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ABSTRACT

Context. Massive stars rotate faster, on average, than lower mass stars. Stellar rotation triggers hydrodynamical instabilities which
transport angular momentum and chemical species from the core to the surface. Models of high-mass stars that include these processes
predict that chemical mixing is stronger at lower metallicity.

Aims. We aim to test this prediction by comparing the surface abundances of massive stars at different metallicities.

Methods. We performed a spectroscopic analysis of single O stars in the Magellanic Clouds (MCs) based on the ULLYSES and
XShootU surveys. We determined the fundamental parameters and helium, carbon, nitrogen, and oxygen surface abundances of 17 LMC
and 17 SMC non-supergiant 06-9.5 stars. We complemented these determinations by literature results for additional MCs and also
Galactic stars to increase the sample size and metallicity coverage. We investigated the differences in the surface chemical enrichment
at different metallicities and compared them with predictions of three sets of evolutionary models.

Results. Surface abundances are consistent with CNO-cycle nucleosynthesis. The maximum surface nitrogen enrichment is stronger
in MC stars than in Galactic stars. Nitrogen enrichment is also observed in stars with higher surface gravities in the SMC than in the
Galaxy. This trend is predicted by models that incorporate chemical transport caused by stellar rotation. The distributions of projected
rotational velocities in our samples are likely biased towards slow rotators.

Conclusions. A metallicity dependence of surface abundances is demonstrated. The analysis of larger samples with an unbiased
distribution of projected rotational velocities is required to better constrain the treatment of chemical mixing and angular momentum

transport in massive single and binary stars.

Key words. stars: abundances — stars: atmospheres — stars: fundamental parameters — stars: massive

1. Introduction

Stars more massive than 8§ M evolve beyond the core carbon-
burning phase and produce most metals heavier than oxygen
and up to the iron group (Chiosi & Maeder 1986; Langer 2012).
They are hot and consequently produce photons that can ionise
hydrogen and heavier elements. They drive strong stellar winds
(Puls et al. 2008; Vink 2022). Massive stars are thus important
sources of feedback in terms of chemistry, energetics, and ion-
ising flux. Their explosions as core-collapse supernovae leave
compact objects that may merge to produce gravitational wave

* Corresponding author; fabrice.martins@umontpellier. fr

events (Abbott et al. 2021). Understanding their properties and
evolution is relevant for many astrophysical fields (Massey 2013;
Eldridge & Stanway 2022).

Spectroscopic analysis of massive stars provides their
present-day fundamental parameters. It requires sophisticated
atmosphere models that include a non-LTE treatment of radia-
tive transfer, spherical extension caused by stellar winds, and
line-blanketing to account for the effects of metals on the atmo-
spheric structure and emergent spectrum (Hillier & Miller 1998;
Puls et al. 2005; Sander et al. 2015).

Variations in surface abundances while stars evolve probe
the efficiency of mixing processes in stellar interior. The prod-
ucts of nucleosynthesis in the core are transported to the surface
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by these mechanisms. During the main-sequence it is mainly
helium, carbon, nitrogen, and oxygen that are affected since
nucleosynthesis takes place through the CNO-cycle. Among
other processes stellar rotation triggers instabilities that transport
both angular momentum and chemical species. The imple-
mentation of these mixing processes in stellar evolution codes
has led to the prediction of three main trends with physical
parameters (e.g. Meynet & Maeder 2000; Brott et al. 2011a):
first, stars rotating faster transport more efficiently chemical
species from their core to their surface; second, mixing is more
efficient in more massive stars; third, stars with a lower metal
content are more chemically processed at their surface.

Hunter et al. (2008a) and Hunter et al. (2009) investigate
the relation between surface nitrogen enrichment and rotational
velocity in B-type stars of the SMC, LMC, and Galaxy. They
report a general trend of higher nitrogen content for higher pro-
jected rotational velocity, but also stress that a number of objects
are chemically enriched while rotating slowly. Simulations of
stellar populations based on the evolutionary tracks of Brott
et al. (2011a) indicate a difficulty for these tracks to account for
these slowly rotating N-rich B stars. Qualitatively similar results
are found for additional objects: the LMC O stars studied by
Rivero Gonzilez et al. (2012) and Grin et al. (2017), the LMC B
dwarfs and giants analysed by Dufton et al. (2018), and the SMC
B stars studied by Dufton et al. (2020) all show a fraction of
chemically enriched slow rotators that the models of Brott et al.
(2011a) cannot explain. Alternatively Martins et al. (2015) and
Martins et al. (2017) find that the tracks computed by Ekstrom
et al. (2012) can reproduce most of the Galactic stars they stud-
ied, although some outliers exist. These analyses are not based
on population synthesis though, so a quantitative assessment of
the ability of these models to explain the chemical and rota-
tional properties of Galactic O stars remains to be performed.
Using a similar approach, Bouret et al. (2013) and Bouret et al.
(2021) reach the same qualitative conclusion for SMC O stars:
models from Georgy et al. (2013) can account for the abun-
dances and rotational velocities of most of the O stars. There
are two main things that would advance these analyses. First,
a systematic investigation of the differences in the predictions
of various evolutionary models needs to be performed. Second,
proper population synthesis simulations for all types of evolu-
tionary models (i.e. models that include rotational mixing with
different prescriptions, as well as binary models) are required
before the relation between surface chemical enrichment and
rotational velocity can be quantitatively probed.

Regarding the effect of stellar mass on chemical enrichment,
Martins et al. (2017) report an average increase by ~0.7 dex in
surface nitrogen enrichment between Galactic B and O stars,
based on their spectroscopic analysis of late O giants and the
results of Hunter et al. (2009) and Nieva & Przybilla (2012). In
the SMC Bouret et al. (2021) confirm that more massive O stars
have a higher N/C ratio than less massive ones.

Bouret et al. (2021) also performed a principal component
analysis based on the abundances of C, N, and O in stars of the
SMC and the Milky Way. They report a trend of more efficient
mixing at lower metallicity, as predicted. However the signif-
icance of the results is limited mostly by the limited size of
the SMC sample which is not commensurate to the reference
Galactic sample.

The physical understanding of this metallicity effect is the
following. Early simulations of the evolution of low metallic-
ity stars showed that the zero-age main-sequence (ZAMS) is
displaced to the blue part of the Hertzsprung-Russell (HR) dia-
gram compared to solar metallicity stars (El Eid et al. 1983;
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Bertelli et al. 1984; Schaller et al. 1992). The reduction of
the metal content, especially the CNO abundances, leads to a
reduced energy release by the CNO cycle and thus to a reduced
pressure support. As a consequence, stars contract until the asso-
ciated temperature increase boosts the efficiency of the CNO
cycle providing the extra energy release necessary to recover
hydrostatic equilibrium. Therefore stars are more compact at low
metallicity (e.g. Fig. 1 of Ekstrom et al. 2008).

Chemical transport is affected by the change in the structure
of the star at low metallicity. It is dominated by horizontal shear
turbulence and treated as a diffusive process, parameterised by
a coefficient Dgpeyyr, in evolutionary calculations. Dgpe,r 1S pro-
portional to the gradient of the angular velocity (see Eq. (16)
of Meynet & Maeder 2000). At lower metallicity this gradient is
stronger, since the star is more compact, and consequently chem-
ical transport is more efficient (Maeder & Meynet 2001; Meynet
& Maeder 2002; Brott et al. 2011a; Georgy et al. 2013). In partic-
ular chemical enrichment or depletion, depending on the species,
is stronger at the surface of low metallicity stars.

In this study, we further investigate the metallicity depen-
dence of chemical transport caused by stellar rotation. We
leverage on the availability of homogeneous data — in terms
of spectral coverage and instruments used — from the ULLY-
SES' (Roman-Duval et al., in prep.) and XShootU? (Vink et al.
2023) surveys that provide UV and optical spectroscopy of about
200 massive stars in the Magellanic Clouds (MCs). We deter-
mine the surface abundance of He, C, N, and O for a sample of
O stars in the MCs. We complement these abundances by those
of published studies in the MCs and the Galaxy. We very much
emphasise that our goal is not to interpret the surface properties
of large samples of stars that could probe all types of mixing
and transport processes taking place in all possible sorts of mas-
sive stars (single and binary). We merely want to test if stars at
different metallicities have different surface chemical composi-
tion, as predicted by models that include mixing caused by stellar
rotation.

2. Samples and method
2.1. Samples

The primary goal of this study is to investigate the metallicity
dependence of chemical mixing. For that we relied on samples of
stars in the SMC, the LMC, and the Galaxy. The SMC and LMC
samples were partly built from the XShootU and ULLYSES
surveys. Complementary stars were selected to increase the sam-
ple sizes (see below). To avoid the effect of mass on surface
abundances to be present in our analysis, we selected stars in
a relatively narrow mass range.

2.1.1. XShootU sample

We selected O6 to 09.5 objects from the XShootU sample, i.e.
stars with an X-shooter spectrum. We excluded stars for which
the presence of a companion was clear from the spectra (pres-
ence of double sets of lines). The sample is made of 17 stars in
both the LMC and the SMC. We avoided luminous supergiants
because no large enough Galactic sample of such objects was
available for comparisons of surface abundances at the time of
the present study. Only a few class I stars were included because
their stellar parameters are similar to giants and bright giants

I https://ullyses.stsci.edu/
2 X-shooting ULLYSES - https://massivestars.org/xshootu/
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Table 1. Stellar parameters for LMC stars.

Star ST T logg logg. log é V sini Umac Uturb He/H C/H N/H O/H
(kK) (kms) (kms) (kms) (1075 (10-%) (10-5)
Sk-66° 18 O6V 38.0 370 3.71 5.42 100 0 15 0.10+0.010 7.0+1.0 250+£6.0 12.0+3.0
Sk-71° 19 O6III 39.0 4.10 4.6 5.12 311 0 15 0.10+0.010 5.0+3.0 20.0+4.0 -
N11 018 O6lII(f+) 370 3.60 3.60 5.67 50 70 15 0.085+0.010 55+1.0 200+£5.0 11.2+3.0
Sk-71° 50 O6.511 35.0 3.50 3.57 5.21 210 0 20 0.10+0.010 7.0+1.0 250+6.0 13.0+6.0
Sk-66° 152 O71Ib(f) 329 320 3.26 5.60 180 45 15 0.12+0.02 748+1.49 20.7+1.34 19.1+3.25
N11 032 O71I(f) 349 350 3.51 5.34 60 70 10 0.085+0.035 10.6+1.1 69.7+0.7 <24.3
Sk-69° 50 O7(m)(Hp 35.0 3.40 3.46 5.45 197 80 15 014+0.02 59+2.6 445+10.0 18.5+9.84
Sk-68° 16 O71I1 369 3.70 3.71 5.74 83 40 10 0.12+0.03 9.59+148 12.5+2.1 15.5+4.0
N11 049 075V 370 4.00 4.02 5.11 187 21 10 0.085+0.015 10.8+0.8 3.69+1.0 24.3+0.6
Sk-67° 101  O8II((f)) 34.0 3.60 3.61 5.56 85 78 10 0.10+0.010 835+125 4.37+2.1 7.35+4.81
BI 173 O8III 339 350 3.52 5.53 146 92 15 0.085+0.015 122+2.67 6.38+0.67 9.00+0.17
Sk-67° 261 O8.511 270 3.00 3.01 5.48 60 50 10 010+0.02 55714 701+ 0.7 229+3.8
Sk-67° 191 O8V 341 3.60 3.62 5.27 123 7415 0.10+0.02 4.88+0.84 12.6+4.55 9.95+4.00
Sk-66° 171 0O9Ia 30.0 3.00 3.02 5.71 98 20 15 0.15+£0.010 13.4+132 518+2.18 29.0+75
Sk-71° 8 O9II 28.0 3.30 3.31 5.20 69 31 15 0.13+£0.020 <3.87 6.98+190 13.7+4.40
BI 128 O9V 323 350 3.51 5.08 72 0 15 0.11+0.010 12.8+3.02 2.92+0.61 26.1 +6.54
Sk-70° 13 o9V 29.0 320 3.21 5.64 75 70 10 0.085+0.015 480174 196+1.67 13.5+4.12

Notes. Columns are star’s ID, spectral type from Vink et al. (2023), effective temperature, surface gravity, surface gravity corrected for centrifugal
acceleration, luminosity, projected rotational velocity, macroturbulent velocity, microturbulent velocity, abundance of He, C, N, and O by number.
Typical uncertainties on V sini and vy, are of the order 10-20 km s™!. For vy, 5 km s™! is a reasonable error as explained in Sect. 2.3. Uncertainties
on T and log g are correlated and typical values are shown in Fig. 1. An error of about 0.15 dex on luminosity is a typical value.

(luminosity classes III and II) of the sample (see Sect. 3.1). In
the following, we will refer to these MC samples as the XShootU
samples. The members of the samples are listed in Tables 1 and
2. The observational data for this sample is described at length
in Vink et al. (2023). The optical spectra were retrieved from the
XShootU database presented by Sana et al. (2024). They have
a spectral resolution of about 7000 and a signal-to-noise ratio
(SNR) of about 200. The UV spectra were downloaded from
the MAST archive®. Their spectral resolution is ~15000 and
the SNR of the order 100. Spectra were manually normalised
by choosing spectral regions free of lines and applying a spline
cubic function to define the continuum.

We stress that the spectral types and luminosity classes listed
in Tables 1 and 2 have been collected from literature. Some are
based on poor quality data and are likely uncertain. A complete
revision of spectral classification of the entire ULLYSES sam-
ples will be provided in a subsequent publication of the series
(Maiz Apellaniz et al., in prep.). Spectral types can be used to
infer coarse stellar parameters, but stars with similar parameters
can have different spectral types and luminosity classes (Simén-
Diaz et al. 2014; Martins & Palacios 2017). In addition spectral
classification depends on metallicity since some of the classifi-
cation criteria depend on wind sensitive lines (and thus on the
metal content) and on metallic lines (Sota et al. 2011; Martins
2018; Martins & Palacios 2021). For the present study the accu-
racy of spectral classification is not an issue since we aim at
obtaining homogeneous samples in terms of evolutionary state.
We demonstrate in the following that this goal is achieved.

2.1.2. Literature samples

To increase the number of stars for which surface abundances are
determined, we complemented our results with those of Bouret
et al. (2013), Bouret et al. (2021), and Grin et al. (2017). The

3 https://archive.stsci.edu/hlsp/ullyses

former two studies include SMC stars while the latter study
focuses on LMC targets. All stars are presumably single. We
included only stars that cover the same region of the log g-Teg
diagram as the XShootU samples. By doing so we ensured that
we kept a relatively narrow mass range for the entire sample,
thus minimising the effect of mass on surface abundances as
explained above (see also Sect. 3.1).

In addition to literature results in the MCs we also consid-
ered stars in the Galaxy to extend the metallicity range over
which abundances can be compared. We selected stars from the
studies of Martins et al. (2015), Martins et al. (2017), Cazorla
et al. (2017), and Markova et al. (2018). As for the complemen-
tary stars in the MCs, the Galactic stars were chosen to cover
the same mass range as the XShootU samples. The position
of the sample stars in evolutionary diagrams will be discussed
in Sect. 3.1. These various samples defined from the literature
will be referred as the complementary samples in the remain-
der of the manuscript. The members of these additional samples
are given in Table A.l. We stress that we did not re-determine
the fundamental stellar parameters and surface abundances for
these stars, but took the values published in the studies listed
in Table A.l. The methods adopted by Bouret et al. (2013),
Martins et al. (2015), Martins et al. (2017), and Bouret et al.
(2021) are very similar to the one used in the present study. In
particular, they rely on the code CMFGEN. Grin et al. (2017)
and Markova et al. (2018) use atmosphere models and synthetic
spectra computed with the code FASTWIND (Puls et al. 2005;
Rivero Gonzdlez et al. 2011) and rely on optical spectra only.

2.2. Stellar parameters

For the present study, we determined the surface parameters
of the stars in the XShootU samples. We performed a spec-
troscopic analysis with the atmosphere code CMFGEN (Hillier
& Miller 1998). Non-LTE radiative transfer is performed in a
spherical geometry. Stellar winds are included by connecting
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Table 2. Stellar parameters for SMC stars.

Star ST T logg logg. log i V sini Umac Veurb He/H C/H N/H O/H

(kK) (kms™) (kms) (kms) 105) (105 (10°%)
AzV6 O9III 36.0 420 4.20 5.84 60 50 10 0.085+0.010 6.7+2.0 1.0+0.5 10.0+5.0
AzV15 O6.51I(f) 38.0 3.70 3.71 5.72 90 90 10 0.085+0.010 3.0+1.0 120+3.0 13.0+1.0
AzV47 O8III((f)) 38.0 4.30 4.30 5.60 65 50 10 0.085+0.010 5.0%2.5 35+1.0 20+1.0
AzV69 OC75II((f)) 36.0 3.60 3.61 5.60 85 70 15 0.085+0.010 6.0+1.5 05+0.2 10.0+3.0
AzV80 O71I1 38.0 3.70 3.78 5.71 350 0 10 0.085+0.010 <5.0 >20.0 -
AzV95 Oo71I((f)) 370 3.70 3.71 5.43 55 50 15 0.092+0.010 14+0.5 6.5+2.0 8.0+£3.0
AzV148 085V 31.0 3.60 3.60 5.16 35 0 10 0.090+0.010 3.0+0.5 26+0.7 10.0+5.0
AzV186 O8.51II((f)) 36.0 3.80 3.80 5.63 55 10 10 0.130+0.02 2.0+1.0 10.0+5.0 10.0+5.0
AzV207 O7III((f)) 38.0 4.00 4.00 5.21 75 70 15 0.085+0.010 50+3.0 10040 6.0+2.0
AzV243 06V 41.0 4.00 4.00 5.50 60 40 10 0.085+0.010 10.0+3.0 7.0+3.0 7.0+2.0
AzV251 O7V 360 390 4.09 5.01 500 0 15 0.095+0.010 <10.0 >10.0 5.0%+4.0
AzV267 O8V 370 4.00 4.08 4.93 325 0 15 0.13+0.02 <5.0 8.0+£2.0 <10.0
AzV307 O9III 29.0 340 340 5.12 45 30 15 010+£0.02 12+04 6.0+2.0 10.0+3.0
AzV327 09.51I-Ibw 31.0 340 3.40 5.55 60 40 10 012+0.02 14+0.2 60+£1.0 6.0+20
AzV440 O7.511 370 420 4.20 5.03 35 30 5 0.085+0.010 5.0+2.0 30+1.0 7.0+£2.0
AzV446 065V 42.0 440 440 5.22 35 0 5 0.085+0.010 1.0+0.9 50+£2.0 12.0+7.0
AzV469 O8.51I((f)) 33.0 3.50 3.50 5.58 80 30 20 0.16 £0.02 5.0+£3.0 15.0 £5.0 20.0%+3.0

Notes. Columns are star’s ID, spectral type from Vink et al. (2023), effective temperature, surface gravity, surface gravity corrected for centrifugal
acceleration, luminosity, projected rotational velocity, macroturbulent velocity, microturbulent velocity, abundance of He, C, N, and O by number.

Uncertainties are described in Table 1.

a pseudo-hydrostatic velocity structure to a S velocity law®.
Line-blanketing is taken into account. Once the atmosphere
model has converged, a formal solution of the radiative trans-
fer is performed and leads to the emergent spectrum that can be
compared to observational data to infer stellar parameters. We
proceeded as follows in the present analysis.

We relied on two grids of models designed to cover the
main sequence and early-post main-sequence in the LMC and
SMC, respectively. The grids will be presented in Marcolino et
al. (2024) and we refer the reader to this publication for details.
Models in the grids all assume a microturbulent velocity (vb)
of 10 km s~! in the photosphere and a fixed chemical composi-
tion’, that is scaled solar abundances from Asplund et al. (2009)
assuming a metallicity of 1/2 and 1/5 Z for the LMC and SMC
respectively. The steps in T and log g are 1000 K and 0.1 dex.
Mass loss rates are from Vink et al. (2001) and no clumping is
taken into account.

The first step of the analysis was the determination of the
projected rotational velocity (V sini) and of the macroturbulent
velocity (vmac). For this we used the Fourier transform method
(Gray 1976; Simé6n-Diaz & Herrero 2007) to isolate V sini. We
relied on Hel 4713% and when present on Silll 4553. Once
obtained, we estimated the effective temperature and surface
gravity of the star from its spectral type using the calibration
of Martins et al. (2005). We then selected the model from the
grid with the closest parameters to these values. We convolved it
by a rotational profile parameterised by V sini. Convolution by a
Gaussian profile was also performed to account for instrumental

4 =10, x (1 =R/r)P, vbeing the velocity, R the stellar radius, and r
the radial coordinate.

3 This implies that He/H is kept constant in the determination of the
effective temperature.

6 This line is broadened by the Stark effect, but in most cases it is the
only clean line available for the determination of V sini. Alternative
lines usually considered for the determination of V sini are SillI lines
that are at best weak in the spectrum of the stars we consider here.
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resolution. Finally we also included a convolution by a
radial-tangential profile to take macroturbulence into account
(Simén-Diaz & Herrero 2014). We then compared the resulting
line profile of He 14713 or Si 11 4553 to the observed profile and
select vy, that best reproduced the line shape, especially the far
wings. The typical uncertainties on the measurements of V sini
and vy, are 10 and 20 km s~! respectively.

Once obtained the values of V sini and vy, were adopted
to convolve the entire grids of synthetic spectra. This yielded
theoretical spectra that can be quantitatively compared to the
observed ones to estimate the stellar parameters. For that pur-
pose we selected various sets of lines that are sensitive to Teg
and log g. For the chosen set of lines a y? analysis was performed
allowing us to determine the best fit value and the uncertainties.
The lines we used are the following:

— Effective temperature: we relied entirely on helium lines.
For the spectral types we considered, both Hel and He 11
features are present in the spectra so the ionisation balance
method can be robustly used. The full set of lines that can be
potentially used is: He 1-He 11 4026, He 1 4143, He 11 4200,
He1 4388, Hel 4471, He1l 4542, He1 4713, He1 4920,
He11 5412, He1 5876, He1 6678, He1 7065. Given the pre-
dominance of He lines in this list, we gave more weight to
the HeI1 in order to avoid that the results are systematically
biased towards low T.¢. The weight can be adjusted and we
found that the results depend little on its value. A value of 2
was adopted for the present analysis.

— Surface gravity: the wings of Balmer lines were the main
indicators as is customary for OB-type stars. We relied on
H8, He, Ho, Hy, HB.

The set of helium and hydrogen lines we used depended on the
target. Data quality was sometimes insufficient to clearly iso-
late the line profile of a particular line. Nebular contamination
may affect some lines. In addition depending on the position
in the parameter space, some lines were too weak to be used.
Figure 1 shows an example of the determination of T.y and
log g. We see that the two parameters are highly correlated and
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Fig. 1. Example of determination of T and log g for star AV207 in the
SMC. The colour scale indicates the value of the x? function. The 1 and
2.3 o contours are shown by the white lines. The white cross marks the
minimum of the y? function.

so are their error bars. This is expected since our method relies
on the measurement of the ionisation balance at the atmospheric
depth where lines are formed, and ionisation depends on both
temperature and density, hence gravity. For these reasons, we do
not quote formal errors on Tt and log g but refer to Fig. 1 for
representative values. In the following we adopt the sznin +1.0
contour as representative of our error measurements.

The luminosity was subsequently adjusted for the fixed set
of T and log g. We computed the bolometric corrections asso-
ciated to the effective temperature (Martins & Plez 2006), the
extinction from the colour excess E(B-V) and determined the
luminosity from the assumed distance and the photometry of
each star, taken from Table B.1 of Vink et al. (2023). We did
not determine wind properties (mass loss rates, wind terminal
velocity, and clumping) that will be investigated in other publi-
cations of the XShootU series. We simply assumed the classical
mass loss rates of Vink et al. (2001). At the metallicity of the
LMC and SMC the winds remain weak enough not to affect most
photospheric lines used in the present study.

The results of the present analysis are summarised in the
first columns of Tables 1 and 2. In those Tables we also pro-
vide the surface gravity corrected for the effect of centrifugal

acceleration, g. = g + V“T}“‘z When V sini is large the difference
between log g and log g, can reach almost 0.2 dex as in the case
of AzV 251. The best fits are given in Appendix D.

2.3. Surface abundances

Once the fundamental stellar parameters were determined we
moved on to the investigation of the surface abundances. We con-
sidered helium, carbon, nitrogen, and oxygen. Abundances were
determined from the fit of selected lines. Line strength depends
on many parameters which control the level populations of the
upper and lower levels of the transitions, as well as the intensity
of the radiation field at the transition’s wavelength. Ionisation
and excitation processes, whether collisional or radiative, are
partly fixed when the temperature and gravity are determined.
Radiation field is affected by opacities that depend on elemen-
tal abundances. All of this sets the level populations. The line

66— 7 T T T T T
|
4 = | —
*
S | () i
™ |
: i
S 1 e é ]
o _
L Vturb (km/s) |
101520
[ J
() 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1

1750 3355 4097 4510

line wavelength [A]

Fig. 2. Example of determination of the nitrogen abundance and vy,
for star AV47. The horizontal axis shows the wavelengths of the differ-
ent nitrogen lines used, labelled by their wavelength. The vertical axis
gives the best fitting abundance (N/H by number) for each line. Different
symbols and colours correspond to different microturbulent velocities.
All points for line N 111 3355 overlap. The grey line and area highlight
the final abundance value and its uncertainty. See text for discussion.

intensity further depends on broadening mechanisms, in par-
ticular the turbulent ones. Macroturbulence was constrained in
the early phase of the analysis (see above) but microturbulence
was not. We constrained it in parallel to surface abundances,
in the same spirit as that of the curve of growth method (e.g.
Simoén-Diaz 2020).

We proceeded as follows. Adopting the stellar parameters
previously determined, we ran new CMFGEN models varying
the abundances and vy,,. For the latter, we used values of 5, 10,
15, and 20 km s~!. We computed the synthetic spectrum for each
of these values, and for various abundances. Typically five sets
of abundances with a ratio of 50 to 100 between the smallest and
largest values were selected. Both new atmosphere models and
synthetic spectra were computed with additional sets of abun-
dances, while microturbulence was changed only in the formal
solution of the radiative transfer leading to the synthetic spec-
trum. For each of these new models we quantified the goodness
of fit of individual lines of a given element by means of a y?
analysis. For each line and for a given microturbulent velocity
we determined the abundance leading to the best fit. The result-
ing abundance measurements had a dispersion (among various
lines) that depended on the adopted microturbulence. We then
adopted the final vy, that lead to the smallest dispersion and
for that value, we fixed the final abundance by taking the aver-
age of the individual line determinations. The uncertainty was
set to the dispersion of the measurements. When two values
of vy gave similar results the final choice was made by visu-
ally inspecting the fits and selecting by eye the most relevant
value. An example of this process is given in Fig. 2. In that case
both vy, = 10 and 15 km s™' (the sets of red and blue points)
lead to similar dispersion. The first value was adopted from the
final fit (see bottom panel of Fig. D.3). We stress that uncertain-
ties in the fundamental parameters are not propagated into error
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on the abundance measurement, because of our method. This
should not significantly affect our estimate of uncertainties on
surface abundances, as was discussed by Martins et al. (2012)
and Martins et al. (2015).

The set of lines used for the abundance determination
depended on the star, the data quality and the robustness of the
normalisation. Here is the list of lines that were considered:

— helium: He1 4026, Heur 4200, He1 4388, He1l 4471,
He1r 4542, Het1 4713, He1 4920, Hemt 5412, He1 5876,
He1 6678, He1 7065

— carbon: C1v 1169, C111 1176, C 111 4068-70

— nitrogen: NI 1183-85, N1 1748-52, N1v 3478-83,
N 111 3355, N 111 4097, N 111 4510-20

— oxygen: O1v 1339, O1v 1343, O1r 3261, Omr 3265,
O 111 3760, O 111 3963, O 111 5593.

We excluded N 111 4634—40-42, C 111 4647-50-51, and C 111 5696
from the analysis because these lines have been shown to
depend critically on atomic data, line-blanketing, and stellar
winds (Rivero Gonzilez et al. 2011; Martins & Hillier 2012). We
also excluded strong resonance lines (N V 1240 and C1v 1550)
that depend on X-ray emission and mainly on wind parameters
(Pauldrach et al. 1994). In addition they are often saturated
(at least for LMC stars) and thus not sensitive to abundance
variations.

The results of the abundance analysis are gathered in Tables 1
and 2. The bottom panels of the figures shown in appendix D
highlight the fits to lines from carbon, nitrogen, and oxygen.

2.4. Comparison to previous studies

Table B.1 gathers the results from previous studies for some stars
of our XShootU sample. Effective temperatures agree very well
for all stars. The dispersion is usually about 1000 K or even
less. Surface gravities can differ significantly but in that case
it is mainly due to the adoption of logg in some studies. For
instance, Bouret et al. (2013) fixed log g when no optical spec-
tra was available. This is the case for AzV446: Bouret et al.
adopted log g = 4.0 as a classical value for dwarfs, while the use
of Balmer lines to measure log g leads to higher values for the
present study and for Massey et al. (2005). AzV47 is an excep-
tion since optical spectra are available in all studies that included
that star. We found that the UVES spectrum used by Bouret et al.
(2021) is quite different from the X-shooter spectrum we used
in the present analysis. In particular the Balmer lines are nar-
rower in the former study, explaining the lower surface gravity
(3.75 vs. 4.3). The reason for this difference is not clear. One can
only speculate that normalisation issues and low SNR cause most
of it.

Luminosities are consistent between various studies, with
differences of the order 0.1 dex, at most 0.2 dex. Some differ-
ences are seen in the determination of projected rotational veloc-
ities. Large discrepancies are explained by macroturbulence:
studies that do take it into account provide lower V sini than stud-
ies that assume rotation incorporates all the macro-broadening
mechanisms.

Helium surface abundance determinations are usually con-
sistent in the sense that when a star is He-rich, all studies agree
on enrichment, and when it is not, all studies also agree that it is
not. Two exceptions are AzV95 and AzV243 for which Mokiem
et al. (2006) find an enrichment in He while both Bouret et al.
(2013) and the present study do not find evidence for enrichment.

Carbon, nitrogen, and oxygen abundances have been mostly
determined by Bouret et al. (2013, 2021), in addition to the
present study. Only a few other determinations exist for some of
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the XShootU sample stars. In general abundances are consistent
within the error bars between the results of Bouret et al. and the
present ones. However, some differences may exist. For instance,
the carbon content of AzV15 differs by almost 0.5 dex between
both studies. Similarly the surface nitrogen abundance of AzV47
is ~0.4 dex higher in the present analysis than in Bouret et al.
This stresses that using the same atmosphere models, the same
fitting strategy (> analysis) but slightly different observational
sets and spectral lines can affect the final values. This high-
lights that when discussing surface abundances, general trends
are more robust than individual measurements.

3. Surface abundances and metallicity

In this section, we present our results and discuss how they
compare to predictions of stellar evolution for single stars with
rotation. We focus on the variation of surface chemistry with
metallicity. We discuss the results using three sets of evolution-
ary models: the Geneva models (Ekstrom et al. 2012; Georgy
et al. 2013; Eggenberger et al. 2021), the Bonn models (Brott
et al. 2011a — see also Szécsi et al. 2022 for interpolated tracks),
and the Stromlo models (Grasha et al. 2021). Other models cal-
culated with alternative stellar evolution codes exist in the liter-
ature. Those of Limongi & Chieffi (2018) do not cover the SMC
and LMC metallicity, and are not considered here. The three sets
of models include stellar rotation using different formalisms, and
we refer the reader to the original publications listed above for
the details. In short the main differences are a purely diffusive
approach for the treatment of angular momentum transport in the
Bonn and Stromlo models, while an advecto-diffusive scheme is
implemented in the Geneva models. In addition, the Bonn mod-
els include the effect of magnetic field on angular momentum
transport (but not on chemical mixing). Finally different mod-
els assume different degree of core-overshooting that affect the
shape of evolutionary tracks, as well as different initial values of
carbon, nitrogen, and oxygen abundances.

3.1. Evolutionary diagrams

Figure 3 shows the logT.g—log g diagram for the XShootU and
complementary sample stars. We overplot evolutionary tracks to
provide a qualitative estimate of the mass and evolutionary state
of the stars. In the three galaxies, the sources are located on a
relatively narrow band from the ZAMS to the end of the main-
sequence. The SMC stars have initial masses between 20 and
40 M, independently of the choice of the tracks used for com-
parison. In the LMC and the Galaxy, the Geneva tracks indicate
a similar initial mass range while the Bonn and Stromlo tracks
favour a wider mass range, from 20 to 60 M.

The inferred evolutionary status of the stars depends much
more on the choice of the tracks. If we simply separate stars
into two categories whether they are on the main sequence (MS)
or beyond it, we find that in the Milky Way all stars fall in the
first category. In the LMC, the morphology of the Geneva and
Stromlo tracks imply that a fraction of the stars are post-MS
objects, while the Bonn tracks favour a MS status. In the SMC,
most stars are MS objects, with the exception of a couple of
objects that may be post-MS objects depending on the tracks.

3.2. Nucleosynthesis

Figure 4 shows the sum of the carbon, nitrogen, and oxy-
gen abundances for stars for which a determination of
the abundances of the three elements could be performed.
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Fig. 3. logT.4-log g diagram for SMC (LMC, Galactic) sample stars in the top (middle, bottom) panels. Filled (open) symbols are for the XShootU
(complementary) sample. Left panels are for Geneva tracks (Eggenberger et al. 2021 for the LMC, Georgy et al. 2013 for the SMC, and Ekstrém
et al. 2012 for the Galaxy), middle panels for tracks from Brott et al. (2011a), and right panels for tracks from Grasha et al. (2021). We show tracks
for initial rotational velocities of about 300 km s~! and, in the case of those of Brott et al., also 170 km s~ (in pink). Surface gravity has been
corrected for the effect of rotation in the sample stars. The cross in each panel indicates typical error bars that are taken from Fig. 1.

Nucleosynthesis through the CNO cycle predicts that the total — about three times larger than the baseline abundance. Figure D.17
amount of these three elements should remain constant since shows a good fit to most lines. In particular the nitrogen and oxy-
they act as catalysts. In the LMC and SMC stars this is what is  gen lines are strong and imply a large C+N+O content. AzV469
observed, most values of the C+N+O content being close to the may thus have experienced a peculiar chemical evolution. The
baseline abundance of each galaxy (see Table 3). Small (i.e. less  other outlier (more than 20" deviation from baseline C+N+O) is
than 20) deviations occur in a few cases but are not unexpected  star AzV15. In that case we attribute the potential discrepancy to
because of (1) potential remaining bias in the abundance deter- the abundance determination since C, N, and O lines are weak
mination and (2) a spread in the baseline abundance depending and relatively noisy (see Fig. D.2). We also refer to Sect. 3.3 for
on the star’s locations in the galaxy. Two stars appear as out- a discussion on a potential spread in chemical abundances in the
liers in the SMC. AzV469 in the SMC has a C+N+O content SMC.
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Fig. 4. Sum of the number fraction of carbon, nitrogen, and oxygen
for the LMC (top panel) and SMC (bottom panel) stars. The horizontal
dashed lines mark the C+N+O value in the LMC and SMC according
to Vink et al. (2023). Stars for which the abundance determination of
one of the three elements could not be performed are excluded from the
figure.

Table 3. Baseline abundances adopted in this study.

Galaxy C N (0]

MW 843 783 8.69
LMC 8.01 7.03 840
SMC 742 6.66 8.05

Notes. Units are 12+log(X/H). References are Asplund et al. (2009) for
the MW and Vink et al. (2023) for the MCs. For the MCs the values are
an average from various literature studies.

In the LMC SK-70°13 and SK-67°101 have marginally small
values of the C+N+O abundance. Figures D.27 and D.33 indicate
that the C, N, and O lines are not perfectly fitted which mainly
explains the relatively small deviation compared to the baseline
abundances. SK-69°50 lies above the baseline value but the error
bars are the largest of the LMC sample, making this object only
a weak outlier.

For consistency we show the C+N+O sum for Galactic stars
of the complementary sample in Fig. A.1. We see that 21 out of
the 36 objects in this figure have values consistent with the solar
case. Thirteen stars lie in between the solar and LMC reference
values.

Figure 5 shows the ratios of N/H over C/H versus N/H over
O/H for the XShootU LMC and SMC sample stars. The results
for the complementary samples have been presented in the pub-
lications from which the results were retrieved. The baseline
values of the ratios, from which the solid lines expand, are taken
from Vink et al. (2023). All stars nicely follow the trend of
increasing N/C for higher N/O, in full agreement with the expec-
tation that these elements are processed by the CNO-cycle in
the interior of the stars. Within the error bars the vast majority
of stars are also located in between the two theoretical curves,
strengthening this conclusion. One exception in the SMC is star
AzV69, which has a very low N/H ratio (blue square at the
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for the XShootU SMC (LMC) stars in blue (purple). Solid lines are the
theoretical values for CNO (top) and CN (bottom) equilibrium.

bottom left of the figure). This object has been discussed by
Hillier et al. (2003). It is an OC star, a class of O stars with
unprocessed abundances (Walborn 1971; Martins et al. 2016).
The other SMC outlier is star AzV47 which lies slightly below
the expected limit. In the LMC SK-67° 261 has N/C marginally
above the expected value for its N/O ratio. We stress that the
exact position and shape of the curves shown in Fig. 5 depend
on the initial N/C and N/O ratios. Bouret et al. (2021) show
that variations in these quantities lead to shifts in the positions
of these curves. Consequently stars that are outliers for a given
set of initial abundances may be accommodated by a slightly
different initial composition.

The nitrogen surface abundance is shown as a function of the
surface He/H number ratio in Fig. 6. Stars with no significant
helium enrichment can show a large range of surface nitrogen
abundance. Contrarily, stars that show helium enrichment are
also nitrogen rich. This is consistent with CNO-burning and
chemical mixing (see also Rivero Gonzalez et al. 2012). Nitrogen
can be quickly brought to the surface even if the increase of the
surface helium content has not yet happened. Indeed the frac-
tional change relative to the baseline values is much larger for
nitrogen than for helium. When a sufficient fraction of helium
produced in the core has been brought to the surface so the He/H
ratio is affected, the other products of CNO-burning are also
seen, in particular a large nitrogen enrichment.

3.3. Metallicity effect on chemical enrichment

In this section we investigate the effect of metallicity on the
surface abundances. We consider not only the stars analysed in
the present study, and part of the XShootU project, but also all
complementary samples described in Sect. 2.1.

Figure 7 shows the difference between the present-day and
baseline N/H ratio, as a function of surface gravity. We used the
baseline abundances in the LMC, SMC, and Milky Way reported
in Table 3. In Fig. 7, we detect a trend of surface enrichment with
lower log g. This is expected of mixing processes that transport



Martins, F., et al.: A&A, 689, A31 (2024)

8.5

12+log(N/H)

75

6.5

0.12 0.14 0.16

He/H (by number)

0.08 0.1

Fig. 6. Nitrogen abundance (in units of 12+/og(N/H)) versus He/H num-
ber ratio for XShootU SMC (LMC) stars in blue (purple). Horizontal
dotted lines mark the baseline nitrogen abundances in the SMC and
LMC.

the products of CNO-burning to the surface while stars evolve
and reach lower surface gravity. The trend is clearly observed in
the Galaxy. In the MCs significant enrichment is already seen
at relatively early stages, i.e. high surface gravities. The second
major conclusion is that surface nitrogen enrichment reaches a
higher maximum value in the SMC than in the Galaxy, and this
happens at higher surface gravity. In the Milky Way A log(N/H)
ranges from about 0 to ~1.0. In the SMC the enrichment is about
twice as large, reaching A log(N/H)=1.5. In the LMC even larger
values of A log(N/H) are observed, up to 1.8. But the scatter is
large compared to that of the SMC and MW. These results are
qualitatively in line with the predictions of all models that are
presented in Fig. C.1: a stronger nitrogen enrichment is predicted
at lower metallicity, and enrichment is observed at higher gravity
for lower metallicity models. However the level and path to the
highest enrichment is different from model to model.

Turning to the C/H ratio shown in Fig. 8, Galactic stars are
significantly carbon depleted at lower surface gravity. This is
expected from CNO-cycle nucleosynthesis and chemical trans-
port to the surface, as seen in all models of Fig. C.1. However
we note that depletion reaches levels lower than any model of
Fig. C.1 predicts. This may be partly explained by the possi-
ble sub-solar metallicity of the Galactic stars, as indicated by
the C+N+O values (Fig. A.1). But even in that case depletion is
stronger than model predictions at low metallicity. Both incorrect
model predictions and abundance determinations could explain
this trend, but at present no clear answer can be given. In the
LMC, carbon is on average depleted. The maximum depletion
seems not as strong as in the Galaxy. The identification of a
metallicity trend is difficult. Compared to N/H the variation of
C/H is much lower (about a factor of 3) but since the error bars
remain of the same order of magnitude, trends are somewhat
hidden. The SMC stars show a peculiar behaviour: the disper-
sion is very large; some stars are carbon-depleted, but at least
half of the objects are actually carbon-enhanced compared to the
baseline abundance. This is opposite to all theoretical predictions
which all show a slow decrease of the carbon surface abundance

as a star evolves (see middle panels of Fig. C.1). This surpris-
ing behaviour in the SMC may be due to (1) systematic offsets
in the carbon abundance determination or (2) improper base-
line carbon abundance. If explanation 1 was correct one would
expect the same trend at all metallicities, which is not observed.
We visually checked that lower C/H values for the problematic
objects translated into too weak C 111 1176 and C 111 4070 lines
compared to the observed spectra. One may wonder whether
the lower metallicity of the SMC produces weaker lines that
are more difficult to analyse. This trend exists but as seen in
Figs. D.1-D.17 the carbon lines remain relatively well detected
and are useful indicators of the carbon content. For explanation
2 listed above, an offset by ~0.3 dex would be needed (i.e. the
baseline carbon abundance in the SMC would need to be two
times larger than currently estimated). In that case the most C-
rich objects should also be the least nitrogen-enhanced, which is
not observed: stars with high C/H show a wide range of nitrogen
enrichment. Hence a systematic offset in the initial carbon con-
tent is not likely. Ramachandran et al. (2021) report a significant
spread in the surface chemical composition of three binary stars
in the bridge region of the SMC. One has LMC-like abundances.
If such a degree of inhomogeneity was widespread in the SMC
this could explain part of the issue regarding C/H in the present
sample. But as we will see below this is not corroborated by
surface oxygen abundances. From this we tentatively conclude
that surface carbon abundances are presently not reliable to test
the effect of metallicity on chemical mixing. We also see in the
middle panels of Fig. C.1 that stronger depletion at lower Z is
predicted by the Geneva models, and to a lesser extent by the
Stromlo models. However the Bonn models do not predict any
clear trend.

Finally the variation of the oxygen abundance as a function
of metallicity is shown in Fig. 9. On average oxygen is depleted
in most stars, in the three galaxies. This is again expected of
nucleosynthesis. However given the uncertainties and the mag-
nitude of the variations (Alog(O/H) ~ 0.2-0.3) no conclusion
can be drawn regarding any metallicity trend. The Stromlo mod-
els show such a trend but with a magnitude of the order 0.3 dex.
The Geneva and Bonn models do not show a clear trend. Thus
oxygen cannot be used to investigate the metallicity dependence
of chemical mixing. We also note the same issue as C/H for
Galactic stars: oxygen depletion reaches levels lower than model
predictions. However the problem is less severe for oxygen since
only a handful of stars show oxygen depletion clearly stronger
than model predictions.

From this analysis we conclude that surface nitrogen enrich-
ment is the best indicator of any metallicity trend. The nitrogen
enrichment is stronger in the SMC than in the Galaxy, in qualita-
tive agreement with model predictions. For the intermediate case
of the LMC, no conclusion can be drawn at present because of
the large dispersion of the measurements. The metallicity differ-
ence between the LMC and the Galaxy on one side, and the LMC
and the SMC on the other side, is probably too small to lead to
effects that can be distinguished with the accuracy of the mea-
surements we can achieve with the method used for abundance
determinations.

3.4. Projected rotational velocities

A classical diagram to test the predictions of evolutionary mod-
els that includes chemical and angular momentum transport
caused by rotation is the N/H versus V sini diagram. Several
studies have used this diagram over the last 15 yr (Hunter et al.
2008a, 2009; Brott et al. 2011b; Rivero Gonzalez et al. 2012;
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Fig. 8. Same as Fig. 7 but for the difference between C/H and the baseline carbon abundance.

Bouret et al. 2013; Grin et al. 2017; Dufton et al. 2018, 2020;
Markova et al. 2018; Bouret et al. 2021). As recalled in Sect. 1
and stressed by Maeder et al. (2014) surface chemical enrichment
does not depend only on V sini, and thus comparing evolutionary
models and observational properties requires population synthe-
sis models (Brott et al. 2011b). Various sets of models treating
differently transport and mixing processes have to be consid-
ered. It is also equally important to ensure that the samples
to which these models are compared to are not biased and are
representative of the global properties of massive stars.

In this section, we discuss the distribution of projected rota-
tional velocities of our sample to investigate any potential bias.
We show in Fig. 10 the number of stars as a function of projected
rotational velocity. In the LMC and MW, we use a reference
sample that contains a larger number of stars and no bias in the
selection except the availability of high resolution optical spectra
(i.e. the samples are magnitude limited). The reference samples
are further refined to include only 06-9.5 stars with luminosity
classes V to II. As such, we have the same distributions of spec-
tral types and luminosity classes as in the samples we studied in
the previous sections. We have also excluded all known binaries
from the reference samples.

In the Galaxy we use the sample of Holgado et al. (2022)
as a reference. It is the largest sample of Galactic O stars for
which projected rotational velocities were determined in a homo-
geneous way, using the Fourier transform method. We see in
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the right panel of Fig. 10 that the distribution of V sini in this
reference sample is different from that that of the sample used
in the present study (i.e. the XShootU + complementary sam-
ple, that for which surface abundance determinations exist). The
latter contains 80% of stars with projected rotational velocities
below 80 km s~!, while in the reference sample only 60% have
such low V sini. In other words the sample with available abun-
dance determinations contains relatively more slow rotators than
the reference sample.

The same conclusion applies even more strongly to the LMC
stars for which surface nitrogen abundances have been deter-
mined. In the middle panel of Fig. 10 we use the sample of
Ramirez-Agudelo et al. (2013) as a reference. It includes most
O stars of 30 Dor. As for the MW we see that the distributions
of V sini in the sample for which N/H is available (purple lines)
is biased towards low V sini compared to the reference sample.

In the SMC, no large reference sample exist. In the left panel
of Fig. 10 we show how our XShootU plus complementary sam-
ple compares to that of Mokiem et al. (2006). The latter sample
contains less stars than the former but shows a flatter distri-
bution. However the statistical significance of the difference is
low given the small number of objects considered. Penny &
Gies (2009) also determine projected rotational velocities for O
stars in the SMC. But when considering only the relevant spec-
tral types and luminosity classes, the remaining sample is even
smaller than that of Mokiem et al. (2006). Consequently, we
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cannot safely answer the question of whether our XShootU plus
complementary sample is biased towards slow rotators or not in
the SMC.

From these investigations, we conclude that the samples
of stars for which surface abundances and projected rota-
tional velocities are both available in the literature (including
the present study) appear to be biased towards slow rota-
tors. The velocity distributions of the reference samples of
Ramirez-Agudelo et al. (2013) and Holgado et al. (2022) show
a high velocity component, above ~150-200 km s~'. de Mink
et al. (2013) predicted that such high velocities can be caused
by interactions in binary systems. Britavskiy et al. (2023) report
that stars with V sini > 200 km s~' in the sample of Holgado
et al. (2022) host less spectroscopic binaries than the slow veloc-
ity sub-sample. At the same time the high velocity sub-sample
contains a fraction of runaway stars about twice as large as that
of the slow velocity sub-sample. They argue that this feature can
be explained by the scenario of de Mink et al. (2013) in which
the high runaway velocity is acquired because of the supernova
explosion of the companion in binary systems, with subsequent
disruption of the system (Blaauw 1961). However this is in con-
tradiction with the theoretical work of Renzo et al. (2019) who
predict that less than 2.6% of binaries should produce single
runaway stars. In that case the majority of runaway stars should
be the result of dynamical interaction (Poveda et al. 1967). The

origin of the high velocity tail of the V sini distribution is thus
not firmly established.

It thus appears that comparing the predictions of stellar
evolution models with observed trends to constrain their abil-
ity to reproduce surface abundances and projected rotational
velocities is a complex task. It requires large samples including
stars with high V sini, which are lacking in the current samples
for which both surface abundances and V sini have been deter-
mined. Additionally it requires populations synthesis models that
include both single and binary evolutionary channels with fair
accounts of their (somehow uncertain) relative contributions.
Different models that account differently for the transport of
angular momentum and chemical species should be tested too,
since they behave rather differently. This general task is beyond
the scope of the present analysis that merely focuses on investi-
gating the effect of metallicity on surface chemical enrichment.

4. Conclusion

We have performed a spectroscopic analysis of 17 LMC and 17
SMC O-type stars using data from the ULLYSES and XShootU
surveys. All stars are presumably single. We have determined
the fundamental parameters (T.g, logg, log i) and the He, C,

N, and O surface abundances. We have complemented these

A31, page 11 of 50



Martins, F., et al.:

results by published values for additional stars in the MCs and
the Galaxy. Our goal was to investigate the effect of metallicity
on chemical transport triggered by stellar rotation. We show
that the surface abundances of the stars analysed in this study
are consistent with the products of nucleosynthesis through the
CNO cycle. A clear increase of the surface nitrogen content,
sometimes accompanied by an increase in the helium content,
is detected as stars evolve to lower surface gravities, that is away
from the ZAMS. The evolution of surface carbon and oxygen
abundances is more difficult to constrain because of the small
variations relative to the error bars on abundance measurements.
The maximum increase of surface N/H relative to the base-
line value is larger at lower metallicity. Nitrogen enrichment
is observed at higher logg in the SMC than in the Galaxy, in
agreement with the predictions of evolutionary models including
rotational mixing. No conclusion can be drawn for LMC objects
due to the large dispersion in N/H measurements. Our sample of
stars for which both surface abundances and projected rotational
velocities have been determined appear to be biased towards
slow rotators, at least in the LMC and the Galaxy. Future stud-
ies aiming at testing model predictions should rely on: 1) large
samples with unbiased rotational velocity distributions; 2) large
grids of evolutionary and population synthesis models that take
into account various implementations of the physics of chemi-
cal mixing and angular momentum transport, as well as a mix of
single and binary stars.
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Appendix A: Complementary samples

Table A.1 lists the members of the complementary samples described in Sect. 2.1 and the references they were taken from. Figure A.1
shows the sum of the carbon, nitrogen, and oxygen number fractions for the Galactic stars of the complementary samples.
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Fig. A.1. Same as Fig. 4 but for the complementary Galactic sample stars. Stars with an upper or lower limit on at least one of the abundance
measurements are excluded from this figure. The horizontal broken lines show the Galactic, LMC, and SMC values.
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Table A.1. Complementary samples.

Star ST reference | Star ST reference
SMC LMC

AzVT7 O7111 1 | VFTS046 09.71I((n)) 3
AzV439 09.5111 1 | VFTS076 09.2111 3
AzV170 09.7111 1 | VFTS087 09.7 Ib-11 3
AzV43 BO.511 1 | VFTS103 08.5I((f)) 3
AzV388 04V 2 | VFTSI51 06.51(fp 3
MPG324 04V 2 | VFTS153 09 III((n)) 3
MPG368 06V 2 | VFTSI160 09.51((n)) 3
MPGI113 0C6Vz 2 | VFTSI72 O9 III(()) 3
MPG356 065V 2 | VFTSI178 09.71ab 3
AzV429 o7V 2 | VFTSI85 O7.5I((f)) 3
MPG523 07Vz 2 | VFTS259 06 Iaf 3
NGC346 046 O7Vn 2 | VFTS306 08.51I((f)) 3
NGC346 031 08Vz 2 | VFTS466 09111 3
AzV461 o8V 2 | VFTS502 09.711 3
MPG299 08 Vn 2 | VFTS503 09111 3
MPG487 o8V 2 | VFTS513 06-711(f) 3
AzV468 085V 2 | VFTS546 08-9I11:((n)) 3
MPG682 [01°A% 2 | VFTS664 O711(f) 3
MPGO012 BOIV 2 | VFTS669 08 Ib(f) 3

VFTS764 09.71a 3

VFTS777 09.211 3

VFTS782 08.5111 3

VFTS807 09.511 3

VFTS819 O8 III((f)) 3

MW MW

BD+60 261 07.5 (n)(f) 4 | HDI167263 09.5111 5
HD24912 0O7.5 I(n)(f) 4 | HDI167771 0O7.51I(f) 5
HD34656 O7.511(f) 4 | HDI188001 07.5Tabf 5
HD35633 07.5T(n)(f) 4 | HDI188209 09.5Tab 5
HD36861 O I1I(f) 4 | HDI89957 09.7111 5
HD94963 O7II(f) 4 | HDI192639 07.5 Tabf 5
HD97434 O7.5 HI(n)(f) 4 | HDI193443 O9 11T 5
HD151515 O7I1I(f) 4 | HDI199579 06.5V((f))z 5
HD162978 O8 II(f) 4 | HD201345 ON9.21V 5
HD163800 07.5111(f) 4 | HD203064 07.5 In((f)) 5
HD167659 O7 II-1T1(f) 4 | HD206183 09.51V-V 5
HD171589 O7II(f) 4 | HD207198 08511 5
HD175754 O8II(n)((H))p 4 | HD209975 091b 5
HD186980 07.5111(f) 4 | HD210809 091Iab 5
HD203064 07.5 MIn((f)) 4 | HD210839 06 I(n)fp 5
HD14633 ON8.5V 5 | HD214680 o9V 5
HD24431 09111 5 | HD218195 08.5 IIINstr 5
HD30614 091a 5 | HD218915 09.21ab 5
HD34656 O7.511(f) 5 | HD227757 09.5V 5
HD34078 09.5V 5 | HD258691 (1A% 5
HD35619 07.5V((f) 5 | HD328856 09.711 5
HD36861 O8III((f)) 5 | BD-134930 09.5V 5
HD36879 O7V(n)((f)z 5 | BD+60 499 09.5V 5
HD38666 09.5V 5 | HD63005 06.51V(f) 6
HD42088 06V 5 | HD92504 08.5V(n) 6
HD46056 08 Vn 5 | CPD-582620 07 Vz 6
HD46485 07 V((f))nz 5 | HD93222 07 V((f)z 6
HD46966 08.51V 5 | CD-44 4865 09.7111 6
HD55879 09.7111 5 | CD-43 4690 06.5111 6
HD66788 o8V 5 | HD97848 o8V 6
HD152247 09.2111 5 | HD302505 08.5111 6
HD152249 0OC91Iab 5 | HD15642 09.5 II-11In 7
HD153426 08.5111 5 | HD74920 07.51Vn((f)) 7
HD154368 091Iab 5 | HD90087 09.2111(n) 7
HD154643 09.7111 5 | HD117490 ONO9.5 IIInn 7
HD155806 07.5V((H)z 5 | HD150574 ONO9 III(n) 7
HD156154 07.51b(f) 5 | HD175876 06.5 II(n)(f) 7
HD162978 O8 II((f)) 5 | HD191423 ONO9 II-ITInn 7
HD164492 075Vz 5 | HD228841 06.5 Vn((f)) 7

Notes. Columns are star’s ID, spectral type and reference. References are 1- Bouret et al. (2021), 2- Bouret et al. (2021), 3- Grin et al. (2017), 4-
Martins et al. (2017), 5- Martins et al. (2015), 6- Markova et al. (2018), 7- Cazorla et al. (2017).
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Appendix B: Stellar parameters from present and literature studies

Table B.1 gathers the results of spectroscopic analysis for stars that have been previously studied in the literature. The present results
are also included for clarity.

Table B.1. Parameters from literature studies

Star Ter logg log % V sini He/H e(0) e(N) €(O)  reference
(kK) (kms™")
AzV15 38.0 3.7 5.72 90  0.085+0.005  7.48+0.15  8.08+0.11 8.11+0.33  this study
39.0 3.61 5.83 120 0.10  7.00+0.11 7.78+0.13  7.90+0.13 1
38.5 3.6 5.82 180 0.10 - - - 2
37.0 35 - 100 - 742 7.92 - 3
394 3.69 5.82 135 0.10+0.03 - - - 4
AzV4T 38.0 4.3 5.60 65  0.085+0.005 7.70+0.22  7.54+0.12  8.30+0.22 this study
35.0 3.75 5.44 60 0.10  7.69+0.09  7.08+0.15  7.98+0.08 1
35.0 3.75 - 60 - 7.42 7.22 - 3
AzV69 36.0 3.6 5.60 85  0.085+0.005 7.78+0.11  6.70+0.17  8.00+0.13 this study
33.9 35 5.61 70 0.10  7.56+0.15  6.34+0.17  8.23+0.12 1
35.0 34 - 70 - 7.52 6.70 - 3
33.9 35 5.61 - 0.10 7.56 6.34 8.23 5
AzV95 37.0 3.7 5.43 55 0.092+0.008 715+0.16  7.81+0.13 7.30+0.17  this study
38.0 3.7 5.46 55 0.10  7.30+0.10  7.60+0.11 7.96+0.10 1
35.0 34 - 80 - 7.42 7.62 - 3
38.3 3.66 5.56 68 0.13+0.04 - - - 4
AzV1438 31.0 3.6 5.16 35 0.090+£0.005  7.48+0.07 741+£0.12  8.00+£0.22 this study
323 4.0¢ 4.84 60 0.09 7.69+0.12  7.26+0.23 7.99+0.11 1
AzV186 36.0 3.8 5.63 55 0.13+£0.02  7.30+0.22  8.00+0.22  8.00+0.22 this study
34.5 34 5.40 78 - - - - 6
AzV207 38.0 4.0 5.21 75 0.085+£0.005 7.70+0.26  8.00+0.17 7.78+0.14  this study
37.0 372 5.32 120 0.1 - - - 7
AzV243 41.0 4.0 5.50 60  0.085+0.005  8.00+0.14  7.85+0.19  7.85+0.12 this study
39.6 39 5.59 60 0.09  7.20+0.15 7.50+£0.24  7.90+0.10 1
426 394 5.68 59 0.12+0.02 - - - 4
AzV267 37.0 4.0 4.93 325 0.13+£0.02 <770  7.90+0.11 <730 this study
357  4.04 4.90 220 0.10  7.30+0.14  7.48+0.23  7.98+0.13 1
AzV307 29.0 34 5.12 45 0.10£0.02  7.08+0.14 7.78+0.14  8.00+0.14 this study
30.0 35 5.15 60 0.12  738+0.17  7.56+£0.18  7.95+0.10 1
AzV327 31.0 34 5.55 60 0.12+£0.02  7.15+0.06  7.78+0.07 7.78+0.14  this study
30.0 3.12 5.54 95 0.15 7.30+£0.11  8.08+0.25  7.66+0.13 1
30.0 3.25 - 60 - 712 722 - 3
AzV440 37.0 4.2 5.03 35  0.085+0.005 7.70+£0.17  7.48+0.14  8.00+0.30 this study
37.0 4.01 5.28 100 0.2 - - - 7
AzV446 42.0 44 5.22 35  0.085+£0.005  7.00+0.39 7.70+£0.17  8.08+0.25 this study
39.7 4.0¢ 5.25 30 0.09  7.20+0.13  7.48+0.20  7.98+0.11 1
41.0 4.15 5.29 95 0.15 - - - 7
AzV469 33.0 35 5.58 80 0.16£0.02  7.69+0.26 8.17+0.14  8.30+0.29  this study
34.0 341 5.70 81 0.17+0.03 - - - 4
32.0 3.13 5.64 120 0.20 - - - 7
33.0 34 5.5 30 0.20 7.1 8.2 - 8
N11 032 34.9 35 5.34 60  0.085+0.005 8.03+0.05  8.84+0.01 <8.39  this study
36.0 35 5.15 60 0.09 - 7187+0.15 - 9
352 345 5.43 65 0.09+0.02 - - - 10
BI 173 33.9 35 5.53 146  0.085+0.015  8.09+0.10  7.80+0.05  7.95+0.01 this study
34.5 34 5.60 200 0.10 - - - 2
Sk-66° 18 38.0 3.7 542 100 0.10£0.01  7.85+0.06  8.40+0.10  8.08+0.11 this study
39.7 3.76 5.52 70 0.14 - 8.48%0.15 - 9
40.2 3.76 5.55 82 0.14 - - - 10
Sk-70° 13 29.0 32 5.64 75 0.085+0.015 7.68+0.16  7.29+0.37 8.13+0.13
26.5 2.96 - 60 - - - - 11

Notes. a: adopted value. References are 1- Bouret et al. (2013, 2021), 2- Massey et al. (2009), 3- Heap et al. (2006), 4- Mokiem et al. (2006), 5-
Hillier et al. (2003), 6- Hunter et al. (2008b), 7- Massey et al. (2005), 8- Evans et al. (2004), 9- Rivero Gonzdlez et al. (2012), 10- Mokiem et al.
(2007) , 11- Serebriakova et al. (2023).
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Appendix C: Surface abundances in various models

Figs. C.1 shows the predictions of the three sets of models regarding the evolution of surface abundances with surface gravity, taken
as a proxy for time.
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Fig. C.1. Difference between present and initial surface abundance as a function of surface gravity. Top, middle, and bottom rows show differences
in nitrogen, carbon, and oxygen abundances respectively. The Geneva, Bonn, and Stromlo models are shown in the left, middle, and right column
respectively. For each set of models the 25 and 40 M, tracks are shown by the dashed and dotted lines respectively. Green, magenta, and blue lines
correspond to Galactic, LMC, and SMC chemical composition.

A31, page 16 of 50



Martins, F., et al.: A&A, 689, A31 (2024)

Appendix D: Best fits

In this Section we gather the figures showing the best fit models (in red) compared to the observed UV and optical spectra of the
XShootU sample stars.

We summarise the main issues as follows. For some stars (BI 173, SK-67 101, SK-67° 191, N11 018, AzZV15, AzV95, AzV207)
N1V 3478-83 is slightly under-predicted compared to other nitrogen lines. We found that increasing the effective temperature by 500
to 1000 K improves the fit at the cost of degrading the fit of the helium lines. Details of the line-blanketing such as microturbulence
(not only in the spectrum computation, but also in the atmospheric calculations) affect the shape of the N1V lines.

In some cases we encountered an inconsistency in the amount of broadening inferred from the UV and optical spectra. For stars
AzV 148 and AzV307 fitting the UV spectra would require a stronger broadening, while for SK-70"13 the model overestimates the
broadening of the optical spectrum. We double-checked the determination of the projected rotational velocity and verified that the
instrumental broadening was correctly taken into account in those cases. The reason for the discrepancy remains unclear.

Normalized flux
Normalized flux

0.95

09, P U BN B BN
4080 4085 4070 4075 4080 4505 4510 4515 4520

Fig. D.1. Best fit model (red) of the spectrum (black) of AzV6. The top left (top right) panel shows the UV (optical) range. The bottom panel shows
a zoom on CNO lines. In that panel the blue (green) line show the effect of increasing (decreasing) the abundances by the uncertainties quoted in

Table.2.
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Fig. D.2. Best fit model (red) of the spectrum (black) of AzV15. The top left (top right) panel shows the UV (optical) range. The bottom panel
shows a zoom on CNO lines.
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Fig. D.3. Same as Fig. D.2 but for AzV47.
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Fig. D.6. Same as Fig. D.2 but for AzV95.
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Fig. D.7. Same as Fig. D.2 but for AzV148.
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Fig. D.8. Same as Fig. D.2 but for AzV186.
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Fig. D.9. Same as Fig. D.2 but for AzV207.
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Fig. D.16. Same as Fig. D.2 but for AzV446.
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Fig. D.23. Same as Fig. D.2 but for N11 032.
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Fig. D.24. Same as Fig. D.2 but for SK -69° 50.

A31, page 40 of 50



Martins, F., et al.: A&A, 689, A31 (2024)

R Ry N

1320 1340

Normalized flux
Normalized flux

:
|
—
-
¥
[N R T

4600 4800 5000
L e e e e e e R E e e R e e e e
1 b RPUPTRY " e A 1
B r? e i i) e
09 [ E
0.8 E
S S S S S S S SR HN S SR SR SR RS~
5100 5200 5300 5400 5500
A[A]

05 | 3
Ccwv cI NIII ]
0 P T I T SR T T NN SR R T T N TR T TR S N X
1170 1175 1180 1185 1335 1340 1345
ey 108 1
1 N ]
] 5 1 o095
0.95 - 4 oesf 1 o9
C 1 E NI 3
c ] osf 4 o085
LN i T P S .
3266 3260 3285 3270 3350 3355 3360 3470 3480 3490
——— ] ——————— g
LE 1k 3 E
E 0.9 ; é 1 o 3
0.95 o ] :_ _:
: 08 [ 4 0% 3
Y o7f NWOI 1 “°F om 3
L L E . 1 v v v, 1 < 0.35-""""|"'_
3960 3985 4095 4100 5585 5590 5595

1 1F
0.95 oes | NI 3
09, \ v vl v 0'9'_..|....|....|....|..._'
4060 4065 4070 4075 4080 4505 4510 4515 4520

Fig. D.25. Same as Fig. D.2 but for SK -68° 16.
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Fig. D.26. Same as Fig. D.2 but for N11 049.
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Fig. D.27. Same as Fig. D.2 but for SK -67° 101.
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Fig. D.28. Same as Fig. D.2 but for BI 173.

A31, page 44 of 50



Martins, F., et al.: A&A, 689, A31 (2024)

HE—————————r

oo oo

w o
©

Normalized flux
Normalized flux

1 =
0.8 | ]
0.6 3
0.4 [ =
E oIV ]
0.2 [ PRI MR
1335 1340 1345
1.05 1T T
o ] 1E ~
. P S 0.95 —
0.95 |- 4 oesF 3 oeE NV E
r ] o NIl ] F E
C 1 o9f 3 o085F E
oo O, Ev o vy S
3255 3260 3265 3270 3350 3355 3360 3470 3480 3490
1_...,....,__ 3 _:1.05;_..,....,._;
; i 3 3 1§
0.95 |- 3 3 3 ossf W v " 3
: 4 : 1 o9fF 3
0.9 f 2 2 it E
L E o 1 v 4 4 4 1 N\ 0.85 L+ | T B
3960 3965 4095 4100 5590 5595
T ]
1 ] 1 A
095 F ¢ 4 oes5fF NI 3
09 | 3 0.9 | 3
I T SN T N TR R SN TN N TR TR ST SR NN SO N N I TN T T S AT O TR T AN T SO SN N A MY S W
4060 4065 4070 4075 4080 4505 4510 4515 4520

Fig. D.29. Same as Fig. D.2 but for SK -67° 261.
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Fig. D.30. Same as Fig. D.2 but for SK -67° 191.
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Fig. D.31. Same as Fig. D.2 but for SK -66° 171.
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Fig. D.32. Same as Fig. D.2 but for SK -71° 8.
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Fig. D.33. Same as Fig. D.2 but for SK -70°
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