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X-shooting ULLYSES: Massive stars at low metallicity
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ABSTRACT

Context. Our limited understanding of the winds of massive stars hampers our ability to predict their evolution. We currently often
rely on mass-loss rate prescriptions that show strong features that lack a firm empirical confirmation, such as the bi-stability jump. This
bi-stability jump is a pronounced increase in mass loss in the decreasing temperature regime 7 ~28-21 kK, i.e., spectral types B1-B2.
Different prescriptions also give different metallicity dependences; these sometimes include a dependence on effective temperature,
luminosity or both, that may also differ among prescriptions. Although recent papers have compared empirical results to prescriptions,
a large observational sample of B stars for which the wind has been scrutinised over different metallicity ranges is still lacking.

Aims. Through the modelling of both ultraviolet (from the ULLYSES programme) and optical (from the XShootU programme) high-
resolution spectra, we determined the stellar and wind parameters, including detailed clumping parameters, of 24 SMC B stars ranging
in T.x from 13 to 29 kK. By combining this sample with LMC studies, we compared the wind behaviour of B stars in two different
metallicity regimes. We compared our results to common mass-loss rate prescriptions to test features present in these models and their
metallicity dependence.

Methods. We have used the model atmosphere code FASTWIND and the genetic algorithm code Kiwi-GA to fit the UV and optical
spectra simultaneously. This allows us to determine wind properties including clumping behaviour.

Results. The moderate to strong metallicity trends present in the mass-loss prescriptions (M oc Z41-14y explored here overestimate
the empirical metallicity dependence in the B-star regime, which appears very weak. Similarly to a previous study of B supergiants in
the LMC, we do not find a sudden increase in mass-loss rate at approximately spectral type B1, but only a weak temperature trend. As
in this LMC study, we show that on average around 40% of the wind mass is located in the wind medium between the clumps. Using
other studies from this paper series, we compiled a sample of 80+ O and B stars in the SMC and LMC. From a comparison we find a
clear difference in O- and B-type metallicity dependence.

Conclusions. The apparent lack of a bi-stability jump in the B-star regime and a very weak metallicity dependence for the same stars
offers new empirical constraints to theoretical models of line-driven winds. As differences between these models are large (reaching
orders of magnitude in parts of parameter space) such constraints are much needed. More studies exploring the mass-loss rates of B
stars and cooler objects will be helpful to our understanding of hot star winds.

Key words. techniques: spectroscopic — stars: fundamental parameters — stars: massive — stars: mass-loss — stars: winds, outflows
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1. Introduction

Mass loss strongly impacts the evolution of massive stars (Josiek
et al. 2024; Gormaz-Matamala et al. 2024), and hence an
accurate implementation of this process in evolution codes is
essential. The mass loss in hot massive stars is driven by the
absorption and scattering of photons in spectral lines, supported
by Thomson scattering on free electrons (Castor et al. 1975).
As momentum transfer in line transitions dominates the pro-
cess, relatively abundant atoms with many energy transitions,
such as iron, are the main driving contributors. Currently, the
mass-loss rates used in evolutionary modelling are prescriptions
based on 1D models of the stellar atmosphere (Vink et al. 1999,
2001; Krticka et al. 2021, 2024; Bjorklund et al. 2023). The most
widely used prescription for stellar mass loss in the hot upper
Hertzsprung—Russell diagram, and a benchmark, is the pioneer-
ing work by Vink et al. (2001), which features a bi-stability jump.
This is a pronounced upward trend in mass-loss behaviour from
~28 kK down to 21 kK superimposed on a generally downward
trend of mass loss with decreasing temperature, i.e., along the
evolutionary sequence. The cause of this upward jump (with
decreasing temperature) is thought to be the recombination to
a lower ionisation stage of iron, Fe 1v to Fe 111, which, in prin-
ciple, can increase the efficiency of line-driven winds as more
line transitions become available in the region of the stellar flux
maximum.

Tentative empirical evidence for a bi-stability jump may
come from the temporal behaviour in mass-loss properties in
luminous blue variable stars during their S Doradus-type excur-
sions in the Hertzsprung—Russell diagram (Vink & de Koter
2002; Groh & Vink 2011). However, it has not been confirmed in
regular B-type stars, even though multiple studies have inves-
tigated the temperature range covering the bi-stability jump
over a large range of luminosities. In the Small Magellanic
Cloud (SMC) these are (Trundle et al. 2004; Trundle & Lennon
2005; Bernini-Peron et al. 2024); in the Large Magellanic Cloud
(LMC) (Verhamme et al. 2024), and in the Milky way (Crowther
et al. 2006; Markova & Puls 2008; Rubio-Diez et al. 2022;
de Burgos et al. 2024a). In recent years, a focussed spectroscopic
study, that uses both ultraviolet (UV) and optical lines and takes
into account the clumping behaviour of the winds (Verhamme
et al. 2024; Alkousa et al. 2025) as well as a large-scale approach
using optical spectroscopy that uses a more simplified model of
the wind (de Burgos et al. 2024a) did not find compelling evi-
dence for a bi-stability jump. All research groups come to the
conclusion that the Vink et al. (2001) prescription should be used
cautiously, as it may overestimate the mass loss by up to a fac-
tor of 10-100 for stars cooler than 25 kK, agreeing more closely
with the trends predicted by Bjorklund et al. (2021); Krticka et al.
(2024).

As the wind is mostly driven by metals, such as carbon,
nitrogen, oxygen, and iron-group elements, the mass-loss rate
M is predicted to be metallicity dependent, specifically M o
706-14 (Vink et al. 2001; Bjorklund et al. 2023; Krticka et al.
2024). Spectroscopic studies confirm this behaviour for O stars
(Mokiem et al. 2007; Backs et al. 2024). For B stars, how-
ever, recent in-depth studies at different metallicities that take
a homogeneous approach and use data with the same spectral
coverage and resolution while accounting for clumping are lack-
ing. Hence, to date, theoretical results in this temperature range
have not been comprehensively tested.

What complicates analyses of hot-star wind properties is
that the mass-loss rates are found to depend on the degree
of structure in the wind outflow. These density (and velocity)
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inhomogeneities are referred to as wind clumping (e.g., Puls
et al. 2008; Vink 2022). Only in the case that the scattering-
dominated lines (notably resonance lines in the UV) and
recombination-dominated lines (notably Ha and He 11 14686)
can be modelled simultaneously is it possible to distinguish
between clumping properties and mass-loss rate. To date, most
studies have relied on optical/IR data alone (Trundle et al. 2004;
Trundle & Lennon 2005; Markova & Puls 2008; Rubio-Diez
et al. 2022; de Burgos et al. 2024a), and hence are affected by this
degeneracy. Bernini-Peron et al. (2024) have the UV data needed
to derive clumping parameters, but use a simplified clumping
description that assumes that all wind mass is located in the
dense regions of the wind and none in the interclump medium.
At least for O stars, several studies in both the LMC and SMC
accounting for a detailed description of clumping show that a
significant fraction of the wind mass is located in the interclump
region (Hawcroft et al. 2024a; Brands et al. 2022, 2025). A study
of LMC B stars adopting the same clumping model shows that
40% of the wind mass is located in the medium between the
clumps (Verhamme et al. 2024). What is currently lacking is a
similar detailed study for SMC B stars to better understand the
clumping behaviour over different metallicities.

The UV Hubble database, UV Legacy Library of Young Stars
as Essential Standards (ULLYSES) (Roman-Duval et al. 2020,
2025), and the follow-up optical X-Shooter/VLT observations of
Xshooting ULLYSES (XShootU) (Vink et al. 2023), secured high
spectral resolution data of a sample of 250 O- and B-type stars
in both the LMC and SMC to study mass loss in the hot upper
Hertzsprung—Russell diagram in detail at different metallicities.
The availability of high-quality optical and UV spectroscopy
allows us to consistently derive essential stellar and wind param-
eters, such as terminal wind speed and clumping properties. This
paper is part of a series in which the ULLYSES sample has been
studied using a fitting method that relies on a genetic algorithm
(GA) and the spectral synthesis code FASTWIND (Puls et al.
2005; Verhamme et al. 2024; Backs et al. 2024; Hawcroft et al.
2024a; Brands et al. 2025). We focus on the results of the SMC B
stars, and address the presence or absence of a bi-stability jump
and the M(Z) dependence in the B-star regime, while also dis-
cussing trends found in the entire homogenously studied sample
of 84 stars over a T regime from 12 to 60 kK.

We discuss the method of spectral analysis and the SMC
sample in Sect. 2. Our results are presented in Sect. 3 and
discussed in Sect. 4. We summarize our findings and draw
conclusions in Sect. 5.

2. Method and sample

We studied the spectra of 24 hot stars in the SMC. In this section
we give details on how we extracted this information from the
spectra and how these spectra were obtained.

2.1. Sample

For this paper we analysed 24 SMC B-type stars ranging from
spectral type BO to B8. The stars are mostly supergiants, with a
few bright giants and one giant star. The UV spectra are from the
Hubble Space Telescope programme ULLYSES (Roman-Duval
et al. 2020, 2025) in which 250+ O- and B-type stars in the SMC
and LMC were observed using the Space Telescope Imaging
Spectrograph (STIS) and Cosmic Origins Spectrograph (COS).
This sample was complemented with optical spectra obtained
using the X-shooter spectrograph installed on the Very Large
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Telescope in the XshootU programme (Vink et al. 2023; Sana
et al. 2024). Although our aim was to select single B stars, the
first nine epochs of the BLOeM survey, which has overlapping
targets, showed AzV 488 to be a binary (Shenar et al. 2024;
Britavskiy et al. 2025). It is possible that a radial velocity analy-
sis of the full projected 25 epochs of this programme will reveal
more of our targets to be binaries.

The UV spectral range of COS spans from 940 to 1783 A
with a spectral resolving power R = 11000-19 000 depend-
ing on the grating used. The STIS data cover 1141-2366 A
with R = 30000—48 500 depending on the grating. The UV
data has a signal-to-noise ratio around 20 (for more details see
Roman-Duval et al. (2025)). As our method only uses small
line windows, we carried out local normalisation using the same
method as Hawcroft et al. (2024b). For the optical spectra the full
spectral range is 3100-8000 A. This range is covered by two dif-
ferent arms; the UVB arm, which runs from 3300 A to 5500 A
with R = 6700, and the VIS arm, which covers 5500—8000A
with R = 11400. The optical spectra have a signal-to-noise ratio
that is typically higher than 100; more details are available in
Vink et al. (2023) (for details on the reduction and normalisation
of the optical data, see Sana et al. (2024)). To facilitate the repro-
ducibility of these results, we did not renormalise any spectral
windows in the optical regime.

2.2. Model and fitting

We created synthetic spectra using the 1D stellar atmosphere
and spectral synthesis code FASTWIND (Santolaya-Rey et al.
1997; Puls et al. 2005; Sundqvist & Puls 2018). FASTWIND
solves for the state of the gas assuming non-local thermodynamic
equilibrium (NLTE) in a spherically symmetric and stationary
extended stellar envelope comprising both the photosphere and
out-flowing wind. Here we use version 10.5 (see Puls et al.
2005; Rivero Gonzdlez et al. 2012; Sundqvist & Puls 2018;
Carneiro et al. 2018), which accounts for the accumulative feed-
back effects from the multitudes of metallic spectral lines (e.g.
C, N, O, Ne, Mg, Si, S, Ar, Fe, Ni) upon the radiation field and
atmospheric structure by means of a computationally efficient
statistical method. Only a part of these chemical elements are
used for detailed spectroscopy (here H, He, Si, C, N, O). The
lines of the remaining elements may blend with the diagnostic
lines. The clearest cases of this are the iron lines that overlap
with the carbon and silicon lines in the UV region. To ensure that
we indeed fit the intended lines, we removed the non-modelled
lines from the observed spectra. This method has been used in
other recent analyses of early-type spectra (Brands et al. 2022;
Verhamme et al. 2024; Backs et al. 2024; Brands et al. 2025).
Clump optical depths for the spectral lines are calculated
from the input parameters using the Sobolev (1960) approxima-
tion. This means that we do not assume that clumps are either
optically thin or thick; instead, we compute the opaqueness for
all lines according to the structure parameters. For this ensemble
of clumps, we evaluated the impact upon the ionisation balance
and spectrum formation. For details on the version of FASTWIND
used and details on the implementation of X-rays, we refer to
Section 2.2 in Verhamme et al. (2024), where we use the exact
same set-up, with the exception of the metallicity which is set
to the SMC value of 0.2 times the solar metallicity, defined by
Asplund et al. (2009). This commonly used scaling of the abun-
dance of the SMC is not perfect as all elements scale differently
compared to the Galactic abundance. For instance, the nitrogen
abundance in the SMC, according to Vink et al. (2023), is 0.05

the galactic value. However, in this work, CNO are fitted, not
scaled.

The FASTWIND models used here have 18 free wind and
stellar parameters, which are constrained by comparing them
to the UV plus optical spectra. The 18 parameters are effec-
tive temperature (T.g), effective surface gravity (geg); helium
abundance (Yg.); CNO abundances; upper limit on projected
rotational velocity (Vmaxrot SiNi); mass-loss rate (M); terminal
wind speed (v.,); wind acceleration parameter (8); clumping
factor (f); interclump density in units of mean density (fic =
pic/{p)); velocity filling factor (fyer); onset velocity of clump-
ing as a fraction of terminal wind speed (Vcisert); Velocity at
which full clumping is achieved (V¢ max); maximum wind tur-
bulence (max vy), which starts at the set micro-turbulence
(v: = 10km/s) at the transition point (0.1 times sound speed
at the surface) and increases similarly to the clumping fac-
tor until it reaches max ve max; @ transformation of the X-ray
filling factor (fx); and the maximum jump velocity (u.). We
note that the radius is not one of the fit parameters because it
is constrained using the temperature and the observed K-band
magnitude.

The effective surface gravity is the measured surface gravity
affected by the rotation of the star itself, which can be con-
verted to the value we use to compute the stellar mass by g, =
et + (ro Sin )2 /R, (Herrero et al. 1992). We do not separate
the mechanisms broadening spectral lines into macro-turbulence
and rotational broadening as these are nearly impossible to sep-
arate for all but the fastest rotators (Sundqvist et al. 2013).
Therefore, here we report total broadening, which includes the
stellar macro-turbulence motion and the rotational speed. The
reported value is therefore the upper limit for possible rotation.
Both the wind acceleration parameter and the terminal wind
speed determine the radial velocity field: v(r) = veo(1 — bR, /1)
with R, being the radius at the photospheric boundary and
b =1 - (o/vs)"/? ensures a smooth velocity transition from
the (quasi-)hydrostatic atmosphere to the wind (Santolaya-Rey
et al. 1997). vy is set to the standard value 0.1 times the sonic
speed at T.¢. The clumping factor denotes the overdensity of the
denser parts of the wind compared to the average, defined as
fu = (p?)/{p)*. The velocity filling factor shows the fraction of
the velocity field filled with clumps. In these FASTWIND models
clumping does not start in the quasi-hydrostatic atmosphere, but
instead the onset velocity (v seart). From this onset velocity the
clumping increases linearly with velocity until it reaches vcjmax
(Verhamme et al. 2024, see Figure 16).

We included X-rays in most of our stars following a pre-
scription explained in Carneiro et al. (2016), where the X-rays
are created due to differential motion of material in the wind
leading to shocks. The parameter fy is defined as fy = 16¢2,
where e is the X-ray volume filling factor. Finally, u., is the
maximum jump velocity, which sets the actual jump velocity to
u(r) = thoo [0(r) /0] 4.

There are two parameters not included in the list above,
which we did not fit, but instead set to a chosen value. The first
is the micro-turbulence, which may potentially have an impact
on derived parameters. For this study, just as in the LMC B-star
study by Verhamme et al. (2024), we set the micro-turbulence
to vz = 10km/s. Tests have shown that the parameters we value
most here, notably T and M, are not noticeably sensitive to
v¢ and vary only due to the randomness of the GA method
when changing the micro-turbulence. The CNO abundances may
be influenced by micro-turbulence, however only within error
margins (see the appendices in Brands et al. 2022; Verhamme
et al. 2024). The second fixed parameter is the Si abundance,

A166, page 3 of 18



Verhamme, O., et al.: A&A, 710, A166 (2026)

which is set to the abundance suggested by Vink et al. (2023).
Unlike CNO, Si is not involved in the CN/CNO cycle and is not
expected to change as the star evolves. Verhamme et al. (2024)
find only minor changes in T.g when fitting the Si abundance
rather than keeping it to one value. Si is set to a number frac-
tion of €5; = 6.72, defined as ex = 12 +log,(nx/ng), i.e. 0.14 Z,
(Vink et al. 2023).

To fit these 18 parameters simultaneously we used a genetic
algorithm (GA) as previously explored by Mokiem et al. (2005);
Tramper et al. (2014); Abdul-Masih et al. (2019); Hawcroft et al.
(2021). More specifically, here we use Kiwi-GA (Brands et al.
2022, 2025). In our fitting, we employed a two-step approach
where we used the optical-only fits to inform the initial guess of
the GA when fitting both UV and optical data (see Section 2.4
of Verhamme et al. 2024). The aims was to improve the stabil-
ity of the method, while not influencing the results. The list of
diagnostic spectral lines is given in Table E.1.

Though the methodology used follows Verhamme et al.
(2024), we needed to adjust it in one respect as for a number of
stars we were unable to determine the terminal wind speed. The
spectral features that typically allow us to measure v, are the
C1v 1550 and Si1v 1400 UV-resonance lines. For some of the
cooler, low mass-loss rate stars the wind is insufficiently ionised
to have these species abundantly present, thus removing their
sensitivity to wind properties far into the outflow. An example of
this is AzV 324 (B8 Ib) shown in Fig. A.1. Its effective tempera-
ture is too low to produce a C 1V profile originating in the wind.
The narrow observed profile is mostly of interstellar origin. The
Si1-1r lines show that the derived temperature is acceptable.
Due to the version of FASTWIND that we used, we did not have
access to the Al11I features in UV, which might have given more
constraints in these cases. Therefore, to obtain v, we resorted to
using the SMC effective temperature-terminal wind speed rela-
tion of Hawcroft et al. (2024b) derived using stars hotter than
22 500K,

Voo = 0.089 - Tep — 1560, (1)

where v, is in km/s. This empirical formula yields negative wind
speeds for stars cooler than 17 528 K. To avoid unrealistically low
values, we required that v, is at least the effective escape speed
at the stellar surface, i.e. ugsc =2GM.(1 —-T%)/R,. Here M, and
R, are stellar mass and radius and I'. = «. L./(4nc GM.,) is the
Eddington factor for electron scattering opacity («.) only, with
L. the stellar luminosity.

The density in the wind scales as (p) ~ M/v.. Therefore,
if a star has a terminal velocity lower than its surface escape
velocity, we overestimate the terminal wind speed. To recover
the strengths of wind sensitive lines, set by (o), we therefore
overestimate the mass-loss rate. This overestimation is modest.
Assuming the actual terminal wind speed were 0.75 - vesc, We
would be overestimating the mass-loss rate by 0.1 dex. Typical
error margins on the mass-loss rates are much higher, ranging
from 0.3 to 0.6 dex.

3. Results

Here, we present the results of the spectral fitting of the sample
of SMC stars described in Table 1. Examples of the fits of impor-
tant diagnostic lines of four stars covering the full temperature
range are shown in Fig. A.1.

The SMC sample is shown in the Hertzsprung—Russell dia-
gram (Figure 1), marked as circles. Also in this figure is the LMC
sample discussed in Verhamme et al. (2024) shown as partially
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Table 1. Sample used in this paper.

Name BLOeM ID? Spr K, [mag]® Instrument
AzV 215 4-020 BO1Ia 13.04 FUSE, STIS
AzV 488 6-080 BO Ia 12.24 FUSE, STIS
AzV 235 7-064 BO Ia 12.28 FUSE, STIS
AzV 104 B0.5Ia 13.73 FUSE, STIS
AzV 506 BOSIT 1412 FUSE, STIS
AzV 43 BO.5 III:n 14.48 COS

AzV 266 B0.71a 1291 FUSE, STIS
AzV 410 B0.7Iab 13.83 COS, STIS
AzV 264 1-009 Bl Ia 12.75 FUSE, STIS
AzV 96 8-008 B1 Iab 12.95 FUSE, STIS
AzV 210 Bl5Ia 1279 FUSE, STIS
SK 191 Bl5Ia 119 COS, FUSE, STIS
AzV 175 B15Ib 13.89 COS, FUSE
AzV 18 B21Ia 12.32 FUSE, STIS
AzV 374 B2 11 13.53 COS,FUSE,STIS
NGC330 ELS 4 B251b 13.46 COS,STIS
AzV 234 4-066 B251b 13.22 COS,STIS
AzV 22 B31Ia 12.15 STIS

AzV 445 B3 Iab 12.94 COS,STIS
AzV 314 B3 1b 13.23 COS,STIS
NGC330 ELS 2 B3 1Ib 13.08 STIS

SK 179 B3 1I 13.37 COS,STIS
AzV 343 B8 Iab 13.07 COS,STIS
AzV 324 1-062 B8 Ib 13.1 COS,STIS

Notes. (a) Corresponding BLOeM ID; (b) Spectral types from
Bestenlehner et al. (2025); (c) K-band magnitudes compiled by Vink
et al. (2023).

transparent star markers. Theoretical evolutionary pathways by
Schootemeijer et al. (2019) are also plotted for initially 16, 25,
and 40 M, stars with a metallicity of 0.2 Z. These tracks are
for non-rotating stars and adopt a core-overshooting a., = 0.33
and semi-convection @, = 1, following Brott et al. (2011). The
luminosity range of our sample implies initial masses between
about 15 and 50 M. The star’s temperatures range from 12.5
to 30kK. We find that the majority of the sample stars, among
which all relatively low-mass sources, are located beyond the ter-
minal age main sequence (TAMS) in the Hertzsprung gap. This
conclusion on evolutionary status is, however, dependent on the
adopted value for a.,. For instance, for a., = 0 the entire SMC
sample is positioned beyond the TAMS. We note that this assess-
ment of evolutionary status also ignores a potentially unnoticed
binary interaction history (for more information on the effect of
binary mergers on the evolution of massive stars, see Bellinger
et al. 2024).

3.1. Stellar properties

The stellar and wind parameters are determined by fitting the
spectral lines listed in Table E.1. For the seven atmospheric
parameters of Teg, gefrs Ye, Umaxrot SiNE, and CNO abundance
the results are listed in Table 2. As magnesium lines are not con-
sidered, the effective temperature of the coolest stars is derived
solely from Si11 and He I. Additionally, the O II 4088 line blends
with the SiIV 4088 line potentially causing a shift in the derived
T (de Burgos et al. 2024b). This causes the coolest stars to
have higher T uncertainties compared to the hottest stars. The
surface gravity, from which the spectroscopic mass is derived,
ranges from log;,g = 2.0 — 3.5, with typical error margins of
0.1 dex. It is known that temperature and gravity are to some
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Table 2. Photospheric parameters of the sample.

Object name T [K] log,g ger [logm(cm/sz)] Yie[nue/nul  Umax, ror Sini[km/s]  ec [dex] ev [dex] o [dex]
AzV215 29 SOOjggg 3.25f8;g§ 0.1 6f8;8f 9271, 6.42f8:i 7.56f(1’:(7)’53 8.45f8:§§
AzV4388 259007130 2.7j8f5 0249 7873, 7.02%)2 6.563182 73733
AzV235 26 9003288 3.05f8;35 0.1 2f8:8‘2‘ 81716 5.82f8:g§ 7.46f8;2§ 8.6f81§
AzZV104 27800700 32:01 0.12°9  90%¢, 78705 7561005 7951035
AzV506 27500%300 3.35f8:(1)5 0.12709, 59+ 7.57f3:§5 7.61 f?jgg 8.2f818§
AzV43 26 6007300 3.05’:8;52 0.12700¢ 234434 7.82702  7.06%92 8.2f81?§
AzV266 23 900’:};88 27193 0.22709¢ 7876, 6.27704 6‘06’j8125 8.05*04
AZV410 204007670 27506 0.09+03 1202 792702 66171 81705
AzV264 220007180 2,6+01 0.16+005 71420 572055 7.66%005 76507
AZV96 23200780 2701 0.2+006 73412 712704 741702 8003,
AZV210 22800°7% 2,602 0.197004 7513 7.027065 7117035 820l
SK191 22400780 255102, 0.2300, 72416 7577035 6.617005 731033
AzV175 20 400“:%88 2.65’:8;‘1‘5 0.09j8:82 4671 8.07fg:g 7.31 f‘l):fs 7.71’8;32
AzV18 23 OOOf*fggO 2.8f8:§5 0.18f8:(1)2 6720 5 .77f8:i 6.86f?:?5 7.5f82‘2‘
AzV374 21 800f§880 2.9f8:§ 0.08f8182 6971, 7.87f8:§ 6.81f8:§5 7.3f('):2§
NGC330-ELS-04 20 300f;88 2.6f8f5 0.14f8:82 49713 7.82f3:‘2‘5 6.91fl’:§5 6.61‘35
AzV234 17 100*41880 2.35*8‘% 0.08*8‘8% 45*;1 8. 12*8'32 6.31*8‘35 7.1*(‘)‘35
AzV22 16 400f?280 2.1f8:§ 0.09f8;8f 46f‘; 6.37f%5 6.91f?:‘2‘ 6.75f82§
AzV445 15 600f;88 2.3f8: E 0.065f8:8‘21 41f‘1’5 7.72f8:§§ 6.46f8;25 7.3f('):é5
AzV3l14 16 SOOfZggo 2.5f8:;§ 0.075f8:82§ 39+2! 8. 12f8:2§ 6.3631):35 7.6f(‘):‘7)5
NGC330-ELS-02 16 900f?880 2.45f8;{5 0.09f8:86 44+3 6.42f8:(7)§ 6.51 fg:g 7.85 f(l):gs
SK179 14 SOOfggg 2.35f8;{§ 0.09f8;8‘1‘ 1 1615 7.57f835 6.96f8;§5 7.45:1):25
AZV343 132002 2.157003 0.04°0% 6173 707700 686708 7.5571
AzV324 13 100j§88 2. 15f8;{§ 0.0970.0¢ 42718 7‘67f3:;5 5.8121)1%5 730075

Notes. For Yy, and vpax, o Sini the errors are constrained from the optical-only fits as the allowed ranges of these parameters in optical plus UV
fitting is limited in order to prevent unrealistic error bounds. The SMC base abundance of carbon, nitrogen, and oxygen is 7.42, 6.66, and 8.05,

respectively (Vink et al. 2023).
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Fig. 1. Hertzsprung—Russell diagram showing the SMC sample (cir-
cles) and the LMC sample discussed in Verhamme et al. (2024) (stars).
The symbol colour is a measure of the derived spectral mass. The non-
rotating stellar evolution tracks are from Schootemeijer et al. (2019) and
have @, = 0.33 and @, = 1. The metallicity of the evolutionary tracks
is set to 0.2 Zg.

extent degenerate, which impacts their uncertainties. Due to the
statistical fitting process the errors quoted in this paper take these
degeneracies into account automatically.

The maximum rotational velocity ranges from 40 to 120 km/s
with one outlier at 230 km/s; the typical error margin is around
10 km/s. We note again that these values are a combination of
macro-turbulence and rotational velocity. Determining the exact
value of the macro-turbulence using the modest resolution of
X-shooter is difficult and determining the macro-turbulence sep-
arately from the rotational velocity is almost impossible for all
but the fastest of rotators (Sundqvist et al. 2013).

The helium abundance given is Yye = nge/ny, i.e., the ratio
of number density of He nuclei to H nuclei. Values range from
lower than 0.08-0.23 with error margins typically not larger than
0.02. In three cases (AzV445, AzV314, and AzV343) the best fit
helium abundance is below the Big Bang nucleosynthesis value
of 0.08 (Schramm & Wagoner 1977). Even though they agree
with this value within their 1o~ uncertainty, we explore whether
the helium abundance may impact other stellar properties. To
this end, as a test we refitted these stars while preventing Yy,
from going below a 0.08 threshold. This did not change the other
parameters outside of the random variation due to the use of
the GA method. The low Yy is mostly found in the lower tem-
perature stars. Undetected companions are known to potentially
artificially lower the derived helium abundance, although for the
one confirmed binary (AzV 488) this does not appear to be the
case. The quoted CNO abundance is €, = 12 + log,q(ny/nn),
where n, is the number abundance of element x. We note that
this convention implies that our quoted CNO abundances depend
on the derived hydrogen, and hence helium abundance. Due to
the small number of data points for CNO lines compared to
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Table 3. Wind parameters of the sample.

Object name log,, M[log,s(Mo/yn)]  ve [km/s] B fa fic frel Ve, start[Voo]  Uc max [Veo]  Vturb [Voo]
AzV215 ~5.91005 1700720 115045 10.07120  0.157045 04501 001700 015708 0,08+01!
AzV488 ~5.851005 14007100 124075 601360 0.92:003  025+07 0011005 0.16:0%  0.02+012
AzV235 ~5.95023 130070 2.61005 26,0710 0.42:03% 03802 00800 02410} 037007

AzV104 ~7.357035 600750 225102 1707330 0021002 (187005 (031005 (.3+008 0.4+000

AzV506 ~7.42005 88844 175002 19.0720  0.02:992  0.02:0%  0.07:0% 018012 0.37:00
AzZV43 ~7.457005 8007420 1252185 26,0730 0.08%008 01703 0077092 (.2:001 0397001
AzZV266 -6.7702, 2250730 28409 180780 0.38%02  0.08°00  0.020% 0147007 (.39+00%2
AZVAI10 7557008 135 0807 17.0°30 08702 0.62°9¢  0.0770% 026700 01702
AzV264 -6.970% 12507730 2.657195  19.07170  0.887012 0247 001790 023701 013502
AZV96 ~6.857005 9007300 125225 3407130 03806 0604 001709 0.1 026011
AzV210 ~7.0023 900*1% 205103 240760 0.82:018  0.65%9F 007102 019708 0.11+0%
SK191 -6.3701 5503 16125 70130 0.55:007 04203 0041090 0.37007 0.15:003
AzZV175 ~8.3+053 200730 175404 12,0180 0.22%928 017012 004709 0227004 03500
AzV18 ~6.15%013 18007799, 3.5707  3.0%80 005702 00210, 00700 027007 02501
AzV374 ~7.75+005 49297 1.55%065 3507120 0.02*9)3 018192, 0.09*09% 038093 (.39+0%2
NGC330-ELS-04  —7.55%03 5007130 295%015  20,0%180  008%02 (042033 (051003 0281012 0.24%017
AzV234 ~7.5+013 292+70 1047 1007120 0.65%03 057104 0.1+001 0341002 029012
AzV22 -6.81015 650730 1.55%125 12,0200 025102 0.9:010 0027005 0241012 0.19:009
AzV445 ~7.357025 308736 0551045 70700 71032 (62008 (gH003 () 30:008 () 31+001
AzV314 ~7.8704, 35747 12405 17.0739 07093 0857017 004200 02801 0397002
NGC330-ELS-02  —7.9+045 45072 17502 17.0239 012032 05%0% 006700 0389000 0.39+:00!
SK179 ~7.25%015 351+3 095015 2010 0821018 .551045  007:00  028%007  0.13:023
AzV343 ~7.62+003 28272 095045 60730 02802 05015 004700 03809 0147008
AzV324 ~7.4703 278+3 0521018 10730 0421048 035703 001100 02501 0.19%018

Notes. For stars lacking strong P Cygni lines, terminal wind speeds are obtained from the scaling law by Hawcroft et al. (2024a). These are given in
grey. Additionally, any parameters for which the error margins cover the full allowed parameter range are shown grey as well. These values should

be considered unconstrained.

other lines, the loss function (i.e. the root mean square error
of approximation or RMSEA; see, e.g., Steiger 2016) does not
change significantly when varying CNO. This causes the error
margins on the CNO abundances to be relatively high ranging
from 0.5 to 1.5 dex. The carbon abundance ranges from 6 to 8
dex, the nitrogen abundance from 6 to 7.5 dex, and the oxygen
abundance from 7 to 8.5 dex. These should be assessed relative
to the SMC baseline abundance of 7.42, 6.66, and 8.05, for C,
N, and O, respectively (Vink et al. 2023). The errors could be
reduced by fixing all parameters except for the abundances of
interest and only fitting lines of those species, but this would
ignore all degeneracies with other parameters. Because of the
high uncertainty of the CNO abundances and the small influ-
ence of their lines on the fit function, CNO abundances are not
the focal point of this paper (for a closer look into abundances of
B-stars, see e.g. Przybilla et al. 2006, 2008; Urbaneja et al. 2017,
2023). Here, we focus on the wind parameters. In estimating the
error margins of a parameter, degeneracies with other parameters
are automatically accounted for. Within the mass-loss rate error
margin, for example, are models covering the full error margins
of the CNO abundances.

3.2. Wind properties

For the nine wind parameters of M, fu1, fic» fuel> Uelstarts Ucl.max»
Ueos B, and max v of the results are listed in Table 3 with
additional and derived parameters in Table 4. The top panel of
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Figure 2 shows the terminal wind speed over T.g; the colour
of the symbol is a measure of the Eddington factor for electron
scattering. Only stars for which we extracted v, from our anal-
ysis are shown. We made a comparison to the empirical relation
for SMC stars by Hawcroft et al. (2024b) (black line, with grey
area showing the 1o uncertainty). Except for four stars with rel-
atively large uncertainties due to weak wind features, our values
are within the uncertainty of the Hawcroft et al. relation, though
on average somewhat larger. Appendix D gives more details on
U and a comparison of this sample with Hawcroft et al. (2024b)
including a very weak effect of metallicity on v.. In the sec-
ond panel of Figure 2, we show the wind acceleration parameter.
Both the scatter (from 0.5 to 3.5) and the uncertainties (typically
0.25, but sometimes larger) in § are fairly large. Especially in
the region from 20 to 25 kK the spread is large and uncertain-
ties are sizeable. This might indicate that particularly here the
B-law performs poorly. This could indicate that for this regime
a different velocity-law prescription is needed, for example the
o-slow solution (Curé 2004; Curé et al. 2011). The high 8 values
only show for stars with low rotational velocity compared to their
critical rotational velocity (Umax rot Sin i < 0.4 vgrit), meaning they
could potentially be classified as low Q, high 6 slow solutions
(Curé et al. 2011). However, the v, of the slow solution typically
shows terminal velocities of 100-200 km/s, which is lower than
almost all of the sample.

For the case of AzV22 (B3 1a), we show in Fig. B.2 the rela-
tion between clumping factor and mass-loss rate for the many



Verhamme, O., et al.: A&A, 710, A166 (2026)

3000
—— Hawcroft et al. 2024
0.40
2500 1
035
—, 2000 -
% _l 0.30
7 1500 1 L
= 0.25
N
1000 1 +L 0.20
500 4 = 0.15
T T T T T T T T 010
16000 18000 20000 22000 24000 26000 28000 30000
Effective Temperature [K]
4.0 0.40
351 035
3.0
0.30
251 |

e

Q [y
0.25
2.0 —
1.5 0.20
—
1.0 4 T 015
0.5 1 —l—

0.10

125;00 15600 175;00 20600 22.’;00 25600 27500 30600
Effective Temperature [K]

—— i 0.40
p
0.35
—4—
— —t
- 0.30

0.4 1

o
w
s

Max Viurb [V]
o

i
T 0.25
e
e Ju 0.20
0.1

0.15

0.0
0.10

125’:00 15600 175‘;00 20600 22%00 25600 27_‘;00 30(’)00
Effective Temperature [K]

Fig. 2. Derived terminal velocities, wind acceleration parameter, and
maximum wind micro turbulence, as function of effective temperature.
The top panel excludes stars for which we adopted v, from Hawcroft
et al. (2024a) (shown in black with its 10~ uncertainty).

models calculated in the Kiwi-GA fitting run. The yellow region
shows (f4, M) combinations for which the fits are of good qual-
ity. It reveals that up to f;; ~ 20 models of similar quality can be
created by reducing the mass loss and increasing the clumping
factor. This is expected for optically thin clumps embedded in a
void interclump medium (e.g. Puls et al. 2020). We note, how-
ever, that for f; 2 20 only a narrow range of mass loss is allowed
for a wider range of, and more poorly constrained, clumping fac-
tors. This is the case for many of the objects. We find rather high
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Fig. 3. Derived mass-loss rates for our sample as function of effective
temperature. The top plot shows the derived mass-loss rates and the
colour shows the derived classical Eddington parameter for each star.
The bottom plot shows the logarithm of the ratio between the theoretical
prescriptions by Vink et al. (2001); Bjorklund et al. (2023); Krticka et al.
(2024); Sundqvist et al. (2025) and the empirically found values. The
red dashed line shows the average offset for the Vink et al., separated
for stars on the hot side and the cool side of the jump. The grey line
indicates where these values are equal.

error margins on the clumping parameters (see Fig. B.3) and rea-
sonably low margins on the mass-loss rate (see Figure 3). For
completeness, we present the clumping properties f, fi., and
fver in Fig. B.3. All three show a large spread accompanied by
large uncertainties, with no apparent trends.

In the top panel of Figure 3, mass-loss rate as function of
temperature is plotted. As our target stars span a sizeable range
in luminosity and mass (strongly impacting M; see e.g Vink
et al. 2001), we assessed our findings by comparing them directly
to the predictions. This is shown in the bottom panel of the
figure. On a star-by-star basis, we compare our results to four
different prescriptions: in red to Vink et al. (2001), in black to
Bjorklund et al. (2023), in blue to Krticka et al. (2024), and in
green to LIME (Sundqvist et al. 2025). For the comparisons we
used the empirically derived spectroscopic mass, v, luminosity,
and escape speed as input for the theoretical mass-loss estimate.

4. Discussion

Some of the relevance of the results we show in the last sec-
tion only become clear when put in the context of the current
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Table 4. Derived and X-ray parameters of all objects in our sample.

Object Name Mpec[Mo]  logo(L/Ly) Radius[Ro] T U [km /[ s] log;o(fx) log,o(Lx/Lvor)
AzV215 50.24*9X 569190, 27497027 0.22°0%  667.57875. 05704, —5.8370%
AzV488 33.99*1L37  5.85709% 42255177 04370014 205.0723%0  —1.05707 —8.8707%
AzV235 68275236 588008 40411% 026009 11757873 09700 -8.679%%
AzV104 2476238 5.34+0% 2033013 021709, 180.0711%%  0.5*03, -8.07+97¢
AzV506 24397253 51770 17.17799, 0.140%59%8  255.0*732  0.0*9 ~7.95799,
AzV43 13.15%353 4987009 14.76%00 017709, 205.079%° 035703 —8.527 1%
AzV266 20.18*93  5.48+09% 32367046 037098 367.57375  —04703  -8.067113
AzV410 13187751 4.93+035 23.57*99, 0167000 380.0745%5 1557333 -8.14%)3
AzV264 20.38*237  5.4470% 36.56%1% 037002 692.51%99  -0.35%0%  -7.15*04!
AzV96 20.07233 543709 32327903 0287098 355.070137  0.3%0%S -6.81*9%,
AzV210 19.57681  5.48+008 35641090 033709 255073625 055708 85271
SK191 39.21%82  5.8170% 5407002 033709 405.07023  -1.8%3 83270
AzV175 8.8211085 4911008 22.93*007  0.23*9% 24257875 057077 —8.65701¢
AzV18 46.4871308 5691004 44437058 0237002 54257200 145705 —8.02%02¢
AzV374 19557886 5.12+004 2555708 0177058 267579000 —0.1*0%,  -8.05%09]
NGC330-ELS-04 11457340 5067004 27.65%05, 0237093 480.073%0 —1.8%9%5  —8.94+/21
AzV234 9.86"301  4.947096 34114937 0227090 505.072%°  -1.65703 —-7.9570%
AzV22 15857312 5.331008 57.55*281 0337091 N/A N/A N/A
AzV445 12.657231  4.95+005 41.087 )% 019700 N/A N/A N/A
AzV314 13734310 4.92+70% 3416709 0177900 N/A N/A N/A
NGC330-ELS-02 1431738 4.99+0:0¢ 36.81%27 0177092 530.0730%°  -1.15753  —8.2270%%
SK179 1256*215  4.687007 3513798, 017000 N/A N/A N/A
AzV343 10.39*017 4.7+0.02 43.06%5%, 0137200 N/A N/A N/A
AzV324 9.887200  4.6870% 42.88*088 0127003 N/A N/A N/A

Notes. For the cooler stars we could not converge models that include X-ray luminosities, and hence we do not include X-rays. M, is computed

using rotational velocity corrected log, gef-

latest results. Here we discuss how our results compare to pop-
ular mass-loss prescriptions and the effect of metallicity on the
wind.

4.1. Comparison to current prescriptions

To further our understanding of mass loss in the SMC supergiant
B-star regime, we compare our empirical M rates to several theo-
retical predictions. In the LMC and Galaxy, similar comparisons
have already been made. Verhamme et al. (2024) using optical
and UV data did not identify a jump in mass loss at about spec-
tral type B1 in a sample of LMC B supergiants. de Burgos et al.
(2024a) also did not find such a jump in an optical-only study of a
large sample of Galactic B stars. In the bottom panel of Figure 3,
we show the ratio of predicted to empirical mass-loss rate, i.e.
fose = Mprea/ Memp, in order to test how well four different theo-
ries recover our empirical mass-loss rates. We discuss separately
how the theories of Vink et al. (2001), Bjorklund et al. (2023),
Krticka et al. (2024), and Sundqyvist et al. (2025) compare to our
results.

(1) Vink et al. (2001) is based on Monte Carlo simulations
of photon—gas interactions, accounting for multiple-scattering
effects, where the NLTE state of the gas is computed using
the Sobolev approximation and the mass-loss rate is constrained
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from global energy conservation assuming a preset S-type veloc-
ity structure (see also Vink et al. 1999; Vink et al. 2000). For
Ter = 25K our empirical estimates are in fair agreement with
these predictions, yielding f,. = 2.0 + 0.9. For stars cooler
than 25 kK, however, the prescription yields mass-loss rates that
exceed the empirical values by an average factor of 30 + 17. This
ratio at temperatures below the bi-stability jump is similar to the
LMC findings by Verhamme et al. (2024). This sizeable differ-
ence between the offset for stars on the cool and hot side of the
jump location strongly suggests that the bi-stability jump is not
present in this sample. To allow a comparison to prescriptions
that are limited in their prediction range, we also computed an
average for all stars above 18kK: f/. =25 £ 17.

(2) Bjorklund et al. (2023) computed dynamical models by
deriving the radiative acceleration from NLTE radiative trans-
fer in the co-moving frame and solving the steady-state equation
of motion. Hence, they predict both wind mass-loss rate and
velocity structure. A comparison to our empirical data does not
reveal a clear discontinuous behaviour at about 25kK. f,e =
0.12 + 0.02, i.e. the predictions underestimate the mass loss by
about a factor of eight. No temperature dependence in f,/. was
found also for the LMC sample of Verhamme et al. (2024) where
the theoretical values are on average a factor of two lower then
the empirical values. The larger offset for SMC stars relative to
LMC stars may point to a too strong dependence of mass loss on
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metallicity in the Bjorklund et al. (2023) models. The Bjorklund
et al. models do not probe temperatures below 15 kK, whereas
three of our target stars are in this regime (SK179, AzV343,
AzV324). However, we cannot identify which part of this dis-
crepancy may have a physical cause and which may be the result
of extrapolation of the predictions. For these three, the offset
is several orders of magnitude. However, when only including
stars with T.g above 18 kK, the average offset is very similar
(fpre = 0.16 £ 0.03).

(3) Kirticka et al. (2024) compute dynamical models with
similar approximations to those by Bjorklund et al. (2023), for
example though differences in treatment of atomic data, non-
explicit energy levels, and the use of the Sobolev approximation
in the inner region to compute bound-bound rates, neglecting
velocity curvature effects, and the location of the wind criti-
cal point, might lead to slightly differing results. For instance,
while the fitting formula of Bjorklund et al. does not have a
bi-stability jump, the Krticka et al. predictions feature a very
localised bump setting in below 20kK and peaking at about
13 kK, albeit with relatively small (compared to Vink et al. 2001)
amplitude. We note that our sample poorly probes the location
of this predicted bump at low temperatures. For the full temper-
ature range, fpe = 0.42 £ 0.06. This is significantly better than
for the previous two predictions. For all stars hotter than 18 kK,
Jore = 0.48+0.08. The Krticka et al. (2024) models underpredict
M in the full temperature range. Similarly to Bjorklund et al., this
underestimation becomes worse for the coolest stars.

(4) Sundqvist et al. (2025) provide the web tool LIME' to
compute mass loss for arbitrary compositions from the modi-
fied (Pauldrach et al. 1986) Castor-Abbott-Klein theory (CAK;
Castor et al. 1975) as formulated by Gayley (1995), adopting LTE
flux-weighted line opacities (Poniatowski et al. 2022) to compute
line-force parameters at the critical point. For the full sample an
average offset of fy. = 1.3 0.3 is found, when limiting the
comparison to stars Ter > 18 kK, the comparison stays the same
Jose = 1.3 £0.3. For the coolest T stars the mass loss is still
underestimated. The latter may (in part) be the result of extrap-
olation, as the recommended Tt parameter range is 18—60 kK.
On average in both regimes LIME performs significantly better
than other predictions.

Empirical evidence for a bi-stable behaviour of stellar winds
of hot stars was first presented by Lamers et al. (1995), who
identified a jump in the terminal wind velocity divided by the
surface escape speed of galactic B1 supergiants. A jump-like
behaviour was also found for SMC stars (Bernini-Peron et al.
2024). Crowther et al. (2006), however, reported a more grad-
ual trend for galactic stars, though with large scatter. Here we
combine the samples of all studies utilising the same collec-
tion data, and a similar methodology as utilised in this paper
(Backs et al. 2024; Hawcroft et al. 2024a; Verhamme et al. 2024,
Brands et al. 2025). These are all for LMC and SMC samples,
while Lamers et al. (1995); Crowther et al. (2006) are galac-
tic studies. Figure 4 Shows v /vesc Over T for our full sample.
Here v is defined as the escape speed from the stellar surface
with the radiative acceleration provided by electrons subtracted
(2. = 2GM,(1 —T.)/R,). Unlike the study of 18 SMC B stars
by Bernini-Peron et al. (2024), we do not find a jump in Ve, /Vesc.
Instead, similar to the conclusion of Crowther et al., we find
a linear increase of Voo /Uesc With Teg. The linear trend shows
no clear offset between LMC and SMC objects and appears
to flatten somewhat at a value of about 3 for the hottest stars.

I The line-driven-wind iterative mass-loss estimator tool LIME is
available at https://lime.ster.kuleuven.be/

+4++
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Fig. 4. Terminal wind speed divided by escape speed plotted over tem-
perature. The mass used to determine the escape speed is the effective
spectral mass. The values shown here are a combination of the stars
studied in Backs et al. (2024); Hawcroft et al. (2024a); Verhamme et al.
(2024); Brands et al. (2025), and the sample studied here.

This behaviour can be seen in Figure D.2. One should note that
this parameter depends on the spectroscopic mass, for which
both random and systematic uncertainties may be large (Herrero
et al. 1992). This results in many observable trends within the
uncertainties, making it a difficult empirical metric to use.

4.2. Effects of metallicity and temperature on mass loss

Combining the present work with the four studies mentioned
above using a similar atmosphere analysis methodology, specif-
ically the same detailed treatment of wind structure including a
clumping description using fi, fic and fie (Backs et al. 2024;
Hawcroft et al. 2024a; Verhamme et al. 2024; Brands et al.
2025), allows us to explore how mass loss depends on metallicity
for different effective temperature and luminosity ranges. These
studies combined cover temperatures in the range 13—60kK and
luminosities in the range 10*7-10% Ly, in the LMC and SMC
metallicity environments at Zy yic = 0.5 Z, and Zgye = 0.2 Z.

A practical way of doing this is by means of the mechani-
cal momentum of the wind modified by the square root of the
radius:

D = Mve \/R./Rs. )

The advantage of this modified wind momentum is that in tha
CAK theory it can be expressed as a function of luminosity only
for reasonable line-force parameters (Kudritzki & Puls 2000).

Figure 5 shows four comparison plots of the D(L.) of the
subsets of the sample, with all values in cgs units. The orange
crosses are all of the LMC O stars with a luminosity above
10°2Ls by Brands et al. (2025) and Hawcroft et al. (2024a),
green crosses the SMC O stars from Backs et al. (2024), the red
crosses the LMC B-stars from Verhamme et al. (2024), and the
blue crosses are the SMC B stars presented in this paper. For
the LMC-O stars we removed all the stars from Hawcroft et al.
(2024a) that have a luminosity below 10°2Lg as they exhibit
what is known as the weak wind problem. To quantify the dif-
ferences between the subsamples we fit them with a linear wind
momentum luminosity relation,

log,, D =log,y Do + x - log,y(L./Lo). 3)

As in Backs et al. (2024), we use an orthogonal distance regres-
sion method (ODR; Boggs 1987) to derive the best fit values
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Fig. 5. Modified wind momentum vs luminosity from this study and previous SMC and LMC studies in this line of papers (Hawcroft et al. 2024b;
Backs et al. 2024; Verhamme et al. 2024; Brands et al. 2025). The fits were performed using an ODR method. The error margins shown reflect the

1o uncertainty.

Table 5. Fit values for Equation (3) for the four different datasets.

log,o Do x
LMC O-star 18.7+0.9 1.7+0.2
LMCB-star 15.8+2.0 22+04
SMC O-star  14.1+1.8 24+0.3
SMC B-star 145+1.6 24+03

and the 1-o error. These are listed in Table 5 and shown in the
respective panels of Figure 5 using colours matching the star
symbols.

Two surprising findings immediately stand out. First, there
is only a minor difference in wind momentum between O stars
and B stars in the SMC (Figure 5 bottom left panel), and only a
modest difference in the LMC (top left), suggesting a weak direct
temperature dependence of the mass-loss rate. Second, the wind
momentum of LMC B stars matches the wind momentum of the
SMC B stars for similar luminosities (top right), while there is a
clear difference in D between the LMC and SMC O stars (bottom
right). When making similar panels for the mass-loss rate versus
luminosity, we see that the SMC B stars have a higher mass-loss
rate when compared to the SMC O stars (Figure C.3), which is
in conflict with all prescriptions as well.

Our findings for the B-star regime are at odds with the mass-
loss recipes discussed above. The fit formula presented in Vink
et al. (2001) yields M o Z%%* for B stars and M o« Z%% when
taking into account the terminal wind speeds dependence on
metallicity. The dependence of M on metallicity in the Bjorklund
et al. (2023) prescription even steepens at lower temperatures:
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for B stars at 20kK it scales as M « Z'*, while for O stars at
35KkK the mass-loss rate scales as M o« Z%%. The Krticka et al.
(2024) prescription has a more intricate relation with metallicity,
which depends on both T.g and luminosity. At a typical value
log,o(L/Lo) = 5.5 and Teg >25kK it is found that M oc Z04!,
and similarly to the Bjorklund et al. (2023) it becomes stronger
towards lower temperatures. Because of the differences between
M(Z) trends in our findings and in theory, we have compared our
results to those of previous studies that cover the same stars. The
direct comparisons are discussed in Appendix C and are overall
in agreement.

Because ad libitum computations can be done with the web-
tool LIME (Sundqvist et al. 2025), we can explore its M(Z)
dependence in considerable depth. Figure C.4 shows the trends
in different temperature brackets. Interestingly, the metallicity’s
effect on mass-loss rate has a clear temperature dependence. For
instance, at log,,(L/Ly) = 5.8 LMC stars with T = 20 kK have
a mass-loss rate only 1.2 times higher than their SMC counter-
parts. In comparison, at the same luminosity at Ty = 40kK an
LMC star is found to have a mass-loss rate 1.7 times higher than
a similar SMC star. We further note that LIME retrieves accu-
rately the difference in mass-loss rate between LMC and SMC O
stars also found in Backs et al. (2024).

Although the weak metallicity dependence of LIME for B
stars warrants deeper investigation, our considerations suggest it
may be related to the conditions at the wind critical point. As
discussed in Sundqvist et al. (2025), it is generally found from
LIME that carbon, nitrogen and oxygen play a more important
role in determining the mass-loss rate than previously thought,
in particular for cooler objects that are some distance from the
Eddington limit. As CNO lines are generally quite strong (and
often saturated), the direct dependence on metallicity becomes
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less prominent than when the more numerous and weaker
iron-group lines dominate. Similarly, Krticka et al. (2025) find
a weaker metallicity dependence of the mass-loss rate for stars
with Teg around 20-27 kK. Krticka et al. (2025) show that CNO
are the dominant species for line driving in the T.s range from
20 to 27kK, where an Fe contribution seems particularly low.
This effect becomes more pronounced at lower metallicity.

4.3. Clumping parameters

As introduced in Sect. 2.2, five parameters describe the clump-
ing properties (fe, fic, fve1) and radial development of clumping
(Velstart> Uclmax)- Figure B.3 shows that the clumping parameters
of the SMC sample are very scattered and generally have a high
degree of uncertainty. Similarly to the LMC sample (Verhamme
et al. 2024), there are no clear trends between any stellar or
wind parameters and clumping parameters. Although all clump-
ing parameters have a measurable impact on the mass-loss rate,
comparatively the impact of f; is largest. As the errors in the
GA fitting approach take into account degeneracies among the
parameters, all trends — including those in mass loss — are real
despite a possible degeneracy, notably between M and f;;.

The large error margins and the lack of trends in clump-
ing characteristics as a function of stellar and wind properties
is possibly related to a clumping formalism that does not ade-
quately characterise the physical structure of clumping. Similar
conclusions are drawn by Verhamme et al. (2024); Brands et al.
(2025). In contrast to the current two-component medium used
in FASTWIND, the results from multi-dimensional radiation
hydrodynamics (Moens et al. 2022; Debnath et al. 2024) sug-
gest a distribution of densities that more closely resembles a
log-normal distribution around a mean. A hint that such a local
density distribution is indeed a better physical description may
be visible in the relatively high values of fi. (for which the
weighted average is =~0.4). A similar result for fi. was also
reported for LMC stars by Verhamme et al. (2024). The impor-
tance of interclump density has also been marked by Zsarg6 et al.
(2008); Puebla et al. (2016) for its role in producing super-ionised
lines. However, they required a low interclump density.

5. Summary and conclusion

The primary objective of the photosphere and wind analysis of
the 24 B stars in the SMC presented in this work was to empiri-
cally determine the presence or absence of a bi-stability jump in
mass loss at early B spectral types. As our sample covers a wide
range of luminosities, we searched for a jump behaviour with
temperature in the ratio of predicted to empirical mass loss (see
Fig. 3). No bi-stability feature in the spectral range B1-3 was
found. In the range 16—30kK, the predictions by the web tool
LIME (Sundqvist et al. 2025) lack a bi-stability jump or bump
and recover the empirical M values most closely.

For stars with spectral type later than B3 (Tegx =~ 17kK),
for which only a few data points are available, theory tends to
strongly underpredict M. For the Vink et al. (2001) rates, the
differences between empirical and theoretical mass-loss rates
are small at T.x ~ 17 K. However, their strong overprediction
at 20kK implies a decline that is too steep compared to obser-
vations. It remains to be explored whether this is the result of
extrapolation beyond the parameter space of validity of the pre-
dictions or points to shortcomings in the theory or models used
to analyse the observations.

The derived wind clumping parameters are uncertain and
show a large scatter. Found as well in other studies (including
the LMC B-star analysis by Verhamme et al. 2024), it was sug-
gested in Verhamme et al. (2024); Brands et al. (2025) that this
behaviour might point to shortcomings in the representation of
clumping behaviour in FASTWIND. Specifically, the large value
of the local interclump density relative to the local mean density,
fic ~ 0.4, potentially points to a breakdown of the assumption
of a two-component density structure. Instead of high-density
clumps and a very low-density interclump medium, a more con-
tinuous distribution may be more realistic. Multi-dimensional
hydrodynamical simulations, which naturally clump and need no
ad hoc clumping parameters point to the same conclusion (e.g.
Driessen et al. 2022).

One of the main strengths of the combined ULLYSES
(Roman-Duval et al. 2020, 2025) and XshootU (Vink et al.
2023) programmes, which are securing ultraviolet and optical
spectra of large samples of LMC and SMC stars, is the compre-
hensive coverage of hot stars in the upper Hertzsprung—Russell
diagram. Now that focussed studies have constrained the stel-
lar and wind properties of over 80 stars in the temperature
range 15—-60kK using uniform methodologies that address both
clumping and mass loss (Hawcroft et al. 2024a; Backs et al.
2024; Verhamme et al. 2024; Brands et al. 2025), we were able
to search for trends in wind properties with spectral type and
metallicity. This yielded two surprising findings: (1) The mod-
ified wind-momenta (D) for SMC O-type and B-type stars are
very similar. In the LMC, the O stars have somewhat higher D
values. When considering mass-loss rate the SMC B stars even
surpass the SMC O stars. (2) The mass-loss rates of B-type stars
only very weakly depend on metallicity. The physical meaning of
this result requires further exploration. Interestingly, the predic-
tions by the recently published web tool LIME (Sundqyvist et al.
2025), which computes mass-loss rates using line-force param-
eters specifically tailored to exact stellar and wind properties,
predict a significantly weaker metallicity dependence for B stars
relative to O stars. This offers a means to explore the physical
reason(s) for this effect, which may be related to differences in
the strength and elemental species of the dominant wind driv-
ing spectral lines near the wind critical point. Though for B stars
the Z dependence appears weak, this may change when going to
sub-SMC metallicity.

Data availability

The fits of all SMC B-supergiants discussed here and the dis-
tribution of the GA models are available at https://zenodo.
org/records/17725648.
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Appendix A: Fitting example

Figure A.l shows an example of some of the lines fit over the
temperature domain. These stars range from B0-BS.

Appendix B: Exploration of potential correlations

In this section we have compiled additional figures which explore
the clumping behaviour of the sample closer.

Figure B.1 shows the correlation between many of the result-
ing wind parameters. This plot shows the Pearson correlation
coéfficient (Benesty et al. 2009) between the different derived
parameters not including the stars for which we could not deter-
mine v.,. We account for the error margins on the parameters
by computing the correlation matrix 1000 times each time using
randomly selected values according to a Guassian distribution
based on the best fit and the error margins. When averaging this
result we can determine an error margin on this correlation by
computing the standard deviation. Figure B.1 uses red to show
positive linear correlations and blue to show negative correla-
tion. If the numbers are printed in grey the standard deviation of
the correlation is larger than the determined mean correlation.

Some of the expected correlation are clearly retrieved. There
is a positive clear mass-loss rate, Teg and v, Teg correlation
as expected. This results, logically, in a correlation between ve,
and M as well. The positive correlation between f., M, and T,
is not immediately obvious. The two positive correlations are
related as the mass-loss rate correlates with the Eddington factor
for obvious reasons. A high mass-loss rate resulting in a high fi.
might be related to the amplification rate of line de-shadowing
instability being inversely correlated to the optical depth of the
line (Owocki & Rybicki 1984). Therefore, increasing the mass-
loss rate reduces the effect of the line de-shadowing instability.
This correlation seems to mostly be driven by the highest I'. star,
when removed the mean correlation drops to 0.25 only slightly
above the standard deviation.

Appendix C: Comparative tests to previous
studies

In this paper, we appear to have shown that the mass-loss rates of
B stars do not depend on metallicity. This result is not in line with
some of the basic assumptions of line-driven winds. As a result,
we extensively compared our results to other papers which study
similar stars. Here we show how our results compare to several
other studies which studied some of the same stars.

The SMC B star results of Bernini-Peron et al. (2024) uses
identical data. In total there are 13 stars which are studied in both
this paper and the sample of Bernini-Peron et al. (2024). Even
though that paper uses a very different method we can still com-
pare the mass-loss rates. Bernini-Peron et al. (2024) does not
use a GA method or another systematic fitting method instead
using a ’by-eye’ fit manually tuning models to find a good fit.
As a result, deriving error margins of the ’by-eye’ fit is diffi-
cult. Bernini-Peron et al. (2024) use their expertise to estimate
an error margin which they apply to the full sample. Instead of
FASTWIND Bernini-Peron et al. (2024) use CMFGEN to pro-
duce the spectra and assume optically thin clumps. CMFGEN,
like FASTWIND, takes into account a whole range of elements in
different ionisation stages to determine the temperature stratifi-
cation, but unlike the version of FASTWIND we used, CMFGEN
is able to produce spectral lines of heavier elements such as alu-
minium and iron to use in determining wind behaviour. By using

the "by-eye’ method they are still forced to focus on a limited
number of lines, most of which are also included here, with the
notable exception of a UV AlIII line and magnesium lines as we
mentioned above. The UV AlIII line could allow for v., deter-
mination to cooler temperatures and the Mg lines give a more
accurate Teg at Teg < 15 kK as we already mentioned. Despite all
these differences, figure C.1 shows that there is in general a very
good agreement between the derived mass-loss rates between
this paper and Bernini-Peron et al. (2024). For all stars except
SK 179 there is significant overlap in the error margin between
this paper’s mass-loss rates and those derived by Bernini-Peron
et al. (2024). The difference between our derived v, and Bernini-
Peron et al. (2024) is higher than the error margins in 4 cases.
Certainly for the cooler stars this can be explained by our lacking
of the AlIII lines, which is represented by our large error margins
as well. We also compared other parameters which agree well,
however we find that log,, get and Teq is consistently higher in
this paper when compared to Bernini-Peron et al. (2024) (see
figure C.2). However for all but 3 of the stars they do still have
an overlap in error margins. A similar agreement between the
methods was also shown on a sample of three O stars (Sander
et al. 2024).

Even when comparing to previous studies using different
data we find relatively strong agreement. Trundle et al. (2004)
is an optical only study on 8 SMC B stars of which 6 have
also been studied in this paper (AzV215, AzV104, SKI19I,
AzV210, AzV18, AzV22). The log, gexr and Teq agree within
error margin for all stars, but AzV215 for which we find T =
293007200 K., log;o(g) = 3.25*092, while Trundle et al. (2004)
finds Ter = 27000 + 1000 K, and log;y(gerr) = 2.9 + 0.1. Here
we see the effective surface gravity still overlaps, but we find
a higher T.¢ with a very low uncertainty. The mass-loss rates
agree within error margins for all stars, but AzV18. We find
log,o(M) = —6.15 + 0.15[log,, M /yr] and Trundle et al. (2004)
derives loglo(M) = —6.64 + 0.05[log,, Mo/yr]. Even this dif-
ference is not worrying, considering the difference in studied
lines and would not effect our conclusions. Trundle & Lennon
(2005) is another optical only study for which some terminal
wind speeds were known from Evans et al. (2004). This study
has 2 stars in common with this study (AzV264, AzV96). Within
error margins the T, surface gravity, and the mass-loss rates
agree. These comparisons show that although the resulting con-
clusions of our derived mass-loss rates are surprising the derived
parameters themselves are similar to previous studies of these
stars.

Finally we also decided to compare to the empirical prescrip-
tion by Pauli et al. (2025), which uses a I', dependence instead
of a T, mass, and luminosity dependence. We note an aver-
age fpe = 1.3 £ 0.4 for the SMC B stars, and an average f,/. =
1.2 £ 0.9 for the SMC O stars. The LMC systematically does
worse with an average ratio of LMC O stars of f,. = 3.6 £ 1.0
and f,. = 3.4 2.4 for LMC B stars. The results for the SMC
seem to be comparable with the results LIME (Sundqvist et al.
2025) provides. The LMC, in comparison, is overestimated and
with a significant scatter. The success of this prescriptions is not
entirely surprising as it is based on previous empirical studies
which this paper, as shown above, is in agreement with.

Appendix D: v, behaviour

From previous theoretical works we expect an existing, but
weak v., metallicity dependence. Vink & Sander (2021), using a
Monte Carlo approach, find v., oc Z%1°. Bjorklund et al. (2021),
on the other hand find a relation indistinguishable from zero
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Fig. A.1. Presentation of normalised line fits to (from left to right) AzV215 (BOIa), AzV96 (B1 lab), AzV234 (B2.51b), and AzV324 (B8 Ib). The
corresponding effective temperatures are 29.3, 23.2, 17.1, and 13.1 kK, respectively. Data is shown in black; the dark green line denotes the best fit

and the light green region the 1-0- uncertainty region.

(Voo o Z7010£018) "However, they do note some potential issues
with their terminal wind speeds.

We compare the previously determined ve,, Teg relation
through a Sobolev exact integration technique (Hawcroft et al.
2024b) with the combined results of this work with Backs et al.
(2024); Hawcroft et al. (2024a); Verhamme et al. (2024); Brands
et al. (2025). Table D.1 shows the results of our ODR fit and the
fit of Hawcroft et al. (2024b), both using a simple linear fitting
law,

Voo = a - Te — b. D.1)
It is clear that both the slope and the offset for the LMC is
almost identical although we retrieve a lower 1-o- error margin.
The SMC slope is different between the two studies, but for the
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Hawcroft et al. (2024b) results still within error margins. The fits
are plotted in the upper panel of figure D.1, which show that the
smaller slope is caused mostly by some hot SMC O stars which
have a lower v, in comparison to the LMC O stars with the same
Te. Up to 35 kK the v, dependence on T of the SMC appears
mostly equal to that of the LMC. We also plot the Hawcroft
et al. (2024b) results over the same results in the lower panel
of figure D.1, showing that their retrieved results still function
within error margins. When fitting the full sample with a new Z
dependence,

Voo = aTeq - (Z/Z6)" = b, (D.2)

we find thata = (8.5 £0.2) - 107222 b = 1080 + 55 , and ¢ =

(-0.9+ 1.1) - 1072, We note here that the Z-dependence is within
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Fig. B.1. Correlation plot for wind parameters. The colour shows how
positive (red) or negative (blue) the Pearson correlation coéfficient is. If
the standard deviation is larger than the derived correlation the values
are written in grey.
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Fig. B.2. Mass loss versus clumping factor correlation plot for AzV22
(B3 1Ia). The symbol colour yields the quality of the fit expressed as the
inverse of the root mean square error of approximation. We plot the \/E
to emulate the expected clumping relation Fa(ouna)® = (%) (Puls et al.
2006), although this correlation only holds for optically thin clumping
and a constant clumping factor, both of which are not true here. For the
same reason we plot this relation in a log-log scale.

error margins equal to zero, showing the lack of Z dependence
of the terminal wind speed. This result was also hinted at in
Bernini-Peron et al. (2024), where the found v.,, T relation was
suggested to be not impacted by metallicity. Here they compared
their found relation for the SMC B stars and found it remarkably
similar to the LMC relation of Hawcroft et al. (2024b).
Although, as noted in the main text, the indicator of ve,/Uesc
is a tenuous one, due to major uncertainties. We also plot here
two fits of the relation in figure D.2. We fit a linear function to
the full sample regardless of metallicity up to T = 25kK as a
very rough estimate to where we expect the increase to stop. We
note that data points with low error margins have a higher weight
when determining the linear fit. Therefore the most noticeable
points at low T.g, with a high v, /vesc and high error margins
are only weakly impacting the fit. The fit of stars with Teg >

50 4
0.40
40 1 0.35
4
30 A 0.30
- |
o] Q
NI - L
\& 0.25
201 —
- -
0.20
p
101 —
0.15
0 o
T T T T T T T T 010
12500 15000 17500 20000 22500 25000 27500 30000
Effective Temperature [K]
1.0 A
0 0.40
0.8 ag = 0.35
0.6 0.30
S h iy
0.25
04 T - 1
. | ~
4 | 0.20
0.2 f
— <4 0.15
00 #-
0.10

125;00 15600 175‘>00 20600 225;00 25600 27%00 30(')00
Effective Temperature [K]

1.0 0.40
4l
14
0.8 1 0.35
—— 2 0.30
0.6 -
B o
-
B 0.25
0.4 4 ]
< —
0.20

0.2 1

fvel
|
g
|
1
|
e

0.15

0.0 1
0.10

12!;00 15(')00 17!;00 20(')00 22!;00 25(')00 27.":00 30(')00
Effective Temperature [K]

Fig. B.3. Clumping parameters with respect to the effective tem-
perature. The panels from top to bottom show the clumping factor,
interclump density (in units of mean density), and velocity filling factor.
The colour indicates the derived I, for the stars.

25 kK are also plotted. We also overplot the original Lamers et al.
(1995) result.
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Fig. C.1. Comparison between derived mass-loss rates and terminal
velocities. Here we show a comparison of the derived mass-loss rates
and terminal wind speeds between all stars this paper shares with
Bernini-Peron et al. (2024). In blue we show the results of this paper,
while orange shows the results of Bernini-Peron et al. (2024). The black
points in the v, show the assumed terminal wind speeds, where we
could not derive a satisfactory ve.

Table D.1. Fits of v, with Teg.

This work a [km -s~'K™1] b [km-s™1]

SMC stars (7.9+03)- 1072 993 + 99

LMC stars (8.8+02)-1072 1083 +66
Hawcroft et al. 2024

SMC stars 89+1.1)-1072 1560 + 420

LMC stars (8.8+0.4)-1072 1200+ 150

Note: We compared the v,

Teq fit of this sample with the results of

Hawcroft et al. (2024b). The fit formula is given by formula 1.

A166, page 16 of 18

300001 —§_ This Paper
{_ Bernini-Peron et al. 2024

— 27500 A
¥ ! T
© 25000
: L+t
©
L 22500
Q
Q
€ 20000
()
[t
()
S 17500
- E
O
@ 15000
=
w

12500 A

4?V215
4el/¢<98
43,,235
4%]%
43V266
Yy, 5y
43V210
S,(— 191
S Vlg
421/{%
4> l/é’g
k25,

ot

[0

o
L

¥ This Paper
~§ Bernini-Peron et al. 2024

11%%[

b B 6 ¥ o ¥ O N ® %N O »
N 9 " 9 © © N O & ”noN AN g
,é\' /ﬁv /év & ,é\' ,év /é\/ & & ,év ‘5\ & §7
Y ¢ ¥ ¥ ¢ ¢ < < < <

- -
e
-

w
o
o

N
~
o

1

N
5
o

N
N
v

N
o
S)

=

N}

%
s

Effective Surface Gravity [logio(cm/s?)]

Fig. C.2. Comparison between derived T.q and log, gesr. Here we show
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et al. (2024). In blue we show the results of this paper, while orange
shows the results of Bernini-Peron et al. (2024)
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Fig. C.3. Mass-loss rate comparisons. These plots all show the
mass-loss rate vs the luminosity from this study and the previ-
ous SMC and LMC studies in this series of papers (Hawcroft
et al. 2024b; Backs et al. 2024; Verhamme et al. 2024; Brands
et al. 2025). The fits were performed using an ODR method.
The error margins shown are the 10~ uncertainty.
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Fig. D.1. Relation between T.s and v,. The top panel shows the
combined results from Backs et al. (2024); Verhamme et al. (2024);
Hawecroft et al. (2024a); Brands et al. (2025) and a fit separating the
SMC and LMC sample. The bottom panel shows the same sample but
with the results of Hawcroft et al. (2024b) overplotted.
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0<Te<25000
Ter>25000

- Lamers et al. 1995

Fig. D.2. v /vesc Over Ter. We show the full sample including all results
from Backs et al. (2024); Hawcroft et al. (2024a); Verhamme et al.
(2024); Brands et al. (2025) which are fitted by two linear functions.
The orange line fits only the stars up to Teg = 25 kK, while the red line
fit stars with T.q > 25 kK. The dashed lines are the initial results from

15600 20600 25600 30600 35600 40600 45600
Effective Temperature [K]

(Lamers et al. 1995).

Appendix E: Line list

Table E.1. Detailed list of all spectral lines which are fitted.

Ton Wavelength [/0\] Line window
Civ 1168.9, 1169.0 C1v 1196b
cur 1174.9, 1175.3, 1175.6 C1v 1169b
1175.7, 1176.0, 1176.4
Si1v 1393.8, 1402.8 Si1v 1400
Civ 1548.2, 1550.8 C1v 1550
O11 3961.6 He
Hel 3964.7 He
H1 3970.1 He
He 4025.4 He14026
Hel 4026.2 He1 4026
Ccur 4068.9, 4070.3 Cur14070
o1 4069.6, 4069.9, Cur1 4070
4072.16, 4075.86
S1v 4088.9, 4116.1 H¢é
N1 4097.4, 4103.4 Hé
Hi1 4101.7 H¢é
Sitr 4128.1, 4130.9 Si1r 4128
N1 4195.8, 4200.1, 4215.77 He 11 4200
He 4199.6 He 11 4200
Cu 4267.0, 4267.3 C1 4267
He 1l 4338.7 Hy
Hi1 4340.5 Hy
on 4317.1,4319.6, 4366.9 Hy
N1 4345.7, 4332.91 Hy
N1 4379.0, 4379.2 He 14387
He1 4387.9 Hel4387
o1 4414.9, 4417.0 O11 4416
He1 4471.5 He 14471
N1 4613.9,4621.4, 4630.5 N11 4601
4601.5, 4607.2, 4643.1

N1 4534.6 He 11 4541
He11 4541.4 He 11 4541
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Simn  4552.6,4567.8, 4574.8 Si1i 4552
Cur 46474, 4650.2,4651.5 Cia N1 COLD/HOT
NI  4634.1,4640.6,4641.9 Ciia N1 COLD/HOT
on 4638.9, 4641.8, C1i N 111 COLD
4661.6, 4676.2
Hen 4685.6 He 11 4686
NI 4858.7,4859.0, 4861.3, Hp
4867.1, 4867.2, 4873.6

He1l 4859.1 Hp

Hi 4861.4 HB

He1 4921.9 He14922
He1l 5411.3 He11 5411

O 111 5592.3 O 111 5592
C1ia 5695.9 C 111 5695
He1 5875.6 He15875
Hen 6527.1 He 11 6527
Hen 6559.8 Ha

Hi1 6562.8 Ha

Cu 6578.1, 6582.9 C11 6578
He1 6678.2 He 11 6683
Hen 6682.8 He 11 6683
He1 7065.2 He 17065

Note: The first column shows the atom and its ionisation stage
responsible for the transition. The second column shows the
corresponding wavelength with possible multiplets. The third
column shows where to find this line in the fit summary which
is available on Zenodo.
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