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The VLT-FLAMES Tarantula Survey XXV. Stellar

properties of the O-type giants and supergiants in
30 Dor

O. H. Ramírez-Agudelo, H. Sana, F. Tramper , A. de Koter, N. Langer, J. S. Vink,
G. Gräfener, J. Puls, C. J. Evans, W. D. Taylor & T. Bagnoli

To be submitted to Astronomy & Astrophysics

Abstract

The Tarantula region in the Large Magellanic Cloud (LMC) contains the richest
population of spatially resolved massive O-type stars known. This unmatched sam-
ple allows us to test main-sequence evolution stars in the range of 15-70 M�. Using
ground-based optical spectroscopy obtained in the framework of the VLT-FLAMES
Tarantula Survey (VFTS), we determine stellar, photospheric and wind properties of
71 presumably single O-type giants, bright giants, and supergiants. These parameters
are confronted with predictions of stellar evolution and of mass-loss in line-driven
outflows. We apply an automated method for quantitative spectroscopic analysis of
O stars combining the non-LTE stellar atmosphere model FASTWIND with the genetic
fitting algorithm PIKAIA to determine the following stellar properties: effective tem-
perature, gravity, mass-loss, helium abundance, and projected rotational velocity. We
present spectral subtype versus effective temperature calibrations for giants, bright
giants and supergiants, that show relative offsets that concord with physical expecta-
tions. Though all O stars are hydrogen-burning main-sequence stars, dwarfs, giants
and supergiants initially less massive than about 60 M� do reflect an evolutionary
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4 Stellar properties of the O-type giants and supergiants in 30 Dor

sequence. However, the late O III and II occupy the same region in the Hertzsprung-
Russell diagram, a region that is relatively devoid of dwarf stars. On the basis of the
secondary luminosity class classifier these stars would have been assigned a class IV
or V. The helium abundances and projected spin rates of 11 stars do not concord with
current predictions of rotational mixing in main-sequence stars. These may however
be unidentified (post-interaction) binaries. Adopting theoretical results for the rate
of acceleration of the wind flow, we find modified wind momenta for LMC stars that
are 0.2 dex higher than earlier results. In the strong-wind regime emperical mass-loss
rates are in agreement with predictions by Vink et al. (2001) for Hα and He ii λ4686
based clump volume filling factors fc ∼ 1/7 to 1/5.
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4.1 Introduction

4.1 Introduction

Bright, massive stars play an important role in the evolution of galaxies and of the
universe as a whole. Nucleosynthesis in their interiors produces the bulk of the chem-
ical elements (e.g., Prantzos 2000), which are released into the interstellar medium
through powerful stellar winds (e.g., Puls et al. 2008) and supernova explosions. The
deposition of these types of kinetic energy affects the conditions in the star-forming
regions where massive stars are found (e.g., Beuther et al. 2008). The radiation fields
they emit add to this energy and supply copious amounts of hydrogen-ionizing pho-
tons and H2 photo-dissociating photons. Massive stars that resulted from primordial
star formation (e.g., Hirano et al. 2014) are candidates for powering the re-ionization
of the universe and have likely played a role in galaxy formation. (e.g., Bromm et al.
2009). Massive stars produce a variety of supernovae, including Ibc, IIn, superlumi-
nous supernovae and gamma-ray bursts (e.g., Langer 2012), that can be seen up to
high redshifts (Zhang et al. 2009).

Models of massive star evolution predict the series of morphological states these
objects pass through before reaching their final fate (e.g., Brott et al. 2011a; Ekström
et al. 2012; Groh et al. 2014b; Köhler et al. 2015). Studying populations of massive
stars is a proven way of testing the outcome of such calculations. O-type stars are of
particular interest as they sample the main sequence phase in the range of 15 M� to
∼70 M�, be they dwarfs, giants or supergiants. They show a rich variety of sub-types
(e.g., Sota et al. 2011) emphasizing the need for large samples if to be confronted to
predictions.

The Tarantula nebula in the Large Magellanic Cloud (LMC) is particularly rich in
O-type stars, containing hundreds of these objects. It has a well constrained distance
of 50.3 kpc (Gibson 2000) and only a modest foreground extinction, making it an
ideal laboratory to study them. As a determination of their properties requires high
quality spectra and sophisticated modelling tools, sample sizes have mostly been
relatively modest (for LMC samples see e.g., Massey et al. 2004; Mokiem et al. 2007;
Massey et al. 2013). The VLT-FLAMES Tarantula Survey (VFTS) is a multi-epoch
spectroscopic campaign that targets 360 O-type and over 450 later-type stars across
the Tarantula region, spanning a field several hundred light years across (Evans et al.
2011b, hereafter Paper I). Establishing the multiplicity properties of the VFTS stars is
an important component of this project, the observing strategy allowing us to identify
close pairs (having periods up to ∼1000 day) that are expected to interact during their
evolution (Sana et al. 2012).

In this VFTS series paper we analyse the properties of the 71 presumed single O-
type giants, bright giants, and supergiants. These will likely not all be true single stars
as post-interaction systems may be disguising themselves as single stars, showing
small or negligible radial velocity variations (de Mink et al. 2013). By confronting
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4 Stellar properties of the O-type giants and supergiants in 30 Dor

Figure 4.1: Spectral-type distribution of the O-type stars in our sample, binned per spectral subtype
(SpT). Different colors and shading indicate different luminosity classes (LC); see legend.

the stellar characteristics with evolution tracks for single stars we may not only test
these tracks, we might also identify post-interaction systems if their properties appear
peculiar and contradict predictions from single star tracks. The outflows of O III-I
stars are dense and most of them feature signatures of mass-loss in Hα and He ii4686,
allowing to assess their wind strengths. This enables a confrontation with wind-
strength predictions using a sample that is unprecedented in size.

The layout of the paper is as follows. Section 4.2 describes the selection of our
sample. The spectral analysis method is described in Section 4.3. The results are
presented and discussed in Section 4.4. Finally, conclusions are given in Section 4.5.

4.2 Sample

The VFTS project and the data have been described in Evans et al. (2011b, hereafter
Paper I). Here we focus on a subset of the O-type star sample that has been observed
with the Medusa fibers of the VLT/FLAMES multi-object spectrograph: the presum-
ably single O stars with luminosity class (LC) III, II and I. The total Medusa sample
contains 332 O-type objects observed with the Medusa fiber-fed Giraffe spectrograph.
Their spectral classification is available in Walborn et al. (2014). Among that sam-
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4.3 Analysis method

ple, Sana et al. (2013, hereafter Paper VIII) have identified 116 spectroscopic binary
(SB) systems from significant radial velocity variations (RV) with a peak-to-peak
amplitude (∆RV) larger than 20 km s−1. The remaining 216 objects show either no
significant or significant but small RV variations (∆RV ≤ 20 km s−1). Most of them
are presumed single stars although it is expected that 25% of them are undetected
binaries (Sana et al. 2013). Rotational properties of the single stars and of stars in
binary systems have been presented by Ramírez-Agudelo et al. (2013, hereafter Pa-
per XII; and submitted).

The stellar and atmospheric properties of the LC V-IV stars (∼120 stars) are in-
vestigated in Sabín-Sanjulián et al. (2014, and in prep.). Here we focus on the 71
presumably single O stars with LC III to I. The remaining 25 spectroscopic single
objects could not be assigned a LC classification and for that reason are discarded
from the present analysis. Our sample breaks down as follows: 38 giants (LC III),
27 bright giants (LC II) and 6 supergiants (LC I). Figure 4.1 displays the distribu-
tion of spectral types and shows that 68% of the stars in the sample are late-type
O9-O9.7 stars. There are only a few Of stars and no Wolf Rayet (WR) stars in our
sample. These extreme and very massive stars in the VFTS have been studied by
Bestenlehner et al. (2014) by using the CMFGEN atmosphere code (see Sect. 4.3).

The spatial distribution of our sample is shown in Fig. 4.2. The stars are con-
centrated in two clusters, NGC 2070 (in the centre of the image), and NGC 2060
(6.7’ south-west of NGC 2070), although a sizeable fraction are distributed through-
out the field of view. In this paper we refer to stars located further away than 2.4’
from the centres of NGC 2070 and NGC 2060 as the stars outside clusters. These
may originate from either NGC 2070 or 2060 but may also have formed in other star-
forming events in the 30 Dor region at large. A circle of radius 2.4’ (∼ 37 pc) around
NGC 2070 contains 25 stars from our sample: 16 are of LC III, 8 are of LC II and
1 is of LC I. NGC 2060 is believed to be somewhat older and contains 24 stars in a
similar sized region. Accordingly, it contains a larger fraction of LC II and I stars
(63%; 15 out of 24) than NGC 2070 (36%).

4.3 Analysis method

To investigate the atmospheric properties of our sample stars, we obtained the stellar
and wind parameters by fitting synthetic spectra to the observed line profiles. This
method is described in the following sections.

4.3.1 Atmosphere fitting

The stellar properties of the stars have been determined using an automated method
developed by Mokiem et al. (2005). This method combines the non-LTE stellar at-
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4 Stellar properties of the O-type giants and supergiants in 30 Dor

5h36m00.00s37m00.00s38m00.00s39m00.00s40m00.00s
RA (J2000)

16'00.0"

12'00.0"

08'00.0"

04'00.0"

-69°00'00.0"

D
e
c 

(J
2

0
0

0
)

Figure 4.2: Spatial distribution of the presumably single O-type stars as a function of LC. The dashed-
circles define regions within 2.4’ of NGC 2070 (central circle) and NGC 2060 (SW circle). Different
symbols indicate different LCs: III (circles), II (squares), I (diamonds).

mosphere model fastwind (Puls et al. 2005; Rivero González et al. 2011) with the
genetic fitting algorithm pikaia (Charbonneau 1995). It allows for a standardized
analysis of the spectra of O-type stars by a thorough exploration of the parameter
space in affordable CPU time on a supercomputer (see e.g., Mokiem et al. 2006,
2007; Tramper et al. 2011, 2014).

The algorithm makes use of normalised spectra1 to derive the effective temper-
ature (Teff), the surface gravity (log g), the mass-loss rate (Ṁ), the exponent of the
β-type wind-velocity law (β), the surface helium abundance (NHe), the microturbu-
lent velocity (3turb) and the projected rotational velocity (3e sin i). While the method
in principle allows for the terminal wind velocity (3∞) to be a free parameter, the lat-
ter can not be constrained from the optical range. Therefore, we used the empirical
scaling with the escape velocity (3esc) of Kudritzki & Puls (2000), taking into account
the metallicity (Z) dependance of Leitherer et al. (1992): 3∞ = 2.65 3esc Z0.13.

For the stars for which both He i and He ii lines are present up to 12 diagnostic
lines are fitted: He i+ii λ4026, He i λ4387, 4471, 4713 , 4922, He ii λ4200, 4541,

1The adopted continuum normalization of the spectra is described in Paper VIII.
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4.3 Analysis method

4686, Hδ, Hγ, Hβ and Hα. For the earliest spectral type stars, i.e. those with Teff >

40 kK, the neutral helium lines are absent from the spectrum and we rely on nitrogen
lines to constrain the effective temperature. We then add N iii λ4634, 4640, 4641,
N iv λ4058, and N v λ4603, 4619 to the list of diagnostic lines. For each fit, the
lines are visually inspected. Residuals of nebular correction were manually clipped.
Table 4.B.1 lists for each star which lines have been included in the final fit.

The absolute magnitude and the RV of the star are needed as input parameters;
the first one to determine the object radius, the second to shift the model and data to
the same reference frame. While both Mokiem et al. (2005, 2006, 2007) and Tram-
per et al. (2011, 2014) have used the V-band magnitude as a photometric anchor, we
chose to use the K-band magnitude (MK) to minimise the impact of uncertainties on
the individual reddening of the objects in our sample. We calculated MK using the
VISTA observed K-band magnitude (Rubele et al. 2012), adopting a distance mod-
ulus to the Tarantula nebula of 18.5 (see Paper I) and an average K-band extinction
(AK) of 0.21 (Maíz Apellániz et al. 2014). As for the RV values we use the measure-
ments listed in Paper VIII.

Appendix 4.A provides additional figures to support the discussion of our results.
Tables listing the best-fit properties of our stars, together with their uncertainties are
provided in Appendix 4.B. Appendix 4.C provides an example of our fitting results.
Best fits for the full sample will be available online.

4.3.2 Error calculation

The errors on the parameters are estimated in the following way. For each model, we
calculate the probability (P) that the χ2 value as large as the one that we observed
is compatible with statistical fluctuation: P = 1 − Γ(χ2/2, ν/2), where Γ is the
incomplete gamma function and ν the number of degrees of freedom.

Because P is very sensitive to the χ2 value, we normalize all χ2 values such that
the best fitting model has a reduced-χ2 (χ2

red) equal to unity. We thus assume that
the models with the smallest χ2 do represent the data and that the deviations of the
best model’s χ2

red from unity are induced by under- or overestimated error bars on the
normalised spectrum. This approach is valid if the best-fit model represents the data,
which is manually checked for each star (see Sect. 4.3.4). Finally, the uncertainties
on the fitted parameters are obtained by considering the range of models which sat-
isfy P(χ2, ν) > 0.05 and can approximately be considered ±2σ error bars in cases
where the best-fit parameter distributions follow a Gaussian distribution. If the latter
is not the case, we adopt the mean standard deviation of the sample. Table 4.B.2
provides the best-fit parameters for our sample stars together with their respective 1σ
confidence intervals.

To test the consistency of our results with the atmosphere fitting methods applied
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4 Stellar properties of the O-type giants and supergiants in 30 Dor

to O-type dwarfs within VFTS, we selected a representative subset of about 30 stars
from Sabín-Sanjulián et al. (2014). We computed their stellar parameters by means of
our atmosphere fitting approach. The values that we obtained are in agreement within
error bars. Specifically, the weighted mean and standard deviation of the temperature
difference are −0.68 ± 0.38 and 1.38 ± 0.38 kK and of the difference in the logarithm
of the gravity −0.1 ± 0.03 and 0.16 ± 0.03 cm s−2. Typical errors on the temperature
and gravity in both methods are ' 1 kK and ' 0.1 dex, respectively.

4.3.3 Derived properties

In addition to 3∞ (see Sect. 4.3.1), several important quantities can be derived from
the best-fit parameters: the bolometric luminosity Lbol, the stellar radius R, the spec-
troscopic mass Mspec, and the modified wind-momentum Dmom = Ṁ 3∞ (R/R�)

1/2.
The latter quantity allows us to compare the magnitude of the mass loss of star of dif-
ferent masses as Dmom is expected to be almost independent of mass (e.g., Kudritzki
& Puls 2000, see also Sect. 4.4.4). Furthermore, Dmom scales with the luminosity
through R, making it less sensitive to uncertainties in the luminosity determination.
Table 4.B.3 lists the Dmom values of our sample stars together with their correspond-
ing 1σ error bars.

4.3.4 Limitations of the method

When comparing the model with the data, we take into account several sources of
spectral line broadening: intrinsic broadening, rotational broadening, and broadening
due to the instrumental profile (see e.g., Gray 1976, for more details). We do not
however take into account the possibility of extra-broadening due to, e.g., macro-
turbulent motions in the stellar photosphere. This approach is slightly different to that
of Paper XII, in which a Fourier transform method was used to differentiate between
rotation and macro-turbulent broadening, given assumptions on the behavior of the
macro-turbulence. The line profile fitting method was not able to properly account
for intrinsic line broadening; for a detailed discussion see Paper XII.

Figure 4.A.1 compares the rotation rate obtained through both methods. The sys-
tematic difference is about 10 km s−1 with a standard deviation of less than 40 km s−1.
This is in agreement with the uncertainties discussed in Paper XII. For the slowly ro-
tating stars (3e sin i< 100 km s−1), measurements presented here tend to somewhat
overestimate 3e sin i. This is expected as the present method does not distinguish
between broadening from rotation and macro-turbulence.

The rate at which the flow is accelerated, measured by the value β, becomes
unconstrained if the mass-loss rate sensitive lines (Hα and He ii λ4686) are formed
close to the photosphere, where the flow velocity is still low compared to 3∞. In
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4.4 Results and discussion

an initial determination of the parameters we let β be a free parameter, bracketing
the maximum value to two. In about half of the cases the fit returned a value β >

1.2 and a large uncertainty (of 0.5-0.8). Such a large acceleration parameter is not
expected for normal O stars from theoretical computations and we identified these
sources as having an unconstrained β. Given the large percentage of stars that fell
in this category and the potential impact of β on the mass-loss rate, we fitted the
entire sample adopting β = 0.9 for giants and 0.95 for bright giants and supergiants
conform theoretical predictions by Muijres et al. (2012). We will discuss the impact
of this assumption in Sect. 4.4.

4.3.5 Poor quality fits

All spectral fits were screened by eye to assess their quality. In doing so, we spotted
a total of 12 stars (out of 71) for which our best model did not give a satisfactory rep-
resentation of the observations. These stars are: VFTS 087, 103, 151, 153, 171, 188,
440, 451, 513, 664, 669, and 711. Walborn et al. (2014) note all of them as having
a somewhat problematic spectral classification. They all show small but significant
radial velocity variations ∆RV ≤ 20 km s−1 and could be binaries (Sana et al. 2013).
Indeed, part of them have a visual companion in HST/WFC3 images (see comments
in Tables 1 and 2 of Walborn et al. 2014). For these 12 stars our fits often implied
a helium abundance significantly lower than the primordial value. We decided to
discard these stars from our discussion, opting for a sample of high-quality fits only
and minimizing the risk of biasing our interpretation. We do however provide their
formally derived properties and uncertainties therein online.

4.4 Results and discussion

Figure 4.3 shows the effective temperature for the giants, bright giants and super-
giants as a function of spectral type. As expected, the spectral subtype (SpT) versus
effective temperature scales for different LCs show relative shifts. The scatter at
spectral type O9−O9.7, representing the bulk of the sample, is compatible with the
measurement errors. Using a weighted least-squares linear fit, SpT−Teff relations for
each LC are shown. The figure also contains the calibration of Mokiem et al. (2007).
Overall, the calibrations of the two samples are in reasonable agreement, especially
in view of the poor sampling at early spectral type. Specifically, the dwarfs are hotter
than the bright giants that in turn are hotter than the supergiants, for a given spectral
type. This behavior is expected and reflects the effect of density on the ionization of
helium: in giants the density in the line-forming region is higher than in supergiants,
hence, according to Saha’s equation, in giants the temperature needs to be higher in
order to produce the same ionization conditions.
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Figure 4.3: Spectral subtype versus effective temperature calibration for the O-type stars. Symbols and
colors denote the LC, with class III indicated by green circles, II by blue squares, and I by red triangles.
The full lines give the best weighted linear fit for the stars analysed in this work (using the same color
coding as for the individual stars). The lower opacity symbols and the dotted lines give the results for
the sample of LMC stars investigated by Mokiem et al. (2007).

Most of the stars in Mokiem et al. (2007) have also been computed using the
same fitting technique, though Mokiem et al. do not consider nitrogen lines (see
Sect. 4.3.1). These authors supplement their sample with a few stars from Evans
et al. (2004), Massey et al. (2004), Massey et al. (2005), and Crowther et al. (2002)
that have been analysed using different fitting constraints. To exploit the benefit of
sample size, we also derive an LMC spectral type−Teff calibration that combines
both samples. Figure 4.4 shows the results for the combined sample (CS). Weighted
least-squares linear fit results yield

Teff(LC III −CS) = (52.98 ± 1.10) + (−2.18 ± 0.13) × SpT (4.1)

Teff(LC II −CS) = (51.50 ± 1.39) + (−2.18 ± 0.17) × SpT (4.2)

Teff(LC I −CS) = (46.69 ± 1.31) + (−1.92 ± 0.17) × SpT (4.3)

where the spectral subtype is represented by a number, e.g., SpT = 6 for an O6 star.
At late spectral types giants are about 2 kK hotter than bright giants, that in turn are
about 2 kK hotter than supergiants.

Finally, a comparison of the combined LC I and III calibrations with the theoreti-
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Figure 4.4: Same as Fig. 4.3, but combining this sample with that of Mokiem et al. (2007). CS:=
Combined sample. The shaded areas reflect 1σ error bars on Teff .

cal results of Martins et al. (2005) for galactic stars is shown in Fig. 4.5. Though one
should be careful comparing relations for different metal contents, what is striking
is that the temperature sensitivity to the luminosity class is less pronounced in the
predictions. For early subtypes the Martins et al. results hardly show a difference; for
late subtypes a difference of ∼2 kK develops.

4.4.1 Gravities

We present the gravities graphically using the log g−log Teff diagram and the spectro-
scopic Hertzsprung-Russell (sHR) diagram (see Langer & Kudritzki 2014). The sHR
diagram shows L ≡ T 4

eff
/g, which is proportional to the inverse of the flux-weighted

mean Eddington factor. For a given surface opacity, the vertical axis of this diagram
thus sorts the stars according to their proximity to the Eddington limit; the higher
up in the diagram the closer their atmospheres are to zero effective gravity (see also
Castro et al. 2014).

Figure 4.6 shows both diagrams for our stars. We have supplemented them with
VFTS LC V stars analysed by Sabín-Sanjulián et al. (2014). One might have ex-
pected the different luminosity classes to be separated in the sense that higher lu-
minosity classes (i.e. higher roman numerals) represent stars closer to the ZAMS.
Indeed, as stars evolve away from the ZAMS their radii increase and hence their sur-
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Figure 4.5: Spectral subtype versus effective temperature calibration for the O-type giants and super-
giants in the combined sample. Giants are indicated by green circles and supergiants by red triangles.
The dot dashed lines give the theoretical calibrations of Martins et al. (2005) for galactic class III and I
stars.

face gravities decrease. This behavior is clearly visible for the supergiants that seem
most evolved along the main sequence. However, for giants and bright giants the
picture is more complicated. Notice in particular the group of late-O III and II stars
with log g between [4.0,4.5] clustering around the 15 M� evolutionary track. Such
log g values are relatively high for giants and bright giants. The primary luminosity
criterion for O-type stars is the equivalent width ratio of He ii λ4686 to He i λ4713.
The He ii λ4686 line-profile weakens gradually from strong absorption in LC V, at all
spectral types, to filled-in in late-O supergiants and emission in early-O supergiants.
The secondary classification criterion at late-O is the ratio of the strength of Si iv to
He i absorption lines, a criterion that is somewhat susceptible to abundance effects
(see Walborn et al. 2014). For the O stars in the VFTS the primary criterion has been
used to assign a luminosity class. However, the group of stars with relatively high
log g have Si iv weaker than expected, favoring a dwarf or sub-giant classification
when the secondary classifier is used. The inconsistency between the two criteria
may indicate a hidden intricacy in assigning a LC classification for these stars (see
appendix A.2. in Walborn et al. 2014, for a detailed discussion). It indeed seems
conspicuous that this group is preferentially located close to the ZAMS.

Our results thus show that the primary classification criterion adopted in Walborn
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4.4 Results and discussion

Table 4.1: Frequency of stars from different sub-samples that display a larger helium abundance by
mass (YHe) than the specified limit.

f(YHe)

Sample > 0.30 > 0.35 > 0.40

All 0.15 ± 0.04 0.10 ± 0.04 0.03 ± 0.02
LC III 0.11 ± 0.05 0.08 ± 0.04 0.03 ± 0.03
LC II 0.11 ± 0.06 0.04 ± 0.04 0.00 ± 0.00
LC I 0.67 ± 0.19 0.50 ± 0.20 0.17 ± 0.15

et al. (2014) does not lead to a straightforward mapping onto physical parameters of
the star that characterize its position along the evolutionary sequence.

For stars positioned above the evolutionary track of a 20 M� star, LC II and III
stars do seem more evolved than LC V stars.

4.4.2 Helium abundance

Figure 4.7 shows the helium abundance YHe as a function of 3e sin i (top panel) and
log g (bottom panel). Most of the stars in our sample agree within error bars with
the initial composition of the LMC, YHe = 0.255 ± 0.003, which has been derived
by scaling the primordial value (Peimbert et al. 2007) linearly with metallicity (Brott
et al. 2011a). Indeed, about 85% of the sample has YHe ≤ 0.30, i.e. does not show
a clear signature of enrichment given the uncertainties. Table 4.1 summarizes the
frequency of stars in a given sub-population that present YHe larger than a specified
limit.

Assuming YHe > 0.30 to be a clear signature of enrichment, we find that 15% of
our sample stars fall in this category. All these stars have a projected spin velocity
less than 200 km s−1 (see upper panel Fig. 4.7). Some of the stars appear to have a
sub-primordial helium abundance. This is thought to be unphysical and may indi-
cate that these are actually unnoticed binary systems and that continuum dilution is
mimicking an unrealistically low helium content. The lower panel of Fig. 4.7 plots
helium abundance as a function of surface gravity. All sources with YHe > 0.35 have
gravities lower than 3.8 dex, though not all sources having such low gravities have
YHe > 0.35.

We will discuss the constraints these helium abundances may place on the role
of rotationally induced mixing in main-sequence evolution in the next subsection,
where we combine the helium constraints with the star’s positions in the Hertzsprung-
Russell diagram (HRD).
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Figure 4.6: log g vs. log Teff (upper panel) and spectroscopic Hertzsprung-Russell (lower panel) dia-
grams of the O-type giants, bright giants, and supergiants. Symbols and colors have the same meaning
as in Fig. 4.4. Evolutionary tracks and isochrones are for models that have an initial rotational velocity
of approximately 200 km s−1 (Brott et al. 2011a; Köhler et al. 2015). For the sHR the right-side ordi-
nate scale gives the atmospheric Eddington factor for hot hydrogen-rich stars. The horizontal line at
log L/L� = 4.6 indicates the location of the Eddington limit. The dashed straight lines are lines of
constant log g as indicated. [Color version available online].

100
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4.4.3 Hertzsprung-Russell diagram

In this section we explore the evolutionary status of our sample stars by means of
the Hertzsprung-Russell diagram (see Fig. 4.8). Two versions of the HRD are shown
in Fig. 4.8. In the top panel our sample of giants and supergiants is complemented
with the VFTS sample of very massive stars (VMS; Bestenlehner et al. 2014) and
stars with LC V (Sabín-Sanjulián et al. 2014). VMS populate the upper left part of
the HRD. Giants, bright giants and supergiants are predominantly located in between
the 2 to 5 Myrs isochrones while dwarfs are found closer to the ZAMS. The location
of LC V stars compared to III-II-I stars reflects their surface gravities as shown in
Fig. 4.6.

There is a predominance of LC III and II stars and an absence of LC V stars at
the lowest luminosities. As discussed in Sect. 4.4.1 this may reflect a classification
issue as the primary and secondary LC classifier of stars in this part of the HRD do
not give consistent results.

The positions of the O stars in the HRD do not reveal an obvious preferred age
but rather show a spread of ages. HRDs of each of the spatial sub-populations defined
in Sect. 4.2 do not point to preferred ages either (Fig. 4.A.2), suggesting continuous
star formation in the Tarantula region. We do stress that the central 15" of Radcliffe
136, the core cluster of NGC 2070, is excluded from the VFTS sample. The age dis-
tribution of the Tarantula massive stars will be investigated in detail in a subsequent
paper in the VFTS series (Schneider et al., in prep.).

In the lower panel of Fig. 4.8 we include information on YHe and 3e sin i for our
sample stars. We also include iso-helium lines for YHe = 0.30 and 0.35 as a function
of initial rotational velocity (see figure 10 of Köhler et al. 2015). According to these
tracks, main-sequence stars initially less massive than ∼100 M� with initial rotation
rates of 200 km s−1 or less are not expected to show significant helium surface en-
richment, i.e. YHe < 0.30, while stars with an initial rotation rates of 300 km s−1

are only supposed to reach detectable helium enrichment if they are initially at least
50−60 M�, i.e. reside in a part of the diagram that our sample hardly populates. He-
lium enrichment is common for 20 M� stars and up if they spin extremely fast at birth
(3e > 400 km s−1). So, how does this compare with our sample stars?

First, our finding that all helium enriched stars have a present day projected spin
rate of less than 200 km s−1 (see also Fig. 4.7) appears at odds with the predictions
of the tracks. In the LMC one expects significant spin-down due to angular momen-
tum loss in the stellar wind and/or secular expansion only for stars initially more
massive than ∼40 M�, once these objects evolve into early-B supergiants (Vink et al.
2010). Only for much higher initial mass are the winds sufficiently strong to cause
rotation breaking during the O-star phase; this could perhaps explain the brightest
He-enriched object VFTS 180. For the remaining 10 stars above the track of 40 M�
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4.4 Results and discussion

it is extremely unlikely that all of them are seen pole on. If indeed these are main-
sequence stars that live their life in isolation rotational mixing cannot be used to
explain the helium mass fraction in this particular subset of stars. Alternatively, their
high helium abundances could point to a binary interaction history or post red su-
pergiant (post-RSG) evolution. Concerning the former option, one of these sources
is VFTS 399, which has been identified as an X-ray binary by Clark et al. (2015).
Concerning the latter option, unfortunately evolution tracks for an LMC metal con-
tent that account for rotation and that cover the core-He burning phase are not avail-
able. Tracks for a galactic metal content indicate that a brief part of the evolution of
stars initially more massive than 25 M� may be spent as post-RSG stars hotter than
30 000 K. However, these exceptional stars would be close to the end of core-helium
burning and feature very high helium (and nitrogen) surface abundances (Ekström
et al. 2012) and should be clearly distinguishable from main-sequence O stars.

Second, while we have only few fast rotators, these stars do not seem to be helium
enriched (see again also Fig. 4.7). Their YHe would be normal if the stars are still
young. If this is not the case, it would also challenge the reality of rotational mixing
in single stars. They could however be spun-up post-interaction secondaries in binary
systems that remained helium neutral. We pointed out above that some of the fastest
spinning stars appear to have sub-primordial helium abundances and that this could
be an indication of binarity, supporting the latter conjecture.

4.4.4 Mass loss and modified wind momentum

In the optical, the mass-loss rate determination relies on Hα and He ii λ4686. These
recombination lines are sensitive to the invariant wind-strength parameter

Q = Ṁ/(R3∞)3/2

that is inferred from the spectral analysis. For about ∼40% of our sample Ṁ can-
not be constrained; these are shown as upper limits. These stars mostly have Ṁ <

10−7 M�yr−1 and are at log (L/L�) < 5.0. This group, that is excluded from fur-
ther analysis, represents weak-wind stars. As a group weak-wind O stars have mid-
and late-type spectral sub-types and luminosities below about (1−2)×105 L�. Their
winds are substantially weaker, up to a factor ∼25, than the standard predictions of
line-driven winds of Vink et al. (2000, 2001) imply. This discrepancy is understood
in terms of a loss of driving force at the sonic point when iron recombines from Fe v
to Fe iv – progressing from high to low temperatures (Lucy 2010b,a, 2012; Muijres
et al. 2012). The standard predictions by Vink et al. employed a global energy conser-
vation method that did not consider local conditions, and therefore did not consider
explicitly the line-force at the sonic point where the mass loss is set. Hydrodynamical
simulations do confirm the standard predictions in the strong wind regime (Muijres
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Figure 4.8: Two versions of the Hertzsprung-Russell diagram. In the top panel our sample of single
O-type giants and supergiants is supplemented with the dwarf O star sample of Sabín-Sanjulián et al.
(2014) and the sample of very massive Of and WNh stars by Bestenlehner et al. (2014). The lower panel
only contains the sample studied here. The color coding in the lower panel shows three categories of
helium mass fraction i.e. not enriched (squares), moderately enriched (triangles) and enriched (stars).
The symbol colors refer to their projected rotational velocity (see color bar on the right). Evolutionary
tracks and isochrones for 2 and 5 Myr are plotted in both panels as in Fig. 4.6. Iso-helium lines for
different projected rotational velocities are from Köhler et al. (2015) and are color coded using the
color bar on the right.
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4.4 Results and discussion

et al. 2012) as long as the gaseous medium in the outflow is not extremely clumped
or porous (Muijres et al. 2011).

To facilitate a comparison of the mass-loss rates with theoretical results we place
our stars in the modified wind momentum versus luminosity diagram (WLD; Fig. 4.9).
The modified wind momentum Dmom is defined in Sect. 4.3.3. For given metallicity
Dmom is predicted to be a power law of the stellar luminosity, i.e.

log Dmom = x log (L∗/L�) + log D0, (4.4)

where x is the inverse of the slope of the line-strength distribution function corrected
for ionization effects (Puls et al. 2000) and D0 a constant. For a metal content of solar
down to ∼1/5th solar the value of x is about constant, which allows for a simple (i.e.
power-law) prescription of the mass-loss metallicity dependence.

The top panel of Fig. 4.9 shows the WLD for our sample, where Dmom is in the
usual unit g cm s−2 R�. A linear fit to the stars for which we have a constraint on the
mass-loss rate is given in blue, with the shaded blue area representing the uncertainty
as a result of errors in Dmom. Also plotted in the figure is the result of Mokiem et al.
(2007) for 22 stars in the star-forming region N11 and 6 stars located elsewhere in the
LMC. Our results imply somewhat higher Dmom values. The reason for this discrep-
ancy is illustrated in the lower panel, where we have repeated our analysis applying
identical fitting constraints as Mokiem et al.. This implies that we let β be a free
parameter and have removed the nitrogen lines from our set of diagnostics. In that
case, we recover essentially the same result. As pointed out in Sect. 4.3.4, allowing
the fitting method to constrain the slope of the velocity law yields higher β values
compared to the adopted values, i.e. the ones based on theoretical considerations, for
a substantial fraction of the stars. As the density in the line forming region is what is
constraining the mass loss, a shallower velocity stratification (which is what a higher
β implies) in the Hα and He ii λ4686 forming region results in a lower mass loss as
Ṁ is proportional to density times velocity, all other properties remaining equal.

When compared to the theoretical prediction of Vink et al. (2001), our stars show
higher Dmom values. This is interpreted as being due to inhomogeneities in the out-
flow, usually referred to as clumping. If the winds are clumped, disregarding this
effect would lead to an overestimate of the mass-loss rate by a factor 1/

√
fc where

fc is the clump volume filling factor assuming the inter-clump medium to be void. To
reconcile our results with theory would require fc ∼ 1/7−1/5, reducing the mass-loss
rate by a factor ∼2.5. This is somewhat higher than the fc ∼ 1/2−1/3 found by Mok-
iem et al. (2007) and that implies a reduction in Ṁ relative to a homogeneous outflow
of about a factor of 1.5. Placing constraints on the inhomogeneity of the wind in the
Hα and He ii λ4686 line-forming regions in this way relies on the accuracy of the the-
oretical predictions. For the strong-wind stars investigated here Muijres et al. (2012)
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Table 4.2: Coefficients describing empirical and theoretical modified-wind momentum relations.

Sample Slope Intercept

empirical
This work 1.72 ± 0.10 19.41 ± 0.55
Mokiem et al. (2007) 1.86 ± 0.19 18.43 ± 1.08

theoretical LMC relation
Vink et al. (2001) 1.83 ± 0.04 18.43 ± 0.26

showed that hydrodynamic modelling yielded mass-loss rates to within 0.1 dex when
adopting the same terminal flow velocities, confirming the reliability of the global
energy conservation assumption applied by Vink et al. (2001). If the material in
the outflow would be concentrated in relatively few and strongly over-dense clumps,
porosity effects may cause photons to escape ‘in-between the clumps’ reducing the
line-driving force, hence the mass-loss rate. However, Muijres et al. (2011) demon-
strated that for clumps that are smaller than 1/100th of the local density scale height
– thought to represent physically realistic situations – such effects are not significant
for volume filling factors as low as ∼1/30.

We conclude that the mass-loss rate predictions of Vink et al. (2001) for LMC
metallicity are consistent with Hα and He ii λ4686 based wind-clumping factors of
1/7 to 1/5.

4.4.5 Mass discrepancy

Stellar masses can be derived from the spectroscopically determined gravity and the
K-band magnitude constrained radius (see Sect. 4.4.1). The gravities were corrected
for the (small) contribution by the centrifugal acceleration, in magnitude assumed to
be (3e sin i)2/R. We also derived the current masses of our stars using the bayesian
tool BONNSAI by Schneider et al. (2014) that is available online 2. As independent
prior functions we adopt an initial mass function as given by Salpeter (1955), an ini-
tial rotational velocity distribution that is equal to the current 3e by Ramírez-Agudelo
et al. (2013), and a uniform age corresponding to an assumed constant star-formation
rate in the past. As for the observables, we used the derived effective temperature,
luminosity, and projected spin velocity. On the basis of these constraints BONNSAI
computes for each star the posterior probability distribution of its current mass and
supplies a mean mass and the 1σ uncertainty on this value. The evolutionary tracks
that are explored in BONNSAI are from Brott et al. (2011a) and Köhler et al. (2015)

2See: https://www.astro.uni-bonn.de/stars/bonnsai/
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Figure 4.9: Modified wind momentum (Dmom) vs. luminosity diagram. The dashed lines indicate the
theoretical predictions of Vink et al. (2001) for homogeneous winds. Top panel: the empirical fit for
this work and Mokiem et al. (2007) (both for L/L� > 5.0) in shaded blue and green bars, respectively.
Bottom panel: same as top panel but now for an analysis in which the acceleration of the wind flow, β,
is a free parameter and in which the analysis does not include nitrogen lines, but relies on hydrogen and
helium lines only. [Color version available online].
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and are for single main-sequence stars, i.e. evolved stars moving blueward in the
HRD are not considered. In all cases the probability distribution of current evolu-
tionary masses Mevol yielded a single, well defined peak. Both mass estimates are
given in Table 4.B.3.

The spectroscopic mass (Mspec) and evolutionary mass (Mevol) are compared in
Fig. 4.10. The mean of the difference, ∆ (Mspec − Mevol), is 1.09 ± 13.2 M�. So,
though we do not find a systematic mass discrepancy for the sample as a whole the
scatter around the one-to-one relations is sizable. For relatively small masses the
uncertainty in the spectroscopic mass is often larger than the uncertainty in the evo-
lutionary mass, and vice versa at higher masses. The low-mass sources are dimmest
and the signal-to-noise of their spectra are therefore the poorest. This in turn compli-
cates the placement of the continuum, an uncertainty that adds to the inaccuracy of
the mass determination. For the high-mass sources the uncertainty in the evolutionary
mass becomes large as the observables become more sensitive to the mass.

The discourse on the mass discrepancy in massive stars, triggered by the work of
Groenewegen & Lamers (1989) and Herrero et al. (1992), is extensive and no general
consensus on the topic has been reached. If present, the discrepancy usually implies
that evolutionary masses are found to be larger than spectroscopic masses. Limiting
ourselves to LMC stars, it is mostly O dwarfs that show a discrepancy whereas giants
and supergiants do not (e.g., Massey et al. 2005; Mokiem et al. 2007). Our results are
in line with the latter finding: we do not detect a conspicuous mass discrepancy.

4.5 Summary

We have determined the stellar and wind properties of the 71 presumably single O-
type giants, bright giants, and supergiants in the Tarantula Nebula in the LMC, ob-
served in the context of the VLT-FLAMES Tarantula Survey. Our main findings can
be summarized as follows:

• We use our sample of stars to calibrate the spectral type versus Teff dependence
of each luminosity class separately. These results are in reasonable agreement
with the results of Mokiem et al. (2007). Combining both data sets yields a
calibration based on 81 stars in which the expected decrease of temperature
from LC III to II to I is clearly visible. Linear relations for these calibrations
are provided in Eqs. 4.1 through 4.3.

• All O-type stars are main-sequence stars. The stellar properties of giants and
bright giants are quite similar and they cover the same regions in the (spectro-
scopic) HRD and log g versus log Teff diagram. Supergiants appear to be more
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Figure 4.10: Comparison of spectroscopic masses and evolutionary masses. Luminosity classes are
indicated with different colors, as explained in the legend. The upper panel shows a one-to-one com-
parison; the lower panel shows the difference.
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evolved than the other luminosity classes and are among the brightest objects
featuring the lowest surface gravities.

• The group of late-O III and II stars with log g in between 4.0 and 4.5 resides
in a region relatively close to the ZAMS that seems devoid of dwarf O stars.
This likely indicates a spectral classification issue. Indeed, though the primary
luminosity criterion (the He ii λ4686 / He i λ4713 ratio) indicates a LC III or II,
the secondary criterion (the ratio of Si iv to He i lines) is more in line with a LC
IV or V classification.

• The positions of the O giants to supergiants in the HRD do not point to a
preferred age but rather seem indicative of a continuum of ages. The sub-
populations in circles of 2.4’ around the centers of the associations NGC2070
(containing the core cluster R136 that is excluded from this analysis) and
NGC2060 (6.7’ south-west of R136) do not show preferred ages either, nei-
ther relative to each other nor relative to the remaining field population.

• The sample of presumed single stars contains helium enriched (YHe > 0.30)
stars that have 3e sin i ≤ 200 km s−1 and unenriched helium stars that spin in
excess of 300 km s−1. This does not concord with expectations of rotational
mixing in main-sequence stars. Though it is very unlikely that these stars are
post-RSGs, we can not exclude that they are post-interaction binaries. For four
out of the six stars spinning in excess of 300 km s−1 we find a helium content
below the primordial value. This is a spurious result and may indicate a binary
nature of these systems.

• We recover the wind-momentum luminosity relation of Mokiem et al. (2007)
if we treat the wind acceleration β as a free parameter. However, from optical
spectra this parameter is poorly constrained and treating it as a free parameter
often results in values that are not in agreement with theoretical predictions.
Adopting theoretical β values from Muijres et al. (2012) yields a log Dmom −

log L/L� relation that is shifted upwards by ∼0.2 dex. This relation can be
reconciled with the mass-loss predictions of Vink et al. (2001) if the wind is
clumped with a clump volume filling factor fc ∼ 1/7 − 1/5.

• The current masses derived from the spectroscopic analysis are in fair agree-
ment with those derived from a comparison with evolutionary tracks, though
the scatter is sizeable. We do not detect a conspicuous systematic mass dis-
crepancy.

The analysis presented here is part of a project that aims to establish the properties
of the bulk of the hot massive stars in the Tarantula Nebula. We aim to better constrain
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the physics governing their evolution, specifically the role of rotational mixing, mass
loss, and binarity. In a follow-up study we will use the results obtained here to study
the efficiency of rotational mixing in O III−I stars in more detail, using the surface
nitrogen abundances as a probe (Grin et al. in prep.). Of all massive stars that feature
strong winds, the wind-driving mechanism of the group of O III−I is thought to be
best understood. However, we have shown here that the rate of wind acceleration β
and the mass-loss rate Ṁ are degenerate if only optical spectra are analysed. Firm
constraints on both parameters, as well as an independent measure of the clumping
properties of the outflowing gas, can be obtained from far-ultraviolet spectra and we
signal the need to obtain such spectra to further our understanding of the mass-loss
mechanism of the most massive stars.

111



4 Stellar properties of the O-type giants and supergiants in 30 Dor

4.A Online figures

0 40 80 120 160 200 240 280 320 360 400 440 480 520 560 600 640

Projected rotational velocity (km s−1 )

0.0

0.2

0.4

0.6

0.8

1.0

C
u
m

u
la

ti
v
e
 d

is
tr

ib
u
ti

o
n

Paper XII (59 stars)
GA (59 stars)

0 40 80 120 160 200 240 280 320 360 400 440 480 520 560 600 640
Projected rotational velocity (km/s)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

Fr
e
q
u
e
n
cy

Paper XII (59 stars)
GA (59 stars)

0 100 200 300 400 500
vsini[paper XII] (km/s)

0

100

200

300

400

500

v
si

n
i 
[G

A
] 

(k
m

/s
)

LC III (33 stars)
LC II (22 stars)
LC I (4 stars)

Figure 4.A.1: Cumulative (upper left panel) and frequency (upper right panel, with poisson error bars)
distributions of the projected rotational velocities of the O-type LC III-I stars. Lower panel shows a
comparison of 3e sin i values derived from the GA analysis and Paper XII.
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Figure 4.A.2: Hertzsprung-Russell diagram of the sample for different spatial locations: NGC 2070
(upper panel), NGC 2060 (middle panel) and stars outside clusters (lower panel). Evolutionary tracks
(solid lines) and isochrones (dot-dashed lines) are from stellar models where the stars are initially
rotating with approximately 200 km s−1 (Köhler et al. 2015).
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4.B Online tables

Table 4.B.1: Statistics on the diagnostic lines used. The ‘-’ sign indicates that the line has not been
used. The full version of the table is available online.

Ion H He i He ii
VFTS Lines Hffi Hfl Hfi Hff λ4026 λ4387 λ4471 λ4713 λ4922 λ4200 λ4541 λ4686

016 12 X X X X X X X X X X X X
046 12 X X X X X X X X X X X X
064 12 X X X X X X X X X X X X
070 12 X X X X X X X X X X X X
076 12 X X X X X X X X X X X X
077 12 X X X X X X X X X X X X
080 12 X X X X X X X X X X X X
087 11 X − X X X X X X X X X X
091 12 X X X X X X X X X X X X
103 12 X X X X X X X X X X X X
104 12 X X X X X X X X X X X X
109 12 X X X X X X X X X X X X
113 12 X X X X X X X X X X X X
128 12 X X X X X X X X X X X X
141 12 X X X X X X X X X X X X
151 12 X X X X X X X X X X X X
153 12 X X X X X X X X X X X X
160 12 X X X X X X X X X X X X
171 12 X X X X X X X X X X X X
172 12 X X X X X X X X X X X X
178 12 X X X X X X X X X X X X
180 7 X X X X − X X − − X − −

185 12 X X X X X X X X X X X X
188 12 X X X X X X X X X X X X
192 12 X X X X X X X X X X X X
205 12 X X X X X X X X X X X X
207 12 X X X X X X X X X X X X
210 12 X X X X X X X X X X X X
226 12 X X X X X X X X X X X X
244 12 X X X X X X X X X X X X
259 8 X X X X − X X − − X X −

267 11 X X X X X X X X − X X X
306 12 X X X X X X X X X X X X
328 12 X X X X X X X X X X X X
332 12 X X X X X X X X X X X X
333 12 X X X X X X X X X X X X
346 12 X X X X X X X X X X X X
370 12 X X X X X X X X X X X X
389 12 X X X X X X X X X X X X
393 11 X X X X X X X X X X X −

399 11 X X X X X X X X X X X −

440 12 X X X X X X X X X X X X
451 9 X X X X X X X X − X − −

456 10 X X X X X X X X − X X −

466 12 X X X X X X X X X X X X
495 12 X X X X X X X X X X X X
502 12 X X X X X X X X X X X X
503 12 X X X X X X X X X X X X
513 10 X X X X X X X X − X X −

518 12 X X X X X X X X X X X X
528 12 X X X X X X X X X X X X
546 12 X X X X X X X X X X X X
566 10 X X X X X X X X − X − X
571 12 X X X X X X X X X X X X
574 11 X X X X X X X X X X X −

599 10 X X X X X X X X − X − X
607 12 X X X X X X X X X X X X
615 12 X X X X X X X X X X X X
620 11 X X X X X X X X X X X −

622 12 X X X X X X X X X X X X
664 12 X X X X X X X X X X X X
669 12 X X X X X X X X X X X X
711 12 X X X X X X X X X X X X
753 12 X X X X X X X X X X X X
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4.B Online tables

Ion H He i He ii
VFTS Lines Hffi Hfl Hfi Hff λ4026 λ4387 λ4471 λ4713 λ4922 λ4200 λ4541 λ4686

764 11 X − X X X X X X X X X X
777 12 X X X X X X X X X X X X
782 12 X X X X X X X X X X X X
787 12 X X X X X X X X X X X X
807 12 X X X X X X X X X X X X
819 12 X X X X X X X X X X X X
843 12 X X X X X X X X X X X X

Table 4.B.2: Best-fitting stellar and wind parameters. Poor quality fits are marked with an asterisk (*)
in the first column.

VFTS Teff log g log Ṁ NHe/NH vturb 3e sin i
(kK) (cm s−2) (M� yr−1) (km s−1) (km s−1)

16 48.8+0.98
−0.47 3.91+0.04

−0.01 −5.1+0.02
↓

0.09+0.01
↓

26.0+0.5
−4.5 130.0+8.0

−7.0
46 28.85+0.52

−0.78 3.23+0.04
−0.06 −6.4+0.08

−0.55 0.16+0.03
−0.02 5.0+3.5

↓
168.0+11.0

−5.0
64 35.65+0.25

−0.22 3.71+0.02
−0.05 −5.5↑

−0.08 0.06+0.01
−0.01 5.0+2.0

↓
116.0+11.0

−7.0
70 31.3+1.25

−1.03 4.2+0.13
−0.08 −7.45+0.33

−0.02 0.09+0.02
−0.02 7.0+8.0

−1.0 124.0+20.0
−14.0

76 33.25↑
−0.75 3.55+0.03

−0.06 −6.25↑
−0.17 0.09+0.04

−0.01 14.0+0.5
−4.5 90.0+6.0

−1.0
77 33.65+0.78

−1.05 4.28+0.15
−0.06 −7.45+0.27

−0.02 0.05+0.02
↓

29.0+0.5
−8.5 264.0+23.0

−19.0
80* 31.3+0.75

−0.5 3.85+0.09
−0.05 −7.35+0.38

−0.08 0.1+0.01
−0.01 5.0+5.0

↓
194.0+12.0

−11.0
87 29.25+0.25

−0.22 3.17+0.03
−0.02 −6.55+0.15

−0.35 0.17↑
−0.03 6.0+3.0

−0.5 86.0+2.0
−4.0

91 32.5+0.32
−0.65 3.9+0.05

−0.07 −6.95+0.15
−0.27 0.09+0.02

−0.02 6.0+7.0
−0.5 308.0+15.0

−11.0
103* 34.7+0.05

−0.23 3.88+0.05
−0.06 −6.2+0.02

−0.13 0.07+0.01
−0.01 5.0+2.0

↓
126.0+11.0

−14.0
104 30.8+0.95

−0.78 4.03+0.12
−0.04 −7.5+0.23

↓
0.07+0.02

−0.01 14.0+7.5
−4.5 198.0+21.0

−14.0
109 26.65+0.6

−1.7 3.48+0.05
−0.08 −7.0+0.13

−0.1 0.09+0.03
−0.02 7.0+4.0

−3.5 326.0+21.0
−19.0

113 33.3+0.45
−2.0 4.47+0.07

−0.12 −6.65+0.18
−0.42 0.08+0.02

−0.01 6.0+4.0
−0.5 12.0+22.0

−1.0
128 33.8+0.7

−0.7 4.29+0.06
−0.06 −7.4+0.45

−0.05 0.1+0.02
−0.02 7.0+6.5

−1.0 170.0+17.0
−16.0

141 32.0+0.23
−0.47 4.25+0.05

−0.04 −6.6+0.13
−0.45 0.09+0.01

−0.01 5.0+4.0
↓

166.0+12.0
−6.0

151* 37.65↑
−0.27 3.93+0.03

−0.01 −5.25+0.02
↓

0.09+0.01
−0.01 7.0+2.5

−1.0 108.0+7.0
−3.0

153* 33.85+0.38
−0.25 4.0+0.02

−0.03 −6.0+0.05
↓

0.09+0.01
↓

0.0+3.5
↓

158.0+4.0
−4.0

160 34.2↑
−0.93 3.8+0.09

−0.01 −6.0+0.1
−0.2 0.09+0.01

↓
9.0+0.5
−0.5 164.0↑

−6.0
171* 34.25+0.25

−0.23 3.55+0.03
−0.03 −6.0+0.02

−0.05 0.09+0.01
−0.01 6.0+1.5

−3.0 92.0+5.0
−5.0

172 34.7+0.02
−0.25 3.86+0.02

−0.03 −6.75+0.02
−0.08 0.08+0.01

−0.01 5.0+2.0
↓

118.0+10.0
−14.0

178 28.3+0.28
−0.43 3.11+0.03

−0.03 −5.75↑
−0.05 0.17+0.01

−0.02 5.0+2.5
↓

86.0+5.0
−4.0

180 41.75+0.68
−0.3 3.6+0.01

−0.01 −5.0↑
↓

0.29+0.02
−0.02 30.0↑

−2.0 108.0+7.0
−7.0

185 34.5+0.18
−0.07 3.36↑

−0.01 −6.1↑
−0.05 0.08+0.01

↓
17.0+1.0

−2.0 136.0+5.0
−5.0

188* 32.85+1.63
−1.03 4.45+0.2

−0.12 −7.35+0.42
−0.08 0.05+0.03

↓
30.0↑

−12.5 126.0+46.0
−21.0

192 31.3+0.72
−0.03 4.2+0.06

−0.02 −6.85+0.15
−0.33 0.09+0.01

−0.01 0.0+2.0
↓

46.0+6.0
−6.0

205 30.2+0.38
−0.75 4.31+0.04

−0.07 −6.9+0.1
−0.3 0.09+0.01

−0.01 6.0+4.5
−0.5 158.0+13.0

−9.0
207 30.8+0.3

−0.88 4.32+0.06
−0.07 −7.35+0.4

−0.08 0.08+0.02
−0.01 5.0+5.5

↓
164.0+17.0

−19.0
210 32.3+0.3

−0.5 4.05+0.06
−0.03 −6.65+0.1

−0.2 0.1+0.01
−0.01 5.0+4.0

↓
162.0+10.0

−10.0
226 32.3+0.3

−0.13 4.25+0.06
−0.03 −7.45+0.1

−0.02 0.08+0.02
↓

19.0↑
−5.5 64.0+2.0

−6.0
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4 Stellar properties of the O-type giants and supergiants in 30 Dor

VFTS Teff log g log Ṁ NHe/NH vturb 3e sin i
(kK) (cm s−2) (M� yr−1) (km s−1) (km s−1)

244 41.05+0.05
−0.55 3.65+0.02

−0.03 −5.65↑
−0.02 0.1↑

−0.01 18.0+2.5
−3.0 230.0+6.0

−9.0
259 35.9+0.07

−0.15 3.4+0.01
−0.01 −5.0↑

−0.02 0.1+0.01
−0.01 29.0+0.5

−4.0 100.0+7.0
−6.0

267 45.55+0.6
↓

3.9+0.02
↓

−5.0↑
↓

0.1↑
−0.01 24.0+2.5

−1.5 162.0+1.0
−4.0

306 31.75+0.35
−0.13 3.3+0.01

−0.02 −6.0+0.02
↓

0.09+0.01
−0.01 14.0+1.0

−2.5 96.0+3.0
−5.0

328 33.25+0.65
−0.38 4.19+0.1

−0.04 −7.45+0.27
−0.02 0.1+0.02

−0.02 7.0+5.5
−1.0 244.0+13.0

−17.0
332 32.25+0.1

−0.47 3.45↑
−0.02 −6.2+0.05

−0.07 0.1+0.01
−0.01 5.0+1.5

↓
84.0+2.0

−3.0
333 33.8+0.23

−0.27 3.45+0.02
↓

−5.45+0.02
−0.02 0.08+0.01

−0.01 16.0+1.5
−1.5 114.0+6.0

−4.0
346 31.7+0.6

−0.07 4.23+0.07
−0.02 −6.35+0.07

−0.08 0.07↑
−0.01 5.0+2.5

↓
92.0+8.0

−2.0
370 32.65+0.13

−0.25 4.13+0.03
−0.06 −6.45+0.02

−0.13 0.08↑
−0.01 5.0+1.5

↓
84.0+4.0

−7.0
389 34.8+0.2

−0.27 4.14+0.04
−0.02 −6.25+0.08

−0.13 0.1+0.01
−0.01 5.0+2.5

↓
160.0+7.0

−7.0
393 31.6+0.43

−0.18 3.48+0.05
−0.02 −7.35+0.57

−0.08 0.1+0.03
−0.02 5.0+7.5

↓
196.0+6.0

−14.0
399 30.1+0.05

−0.38 3.28+0.06
−0.05 −6.05+0.02

−0.05 0.07+0.02
−0.01 14.0+4.0

−4.5 324.0+23.0
−21.0

440* 33.8+0.25
−0.13 3.3+0.03

−0.02 −5.65↑
−0.05 0.08+0.01

−0.01 11.0+1.0
−3.0 140.0+10.0

−10.0
451* 34.25+0.5

−0.8 3.73+0.03
−0.09 −5.55+0.05

−0.1 0.05+0.01
↓

5.0+3.5
↓

296.0+65.0
−23.0

456 35.85+0.47
−0.5 3.72+0.06

−0.08 −6.0+0.05
−0.1 0.06+0.01

−0.01 25.0+1.5
−9.5 480.0+19.0

−25.0
466 33.8+0.25

−0.05 3.58+0.03
−0.03 −6.3+0.07

−0.08 0.09+0.01
−0.01 6.0+3.5

−0.5 88.0+6.0
−8.0

495 31.45+0.2
−0.28 4.31+0.02

−0.05 −6.55+0.02
−0.02 0.09+0.01

↓
9.0+1.5
−1.5 218.0+13.0

−8.0
502 29.75+0.3

−0.22 3.25+0.02
−0.03 −5.75+0.02

−0.05 0.09+0.02
−0.01 5.0+2.0

↓
102.0+9.0

−7.0
503 32.1+0.25

−0.25 3.38+0.03
−0.01 −6.25+0.02

−0.05 0.1+0.01
−0.01 5.0+2.5

↓
90.0+8.0

−1.0
513* 39.05+0.5

−0.7 4.2+0.03
−0.07 −5.9+0.03

−0.05 0.06+0.01
−0.01 8.0+4.0

−1.5 130.0+20.0
−22.0

518 45.15+0.03
−0.07 3.66+0.01

−0.01 −5.8↑
↓

0.18+0.01
↓

12.0+1.5
−2.0 128.0+3.0

↓

528 30.1+0.45
−0.45 4.13+0.04

−0.03 −6.35+0.07
−0.03 0.11+0.02

−0.02 5.0+4.0
↓

130.0+23.0
−17.0

546 31.65+0.03
−0.25 3.45+0.02

−0.03 −6.35+0.02
−0.05 0.17+0.02

−0.02 8.0+2.5
−1.5 96.0+4.0

−9.0
566 47.25+0.3

↓
3.92+0.01

↓
−5.35↑

↓
0.09+0.01

↓
19.0+0.5

−0.5 108.0+5.0
↓

571 31.1+0.68
−0.65 4.3+0.08

−0.04 −6.55+0.05
−0.1 0.08+0.02

−0.02 7.0+5.5
−1.0 148.0+34.0

−31.0
574 31.4+0.53

−0.63 4.04+0.06
−0.05 −6.6+0.1

−0.45 0.1+0.01
−0.01 12.0+4.5

−3.5 270.0+9.0
−12.0

599 47.3↑
↓

4.0+0.01
↓

−5.15↑
↓

0.12+0.01
−0.01 21.0↑

−1.5 134.0+6.0
−3.0

607 32.3+0.45
−0.3 4.22+0.06

−0.03 −6.45+0.1
−0.23 0.07+0.01

−0.01 5.0+3.0
↓

58.0+11.0
−9.0

615 30.7+0.25
−0.55 4.0+0.03

−0.05 −6.05+0.02
−0.1 0.05+0.02

↓
12.0+4.5

−3.5 372.0+20.0
−16.0

620 31.8+0.53
−0.8 4.11+0.06

−0.1 −6.55+0.1
−0.48 0.1+0.02

−0.02 6.0+7.5
−0.5 200.0+22.0

−17.0
622 31.2+0.7

−0.05 4.3+0.04
−0.07 −6.55+0.02

−0.18 0.08+0.01
−0.01 5.0+2.0

↓
90.0+13.0

−10.0
664* 35.65+0.28

↓
3.54+0.04

−0.03 −5.8+0.02
−0.02 0.07+0.01

−0.01 5.0+1.5
↓

98.0+10.0
−4.0

669* 33.8+0.25
−0.02 3.36+0.03

−0.03 −5.8+0.05
−0.02 0.13+0.02

−0.01 10.0+4.0
−2.5 106.0+9.0

−7.0
711* 32.8+1.0

−0.8 4.49+0.09
−0.15 −6.7+0.3

−0.4 0.06+0.02
−0.01 5.0+2.5

↓
39.0↑

↓

753 32.3+0.85
−0.75 4.02+0.11

−0.06 −6.9+0.28
−0.3 0.09+0.02

−0.02 11.0+4.5
−5.5 38.0+10.0

−14.0
764 28.65+0.65

−0.27 2.91+0.05
−0.03 −5.5+0.08

−0.05 0.09+0.02
−0.02 21.0+3.0

−2.0 88.0+8.0
−7.0

777 27.5↑
−0.68 3.0+0.01

−0.05 −6.1+0.02
−0.08 0.13+0.04

↓
1.0+1.0
−0.5 148.0+8.0

−5.0
782 33.8+0.23

−0.5 3.46+0.02
−0.03 −6.5+0.08

−0.25 0.09+0.03
−0.01 12.0+3.0

−3.0 82.0+3.0
−3.0

787 33.25+0.27
−0.63 4.45+0.07

−0.08 −6.6+0.1
−0.45 0.08+0.01

−0.01 5.0+3.0
↓

56.0+16.0
−11.0

116
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VFTS Teff log g log Ṁ NHe/NH vturb 3e sin i
(kK) (cm s−2) (M� yr−1) (km s−1) (km s−1)

807 33.25+0.48
−0.85 3.79+0.05

−0.07 −6.6+0.05
−0.43 0.14+0.04

−0.02 16.0+3.0
−3.5 28.0+9.0

−9.0
819 36.85+0.68

−0.55 3.8+0.08
−0.08 −6.85+0.15

−0.33 0.28+0.04
−0.05 10.0+6.0

−2.5 66.0+12.0
−12.0

843 31.3+0.42
−0.6 3.98+0.04

−0.04 −7.5+0.23
↓

0.1↑
−0.01 5.0+6.0

↓
316.0+8.0

−12.0

Table 4.B.3: Properties derived from the best-fit parameters. Poor quality fits are marked with an
asterisk (*) in the first column.

VFTS 3∞ log L R log Dmom Mspec Mevol
(km s−1) (L�) (R�) (g cm s−2 R1/2

� ) (M�) (M�)

016 3197.0+156.0
−19.0 6.07+0.02

−0.01 15.41+0.08
−0.16 29.8+0.04

−0.01 70.38+6.32
−0.88 95.4+18.79

−14.12
046 1405.0+69.0

−91.0 5.09+0.02
−0.04 14.25+0.23

−0.14 28.12+0.08
−0.57 12.57+1.18

−1.44 20.8+2.63
−1.28

064 2864.0+50.0
−156.0 5.74↑

−0.01 19.61+0.06
−0.08 29.4+0.01

−0.1 71.85+2.57
−7.39 40.8+5.26

−4.51
070 2721.0+435.0

−221.0 4.44+0.05
−0.04 5.73+0.11

−0.12 27.16+0.37
−0.05 18.94+6.67

−2.6 15.4+1.1
−1.27

076 1775.0+53.0
−116.0 5.1↑

−0.02 10.89+0.14
↓

28.32+0.01
−0.2 15.35+0.93

−1.79 22.2+1.91
−1.64

077 2842.0+546.0
−191.0 4.48+0.03

−0.04 5.2+0.09
−0.06 27.16+0.33

−0.05 18.75+8.27
−2.27 17.4+1.13

−1.24
080* 2088.0+230.0

−105.0 4.68+0.03
−0.02 7.55+0.07

−0.1 27.21+0.4
−0.09 14.7+3.41

−1.29 17.4+0.93
−0.99

087 1409.0+39.0
−29.0 5.24+0.01

−0.01 16.46+0.07
−0.08 28.01+0.15

−0.35 14.61+0.77
−0.52 24.2+3.83

−0.96
091 2273.0+125.0

−164.0 4.79+0.02
−0.02 7.98+0.09

−0.05 27.66+0.15
−0.29 18.43+2.14

−2.41 19.0+1.23
−1.01

103* 2651.0+162.0
−184.0 5.21↑

↓
11.36+0.04

−0.01 28.55+0.05
−0.14 35.7+4.62

−4.62 −

104 2112.0+313.0
−93.0 4.31+0.04

−0.03 5.1+0.08
−0.08 26.98+0.27

−0.02 10.17+3.18
−0.85 14.2+0.81

−0.85
109 1332.0+90.0

−103.0 4.36+0.02
−0.08 7.2+0.29

−0.09 27.35+0.14
−0.12 5.71+0.81

−0.75 12.6+0.95
−0.82

113 3533.0+327.0
−397.0 4.46+0.02

−0.08 5.19+0.19
−0.04 28.06+0.2

−0.46 28.93+6.2
−5.46 15.4+0.93

−1.09
128 2821.0+222.0

−188.0 4.46+0.02
−0.03 5.01+0.06

−0.06 27.2+0.46
−0.07 17.8+2.94

−2.14 16.6+0.75
−0.86

141 3499.0+207.0
−149.0 4.82↑

−0.02 8.44+0.08
−0.03 28.21+0.14

−0.45 46.2+5.58
−3.68 18.0+1.24

−0.97
151* 3779.0+144.0

−21.0 5.87↑
−0.01 20.57+0.08

↓
29.78+0.04

↓
131.28+10.96

−1.5 50.8+7.69
−5.92

153* 3032.0+81.0
−111.0 5.16+0.02

↓
11.27+0.05

−0.06 28.81+0.04
−0.01 46.32+2.25

−3.11 25.8+1.81
−2.36

160 2782.0+301.0
−34.0 5.43↑

−0.03 15.04+0.24
↓

28.83+0.15
−0.2 52.05+12.47

−1.13 29.2+2.77
−2.9

171* 2083.0+58.0
−80.0 5.43+0.01

↓
15.0+0.05

−0.06 28.71+0.03
−0.07 29.09+1.54

−2.16 30.0+3.88
−2.16

172 1718.0+31.0
−66.0 4.5↑

−0.01 5.0+0.02
↓

27.63+0.03
−0.09 6.6+0.24

−0.49 18.2+0.8
−0.68

178 1671.0+47.0
−60.0 5.6+0.01

−0.02 26.58+0.24
−0.14 28.98+0.02

−0.06 33.18+1.77
−2.15 34.2+4.43

−3.48
180 2350.0+41.0

−15.0 5.89+0.02
−0.01 17.01+0.06

−0.15 29.79+0.01
↓

41.97+1.5
−0.61 55.4+8.22

−6.28
185 1525.0+1.0

−18.0 5.28+0.01
↓

12.45+0.02
−0.03 28.43↑

−0.05 12.95+0.03
−0.31 28.4+2.12

−2.79
188* 3867.0+1061.0

−463.0 4.63+0.06
−0.04 6.51+0.12

−0.17 27.44+0.46
−0.11 43.48+28.04

−9.12 17.6+1.5
−1.17

192 2504.0+190.0
−61.0 4.3+0.02

↓
4.85+0.01

−0.06 27.69+0.17
−0.34 13.6+2.07

−0.71 14.6+0.9
−1.0

205 3236.0+150.0
−236.0 4.46+0.02

−0.03 6.29+0.09
−0.04 27.81+0.11

−0.33 29.44+2.71
−3.69 14.6+0.94

−0.75
207 3131.0+227.0

−217.0 4.42+0.01
−0.04 5.75+0.1

−0.03 27.33+0.42
−0.1 25.2+3.83

−3.04 13.6+0.82
−0.65

210 2434.0+181.0
−73.0 4.6+0.01

−0.02 6.47+0.06
−0.03 27.94+0.12

−0.2 17.13+2.75
−0.89 16.8+0.92

−0.76
226 2776.0+216.0

−93.0 4.43+0.01
↓

5.31+0.01
−0.02 27.16+0.11

−0.04 18.29+2.94
−1.18 16.0+0.77

−0.84
244 2123.0+38.0

−66.0 5.58↑
−0.02 12.38+0.09

−0.01 29.02+0.01
−0.04 24.95+0.89

−1.42 34.4+3.43
−3.39

259 2281.0+14.0
−36.0 5.97+0.01

↓
25.39+0.06

−0.03 29.86+0.01
−0.03 59.03+0.73

−1.71 54.2+9.26
−6.16

267 3257.0+75.0
↓

6.0+0.02
↓

16.37↑
−0.12 29.92+0.01

↓
77.59+3.59

↓
53.8+8.59

−7.0
306 1640.0+9.0

−37.0 5.39+0.01
↓

16.54+0.04
−0.11 28.62+0.03

−0.01 19.88+0.18
−0.89 29.2+3.41

−2.42
328 2543.0+312.0

−107.0 4.45+0.02
−0.02 5.12+0.03

−0.06 27.11+0.28
−0.04 14.79+3.84

−1.15 17.6+0.89
−0.64

332 1845.0+6.0
−34.0 5.32↑

−0.02 14.81+0.13
−0.03 28.45+0.05

−0.07 22.54+0.28
−0.77 27.0+2.29

−2.64
333 2434.0+68.0

−4.0 5.88+0.01
−0.01 25.78+0.12

−0.1 29.44+0.04
−0.03 68.25+3.6

−0.5 47.2+7.16
−5.59

346 2986.0+255.0
−70.0 4.56+0.03

↓
6.44+0.01

−0.07 28.33+0.11
−0.08 25.66+4.6

−1.23 15.8+0.97
−0.81

370 2544.0+91.0
−172.0 4.54↑

−0.01 5.88+0.02
−0.01 28.14+0.04

−0.14 17.02+1.26
−2.09 16.4+0.87

−0.66
389 3604.0+153.0

−81.0 5.23+0.01
−0.01 11.54+0.05

−0.03 28.64+0.09
−0.13 66.99+5.93

−2.94 25.8+2.29
−2.07

393 1547.0+101.0
−38.0 4.92+0.02

−0.01 9.72+0.03
−0.08 27.13+0.59

−0.07 10.39+1.39
−0.53 20.0+1.73

−1.25
399 1214.0+82.0

−66.0 4.81+0.01
−0.01 9.49+0.07

↓
28.32+0.05

−0.07 6.26+0.9
−0.65 18.4+1.62

−0.9
440* 1771.0+53.0

−40.0 5.63+0.01
↓

19.29+0.04
−0.08 29.04+0.02

−0.06 27.05+1.67
−1.21 38.2+4.8

−4.09
451* 2753.0+100.0

−252.0 5.56+0.02
−0.03 17.3+0.23

−0.13 29.31+0.03
−0.14 58.58+4.45

−9.52 31.4+5.5
−2.39

456 2082.0+172.0
−158.0 5.17+0.02

−0.02 10.13+0.08
−0.08 28.62+0.07

−0.13 19.61+3.61
−2.64 20.8+4.61

−0.32
466 1929.0+69.0

−64.0 5.22+0.01
↓

12.0+0.01
−0.05 28.32+0.09

−0.08 19.96+1.47
−1.29 25.8+2.41

−1.99
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4 Stellar properties of the O-type giants and supergiants in 30 Dor

VFTS 3∞ log L R log Dmom Mspec Mevol
(km s−1) (L�) (R�) (g cm s−2 R1/2

� ) (M�) (M�)

495 3274.0+84.0
−178.0 4.55+0.01

−0.01 6.44+0.03
−0.03 28.17+0.03

−0.04 30.84+1.76
−3.17 15.2+0.94

−0.7
502 1815.0+43.0

−70.0 5.55+0.01
−0.01 22.72+0.1

−0.13 28.99+0.02
−0.06 33.44+1.62

−2.49 31.6+4.77
−2.39

503 1495.0+50.0
−25.0 5.08+0.01

−0.01 11.42+0.05
−0.05 28.25+0.03

−0.05 11.41+0.74
−0.38 21.8+1.63

−1.87
513* 3013.0+127.0

−215.0 5.0+0.02
−0.02 7.02+0.08

−0.04 28.8+0.04
−0.08 28.49+2.49

−3.63 22.4+1.35
−0.94

518 2064.0+37.0
−11.0 5.68↑

↓
11.43+0.01

↓
28.84+0.01

↓
21.78+0.79

−0.25 48.0+5.15
−4.09

528 2900.0+159.0
−96.0 4.62+0.02

−0.02 7.65+0.06
−0.07 28.35+0.09

−0.04 28.75+3.3
−1.86 16.4+1.13

−0.77
546 1514.0+45.0

−50.0 4.94↑
−0.01 9.98+0.04

↓
28.13+0.04

−0.06 10.23+0.63
−0.66 20.0+1.84

−1.2
566 2982.0+30.0

↓
5.87+0.01

↓
13.11↑

−0.04 29.48↑
↓

52.07+0.86
↓

41.2+4.99
−4.01

571 2982.0+276.0
−137.0 4.39+0.03

−0.03 5.46+0.07
−0.06 28.09+0.07

−0.11 21.71+4.29
−1.83 15.4+0.92

−0.76
574 2149.0+149.0

−106.0 4.36+0.02
−0.03 5.17+0.06

−0.05 27.89+0.11
−0.46 10.66+1.47

−1.0 14.8+0.69
−0.74

599 3535.0+41.0
↓

6.01↑
↓

15.32↑
↓

29.79+0.01
↓

85.53+2.02
↓

96.2+19.87
−19.57

607 2857.0+213.0
−105.0 4.54+0.02

−0.01 6.03+0.03
−0.04 28.2+0.13

−0.23 21.99+3.54
−1.47 16.2+0.77

−0.78
615 2898.0+104.0

−159.0 4.92+0.01
−0.02 10.3+0.1

−0.05 28.72+0.03
−0.13 38.63+2.86

−3.69 19.6+1.75
−1.38

620 2248.0+182.0
−213.0 4.32+0.02

−0.04 4.81+0.07
−0.04 27.94+0.13

−0.48 10.86+1.9
−1.8 15.4+0.76

−0.77
622 2748.0+137.0

−217.0 4.25+0.03
↓

4.64+0.01
−0.05 28.02+0.02

−0.2 15.67+1.47
−2.28 15.0+0.84

−0.7
664* 2084.0+101.0

−70.0 5.52+0.01
↓

15.36↑
−0.06 28.91+0.04

−0.04 29.81+3.02
−1.94 33.8+3.13

−3.68
669* 1788.0+64.0

−59.0 5.52+0.01
↓

17.11+0.01
−0.07 28.87+0.06

−0.03 24.44+1.81
−1.56 33.2+4.41

−2.77
711* 4276.0+470.0

−587.0 4.73+0.03
−0.04 7.25+0.1

−0.12 28.16+0.31
−0.44 59.25+13.73

−13.61 17.0+1.16
−1.1

753 2593.0+361.0
−156.0 4.77+0.04

−0.03 7.87+0.11
−0.11 27.76+0.28

−0.32 23.67+7.21
−2.52 18.0+1.16

−0.99
764 1488.0+99.0

−38.0 5.82+0.02
−0.02 33.39+0.18

−0.41 29.23+0.1
−0.06 33.03+4.59

−1.47 35.0+3.99
−4.48

777 1220.0+15.0
−67.0 5.22↑

−0.03 18.27+0.27
↓

28.42+0.03
−0.1 12.16+0.3

−1.17 25.8+2.32
−2.54

782 1668.0+43.0
−52.0 5.2+0.01

−0.02 11.84+0.1
−0.04 28.06+0.08

−0.25 14.73+0.85
−0.85 25.6+1.79

−2.51
787 3642.0+345.0

−290.0 4.55+0.01
−0.02 5.77+0.07

−0.02 28.14+0.12
−0.44 34.2+7.09

−4.75 16.2+0.89
−0.73

807 1997.0+127.0
−137.0 4.83+0.02

−0.04 7.93+0.12
−0.06 27.95+0.08

−0.45 14.13+1.98
−1.67 19.4+1.24

−1.19
819 1866.0+186.0

−154.0 4.87+0.02
−0.02 6.77+0.06

−0.07 27.64+0.16
−0.35 10.53+2.27

−1.56 22.4+1.14
−1.11

843 2151.0+100.0
−94.0 4.47+0.02

−0.02 5.94+0.06
−0.05 27.02+0.23

−0.02 12.29+1.15
−1.03 15.6+0.71

−0.78

4.C Example of the fitting results

Figure 4.C.1: Best fit line profiles for VFTS 046.
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