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X-Shooting ULLYSES: Massive stars at low metallicity
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ABSTRACT

Observations of individual massive stars, super-luminous supernovae, gamma-ray bursts, and gravitational wave events involving spectacular
black hole mergers indicate that the low-metallicity Universe is fundamentally different from our own Galaxy. Many transient phenomena will
remain enigmatic until we achieve a firm understanding of the physics and evolution of massive stars at low metallicity (Z). The Hubble Space
Telescope has devoted 500 orbits to observing ~250 massive stars at low Z in the ultraviolet (UV) with the COS and STIS spectrographs under
the ULLYSES programme. The complementary X-Shooting ULLYSES (XShootU) project provides an enhanced legacy value with high-quality
optical and near-infrared spectra obtained with the wide-wavelength coverage X-shooter spectrograph at ESO’s Very Large Telescope. We present
an overview of the XShootU project, showing that combining ULLYSES UV and XShootU optical spectra is critical for the uniform determination
of stellar parameters such as effective temperature, surface gravity, luminosity, and abundances, as well as wind properties such as mass-loss rates
as a function of Z. As uncertainties in stellar and wind parameters percolate into many adjacent areas of astrophysics, the data and modelling of
the XShootU project is expected to be a game changer for our physical understanding of massive stars at low Z. To be able to confidently interpret
James Webb Space Telescope spectra of the first stellar generations, the individual spectra of low-Z stars need to be understood, which is exactly
where XShootU can deliver.

Key words. stars: atmospheres — stars: early-type — stars: winds, outflows — stars: evolution — methods: observational — galaxies: dwarf

1. Introduction The Hubble Space Telescope (HST) has dedicated 1000
orbits to the Director’s Discretionary Time project Ultraviolet
Legacy Library of Young Stars as Essential Standards (ULLY-
SES; Roman-Duval et al. 2020), making this the largest HST
programme ever conducted. ULLYSES is compiling an ultra-
violet (UV) spectroscopic Legacy Atlas of about 250 OB stars
in low-Z regions”. Due to their proximity, the Large and Small
Magellanic Clouds (LMC and SMC) are the best low-Z laborato-
ries for massive star studies, with respectively 50% and 20% Z.
They are ideal for studying spatially resolved populations of low-
Z massive stars to make a leap towards understanding the early
Universe. As a pilot study, several stars at sub-SMC metallici-
ties (in Sextans A and NGC 3109; ~10% Z) are also included.
The aim is to uniformly cover all spectral sub-types from O2
to B9 and to observe all luminosity classes with spectral types

We find ourselves amidst a scientific revolution: gravitational
wave (GW) observatories will soon be detecting black hole (BH)
mergers as frequently as once per day. To interpret these events,
we need to comprehend massive stars in low-metallicity environ-
ments (Abbott et al. 2020). This is also crucial for other fields
of astrophysics, including feedback processes (e.g. Doran et al.
2013), star formation, interstellar medium (ISM) physics, super-
novae (SNe), and cosmology. To enable progress in these
research areas, we need to uniformly sample the relevant param-
eter space for massive OB stars, including spectral type, lumi-
nosity class, and metallicity (Z).

* Table B.1 and full Table B.2 are available at the CDS

via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5)
or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/
675/A154

** Based on observations collected at the European Southern Obser-
vatory under ESO programme 106.211Z.001.

' https://ullyses.stsci.edu

2 The ULLYSES programme is also compiling high-quality far-UV,
near-UV, and optical spectra of young, low-mass T Tauri stars in our
Galaxy.
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Fig. 1. Positions of the ULLYSES/XShootU sources in the LMC (left) and SMC (right). Yellow dots are O-type stars, red diamonds are B-type
stars, and blue squares are WR and WR-like Of/WR ‘slash’ stars. We note that the two images have different spatial scales. This figure was made
with the Aladin Sky Atlas (Bonnarel et al. 2000); the background consists of DSS2 colour images.
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Fig. 2. Distribution of the spectral types in ULLYSES. For the ten
known binaries in the sample, only the primary component is accounted
for. The category labelled ‘W’ includes WR and WR-like ‘slash’ stars.

02-B1.5 for both LMC and SMC metallicities, a total of ~250
stars (Figs. 1 and 2).

Although massive stars emit the bulk of their light at UV
wavelengths, the optical region remains the cornerstone of spec-
troscopic analysis studies. The UV regime is very useful for
determining the iron (Fe) abundance and obtaining information
on wind parameters, such as the terminal velocity (v ). The opti-
cal regime is crucial for determining the basic stellar parame-
ters, such as effective temperature (T ), surface gravity (logg),
and abundances (Hillier 2020; Simén-Diaz 2020; Brands et al.
2022) Key information on wind clumping and mass-loss rates
(M) only become reliable when optical and near-infrared (NIR)
observations are added. Knowledge of the NIR regime is also
critical for observations with instrumentation on the James Webb
Space Telescope (JWST) and the extremely large telescopes,
which will predominately shift our focus to longer wavelengths.
Despite the great potential of ULLY SES to transform our knowl-
edge of massive stars, this Legacy dataset is not complete with-
out observations in the optical and NIR regimes. Thus, the
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X-Shooting ULLYSES (XShootU)? project was conceived to
obtain complementary high-quality spectra of the ULYSSES
targets with X-shooter at the European Southern Observatory
(ESO) Very Large Telescope (VLT; Vernet et al. 2011).

The optical Large VLT-FLAMES Survey of massive stars
(PI: S.J. Smartt) and its successor, the VLT-FLAMES Taran-
tula Survey (VFTS; PI: C.J. Evans), tackled many science ques-
tions, including the Z dependence of stellar wind mass-loss
rates (Mokiem et al. 2007b) and the rotation velocities of mas-
sive stars (Ramirez-Agudelo et al. 2013). The surface nitrogen
(N) abundance of most massive stars in the Magellanic Clouds
seemed to be consistent with theoretical predictions, but a sig-
nificant fraction of stars (20%—-40% depending on sample and
metallicity) showed chemical enrichment that is either too strong
or too weak (e.g. Hunter et al. 2008a; Przybilla et al. 2010;
Maeder et al. 2014; Grin et al. 2017).

The absolute mass-loss rates of massive OB and Wolf-
Rayet (WR) stars are still uncertain (e.g. Sundqvist et al. 2019;
Sander et al. 2020; Ramachandran et al. 2019; Marcolino et al.
2022; Rickard et al. 2022). According to evolutionary models,
the bulk of the mass loss could occur during the B supergiant
phase rather than during the preceding O-star phase (Groh et al.
2014). The Z dependence of mass-loss behaviour in this cooler
regime is highly complex, involving various mass-loss dis-
continuities as a function of temperature (bi-stability jumps;
Petrov et al. 2016), and is critical in predicting BH masses as
a function of Z (Belczynski et al. 2010) as well as GW mergers
(Kruckow et al. 2016).

The combined UV and optical XShootU project was moti-
vated to address these science questions as well as a large
variety of additional questions concerning massive stars at low
Z. The project will derive accurate stellar and wind param-
eters, such as effective temperatures, luminosities, gravities,
abundances, and mass-loss rates. This will establish whether
mass-loss rates decrease with lower Z, as predicted (Vink et al.
2001; Kudritzki 2002) and empirically supported for rela-
tively small LMC and SMC VLT-FLAMES survey samples

3 https://massivestars.org/xshootu/
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Fig. 3. HR diagrams of the ULLYSES SMC and LMC targets. Stellar parameters are based on contemporary literature from Table B.2 (filled
symbols) or spectral type calibrations (open symbols). For known binary and multiple systems, only primaries are indicated. Calibrations used are
Doran et al. (2013) for O-type stars in both galaxies, Dufton et al. (2019), Trundle et al. (2004), and Trundle & Lennon (2005) for SMC B-type
stars, and Dufton et al. (2018), Garland et al. (2017), McEvoy et al. (2015), and Urbaneja et al. (2017) for LMC B-type stars. Evolutionary tracks
(solid lines) and isochrones (dotted lines) for non-rotating massive stars at 0.5 Z; and 0.2 Z are from Brott et al. (2011), supplemented by tracks

for very massive stars in the LMC from Kohler et al. (2015).

(Mokiem et al. 2007b; Ramachandran et al. 2019). Moreover,
feedback parameters involving wind momenta, wind kinetic
energy, and ionising fluxes are key ingredients for building
the next generation of spectral population synthesis models
that may be applied to extra-galactic surveys, such as CLUES
(Sirressi et al. 2022), the COS Legacy Spectroscopic SurveY
(CLASSY; Berg et al. 2022), the HST spectroscopic survey of
star-forming galaxies in the local Universe, and future projects.
Bright early-type stars are also excellent probes of ISM condi-
tions (van Loon et al. 2013). We expect many spin-off projects
that use XShootU and ULLYSES data, including the derivation
of the extinction law for which X-shooter’s wide spectral range
is particularly useful.

In this work we present the XShootU project. The science
requirements are described, as are initial results on data reduc-
tion and data analysis processes. We show how the legacy spec-
troscopic dataset of ULLYSES and XShootU can increase our
knowledge of massive stars at low Z. The organisation of the
XShootU collaboration is described in the appendix. Already
published data (Table B.2, plotted in Fig.3) may naively sug-
gest that properties of LMC and SMC stars are known, but these
pre-ULLYSES results have been derived for relatively small and
heterogeneous datasets, and gaps are evident. To make matters
worse, spectral analyses that derive stellar properties have also
been heterogeneous, as different authors have not only used dif-
ferent tools, distances, and baseline abundances, but also differ-
ent wavelength ranges.

To make progress, not only do the spectroscopic datasets
need to be uniform — as provided by ULLYSES and XShootU —
but so does the spectral analysis approach. To give an example,
determining the M — Z relationship not only requires accurate
mass-loss rate determinations, but also reliable stellar parame-
ters, such as luminosities, to compare the M from one star with
one set of stellar properties in one particular galaxy to the mass-
loss rate from another star in another galaxy. A uniform data and
analysis approach is at the heart of the XShootU project.

2. XShootU science requirements

In order to build better population synthesis models of mas-
sive stars in low-Z environments, such as those at high red-
shift studied with JWST, we require (i) more complete spectral
libraries and (ii) more reliable stellar evolution models for low-

Z stars. The former involves the construction of more accurate
model atmospheres, but the latter implies a better handle on the
behaviour of wind mass loss over a multi-dimensional param-
eter space, including Z. The key line driver of the inner winds
that sets M of massive OB stars is iron (Fe), while intermediate
mass elements such as C, N, and O dominate the outer winds,
setting the terminal velocity (Vink et al. 1999; Puls et al. 2000).
While high redshift galaxies may have different [a/Fe] ratios
compared to local low-Z galaxies, non-solar [a/Fe] ratios should
have very little impact on the expected mass-loss rate, as long as
one correctly interprets low Z as having low Fe contents (see for
instance Table 5 in Vink et al. (2001) for conversions between O
and Fe).

One potential concern is whether the local low-Z LMC and
SMC at 0.5Z; and 0.2Z, are sufficiently metal-poor to gain
insight into low-Z stellar evolution in high-redshift galaxies. In
order to make the case that the SMC indeed has a sufficiently
low Fe-contents to provide key insights into the early Universe,
we showcase a number of MESA stellar evolution models (see
Appendix A.5) in Fig. 4. The plot indicates that a rapidly rotat-
ing massive star at LMC metallicity still shows classical red-
wards evolution, just like in the Milky Way, but that already the
one-fifth solar SMC metallicity is sufficiently low to undergo
bluewards chemically homogeneous evolution (CHE), similar to
even lower-Z stars at one-tenth solar. The Galactic model loses
as much as a third of its initial 50 M mass already on the main-
sequence, while the SMC and lower-Z models lose of the order
of 10% or less. Moreover, while the Galactic and LMC mod-
els completely spin down during the main sequence (the Galac-
tic model drops below the minimum observable v sin i value of
100kms~! after 3 Myrs, while the LMC star can delay this to
4.5 Myrs), the SMC and lower-Z models hardly spin down at
all. In fact, the SMC and lower-Z model evolve towards criti-
cal rotation, rather than away from it. In other words, the SMC
is an ideal test-bed for gaining an understanding of the physical
difference between the high-Z and the low-Z Universe.

The results displayed in Fig. 4 may naively give the impres-
sion that stellar evolution is already well understood, but this
is not the case, and the stellar evolution and population syn-
thesis models are only as good as the input physics. In this
parameter space those are predominately given by the assumed
amounts of interior mixing and wind mass loss. It is commonly
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Fig. 4. Main-sequence MESA stellar evolution models of a rapidly
rotating (vsini = 550kms™') 50 M, star for a range of metallici-
ties. The Galactic and LMC models show traditional redward evolu-
tion, while the SMC and even lower-Z (one-tenth solar) models start to
show blueward chemical homogeneous evolution. The models employ
Vink et al. (2000, 2001) mass-loss rates and assume a moderate amount
of core overshooting, with a value of a,, of 0.335, similar to the
Brott et al. (2011) models.

assumed that the only parameters setting the mass-loss rate are
the stellar luminosity and the metallicity, but in the oft-used
mass-loss recipe of Vink et al. (2000, 2001) parameters such as
stellar mass, and effective temperature — including the B super-
giant regime below the bi-stability jump — also play a crucial
role. Therefore, in order to make progress on the accuracy of
stellar evolution models at low Z we firstly require large samples
of wind parameters offered by the ULLYSES sample. Secondly,
in order to test these in different parts of the Hertzsprung-Russell
(HR) diagram, the underlying stellar parameters also need to be
robust. Thirdly, in order to test the role of rotational mixing for
a range of metallicities we require stellar abundances.

Starting with the third requirement, massive stars undergo
H-burning via the CNO cycle, and in the first instance the core
nitrogen (N) abundance is expected to increase by an order
of magnitude at the expense of carbon (C; Brottetal. 2011;
Ekstrom et al. 2012). Mixing can bring enhanced N to the sur-
face, which is especially relevant for testing the physics of rota-
tional mixing in stellar evolution models. Factors of 2—-10 in
N enhancement and C depletion are realistically measurable
from UV and optical spectroscopy as discussed in Sect. 4. For
the stellar parameters, effective temperatures need to be accu-
rate to within 5-10%, which is routinely achieved in non-local
thermodynamic equilibrium model (NLTE) atmosphere mod-
elling. More cumbersome is the estimated log g that determines
the spectroscopic mass. In Sect.4 we show that in order to be
able to derive accurate logg the UV alone does not suffice,
and optical Balmer lines are mandatory (see below). Arguably
the least well-constrained parameter is the wind mass-loss rate.
While UV P Cygni lines offer relatively accurate values of the
terminal wind velocity, ~10% (Prinja et al. 1990), uncertain-
ties in empirical mass-loss rates are about an order of mag-
nitude due to the roles of, respectively, micro-clumping and
macro-clumping (Fullerton et al. 2006; Oskinova et al. 2007,
Sundqvist et al. 2018) Clearly, such huge uncertainties are not
acceptable when building reliable stellar evolution and pop-
ulations synthesis models. From our experience in stellar
modelling, such as the experiments performed in Fig.4, we
conclude that we need the mass-loss rate to be accurate to
0.3 dex.
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As the mass-loss rate is a multi-variate function of stellar
parameters, such as L, M, and Tg, the accuracy requirements on
the stellar parameters need to be at least as good as those for the
mass-loss rate. Accuracies on Tg are easily within 10%, though
precisions of 1 kK are sometimes quoted. Similarly, log L pre-
cisions of 0.1 dex are feasible. However, the real culprit is the
stellar mass, M, which can be obtained from log g spectroscopi-
cally but which has a long history of uncertainty, culminating in
systematic differences between these spectroscopic masses and
evolutionary masses of the order of a factor of ~2 (Herrero et al.
1992). In Sect.4 we show that the optical regime is absolutely
critical to measure log g.

3. XShootU data description
3.1. Target selection

The first objective of the XShootU project is to create a homoge-
neous legacy atlas of similar quality and scope as that of ULL-
YSES. The target sample contains 132 LMC stars, 106 SMC
targets, and 6 very-low-Z stars in Sextans A and NGC 3109
(Roman-Duval et al. 2020; see Table B.1 of this paper).

Most ULLYSES targets are O-type stars (154), but B-type
stars (72), and WR/slash stars (18) are also included. Figure 1
displays the positions of the targets on the sky, and Fig. 2 shows
the distribution of spectral types. The SMC targets have masses
in the range of 10—-60 M, whereas the LMC targets have masses
in the range of 15-150 M. A subset of the ULLYSES targets
have previously been spectroscopically analysed (see Table B.2).
These heterogeneous pre-ULLYSES data are presented in the
HR diagram in Fig. 3 (filled symbols). Estimated parameters
for targets lacking contemporary analyses are also shown (open
symbols).

XShootU obtained a complementary dataset over the opti-
cal to NIR wavelength range for all ULLYSES targets that have
not previously been observed with X-shooter. This resulted in a
sample of 129* LMC stars and 103 SMC stars. In addition, three
very low-Z stars were included in the sample.

The ULLYSES and XShootU datasets are not taken simulta-
neously in time, although, apart from a few exceptions, the vast
majority of ULLYSES sources are not known variables. In real-
ity, most stars are variable to some level, so care still needs to
be taken when interpreting the data, but we do not anticipate this
to be a massive issue. Existing ESO Science Archive Facility
data are part of both spectroscopic and time-dependent aspects
of XShootU. Over half of the ULLYSES targets have no pre-
vious high-quality optical spectra. Several have been observed
with UVES (15%) and/or FLAMES (~50%), but the wavelength
coverage of these FLAMES data is limited. Using (limited) time-
sequence data, we searched for binary signatures, and in some
cases be capable of disentangling spectra of multi-component
systems (Mahy et al. 2020).

3.2. XShootU observing strategy
3.2.1. Wavelength coverage

ULLYSES obtained moderate resolution spectra of OB stars
with selected wavelength settings of the COS G130M, COS
G160M, STIS E140M, COS G185M, and STIS E230M grat-
ings in the far- and near-UV during HST cycles 27-29. In
order to complement this UV range, similar quality optical/NIR

4 These numbers are slightly different as a few archival X-shooter
datasets were available.
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Fig. 5. Effect of spectral resolution and rotational velocity on three sets of optical lines classically used to determine C, N, and O abundances.
In each panel, the initial CMFGEN model has T.s = 31000 K, logg = 3.6 and 0.2 Z,. The model is degraded to a resolution of either 6000
(typical for our X-shooter UVB spectra) or 80 000 and further convolved with three rotational velocities (20, 100, and 300 km s'). No additional
macro-turbulent broadening is considered. Also plotted is the UV C1iI 1176 line. Here the spectral resolution is that of the STIS E140M grating

(R ~ 45000).

spectroscopy was carried out with the X-shooter instrument.
This slit-fed (11" slit length) spectrograph provides simultane-
ous coverage of the wavelength region between 300—2500 nm,
divided into three arms; UVB (300 < A4 < 500 nm), VIS
(500 < 4 < 1000 nm), and NIR (1000 < A < 2500 nm). X-
shooter’s wide wavelength coverage made it the instrument of
choice for the purpose of building an optical-NIR legacy dataset.

3.2.2. Spectral resolution

The X-shooter slit widths were chosen to obtain a spectral res-
olution of R = 5000—-10 000, required for estimating the stellar
parameters. Each target was observed with a set of 0’8 (UVB,
R = 6700), 077 (VIS, R = 11 400), and 076 (NIR, R = 8100) slit
widths, matching also the average seeing conditions on Paranal.
The slit position angle was set by default to the parallactic angle,
but when necessary a fixed position angle on the sky was used to
optimally prevent nearby sources from entering the slits.

Figure 5 illustrates that although the spectral resolution is
only medium, the determination of surface abundances, includ-
ing nitrogen (N), carbon (C), and oxygen (O), should be feasi-

ble. It is the projected rotational velocity of some of the stars
that will limit such studies. The higher vsini, the broader the
lines, which become challenging to identify at very high vsin .
Even with a S/N around 100 (see the justification below) most
lines would be undetectable at high vsini. On the other side of
the distribution, lines are only partially resolved at low vsini.
Consequently, the determination of accurate low v sini values is
not feasible, and additional higher spectral resolution data are
needed for this subset (see Appendix A.11 for a description of
auxiliary Magellan/MIKE data), although the combined analysis
of optical and UV lines can partially alleviate this limitation. The
bottom panel of Fig. 5 illustrates the effect of rotational broaden-
ing of C1II 1176, a line complex relevant for the determination
of vsini (e.g. Bouret et al. 2013). Above 100km s~!, the com-
ponents of the multiplet are blended, while at lower rotational
velocities they are resolved individually.

3.2.3. Signal-to noise ratio

Some VLT instruments provide higher spectral resolution
in certain wavelength regimes (e.g. UVES), but to build a
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homogeneous database with a wide spectral coverage could
only be achieved with X-shooter. In addition to the wide wave-
length coverage, a high signal-to-noise ratio (S/N) in addition
to sufficient spectral resolution are essential to determine the
fundamental stellar parameters and the abundances for various
temperature regimes populated by OB and WR stars. For the
preparation of the X-shooter proposal, we estimated the required
S/N, experimenting on a typical SMC mid-O dwarf/giant with
CMFGEN model spectra degraded to X-shooter’s spectral resolu-
tion. We found that the determination of basic stellar parameters
such as Tt and log g became prohibitive for quantitative inter-
pretation if the S/N drops below 100 per resolution element. To
ensure the maximal scientific return of XShootU, we achieved a
S/N of >100 in the continuum in the UVB and VIS for all Mag-
ellanic Cloud targets.

3.3. Data reduction

A detailed description of the data reduction is provided in a paper
associated with Data Release 1 (DR1; Sana et al., in prep., here-
after XShootU II). Here, we provide a brief summary, focusing
on the UVB and VIS spectra. The data reduction of the NIR
spectra requires additional efforts and will become part of DR2.

The initial data reduction was performed using the ESO
X-shooter pipeline v3.5.0 (Goldoni 2011). The pipeline carried
out the standard steps of bias, flat, wavelength calibration, spec-
tral rectification, cosmic ray removal, sky subtraction, flux cal-
ibration, and extraction of a 1D spectrum. The wavelength cal-
ibration was performed using a physical model, that is to say,
the transformation from pixel to lambda space was optimised
through the analysis of a multi-pinhole ThAr (UVB, VIS) or pen-
ray (NIR) lamp frame. The predicted positions of the lines were
fitted using a 2D Gaussian to recover the actual positions on the
frame.

The pipeline-reduced data were subsequently flux calibrated
using a set of six standard stars observed during the same or adja-
cent nights. We found that the stellar models used by the public
pipeline (Moehler et al. 2014) resulted in small (of the order of
a few percent) changes in the Balmer line profiles depending on
the standard star. This potentially impedes accurate log g mea-
surements. In addition, the spectral energy distribution for some
of the standard stars could be optimised. We decided to use new
stellar models and new fit points to derive the response, start-
ing with models used by HST for their fundamental flux stan-
dards GD 71 and GD 153 (Bohlin et al. 2020)°. We then reduced
observations of the other five standard stars taken between Octo-
ber 2020 and April 2021 as if they were science objects, with the
response determined by close-in-time observations of GD 71.
Those spectra were then co-added to create high S/N spectra
that were used to derive improved stellar models. The XShootU
spectra were obtained with narrow slits. To obtain absolute flux
calibrated spectra, corrections were applied for slit losses due to
seeing and image quality across the detector and by re-scaling
to existing photometry. The achieved accuracy is typically better
than 5%.

Telluric correction was performed using the molecfit tool
v3.0.3 (Smette et al. 2015; Kausch et al. 2015) for the VIS arm
and generally leads to good results. For the Magellanic Cloud
targets, we fitted the atmospheric model directly to the science
spectra, as the S/N on the continuum is high enough to ensure

> The HST models are available at https://www.stsci.
edu/hst/instrumentation/reference-data-for-calib
ration-and-tools/astronomical-catalogs/calspec.
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a better correction than using a telluric standard star to compute
the model. The regions with very deep O, telluric absorption
lines at ~760 nm and sometimes the one at ~690 nm are poorly
corrected and the correction of the H>O bands at ~950 nm leaves
strong residuals. The correction from telluric lines around the
[OI] 6300 A line is always good.

Results of the data reduction are shown in Fig. 6. Here a
sample of reduced X-shooter spectra is presented to highlight a
sequence from the earliest to the latest spectral types for super-
giant and dwarf targets. The spectra shown are single-epoch in
order to avoid confusion in co-added spectra due to potential
variability. Telluric correction (grey regions) and proper cosmic-
ray removal was not performed for this plot, but will become part
of DR1 (XShootU II). An example of an O4 supergiant spectrum
is shown in Fig. 7 on a improved scale, focused on wavelength
regions in which telluric corrections are not needed.

4. Multi-wavelength analyses

In Sect.2 we show that the low-Z environment of the SMC can
be considered rather characteristic of the early Universe, with
low mass-loss rates, and the potential for rapid rotation and
blueward evolution, while the LMC sample is more character-
istic of today’s Universe, with higher mass-loss rates, slower
rotation, and classical redward stellar evolution. In reality, the
situation is more complex, as the mass-loss rates is a func-
tion of M = f(Z L, M, Teg,vsini), which implies we need to
obtain stellar and wind parameters over a large parameter space,
including not only the O-star regime, but also the B supergiant
regime, where the bi-stability jump may increase mass-loss rates
(Vink et al. 1999), or not (Bjorklund et al. 2021). Moreover, stel-
lar evolution models depend on interior mixing, and stellar
abundances can be utilised to test the efficiency of (rotational)
mixing.

4.1. Diagnostics in the UV and optical range

In the optical range, He/H abundances can only be determined
from the optical since H/He lines in the UV are dominated by
strong interstellar features (e.g. Lyman alpha) so the Pickering-
Balmer lines in the optical are critical for the He/H ratio.

Abundances of C, N, and O can in principle be determined
from the UV range only (e.g. Bouret et al. 2003,2013) but most
lines are also sensitive to winds, especially as one moves away
from the main sequence. Figure 8 shows an example where
winds are sufficiently weak for such a determination. The plot
also highlights that the optical range contains more lines from
these elements, and these lines depend far less on wind proper-
ties than those in the UV. Using more lines reduces the system-
atic uncertainties in the determinations. Figure 8 highlights that it
is still challenging to obtain a perfect fit for all lines of the same
element, but the availability of more lines helps in identifying
potential shortcomings in the atmosphere models. It also allows
for a better determination of errors associated with abundance
determinations, which is crucial for interpreting stellar evolution
predictions of interior mixing. A full error determination will
follow in a dedicated paper, but we could already say that typi-
cal error bars are 15-30%, sometimes up to 50%, with these two
datasets combined (see Bouret et al. 2021), easily satisfying our
science requirements.

Another key aspect of combining the ULLYSES and
XShootU datasets is that it allows stellar and wind parameters


https://www.stsci.edu/hst/instrumentation/reference-data-for-calibration-and-tools/astronomical-catalogs/calspec
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Fig. 6. Reduced X-shooter spectra for a range of spectral types of single-star supergiants (top) and dwarfs (bottom). For illustration purposes, the
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Fig. 7. X-shooter/UBV spectrum of Sk —67°167 (O4 Inf+) in the LMC, including zoomed-in views of key spectroscopic diagnostics.

to be derived self-consistently using both optical and UV diag-
nostics, which was lacking in surveys such as VFTS. For O-type
stars, there are no conclusive diagnostics in the UV to derive
effective temperatures and gravities. The wind profiles of O1v,
OV, and N1V impose a minimum effective temperature, but they
are also sensitive to the mass-loss rate and clumping properties.
Figure 9 highlights which parameters can be determined from
specific UV as well as optical lines for an LMC O supergiant.

As 30% of the sample involves B stars rather than
O-type stars, we also show Fig. 10 highlighting which param-
eters can be determined from the UV versus optical part for
B supergiants (Crowther et al. 2006; Firnstein & Przybilla 2012;
McEvoy et al. 2015). The combination of UV and optical spec-
tra is even more powerful for constraining the physical proper-
ties of B-type stars. As in the case of O-stars their UV spectrum
alone does not contain diagnostics for gravity. Effective tempera-
ture could to first order be constrained by comparing the C11/CIit
lines and the Fell/Felv line forests, although the C lines are
also sensitive to mass loss, and Fe transitions depend also on
log g. The optical range offers cleaner T.g diagnostics from the
ionisation balance of SiIl/SiIll/Si1v (secondarily, the comparison
of Hel and MgIl) and gravity (e.g. Hy and the higher Balmer
lines). The numerous metallic lines in the optical can be used to
determine abundances and in the case of the strongest transitions
(e.g. SiIm) micro-turbulence, and projected rotational velocity.
The joint UV + optical range offers several mass-loss rate and
clumping diagnostics, with the SiIv doublet being the best wind
velocity indicator for early B supergiants.

In order to further quantify the need for optical X-shooter
spectra in spectroscopic analyses, we present an example anal-
ysis for an O8 III SMC giant in Fig. 11. The figure shows both
the UV part of the spectrum and some Hydrogen Balmer lines
that are routinely utilised to derive logg values. It can easily
be seen that while high and low logg model values reproduce
the UV spectra equally well, the optical is critical for accu-
rate log g determination. While the complexity of the spectro-
scopic analysis is beyond the scope of this paper, the key point is
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that UV-only fits yield very poorly constrained surface gravities,
which result in enormous uncertainties on spectroscopic masses.
In addition to the uncertainty in surface gravity, it is also
appropriate to mention that for stars with strong winds, such
as supergiants, the He Balmer line is a key mass-loss and
clumping factor diagnostic. When only accounting for micro-
clumping and the UV part of the spectrum, Fullerton et al.
(2006) showed that clumping factors were uncertain by factors
of up to a hundred, and mass-loss rate reductions could easily be
an order of magnitude. Only when accounting for the optical Ha
line and macro-clumping (see Appendix A.4), Oskinova et al.
(2007) showed that mass-loss rate uncertainties were signifi-
cantly smaller, by a factor of 2 or so, and from the additional
optical Her line, clumping factors are usually estimated to be
lower, of the order of 6-8 (e.g. Ramirez-Agudelo et al. 2017).

4.2. Spectroscopic analysis tools and procedures

XShootU is coordinating spectral modelling efforts for mas-
sive stars on a world-wide scale never witnessed before in the
massive-star community. Before we can scale-up the analysis
to hundreds of massive stars with hugely varying spectral and
wind properties over the entire hot part of the HR diagram, it
is paramount that codes and analysis techniques are tested and
compared as a function of stellar parameters and metallicity.
The spectral analysis of massive stars is rather intricate
due to the highly NLTE conditions in their turbulent, super-
sonic atmospheres. Over the past few decades, a number
of highly complex, yet successful, model atmosphere codes
have been developed, for example CMFGEN (Hillier & Miller
1998), PoWR (Hamann & Grifener 2003; Sander et al. 2015),
and FASTWIND (Santolaya-Rey et al. 1997; Puls et al. 2005).
Although these codes have previously been applied to vari-
ous sets of observations, only more recently have they been
used for larger samples (e.g. Ramirez-Agudelo etal. 2017,
Sabin-Sanjulidn et al. 2017) due to the efficiency of numeri-
cal methods (applying certain physical approximations), and
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scaling: C abundance decreased by a factor of 3.8, N abundance increased by a factor of 4.5, and O abundance decreased by a factor of 1.6. The
models were computed with the NLTE CMFGEN (Hillier & Miller 1998) atmosphere code.

efficient spectral automated analysis tools including genetic
algorithms and grid-based y? approaches.

At virtual and on-site Lorentz workshops in 2021 and 2022
(and various additional virtual XShootU meetings) preliminary
comparisons of analyses with the various NLTE codes were per-
formed by modelling subsets of O-stars. Agreement was reached
on a common methodology for performing the spectroscopic
analyses within the XShootU Project.

This recommended procedure is summarised as follows:

1. Use the same reference value for the distance moduli (DM)
of the LMC and the SMC. We adopted DM(SMC) = 18.98
mag (Graczyk et al. 2020) and DM(LMC) = 18.48 mag
(Pietrzynski et al. 2019).

2. Adopt the same photometry (U, B, V, J, H, K5, as minimum)
for each star (Table B.1). Optical photometry is from a vari-
ety of sources, whereas NIR photometry is from VISTA
VMC (JKs; Cioni et al. 2011), 2MASS (JHKSs; Cutri et al.

2003), or 2MASS 6X (JHKSs; Cutri et al. 2012). H-band pho-
tometry is omitted if JKs values are discrepant between
2MASS and VMC owing to photometric variability or
crowding.

Adopt the same literature source for the bolometric correc-
tion. The relation for bolometric correction as a function of
T and metallicity from Lanz & Hubeny (2003) is adopted
for now. This relation may be updated in the course of this
project.

Adopt the same reddening approach. Key references for the
Milky Way foreground are Fitzpatrick et al. (2019), over ear-
lier works by Seaton (1979), Cardelli et al. (1989), though
Galactic foreground extinction is modest towards the Magel-
lanic Clouds.

For the Magellanic Cloud contributions, Gordon et al. (2003)
is preferred, recognising earlier contributions from, for
example, Howarth (1983) and Fitzpatrick (1986) to UV laws
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mark the position of interstellar lines.

in the LMC, and for the SMC from, for example, Prevot et al.
(1984) and Bouchet et al. (1985) to the UV and optical/IR,
respectively. For the FUSE range, Gordon et al. (2009) and
Cartledge et al. (2005) are recommended for the Milky Way,
and Magellanic Clouds, respectively.

. Adopt the same baseline LMC and SMC abundances. Sev-
eral abundance ratios in the Magellanic Clouds are noto-
riously non-solar, which is especially true for CNO in the
SMC, and the use of scaled-solar values should be avoided
when possible. Thus, the adopted abundance values were
derived from an average of different determinations, for
example from stars, HII regions, and SN remnants. The rec-
ommended values are listed in Tables 1 and 2. For several
species, however, we need to agree on default abundances,
given the absence of lines in spectral ranges covered by ULL-
YSES + XShootU. In such cases, scaled-solar values need to
be adopted, using 0.5Z; and 0.2 Z; scaling factors for the
LMC and SMC, respectively (Asplund et al. 2009).

. Whenever possible, adopt the same description of macro-
turbulence for line broadening. The recommendation is to
adopt a radial-tangential description of macro-turbulence
(e.g. Simon-Diaz & Herrero 2014).

. Adopt similar wind clumping implementation. We agreed
to use the same parametric description as implemented in
CMFGEN (Hillier & Miller 1998) for the standard deriva-
tion of the mass-loss rate. Clumping is predominately treated
in the ‘micro-clumping’ approximation, assuming a void
interclump medium. The volume filling factor, fy, has the
following velocity-dependent behaviour:

fV(r) = fV,oo + (1 - foo) e_V(r)/Vds
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where fy . denotes the value at r — oo. For a void inter-
clump medium, the corresponding clumping factor D = f; is
simply the inverse value, implying that D, = f\z{x’. The free
parameter v, is a characteristic velocity varied to describe
the clumping onset. More sophisticated descriptions of the
properties and nature of clumping can be implemented in

the codes (e.g. Oskinova et al. 2007; Hawcroft et al. 2021;

Flores & Hillier 2021). These predominately fall under the

framework of working group (WG) 4 that focuses on wind

structure (see below).

The next step is to benchmark the accuracy of stellar parame-
ters derived with the different approaches. For this, a small set
of stars was modelled with various NLTE codes. The obtained
stellar parameters were compared, allowing us to assess to what
extent the physical interpretation depends on the modelling tools
applied. In parallel, we also considered bench-marking of the
NLTE wind codes (i.e. against one another or against mock data)
to perform a direct comparison of synthetic spectra computed for
the same input model parameters. Alternatively, we could use a
model obtained with one code and fit this model with the other
codes. These various ‘bench-marking’ approaches will provide
relevant information of systematic differences between codes,
analyses tools, and other differences in approach, which will be
detailed in a future (benchmarking) paper (Sander et al., in prep.;
XShootU IV).

Determination of the wind terminal velocities (v) is also
taken on. As a global wind parameter, this is indeed an essential
input for the models of stellar atmospheres used. The ULLYSES
(UV) data are of particular importance for this task as they are
rich in resonance transitions of ionised species, which are prime
Ve diagnostics. For stars presenting saturated resonance-line
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Fig. 10. UV (top, middle) and optical (bottom) spectrum of the SMC star Sk191 (B1.5 Ia). The UV spectrum consists of FUSE, STIS E140M,
and STIS E230M observations compiled as part of the ULLYSES project. The optical spectrum was obtained with X-shooter. Similarly to Fig. 9,
interstellar transitions and a selection of stellar and wind diagnostics are highlighted. In addition, metallic lines that can be used to measure

abundances are marked in purple.

UV profiles, considering that the spectral lines remain opti-
cally thick at the distances where the wind reaches its maximum
speed, v, can be measured directly by measuring the maximum
velocity shift of the absorption component of the UV C1V res-
onance doublet (see e.g. Prinja et al. 1990; Prinja & Crowther
1998). Alternatively, the wind speeds can also be measured
by fitting synthetic spectra produced using the Sobolev with
exact integration (SEI) method (Lamers et al. 1987). This lat-
est approach is particularly relevant for stars without saturation
in their UV resonance-line profile (although it can also be used
in the first case mentioned above). As this paper is being writ-
ten, a significant fraction of the LMC and SMC star sample has
been studied with either method. Results concerning the depen-
dence of v, with the ambient metallicity or stellar parameters
will be presented in dedicated papers (e.g. Hawcroft et al. 2023
XShootU III).

5. Final perspectives

The XShootU project is expected to provide many pieces of
data, models, and new physics of massive stars in low-Z envi-
ronments. It is important to stress that the overarching aim is
to provide a high-quality homogeneous optical database that is
complementary to ULLYSES. These legacy datasets are criti-
cal for a correct interpretation of unresolved high-Z observa-
tions with JWST/NIRSpec (Curti et al. 2023; Carnall et al. 2023;
De Barros et al. 2019). The next goal is to provide uniformly
determined stellar and wind parameters from the combined UV
and optical datasets. For this part of the project, it is not only
critical to include the correct NLTE physics, but also to test the
various spectral synthesis codes and analyses.

A key science aim is to quantify “how” the mass-
loss rate declines with decreasing metallicity. This does not

A154, page 11 of 28



Vink, J. S, et al.: A&A 675, A154 (2023)

normalized flux

b 402 A I
i & 4 1 ]  : “‘ i ‘

0.8 \]; i 1 A ' !
i 41 I

LN I L

ol 1 1
L L PRI IR
1470

PRI R
1480

normalized flux

logg =3.4
0.6 - logg = 4.4 3 .

P RN
4340
1A A

T IN T N S MRS L P |-
4080 4090 4100 4110 4120 4330

4350
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with the POWR (Sander et al. 2017) NLTE code.

necessarily simply imply a determination of a power-law expo-
nent, as the slope may easily vary with stellar parameters or Z
itself (Vink et al. 2001; Kudritzki 2002; Sander & Vink 2020;
Marcolino et al. 2022; Rickard et al. 2022). In order to obtain an
empirical M = f(Z) relationship, we not only require mass-loss
rates and clumping properties, but simultaneously also need to
obtain the underlying stellar parameters (7.g, log g, L, and M) as
these parameters enable mass-loss properties from a given object
in one galaxy to be compared to those from an entirely different
object located elsewhere.

The XShootU dataset, coupled with surveys of HII regions
in the LMC and SMC such as SDSS LVM?® (Local Volume
Mapper), represents a significant opportunity to advance the state-
of-the-art in our understanding of how stars shape their environ-
ment. LVM is an optical (3600—10 000 10\) integral field unit (IFU)
spectroscopic survey (R ~ 4000) of the Milky Way and the Local
Group (LMC, SMC, M31, and M33). It will be the first IFU sur-
vey to isolate and resolve distinct environments within galaxies
and to cover significant portions of the night sky. New population
synthesis models — informed by the new physics obtained in the
XShootU collaboration — can be used to remove the stellar con-
tribution from LVM observations of star-forming regions, which
will enable studies of the ionised gas alone (H 11 regions and dif-
fuse ionised gas) over the large dynamic size range of LVM, from
clusters and clouds (10-50 pc) to the kiloparsec scales of spiral
arms, galactic inflows and outflows, and disk dynamics.

One should be aware that different communities refer to Z
in different ways. Extra-galactic communities usually work on
the basis of nebular oxygen (O) lines, while stellar astronomers
are sometimes able to derive Fe abundances of individual stars.
It is predominately the Fe abundance that sets the mass-loss
rate, while intermediate mass elements such as O set the wind
terminal velocity (Vink et al. 1999; Puls et al. 2000). While the
[a/Fe] ratio in local dwarf galaxies such as IC 1613 is gener-
ally found to be sub-solar (TautvaiSiené et al. 2007; Garcia et al.

% https://www.sdss.org/dr18/lvm/about/
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2014), Steidel et al. (2016) and Strom et al. (2022) show O to be
enhanced in comparison to Fe for galaxies at intermediate red-
shifts (‘Cosmic Noon’). This is thought to be due to the time
delay in the production of Fe from Type Ia SNe with respect to
a elements released by massive stars. It may therefore become
relevant to consider more detailed abundance patterns than sim-
ply scaling all metals with the solar-abundance pattern, that is, to
make a clearer distinction between [Fe/H] and @ elements for M
calibrations of massive stars, as indicated in Table 5 of Vink et al.
(2001). The ULLYSES and XShootU sample will uniquely pro-
vide the opportunity to investigate potential differences between
[Fe/H] and « elements with non-solar patterns.

When we are eventually able to provide a reliable empiri-
cal M = f(Z) relation, we will be able to compare these find-
ings to theoretical predictions, and this will inform us on how to
treat mass loss more reliably in models of stellar evolution — and
thereby also in feedback and population synthesis studies — at
low Z. It is currently unclear if most of the mass loss takes place
in Z-dependent winds, or in Z-independent eruptions or binary
interactions. Despite the possibility of significant Z-independent
mass loss, there is ample evidence that massive-star evolution
in metal-poor environments proceeds very differently from such
evolution in our Milky Way. Shirazi & Brinchmann (2012) and
Kehrig et al. (2015) found strong nebular He 1T emission lines
in low-Z galaxies, but not in metal-rich ones. Long-duration
gamma-ray bursts (e.g. Vreeswijk et al. 2004), super-luminous
SNe (e.g. Quimby et al. 2011; Gal-Yam 2012; Chen et al. 2015),
and broad-line Type Ic SNe occur preferentially in low-Z dwarf
galaxies (e.g. Palmerio et al. 2019),whereas ordinary Typelc
SNe avoid dwarf galaxies.

The spectacular merger of two ~30 M, BHs observed through
the detection of GWs by the LIGO observatory (Abbott et al.
2016a) most likely originated from a system that had an initial
Z similar to that of the SMC (Abbott et al. 2016b). This conclu-
sion is inextricably linked to the predicted reduced stellar wind
mass loss at low Z (e.g. Vink etal. 2001). Proposed channels
that may have led to GW 150914 (and other more recent events)
involve mass transfer and common envelope evolution (e.g.
Belczynski et al. 2016) and CHE systems (Mandel & de Mink
2016). The CHE model is linked to rapid spin rates, leading
to rotationally induced mixing of the stellar interior (Maeder
1987; Yoon & Langer 2005). Predictions of single star evolution
have shown this process to be increasingly important at lower Z
(Brott et al. 2011) due to lower mass-loss rates, and correspond-
ingly less angular momentum loss. Support for the existence of
CHE can be found in the properties of a small fraction of WR
stars (Martins et al. 2009; Hainich et al. 2015), but CHE still lacks
unambiguous observational confirmation in the O-star regime
(see for example Walborn et al. 2004; Abdul-Masih et al. 2019,
2021 and Bouret et al. 2013 for candidates).

The properties of GW events and exotic SNe illustrate the
key physics involved: spin rates and rotationally induced mix-
ing, CHE, and wind mass-loss rates. The XShootU sample
consists of uniformly estimated spectral parameters of objects
previously classified in the literature to varying extents. Further
analysis will include, for instance, a determination of an upper
limit to the number of CHE stars for which three basic observ-
ables need to be fulfilled: (i) a peculiar HR diagram location, as
chemically homogeneous stars evolve bluewards instead of red-
wards, (ii) higher average v sin i, as they are thought to be caused
by rapid rotation, and (iii) special chemical-abundance patterns
that showcase chemical mixing.

These are just some of the studies that are being prepared,
and their results will be published in research articles of the
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Table 1. Baseline LMC metal abundances (X/H by number) with respect to Z, from Magg et al. (2022, MBS22).

Element SNR H 11 regions B stars F supergiants (LMC) Solar (LMC)

D19 G99 P03/SCT17 TO3 LO8 KO00/KO5  TO7/HO7 DI8 HAS95 A0l X/H MBS22 logX/H+12 Z,
C 1.2x10™*  7.9x107  1.0x107* 9.5x107° e 1.2x10™*  8.9x10™>  1.0x107™* 3.6x107* 8.01 0.28
N (1.6x107°)  7.9x107%  1.6x107° oy 1.0x107>  7.9x107° e e 1.I1x107°  9.5x107° 7.03 0.12
0 22x107*  2.5x107°  3.2x107* 2.2x10™* - 2.5x10™*  2.3x107* (2.8x107%)  (3.2x107™%) 2.5x107*  5.9x10™* 8.40 0.42
Ne 40x107°  4.0x10™  6.8x10™  4.6x107  58x107° . e e e 5.0x107°  1.4x107* 7.70 0.35
Na 1.5x107%  7.9%x1077  1.2x107%  1.9x107® 6.1 0.6
Mg 1.5x1073 14x107°  12x1075  1.0x107°  1.6x107° 1.3x107%  3.5%x107° 7.13 0.46
Al e - 7.2x1077 .- e 2.2x107° 1.5x107°  2.7x107° 6.2 0.5
Si 1.3x107°  5.0x107° oy iy oy 1.2x107°  1.6x107° (3.7x107%) 1.1x107°  3.9x107° 7.06 0.32
S 9.5x10°  5.0x107° 9.8x10° 59x10° 5.9x107° e 9.9x 1076 7.7x107¢  1.4x1073 6.88 0.53
Cl 9.1x1078 e 6.6x1078 e e e 7.9x107%  1.8x1077 4.9 0.4
Ar 62x107  1.6x107°  1.8x107°  1.4x107° 2.1x107¢ 1.5x107%  3.2x107° 6.2 0.5
Ca 1.0x107° 1.6x107° 1.3x107¢  2.3x107° 6.1 0.6
Cr 2.2x1077 e e e e 2.6x1077 2.4x1077  5.5x1077 5.4 0.4
Fe 2.1x107° (2.5%107%) (1.7x107%)  1.2x1075  1.7x107° 1.7x107% 1.7x107°  3.2x107° 7.23 0.54
Ni 7.9x1077 oy . oy . 9.2x1077 8.6x1077  1.7x107° 5.9 0.5

Notes. Values shown in parentheses are excluded from the average, due to issues with enhancements owing to mixing (e.g. N), depletion on dust
grains (Fe) or other concerns. log(P/H) + 12 = 5.1 or 0.5 Z,, is adopted for P following ISM studies of Tchernyshyov et al. (2015).

References. HAS95: Hill et al. (1995); G99: Garnett (1999); K00: Korn et al. (2000; He/Al/Fe only); K05: Korn et al. (2005; excl He/Al/Fe);
AO1: Andrievsky et al. (2001); PO3: Peimbert et al. (2019; excl. C/O); T03: Tsamis et al. (2003); TO7: Trundle et al. (2007); HO7: Hunter et al.
(2007); LO8: Lebouteiller et al. (2008); SCT17: Toribio San Cipriano et al. (2017; C/O recomb lines for 30 Dor); D18: Dufton et al. (2018); D19:

Dopita et al. (2019).

Table 2. Baseline SMC metal abundances (X/H by number) adopted with respect to Z;, from Magg et al. (2022, MBS22).

Element SNR H11 regions A stars B stars K supergiants (SMC) Solar (SMC)

D19 KD98 G99 RO2 LO8 V99 K00 TO7/H09  H97/HBS97 H99 X/H MBS22 logX/H+12 Z,
C 3.2x107  1.6x107°  2.5x107° . - 2.5x107  2.0x107° 3.6x107°  2.8x1075  2.6x107°  3.6x107* 7.42 0.07
N 6.6x107°  3.6x107° 3.2x107° 6.5x107° (2.1x107)  32x107°  (1.7x107%)  (3.2x107°) 4.6x107°  9.5x107° 6.66 0.05
o) 1.0x10*  1.0x10™* 1.0x10™* 1.4x10™* oy 1.4x107*  14x10™*  9.8x107° 1.2x10™* L.Ix10*  5.9x107* 8.05 0.19
Ne LIx107  1.6x107°  1.6x107 2.1x107° 22x107° 2.9x107° 17107 1.4x107* 7.23 0.12
Na 40x1077  2.6x1077  3.1x1077  1.9x107° 5.49 0.16
Mg 5.2x107¢ 6.7x10°  6.0x107°  52x107° L1x107°  4.5x107% 6.1x107° 3.5x107° 6.78 0.17
Al 3.8x1077 4.6x107  3.6x1077  3.9x1077 2.7x107° 5.59 0.15
Si 5.9%x107¢ 2.0x107° - oy 9.3x10°  6.9x107°°  5.9x107° 52x107°  5.6x107° 53x107° 3.9x107° 6.72 0.14
S 2.0x107°  2.5x107°  2.3x107° 23x107°  1.4x107° 6.36 0.16
Cl 2.3x107% 2.3x107%  1.8x1077 437 0.13
Ar 5.1x1077 7.9x107  6.6x1077  9.3x1077 iy e e 7.2x1077  3.2x107° 5.86 0.23
Ca 5.9x1077 2.1x1077 3.9x1077  3.3x107  4.1x1077  2.3x10°¢ 5.61 0.17
Cr e oy e e 4.6x107%  3.7x107°  4.0x10® 5.5x1077 4.61 0.07
Fe 5.9x107¢ 5.1x10°  6.6x107°  8.5x107° 6.4x107°  5.1x107% 6.3x107° 3.2x107° 6.80 0.20
Ni 3.5x1077 3.4x1077 12x1077  2.4x1077  1.7x107° 5.37 0.14

Notes. Values shown in parentheses are excluded from the average, due to issues with enhancements owing to mixing (e.g. N), depletion on dust
grains (Fe) or other concerns. log(P/H) + 12 = 4.7 or 0.2 Z,, is adopted for P from ISM studies of Tchernyshyov et al. (2015).

References. H97: Hill (1997); HBS97: Hill et al. (1997); KD98: Kurt et al. (1998); G99: Garnett (1999); V99: Venn (1999); H99: Hill (1999);
KO00: Korn et al. (2000); TO7: Trundle et al. (2007); LOS: Lebouteiller et al. (2008); H09: Hunter et al. (2009); D19: Dopita et al. (2019).

XShootU series. It should be emphasised that some of the analy-
sis is already ongoing, but there is ample space for new parties to
join the project. Moreover, the X-shooter data are open to the pub-
lic, and we also plan to make the higher level data products open
to the community at large, as these high-quality data have long-
term utility for research projects that may not yet be foreseen.
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Appendix A: The XShootU collaboration
A.1. Organisation (WG 1)

XShootU is a project with a wide-scale community approach.
The collaboration is organised into 14 WGs that anyone can join:
(1) Organisation, (2) Data Reduction and Calibration, (3) Stellar
Atmospheres and Benchmarking, (4) Wind Structure, (5) Stellar
Evolution Modelling, (6) Stellar Libraries, (7) Population Syn-
thesis, (8) Interstellar Medium, (9) Massive Star Feedback, (10)
Stripped Stars, (11), Auxiliary/New Data, (12) Pulsations, (13)
Magnetic Fields, and (14) Unusual Objects.

A.2. Data Reduction and Calibration (WG 2)

The detailed description of the UVB and VIS higher level data
products will be associated with DR1 (Sana et al., in prep.,
XShootU II). The data reduction of the NIR spectra will become
part of DR2.

A.3. Stellar Atmospheres and Benchmarking (WG 3)

WG3 was set up to foster discussions and cooperation
between researchers performing the spectroscopic analysis of the
XShootU datasets. Part of this work is described in the main part
of the paper. Several sub-groups were organised by WG 3 mem-
bers to address specific science questions and topics of inter-
est. This ranges from the determination of the full photospheric
and wind properties of the sample at large, to very specific
issues such as studying the effects of rotational mixing on stars
with different masses/ages through abundance studies. The three
main codes that are employed for the spectroscopic analysis are
the NLTE expanding wind codes CMFGEN, FASTWIND, and
PoWR (Hillier & Miller 1998; Puls et al. 2020; Grifener et al.
2002), and the plane parallel NLTE code TLUSTY for stars
without strong winds.

A.4. Wind Structure (WG 4)

Winds of massive, hot stars are time-dependent and highly
structured on small and large spatial scales (see the overviews
in Puls et al. 2008; Hamann et al. 2008). It has been shown
that properties of structured winds have an enormous impact
on empirical estimates of mass-loss rates, and thus on our
understanding of stellar evolution. However, the question to
which extent M is influenced by wind structures remains. WG 4
studies the clumping dependence on spectral and luminosity
classes at different Z. Spectral modelling is performed using
state-of-the-art model atmosphere codes (see WG 3), which can
treat clumping properties with different levels of sophistication.
Wind clumping is usually treated in the ‘micro-clumping’ (i.e.
optically thin clumps at all frequencies) or ‘macro-clumping’
(i.e. arbitrary optical thickness of clumps) approximations, still
assuming a void inter-clump medium and a smooth velocity field
(e.g. CMFGEN, PoWR, and METUIJE; Krticka & Kubat 2017,
2018).

A.5. Stellar Evolution Modelling (WG 5)

The objectives of the stellar evolution group fall into two
categories. The first one is to provide up to date sets of stellar
evolution models covering not only the parameter space of initial
conditions but also that of uncertain physical prescriptions such
as overshooting. Following the work of Schneider et al. (2014),
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we also provide open source tools’ for performing Bayesian
inference of observed systems and inferring their initial prop-
erties given a set of simulations. Even though the XShootU sam-
ple was designed to exclude known binary stars, it is possi-
ble that such a sample contains large numbers of binary prod-
ucts. Therefore, extended grids of binary evolution will also
be constructed and incorporated into the Bayesian inference
framework under construction. Our simulations will be coded
using the MESA software instrument (Paxton et al. 2011, 2013,
2015, 2018, 2019), but our Bayesian tools are designed to eas-
ily incorporate simulations from other stellar evolution simula-
tions, allowing us to establish systematic biases on our theoret-
ical models. The second objective of the WG will be the devel-
opment of tailored evolutionary models for specific objects of
interest found within the XShootU sample.

A.6. Stellar Libraries (WG 6)

Stellar spectral libraries are one of the main ingredients of stel-
lar population synthesis models, which in turn are powerful tools
in the study of fundamental properties of unresolved stellar sys-
tems. One of the major deficiencies of the empirical libraries
available today is the coverage of hot and young stars at low Z
(Hill et al. 2022). A variety of empirical stellar spectral libraries,
collected with different primary goals, are publicly available (see
Table 1 in Verro et al. 2021 for a recent summary). In terms of
spectral resolving power, only the X-shooter Spectral Library
(XSL) and ELODIE are comparable to the XShootU dataset.
ULLYSES + XShootU is by far the most complete, highest-
S/N, and highest resolution library of hot, massive stars with
the broadest spectral coverage. While numerous libraries for
low-mass stars are available, these libraries are incomplete at
high masses. To illustrate this point, we compared the ULLY-
SES + XShootU target sample with the XSL library (Verro et al.
2022), which was designed for stellar population synthesis. In
Fig. A.1 we show the HR diagram coverage of the XSL library,
which shows the lack of massive OB stars at any Z. ULLYSES
+ XShootU perfectly complement the missing parameter space
of the XSL library. In combination, the two libraries allow self-
consistent population synthesis models (see WG 7) of systems
hosting both young and old stars.

A.7. Population Synthesis (WG 7)

Population synthesis models are called semi-empirical if the
stellar evolution tracks are theoretical but the individual stel-
lar spectra are observed, and fully theoretical when both are
calculated. XShootU observations will enable improvements of
semi-empirical models because they will provide the most com-
plete spectral library to date. In addition, the XShootU obser-
vations will guide new generations of atmosphere and evolu-
tion models, which will help improve fully theoretical popu-
lation synthesis models. The new empirical library of LMC +
SMC UV-to-NIR massive-star spectra built by the ULLYSES
and XShootU projects will replace the Starburst99 LMC + SMC
library, greatly improving the realism of population synthesis
predictions. Once the library is implemented in Starburst99, cor-
responding Cloudy (Ferland et al. 2017) photoionisation mod-
els will be computed in order to account for the contribution
of the ionised gas and dust to the integrated light of young OB
star populations. The models, which will be publicly available,

7 An early version of these tools can be found at https://github.
com/orlox/StarStats.jl
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Fig. A.1. Comparison of the ULLYSES (blue: LMC; green: SMC) and
XSL libraries. XSL stars (filled circles) are separated by metallicity:
[Fe/H] > —0.5 (black) and [Fe/H] < —-0.5 (dark red). Temperatures,
gravities, and metallicities of the ULLYSES stars in this figure were
obtained from the literature. Solid lines are Geneva isochrones for Z
and various ages (Ekstrom et al. 2012).

will be used to interpret existing and future observations of star-
forming and starburst galaxies with similar metallicities, in par-
ticular those from CLASSY (Berg et al. 2022; James et al. 2022)
high-resolution (R ~ 15000) Far-UV spectral database of 45
nearby (0.002 < z < 0.182) star-forming galaxies, the majority
of which have LMC- or SMC-like metallicities.

A.8. Interstellar Medium (WG 8)

The intervening ISM along the line of sight to each target star
will impact the observed UV and optical spectra. Cool atomic
and molecular gas produces absorption features superimposed
on stellar photospheric and wind lines. Furthermore, dust in
the Milky Way and the host galaxy extinguishes and reddens
the stellar spectra. These effects must be accounted for to reli-
ably analyse stellar features, but also enable ISM science that
is interesting in its own right. Due to the nature of the UV-
based selection process of the target sample and the fact that
most OB stars in the Magellanic Clouds experience low extinc-
tions (E(B — V) < 0.20 mag), strong ISM signatures are not
expected in the optical and NIR X-shooter spectra. Nevertheless,
clear signatures are expected in strong atomic lines such as the
NaT A15889.951,5895.924 and Ca11 143933.663,3968.468 dou-
blets. For the targets with the strongest extinctions, detection are
expected for some molecular lines, such as CH 44300.313 and
CH+ 14232.548, and strong diffuse interstellar bands, such as
those at 4428 A, 5780.5 A, 5797.1 A, and 6614 A. These lines
have been well studied for Galactic targets but less so for objects
in the Magellanic Clouds (though see e.g. Ehrenfreund et al.
2002; Welty et al. 2006; Cox et al. 2006, 2007; van Loon et al.
2013; Bailey et al. 2015). The coverage of the significantly less
studied wavelength region between 3200 — 3800 A could pro-
vide detections of some lines such as TiI 43729.8069 and
Timm A3383.759. In addition, the flux calibration of the X-
shooter spectra will provide insights into the Magellanic Cloud
extinction laws (Maiz Apellaniz et al. 2014) and possibly detect
the recently discovered very broad absorption band centred on
7700 A (Maiz Apellaniz et al. 2021).

A.9. Massive Star Formation and Feedback (WG 9)

The energy output from young OB stars creates expanding HII
regions that are over-pressurised with respect to their surround-

ings by photoionisation, radiation pressure on dust grains, and
shock heating by stellar winds (Mathews 1967; Weaver et al.
1977; Spitzer 1978). Key stellar properties for the structure
and dynamics of these regions are the flux in far-UV and
extreme-UV photons and the stellar wind mass-loss rate and
terminal velocity. The density distribution, chemistry, and equi-
librium temperature of the photoionised gas also play impor-
tant roles (Ferland et al. 2017). Because the LMC and SMC
have substantially lower metallicities than the Galaxy, their HII
regions are ideal test cases for the impacts of stellar ionising
flux (Voges et al. 2008; Oey & Kennicutt 1997) and winds (e.g.
Oey 1996; Oey & Smedley 1998) in low-metallicity environ-
ments typical of high-redshift galaxies. The XShootU dataset
in the Magellanic Clouds represents a significant opportunity to
advance the state of the art in our understanding of how stars
shape their environment. WG9 has identified a sample of rel-
atively isolated XShootU stars that reside inside HII regions
identified in the MCELS survey (Pellegrini et al. 2012). These
single-star HII regions are valuable tools for calibrating stel-
lar atmosphere models (like those produced by WG 3) by com-
paring observed nebular emission lines to photoionisation mod-
els adopting those model atmospheres as the ionising sources
(Zastrow et al. 2013). Combining stellar properties inferred from
the XShootU spectra with the observed structure and emission of
the ionised gas in these regions will clarify the role stars play in
shaping their environment.

A.10. Stripped Stars (WG 10)

Stars stripped of their hydrogen-rich envelopes via mass transfer
or common envelope ejection in binary systems are thought to
be the fate of a third of all massive stars (Sana et al. 2012). In
fact, in a continuously star-forming population, a few percent of
all massive stars should be accompanied by a stripped compan-
ion. Binary-stripped stars are the exposed helium cores of their
progenitors. During the long-lived phase of core helium burning
these stars are small (R < 1 Ry), hot (Teg ~ 50— 100 kK), com-
pact (logg ~ 5), helium-rich (Yg,s ~ 0.5—1), and hydrogen-poor
(Xqut ~ 0—0.5), but span a range of luminosities (1—10° Ly) and
masses (~ 0.5 —-10 M) (Gotberg et al. 2018). After core-helium
exhaustion, they can expand to giant sizes, depending on the
fraction of hydrogen they retain, and appear as helium-enriched
blue, yellow, or red supergiants (Yoon et al. 2017; Laplace et al.
2020). ULLYSES offers an excellent sample to search for hot
binary-stripped stars that are sufficiently massive to explode as
SNe. Especially with the effort to exclude apparent binaries from
the target sample, the likelihood of having a few hidden binary-
stripped companions increases, as they are not expected to sig-
nificantly contribute to the optical flux or to cause large radial
velocities. While UV spectra will be crucial for this analysis, the
optical spectra are needed for stellar characterisation of both the
binary-stripped star and the accretor star. We expect that discov-
ering binary-stripped star + OB star systems in the ULLYSES
sample will help constrain uncertainties, such as how common
and efficient mass transfer is, and exactly how the two stars are
affected by such mass transfer.

A.11. Auxiliary/New Data (WG 11)

There are multiple ways in which auxiliary data can help
increase the value of the ULLYSES/XShootU library, including
different wavelength regimes (e.g. X-rays) and observing strate-
gies. For example, the intermediate spectral resolving power of
the X-shooter data only partially resolves spectral lines, espe-
cially for stars with low projected rotational velocities (v sin i),
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and higher resolution spectra are needed for a detailed spec-
troscopic analysis. WG 11 will provide high-resolution optical
spectroscopy of a selection of slow rotating ULLYSES targets.
Targets were selected on the basis of showing narrow, resolved
Cur 1176 A lines in their UV spectra or having low vsini
reported in the literature. Between December 2021 and Decem-
ber 2022, we obtained high resolution (R ~ 40 000) and high S/N
(~ 200 in the 4100 A region) optical spectra with the 6.5m Mag-
ellan Clay telescope (+MIKE spectrograph) for 48 ULLYSES
targets. Basic reductions confirmed the high quality of the data,
and final reductions are underway. The Magellan/MIKE data
will be made available to the massive stars community. WG11
also plans to organise archival searches aimed to identify data
that will enhance the ULLYSES/XShootU library:

— High spectral resolution optical spectra of ULLYSES targets,
for example obtained with the UVES, FLAMES, FEROS,
and HARPS instruments.

— UV spectra obtained with IUE, FUSE, and HST.

A.12. Pulsations (WG 12)

The study of spectroscopic variability in XShootU targets is
naturally supported by the analysis of time-series photometry
from the NASA Transiting Exoplanet Survey Satellite (TESS)
mission (Ricker et al. 2015). The LMC is within the south-
ern continuous viewing zone of the TESS mission, such that
all XShootU stars in the LMC have continuous light curves
spanning 1 yr. TESS light curves have been used to demon-
strate that heat-driven pulsations and the signatures of rota-
tional modulation are common in early-type main-sequence stars
in the Galaxy (David-Uraz et al. 2019; Burssens et al. 2020).
Whereas, the brightest massive stars in the Magellanic Clouds
(i.e. OB supergiants) have light curves dominated by stochas-
tic low-frequency variability (Bowman et al. 2019). Interest-
ingly, in low-metallicity environments such as the Magellanic
Clouds, the driving of heat-driven pulsations is less efficient
(Salmon et al. 2012). For massive stars with identified pulsation
modes, forward asteroseismic modelling is able to provide con-
straints on their (core) masses, ages, interior rotation profiles,
and mixing properties (e.g. Aerts et al. 2003; Dupret et al. 2004;
Salmon et al. 2022), but also probe the strength and geometry of
an interior magnetic field (Lecoanet et al. 2022). A key goal of
WG12 is to extract reliable TESS light curves, provide comple-
mentary constraints on the variability amplitudes and timescales
of each XShootU target, and ultimately perform forward astero-
seismic modelling (see Bowman 2020 for a review).
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A.13. Magnetic Fields (WG13)

WG13 seeks to leverage the UV and optical spectral libraries
provided by the ULLYSES and XShootU programmes to shed
light on how magnetism affects massive star structure and evo-
lution. In magnetic massive stars, which make up ~7% of the
total OB star population (e.g. Morel et al. 2015; Wade et al.
2016; Grunhut et al. 2017), stable, nearly dipolar surface mag-
netic fields warp the stellar wind into a structurally complex
magnetosphere, trapping the wind near the stellar surface, thus
significantly altering the circumstellar environment. This mag-
netic wind confinement has been shown to reduce stellar mass-
loss rate compared to non-magnetic stars of similar spectral
type (ud-Doula et al. 2008). It should be noted that atypical
features in P-Cygni profiles are not necessarily the result of a
magnetic fields, as variability in the absorption components of
wind-sensitive UV resonance lines have also been observed in
non-magnetic massive stars (e.g. Massa et al. 1995; Kaper et al.
1996, 1999). The Erba et al. (2021) synthetic line profiles can
be adapted for direct comparison with observations, and used in
conjunction with the XShootU spectral libraries to identify new
magnetic candidates.

A.14. Unusual Objects (WG 14)

Finally, the data offer many opportunities to study key objects.
For example, combining the radial velocities from XShootU
with the exquisite proper motions from Gaia DR3, we can recon-
struct the space motions of ULLYSES targets, which can be used
to identify runaway and walkaway stars. Moreover, Gaia DR3
light-curves can be used in conjunction with radial velocities of
known eclipsing binaries to estimate fundamental stellar param-
eters, providing unique tests of stellar evolution.

Appendix B: ULLYSES target parameters

In Table B.1 we present optical and NIR (JHK) photometry of
the ULLYSES targets, as well as spectroscopic and multiplicity
information. Table B.2 provides an extensive literature search
for the stellar and wind parameters as they were known prior
to the start of ULLYSES. Obviously, these data (see the excerpt
of Table B.2; the full table is available at the CDS) are rather
heterogeneous and they will quickly become outdated as new
spectral analyses are underway.
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