are not
included. We discuss the systematic uncertainties on evolution-
ary masses for the WNh stars in Sect. 5.3.1. Table 1.3 lists for
each star the diagnostic lines that were used in the analysis.

A36, page 41 of 44



A&A 663, A36 (2022)

Table 1.1. Additional parameters and 10" uncertainties.

Source Spectral Type? Mini Mevol Mipec Age logQy log 0, log O, Lizg? TEad.e Tiron
[-] [Mo] [Mo] [Mo] [Myr] [s7'] [s7'] [s7'] [-] [-] [kK]
R136al  WN3h BT 222:0  303=°  LI4=1] 5071 5013 4524 666 077+000 50
R13622  WN5h 2Ind 186xl) 159 LMapi 059 5005 4S19 655 060xp SO
R136a39  WN5h 232 179:0 387429 128s01) 5056 5004 4497 652 061x0% 47
R136249 O3V ((F9)(n)  113x]  108+% 178+ 0844019 5010 4955 4565 605  046:00 479
R136a59 02 [(n)f* 1230 116+8 364+l 0984011 5003 4956 4371 608 044+00 44
R136a6” 02 I(n)fp 100+8,  105+%, 100+ 076x0% 5010 4959 4598 606  044x00 44
RI136a79 O3 ITI(f*) Bl 1278, 2308 050spy 5021 4973 4616 618 Odexy 42
RI136a8 - 10050 96xf  170+10  000+03 4008 4943 4526 593 040+ 53
RI36b  O4If 075 92s1  209:P1 202400 5000 4904 4086 588 062s0 35
H30 06.5Vz 5243 50+, 47+ 2204021 4938 4857 4214 528 031+08 39
H31 02 V((f*)) 763 3l 79+l 126s01 4979 4920 4527 574 035:00 44
H35 03V 63+ 62+ 65&% 1104020 4962 4903 4519 556 0.28+002 44
H36 02 1f* 1542 1103 162+3, 09002 5010 4955 4394 606  044+00 53
H40 03V 67+]  65+0  S6x/,  144x0M 4976 4915 4500 570  035:0% 50
H459  O4:Vz 5743 54x) 127+ 206+0% 4948 4875 4331 539 031:008 42
HA69  02-3 III(f*) 840 80+  84x12  130s0% 4994 4936 4551 588  041£00 470
H47 02 V((f¥)) 7247 68+F  308+7,  L74x0 4970 4905 4315 563 037+0% 42
H48 02-3 TII(F*) Tt 68+t 65+l 146s02 4977 4916 4405 571 035:00 500
H49 03 5746 55+ 48+3)  184x03 4953 4886 4468 546 028+00 42
HS09 O34 V((f*) 66+ 64+  86£0  L14s02 4964 4904 4462 558 0304002 42
H52 03-4 Vz 534 524) 556 1d6+0Y 4948 4884 4358 5.4l 026400 42
HS5S 02 V(f*))z 6140 600 44+ Ll6xl3 4950 4899 4506 553  027+0% 44
H589 023 V: 66! 651  150£2  096+047 4964 4906 4479 558 03000 42
H62) 023V 4043 48s]  s0:4  150:08 4040 4876 4295 533 02308 s
HO64 04-5V: 6] 50+ 130+0  144s00 4960 4899 4455 554 0324007 42
H65 04 VCI6 Slel 4947 5240 2184023 4946 4874 4254 538 029400 39
H66 O2 V-III(F¥) 54+ 53x3 47+ 078+0% 4946 4887 4502 541 023x000 42
H68 04-5 Vz 48+t 46t 60xB  216:0% 4940 4867 4337 531 0284002 39
H69 04-5 Vz 3943 38+)  62+10  236+00 4913 4838 4196 504 020+002 4
H70Y  05Vz saxl 53xt 722D 13240% 4948 4885 4429 541 026:00 470
H71 023V((F¥)  4lxt 40+t 2425 168000 4926 4860 4385 519 019002 44
H75 06V Bl B 7= 006+1% 4921 4862 4412 515 0.18+001 390
HT78 04: v 41t 4041 31el 1524080 4930 4868 4426 524 022400 4
H80 08V 25+l 24xl  28+15  41840% 4856 4733 4151 442 0.14£000 37
H869  O5:V Al 4le 18%2 0.60+0% 4919 4855 4395 512 016200 42
H90 04: V: 36+ 36x]  27+P 194200 4906 4834 4292 498 0.17+00 42
H92 06 Vz 3242 3142 40210 236+0% 4887 4805 4242 477 015£000 42
HO4 04-5 Vz 3943 30x]  24xD 11620 4915 4848 4389 508 0.16x00 47
H143 08-9 V-III 2843 28+) 1615 260+122 4885 4805 4274 476 0.14x000 37
HT3 09.7-B0 V 2443 244 74x8 4460 4825 4616 4105 410 0.17£002 37
HIO8  OVn 22l 224 1621l 146202 4853 4773 4237 443 010£900 35
HI12 079 Vz 25k, 25x  4SHl 37Bxpd 4850 4721 4L4T 436 Olagn 39
H114 056V 3243 31t 28«3 0.00+20 4896 4831 4362 489  014+002 39
HI16 07V 205 21x)  20x2 320£13% 4830 4706 4105 416 0.09+00 37
HI20 - 1943 183 34x2, 000+ 4843 4760 4219 433 0.104002 37
HI21 09.5V 1942 1942 23x11 456x200 4708 4608 4098 382 0.09:000 35
HI2Z 06V 2682 26+ 4=l 036x10 4857 4777 4239 448 0.09+00 37
HI29 - 182 18«2 7«10 000£220 4816 4744 4238 407 0.04£0% 39
HI32  O%V 2743 27+ 28+ 140+l 4865 4782 4236 455 01000 37
HI34  07Vz 08, 20s  I6x!  2645f 4BIE 4699 4088 405 007sgn 37
HI35 B 1652 16+ 25+l 7U8+20 4722 4443 4037 305 00800 39
HI39 - 2412 24+ 1952 006+2 4853 4773 4238 443 0.09+000 39
H141 05-6V 7+ 17£) 21x0 654+l 4744 4488 4038 328 0.08+001 35
HISO - 7+l 17sl 2240 646x17 4758 4513 4056 341 00800 35
H162 - 18+ 18+t 34xl0 2284500 4819 4686 4050 405 0.10002 35
HI73 09+V 1242 1242 200 95043 4644 4335 4005 225  0.06+000 37

@ Spectral types from Crowther et al. (2016, WN5h stars) and Caballero-Nieves (in prep., all other stars). » This quantity is expressed as Li3¢ =
log Lgs13.6ev/Lo- ) Formal uncertainties assuming a T of 50 kK. In reality uncertainties on all parameters are larger due to the uncertain Teg. 9 No
good fit obtained to iron pseudo-continuum; assumed value closest to Bestenlehner et al. (2020) for UV normalisation. ¢ Cross-contamination of the spectrum
as a result of crowding (as in Bestenlehner et al. 2020, with the addition of R136a8). /) Severe cross-contamination of the spectrum as a result of crowding:

R136a6 consists of H19 and H26, see Sect. 2.1. 9 Potential spectroscopic binary (as in Bestenlehner et al. 2020).

Notes. This table contains initial and current (evolutionary and spectroscopic) masses, ages, H-I, He-1 and He-II ionising radiation Qy, Qj,
0>, H-I ionising luminosity, Eddington factors for electron scattering I'gaq., and the T derived from the iron continuum and used for the

normalisation of the UV spectra Ti;oq. This table is complimentary to Tables A.1 and A.2 and is based on the optical + UV runs.
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Table 1.2. Best fit parameters and 1o~ error bars for the optical-only fits.

Source log L/Lg Ter(K) logg R, /Ry logM B Veq SIN Nye /NH
RI36al  6.76x0%  42500+50  3.80+0%  44.9+0% 424007 093077 160+]0  0.29+00
RI136a2  6.75+0% 462501§§§§ 4‘00J_ré;25 370417 43100 0.93+027 1404770 0.281%;5%;
e ol SRl Nl el 0wl s se)
a 99%0 19 4000 ooty Vx5 99400 - 40 0200
Ri36as 6134008 4200000 4.17%3@ zz.lig;g a6shll 080s80  osed o1l
R136a6  6.25+007  52500+,000  4.08+01%  16.3+07  -4.95+00° 07008 165428 0.10+0%
R136a7 64700 5850043000 41502 17.0+0%  -5.12+000  0.88+012  260+%  0.14x00
R136a8 - - - - - - - -
RI36b 624003 32500473  3.52+020  41.8+0% 4584005 L1502 95+12  0.14+0%
H30 5.69+00% 380001%3%% 412250 163407 577050 - 125J_r§§ 0.09+0%
H31 6.00+01% 4800000 3.92+017 14,6400 56701 . 1200 0.09+0%
H35 5994007 54250400 4.28+012 113107 -5.79+018 - 110+ 0.10+5%
H36 6.04J_r§;§§ 420004000 370+0% 20.0£00  4.45+0% 070500 1650 0.10£5%
H40 582402 43500300 367000 144207 557200 - 120+ 010200
H45 5864013 435004300 4084028 152408 -6.12+0% - 165+ 0.09+01
H46 6.07£%10 4650013%%5 3.92i§f%§ 16.9+53 -4.98i0;}§ 0.93+01> 190+ 012+
H47 6.061%;;% 46500%828 4.031‘@2 16.7i§;§ -4.93¢8;i8 0.70+014 1201§§ o.1oi§;é;
H48 5'92i8§8§ 45000i§880 3’92i8§§6 15.1 3 :5.25%% : 130J_r—?go 0'10+8§ f
H49 6.12+000 58000700 425000 115457 -5.56+02 215+ 0.09+02
H50 582400 46000320 4.03£0%0 129408 592401 - 1250 0.0900
H52 5.74+010 4725013§§§ 410510 112407 -5.655%5% - 135i§§ 0.09+00%
H55 5924010 53000390 4054017 1090 57702 . 110+ 0.09+01
H58 5984018 52500500 4384020 11.9+07  -7.03+0% - 105+ 0.11£0%
H62 5.87+00 54oooigg§§ 4.00£970  9.9+10 5422000 0704017 160J_r§2 0.10£5
H64 5.94+903  49500+] 417408 129411 6 044023 - 150+ (0.09+008
08 139% 98 83 048 i % o
H65 5.67+080 40000410000 3774060 143205 5724018 15547, 0.09+011
H66 577400 51500i§§§§ 415010 97408 -5.42¢§;98 0.70£012 353 0.09+00
H68 5.86+010 48000+ 425407 1240 6424020 . 230+5  0.09+0%
H69 545400 40000+57  4.03+0%7 1110 -6.82+0% - 155+% o.o9ig;§§
H70 5.65+010 435001322§ 41753 11.9+0> -5.75i§;}g - 145+7  0.09+0%
H71 5.64010  51000+70%0 3984020 86408 617402 - 100+ 0.12+(
A% + U5t At =J.0/E; - + R0 e
048 9999 839 o 639 i P 508
H80 5174007 360004310  3.92+017  9.9+03 642401 125+ 0.09+50
H86 53801 45500420 3.88+0% 7.9i§;§ -5.75i§;}0 - 210+ 0.09+0%
H90 534019 41500700 412402 9107 -6.62+070 - 75+ 0.09+00
H92 5384003 435004300 420400 8707 -6.62+0% - 85+ 0.10+01!
H94 5664010 5400020 422400 78407 61902 - 180+ 0.10+0)
H143 5204018 43500+/%0 395404 79407 _6.20+07% . 250+ 0.10+071
H73 508401 29000300 3.85+0% 139407 -6.85+09 - 250+%  0.10+01
H108 5.19+015 495001§§§§ 41792 5420 -6.67i0;é§ - 240+ 0.09+9%
H112 51402 36000+2%  4.03£0%0  9.6+08 789+ . 250130 0.09+0 18
Hl14 521018 4350042500 42200 71+07 65200 - 60+ 0.09+01°
H116 4.93+012 37000iggg§ 4.08+0% 7103 -6.82+9% - 160+%  0.09+010
H120 4724021 35000500 4.10+0% 6300 -6.96+0% . 220110 0.09+0 5
H121 4.81+0%  34000+770  4.05+020 7407 -7.82+)0 - 110+ 0.10£0}
H123 4922017 40000520 3.98+0%  6.1xD7 784130 - 1055 01000
HI20 4455000 400005300 410407 35i08 77708 i 110+ 000016
H132 5.07+017 40000£220  4.10+0% 72407 _6.62+0%) - 60+ 0.12+01
H134 4.84¢§;:§ 3800013%%5 40800 62404 742407 - 115J_r§§ 0.09+01
H135 4.57+020 25500300 3.65+0%0  10.0+)2  -7.09+04 - 15080 0.12+017
H139 4,88i§;}4 38000+2°0  4.00£5%0  6.4+0% 677032 - 80+ 0.10+00°
Hi4l 3.80+0%% 14500412200 2504100 127408 -8.62+)% . 360310 0.09+0
H159 4.84x0,5  35000+00  4.20+)5 72400 -7.98+,5 - 210+ 0.09+0°
H162 4.64£0%2 31000£100 385047 73+l 685407 - 250+150 0.09+01%
H173 4.27+0%0 2300050 3.50£0% 8.7+ -840+l . 280+130  0.09+01°

Notes. This table includes all stars except R136a8, for which optical data is not available. A smooth wind
(fa = 1) was assumed during the fit for all stars except the WNh stars R136al, R136a2, R136a3, where we

assumed f; = 10.
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Table 1.3. Overview of diagnostic lines used for the analysis of each source.
Source

A36, page 44 of 44

X X

X X X X X X

X X X X

X X

X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X

X X X X X X
X X X X X X
X X X X X X
X X X X X X

X X0 X X XXXXX X XXX XXXXX
XXX X X XXXXX X XXX XXXXX
XX 0 X XXXXXX X XXX XXXXX

X
XX X0 X XXXXXX X X X XX

X X X X
X XX X X XXX XXX

XXX X XXX XXX X

X X X X X X

X X X X X

R136al

X X0 X X XXXXX X X XX
X X X X X XX
X

X
X

H70

R136a2 x x X X X

X X X X X X
X X X X X X

H71

R136a3 x X X X X

X
X
X

X
X
X

X X X X

X
X

H75

XXX X XXX XXX X X

R136a4 x x X X X
R136a5

X X XX XXX X X X X X

H78

X X X X

X X X X X X

X X

H80

R136a6 x X X X X

X

XXX X X XXXXX X X X XX XX

X
X
X

X X X X X
X X X X X
X X X X

H86

R136a7 x X X X X
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X

X X X X
X X X X
X X X X

X
X
X

H90

R136a8 x X X X X
R136b
H30
H31
H35
H36
H40
H45
H46
H47
H48
H49
H50
H52
H55

X X X X X X
X X X X X X
X X X X X X

H92

X X

X
X

X X X X

X

X
X

X X X X X
X X X X
X X X X

H94

X X X X X X X X X X
X X XXX XX X X XX

X
X
X

X
X
X

X X X X

X X X X X XX

X
X
X
X
X
X
X
X
X
X
X
X
X

H143
H73

X
X

X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X

X X XXX XX X X XX

X X X X X X X X

X
X

X X

X X XX XXX X X X X X
XX 0 X X XXXXX X XXX XXXXX

X X X X
X X X X

H108

X X X X X X X

X

X
X X XXX XX X X XX

X X X X
X X X X
X X X X
X X X X
X X X X
X X X X

HI112

X
X

XXX X XXX XXX X X X

X X X X X XX X X X X X X
X X X X X

X X0 X X XX XXX X

X

X
X
X
X
X
X
X
X
X
X

X X X X X
X X X X
X X X X
X X X X

H114

X X

X X X X X X
X X X X X X
X X X X X X
X X X X X X

H116

X X X X X X

X

X

HI120
HI121

X X X X

X

X X0 X X XXXXX X XXX XXXXX

X X

X H123 X X X X

X
X

X X

X X0 X X XXXXX X X XX

X

X X X X X

X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X

X X X X X
X X X X X X

X X X X X
X X X X

H129

X X

X X XX XXX X XX X X X X

H132

X

X X

X X XX XX X X X X X X

X X X X
X X X X

X X X X
X X X X

H134
H135

X X X

X
X

XX 0 X XXX XXX X X X XX

X X X X X X
X X X X X X

X

X X X X X X

X X XX XXX X X X X X

X X0 X X XX

X
X
X
X

HS58
H62
Ho64

X X X X

H139
H141

X

X
X
X
X

X X X X

X X X X
X X X X X X
X X X X X

X
X X X X
X X X X
X X X X

X
X X X X

X
X
X

X X X X X X

X X X X
X X X X

X
X
X

X
X
X

H159

X X X X X X

X X XXX XX X X X X

H65
H66
H68

X X

X X X X

H162

X

X X X X

HI173

X X X X X X

X X X X X X X

Notes. If a line was included in the fitting, the cell is marked with ‘x* (STIS data) or ‘0’ (GHRS archival data). It is important to note that if lines are very close together or

blended, they may not have a separate panel in the plots showing the best fits (to be found on Zenodo).


https://zenodo.org/record/6353513
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