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ABSTRACT

Context. The presence of massive O-type stars with surfaces enriched by CNO-cycle products has been known since the early 1980s.
For many years, internal rotational mixing was assumed to be the dominant mechanism responsible for this chemical contamination.
However, accumulating evidence suggests that binary interaction may play an equally important, if not dominant, role.
Aims. Our aim was to carry out a large-scale investigation of surface helium (He) abundances in Galactic O-type stars, based on the
results from the analysis of high-quality spectroscopic data from the IACOB project.
Methods. We performed a homogeneous spectroscopic analysis of 318 Galactic O-type stars with the iacob-broad and
fastwind/iacob-gbat tools, deriving rotational velocities, atmospheric parameters, and He abundances. We also accounted for
the influence of binarity and parameter degeneracies on the abundance determinations.
Results. We present homogeneously determined surface He abundances (YHe = NHe/NH) for the largest, statistically significant sample
to date of Galactic O-type stars. About 60% of the stars show He abundances consistent with the cosmic abundance standard of
YHe = 0.098± 0.002. For another 18% of the stars, we obtain anomalously low He abundance estimates, reaching values down to
0.07. These unusual He abundances might be a consequence of flux contamination of the analysed spectra by a faint companion.
The remaining 22% display clear He enrichment (YHe & 0.13). We provide observational evidence indicating that most of these He-
enriched stars are likely the products of binary interaction.
Conclusions. Our study highlights how large spectroscopic surveys are gradually opening robust observational avenues to identify
the products of massive binary interaction. It also emphasises the need for caution when interpreting the spectroscopic properties of
apparently single O-type stars. A significant fraction may in fact be the outcome of binary evolution rather than isolated stellar birth.
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1. Introduction

Herrero et al. (1992) carried out the first systematic quantitative
spectroscopic analysis of a sample of Galactic O-type stars using
plane-parallel, hydrogen+helium, non-LTE stellar atmosphere
models. They reported that more than 60% of the 25 analysed
stars exhibited helium (He) abundances higher than the cosmic
standard. This result was unexpected given the understanding of
stellar interiors and evolution at the time (e.g. Maeder 1990),
according to which the large radiative envelope surrounding the
convective core of a massive main-sequence star was expected to
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prevent processed material produced in the core during hydrogen
burning from reaching the stellar surface.

Most of the He-enriched stars were either fast rotators or
objects with low surface gravities and high luminosities, indicat-
ing that, from a single-star evolutionary perspective, they would
have already evolved significantly away from the zero age main
sequence (ZAMS). This inconsistency between the abundances
resulting from the spectroscopic analyses and theoretical predic-
tions became widely known as the helium discrepancy prob-
lem. This finding was in line with earlier works by Walborn
(1970, 1971, 1976), Kudritzki et al. (1983), Bohannan et al.
(1986), Voels et al. (1989), and Schonberner et al. (1988), who
had already reported stars not only with He-enriched surfaces,
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but also with carbon, nitrogen, and oxygen (CNO) abundance
patterns indicative of CNO-cycle processing.

Maeder (1987, see also Langer 1992 and references therein)
proposed that turbulent diffusion in the radiative zones of
massive main-sequence stars, potentially triggered by differen-
tial rotation, could lead to a significant redistribution of ele-
ments during the core hydrogen burning phase. This mechanism
offered a plausible explanation for the detection of stellar sur-
faces enriched in CNO-cycle products. Building upon this idea,
a new generation of stellar interior models was developed to
incorporate the effects of rotation on the evolution of massive
stars (see the review by Maeder & Meynet 2000). These mod-
els (e.g. Heger & Langer 2000; Brott et al. 2011; Ekström et al.
2012) were developed to reproduce the observed surface abun-
dance patterns, while also addressing several other discrepan-
cies between earlier theoretical predictions and observations,
including what is known as the mass discrepancy problem
(Groenewegen et al. 1989; Herrero et al. 1992).

Several observational studies of small to medium-sized sam-
ples of O- and B-type stars in different metallicity environments
soon followed (e.g. Herrero et al. 1999, 2000; Repolust et al.
2004; Mokiem et al. 2005; Hunter et al. 2009; Przybilla et al.
2010; Rivero González et al. 2012; Bouret et al. 2012, 2013,
2021; Martins et al. 2015a,b, 2016, 2017, 2024; Grin et al. 2017;
Cazorla et al. 2017; Markova et al. 2018; Dufton et al. 2018,
2020). Contrary to the expectations, these works provided grow-
ing empirical evidence that rotational mixing is not the sole
mechanism responsible for the appearance of CNO-cycle prod-
ucts at the surfaces of massive main-sequence stars. The detec-
tion of a non-negligible fraction of slowly rotating stars (as mea-
sured by their projected rotational velocities, v sin i) whose sur-
faces were N-enriched was one of the most challenging results
(Morel et al. 2008; Hunter et al. 2008).

Solutions proposed to reconcile theory with observa-
tions comprise the following: improved treatments of internal
angular momentum transport and convective boundary mix-
ing (Maeder et al. 2014; Simoniello et al. 2015); a reassess-
ment of the reliability of spectroscopically derived abundances
(Maeder et al. 2014); the influence of magnetic fields (e.g.
Keszthelyi et al. 2019, 2020); and the inclusion of additional
transport mechanisms such as internal gravity waves (e.g.
Aerts et al. 2014; Brinkman et al. 2025; Mombarg et al. 2025).
The role of binary interaction, in particular through mass-
transfer episodes (e.g. Vanbeveren 1988, 1993; de Mink et al.
2009; Song et al. 2018; Richards et al. 2025; Jin et al. 2026), is
also gathering increasing observational support.

Surface CNO abundances, together with v sin i, have been
the main observational diagnostics used to test the efficiency of
rotational mixing and to evaluate alternative scenarios (see ref-
erences above). Instead, Proffitt et al. (2016, 2024) used boron
abundance estimates derived from UV spectra (see also model
predictions by Frischknecht et al. 2010; Jin et al. 2024a).

Although the study of He abundances by Herrero et al.
(1992) played a key role in motivating subsequent developments
in massive-star evolution models, studies specifically focused
on this element remain relatively scarce (e.g. Herrero et al.
2000; Repolust et al. 2004; Mokiem et al. 2005; Martins et al.
2015a; Markova et al. 2018; Aschenbrenner et al. 2023). This
is partly due to the complexity of deriving reliable He abun-
dances (particularly in B-type stars, but also in O-type; see e.g.
Villamariz & Herrero 2000; Villamariz et al. 2002; Najarro et al.
2006). In addition, the high baseline abundance and slow surface
enrichment timescale of He makes it more difficult to detect sur-
face variations compared to other elements.

For this paper we embarked on the first large-scale inves-
tigation of surface He abundances in Galactic O-type stars.
Our study is based on the analysis of a high-quality spectro-
scopic dataset assembled within the framework of the IACOB
project Simón-Díaz et al. (2011, 2015, 2020). This work con-
tinues the efforts initiated in Holgado et al. (2018, 2022) and
Martínez-Sebastián et al. (2026), and is complemented by a par-
allel study of surface N abundances (Martínez-Sebastián et al.
2026).

The structure of the paper is as follows. The description of
the working sample and observational material is provided in
Sect. 2, while Sect. 3 concentrates on the methodology used to
obtain estimates of the atmospheric parameters and He abun-
dances. Section 4 summarizes the key results of our investiga-
tion, including a comparison with the literature and the general
distribution of He abundances in several contexts. A discussion
of the results, our main conclusions, and future prospects are
presented in Sects. 5 and 6.

2. Sample description

The sample considered in this work comprises 318 Galactic
O-type stars with at least one high-resolution spectrum avail-
able in the IACOB spectroscopic database (last described in
Simón-Díaz et al. 2020), and which fulfil the following criteria:
(1) they have not been identified as clear double-lined or higher-
order spectroscopic systems; (2) the available spectra have a
signal-to-noise ratio (S/N) above 50; (3) they do not exhibit pecu-
liar spectral features (e.g. Oe, Ope, or Of?p; see Sota et al. 2011,
2014; Maíz Apellániz et al. 2016) that affect the diagnostic lines
used to determine spectroscopic parameters; (4) they have both
He i and He ii lines strong enough to be reliable as effective tem-
perature indicators; and (5) they do not show a Hβ line in emis-
sion (i.e. hypergiants are excluded). A few additional stars where
excluded from the sample after performing the quantitative spec-
troscopic analysis, as briefly described in Sect. 3.

Our sample densely covers the region of the Hertzsprung–
Russell diagram populated by O-stars, all of them being
located within the main-sequence band. Furthermore, the v sin i
distribution of the sample is similar to that presented in
Holgado et al. (2020), with a main ∼75% component of stars
centered at ∼80 km s−1, and an extended high-velocity tail
(v sin i& 200 km s−1) reaching up to ∼450 km s−1.

Among 237 of 318 stars for which we have multi-epoch
spectroscopy, 73 were identified as single-line spectroscopic
binaries (SB1). This identification was based either on radial
velocity variations detected across all available spectra in the
IACOB database (following Holgado et al. 2018; Holgado 2019;
Simón-Díaz et al. 2024), or on a detailed investigation of spec-
troscopic binarity within the OWN survey (Barbá et al. 2010,
2017, 2026). The remaining stars were classified as likely single
(LS), although some may still harbour undetected companions.

Information on the runaway (RW) status is available for
≈85% of the stars in the sample. This was extracted from
Maíz Apellániz et al. (2018) and Carretero-Castrillo et al. (2023,
2026), both studies based on Gaia astrometric data (e.g.
Gaia Collaboration 2016, 2023). Stars for which the RW status is
not available are those that did not satisfy the quality cuts estab-
lished in Carretero-Castrillo et al. (2023, their Appendix A) to
ensure reliable astrometric data. As a final point of interest, our
sample includes a significantly enhanced number of ON stars
(19) compared with the 12 ON stars analysed in the most recent
comprehensive study of these type of objects by Martins et al.
(2015b).
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3. Methodology

We used the best S/N spectrum per each star from the IACOB
spectroscopic database1. All spectra have a resolving power
between R = 25 000 and R = 85 000, and typically cover the
wavelength range from ∼3900 to 9000 Å. The mean of the S/N
distribution is 150 ± 55, with a minimum of 50, and 80% of the
stars having S/N& 100.

We follow the same strategy as in Holgado et al. (2018)
to derive the line-broadening and spectroscopic parameters
of the sample. Briefly, we first estimated v sin i and the
macroturbulent broadening (vmac) using the iacob-broad
tool (Simón-Díaz & Herrero 2014), following the proce-
dures outlined in Simón-Díaz & Herrero (2007, 2014) and
Simón-Díaz et al. (2017). Other spectroscopic parameters, such
as the effective temperature (Teff), surface gravity (log g),
microturbulence (ξt), wind-strength Q parameter (Puls et al.
1996), and surface He abundance (YHe = NHe/NH), were
then determined using iacob-gbat (Simón-Díaz et al. 2011;
Sabín-Sanjulián et al. 2014; Holgado et al. 2018).

Holgado (2019) and Holgado et al. (2018, 2020, 2022)
already analysed a large fraction of the stars in our sample.
However, there are two important updates with respect to the
results presented there. First, we studied 117 additional stars2

for which spectra were not available at the time of those publica-
tions. Second, we reanalysed the entire sample using an extended
version of the grid of fastwind models (Santolaya-Rey et al.
1997; Puls et al. 2005; Rivero González et al. 2011) employed
in Holgado et al. (2020, Table 2). We optimized the new grid
for this study and computed it from scratch with fastwind
v10.6.5, including: (1) a reduced step size in YHe, changed from
0.05 to 0.02, (2) a lower minimum He abundance of 0.04, and
(3) an improved sampling of microturbulence below 15 km s−1,
together with two additional grid points at 25 and 30 km s−1. The
full grid was computed neglecting the impact of wind-clumping.

We reanalysed the full sample with this updated grid for two
main reasons: firstly, to improve the accuracy of our He abun-
dance estimates and, secondly, to enable a more detailed investi-
gation of a non-negligible subsample of stars for which the orig-
inal grid yielded upper limits on the He abundance of about 0.08
(further details in Sect. 5.1).

Table 1 summarizes the parameter space covered by the
extended fastwind grid. Table 2 lists the complete set of opti-
cal hydrogen (H i) and helium (He i, He ii) lines synthesized in
the fastwind models. By default, in the iacob-gbat analyses,
we used the full set of indicated lines, and allowed the tool to
explore a broad range of values for all free parameters, except
for the velocity-law exponent, which was fixed to β= 1. We
also took advantage of the option to quickly recompute the best-
fitting solution after excluding selected diagnostic lines or fixing
specific grid parameters. This capability allowed us to assess in
an objective, yet efficient, way the impact of individual lines or
parameters on the derived He abundances (see Appendix A).

As in Holgado et al. (2018), we considered both v sin i and
vmac were as fixed parameters in the default iacob-gbat analy-
ses, using the values quoted in columns 3 and 4 of Tables3 D.1
to D.3. We took these values directly from the outcome of the
iacob-broad analysis, with the exception of the vmac estimates

1 https://research.iac.es/proyecto/iacob/iacobcat/
2 A certain percentage of them did not fulfil the criteria described in
Sect. 2, and hence were excluded from the final sample under study.
3 Only available in electronic form at the CDS via anonymous
ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.
u-strasbg.fr/cgi-bin/qcat?J/A+A/.

Table 1. Parameter space covered by the grid of fastwind models at
solar metallicity.

Parameter Range Step size Units

Teff 22 000 ... 55 000 1000 [K]
log g 2.6 ... 4.4 0.1 [dex]
ξt 1 ... 15 2 [km s−1]

15 ... 30 5 [km s−1]
YHe 0.06 ... 0.20 0.02

0.20 ... 0.30 0.05
log Q a −11.9 ... −12.7 0.2 [dex]

−13.0 ... −15.0 0.5 [dex]
β 0.8 ... 1.2 0.2

Notes. aQ = Ṁ/(v∞R)1.5; with Ṁ in M� yr−1, v∞ in km s−1, R in R�.

Table 2. Diagnostic lines used in the iacob-gbat spectroscopic analy-
sis of our sample of Galactic O-type stars.

H He i He ii He i + He ii

Hα λ4387 λ4200 λ4026
Hβ λ4471 λ4541 λ6678 + λ6683
Hγ λ4713 λ4686
Hδ λ4922 λ5411

λ5875

for those stars with a v sin i≥ 200 km s−1, in which case we fixed
vmac to zero.

We benefited from the ability of iacob-gbat to provide
a more complete and objective exploration of the parameter
space (compared to traditional by-eye techniques). However, we
adopted its results with a critical view. As with any automated
method, it is essential final revision by the user. We therefore per-
formed a visual assessment of the agreement between the best-
fitting model and the observed spectrum. This step allowed us to
identify cases requiring adjustments, such as refining the radial-
velocity correction or modifying the adopted line-broadening
parameters, as well as situations in which the derived parameters
were unreliable. The latter included limitations of the fastwind
grid (e.g. the use of 1D unclumped models) or the misclassifica-
tion of composite spectra as originating from single stars.

4. Results

Tables D.1 to D.3 summarize the relevant information of the
318 Galactic O-type stars analysed in this study. The stars are
grouped in three tables according to their classification as He-
low, He-normal, or He-rich, as defined in Sect. 4.1. Within each
group, stars are sorted first by spectral type (SpT) and then by
luminosity class (LC), following the classifications reported in
the Galactic O-Star Catalog (GOSC v4.2; Maíz Apellániz et al.
2013, 2017). For each star, we provide the adopted values
of v sin i and vmac (columns 3 and 4) used as input in the
iacob-gbat analysis, as well as the results of the analy-
sis (columns 5 to 9) obtained when all free parameters were
allowed to vary and the full set of diagnostic lines was con-
sidered. We also include the spectroscopic luminosity, defined
as log (L/L�) = 4 log(Teff)− log g− 10.61 (Langer & Kudritzki
2014), as well as the quality flag assigned from the visual assess-
ment of the agreement between the best-fitting model and the
observed spectrum (column 10), the number of spectra available
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Fig. 1. He abundance distributions for the three groups of stars intro-
duced in Sect. 4.1. The vertical dotted line indicates the present-day cos-
mic reference value provided by Nieva & Przybilla (2012). The black
dot and horizontal line indicate the mean and standard deviation associ-
ated with Group 1 stars.

to identify whether the star is a spectroscopic binary, and indi-
cates whether the star has been identified as a SB1 (column 12)
and/or a runaway (column 13).

In this paper, we primarily focus on the He abundances
resulting from the iacob-gbat analysis. For a more detailed
discussion of other aspects of the sample – such as their phys-
ical properties (including spin rates) and the identification of
potential binary interaction products – we refer to Holgado et al.
(2020, 2022), Britavskiy et al. (2023), Martínez-Sebastián et al.
(2025) and Carretero-Castrillo et al. (2026).

4.1. General distribution of He abundances

Figure 1 presents the first comprehensive distribution of surface
He abundances for a statistically significant sample of Galac-
tic O-type stars analysed homogeneously. We divide the sam-
ple into three groups using as reference the present-day cosmic
abundance of He (YHe = 0.098± 0.002 Nieva & Przybilla 2012).
This reference abundance was obtained from a thorough quan-
titative spectroscopic analysis of a carefully selected sample of
early B-type stars in the solar neighbourhood. Group 1 comprises
193 stars (∼61% of the sample) whose estimated abundances
are compatible – taking into account their associated uncertain-
ties (∆YHe) – with the indicated reference value. Group 2 gath-
ers the non-negligible number of 56 stars (∼18%) for which
the default iacob-gbat analysis yields unrealistically low He
abundances (i.e. YHe + ∆YHe < 0.098, Sect. 5.1). Group 3 cov-
ers the 69 stars in the high He abundance tail of the distribu-
tion (∼22%) showing surface He enrichment compared with the
reference value (i.e. YHe – ∆YHe > 0.098). Some overlap occurs
between the values of the different Groups, which arises from the
individual uncertainties associated with stars whose He abun-
dances fall in between ∼ 0.07 – 0.09 and ∼ 0.12 – 0.13, respec-
tively (see Fig. 1). In this regard, we note that typical (formal)
uncertainties in YHe resulting from the default iacob-gbat anal-
ysis for Groups 1 to 3 are 0.025, 0.014, and 0.045 (i.e. 26, 21, and
28%), respectively. Hereafter, we call the stars comprising these
three groups He-normal, He-low, and He-rich, respectively. Fig-
ures C.1, C.2, and C.3 show three illustrative examples of the

Fig. 2. Comparison of He abundances for a sample of 67 stars in com-
mon with the literature and 48 stars independently analysed for this
work using the code maui. The open symbols refer to stars for which
we have provided a Q2 or Q3 quality flag to the fastwind fits (see
Tables D.1 to D.3). The 1-to-1 relation and 25% tolerance region are
shown as dashed and dotted lines, respectively. The cross in the top left
corner indicates the typical uncertainties in the YHe estimates.

outcome of the iacob-gbat analysis for stars labelled as Q1 and
comprising each one of these three He-abundance groups.

4.2. Comparison with results from the literature

Figure 2 shows a comparison of our He abundance estimates
with some others available in the literature. We focus on
four recent studies selected because they provide abundances
for at least ten stars in common with our sample: namely
Repolust et al. (2004), Martins et al. (2015b), Markova et al.
(2018) and Aschenbrenner et al. (2023). The first two are based
on the fastwind atmosphere code, as in our study; the third
employs cmfgen (Hillier & Miller 1998); and the last one relies
on a hybrid analysis combining atlas9 atmosphere models
(Kurucz 1993) with spectral synthesis calculations performed
with detail and surface (see also Nieva & Przybilla 2012).

Taking into account the associated uncertainties, we find a
reasonably good agreement for most of the (67) stars in com-
mon with any of the abovementioned studies. Nevertheless, a
small subset of (14) stars shows discrepancies beyond 25%.
Appendix B provides additional notes on these specific stars.

We also performed a fully independent analysis of a sub-
sample of ∼50 of the stars under study with the code maui
(Urbaneja 2026). maui is a modular framework that builds on
a statistical emulator (in this case of fastwind synthetic spec-
tra) with supervised machine-learning techniques and, coupled
with MCMC sampling, enables a robust and efficient spec-
troscopic inference for massive star parameters and surface
abundances. In particular, this subsample of stars has been
specifically selected to cover the full range of Teff , log g, YHe,
and v sin i characterising the complete sample analysed with
iacob-gbat. As illustrated in Fig. 2, the agreement of results
between these two analysis approaches is also quite remarkable.
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Fig. 3. Distribution of the 318 Galactic O-type
stars in a modified Hunter diagram, using He
abundance instead of nitrogen on the y-axis.
The fractions of He-rich stars in the slow- and
fast-rotating subsamples are indicated, assum-
ing v sin i = 200 km s−1 as the dividing thresh-
old. ON, SB1, and RW stars are indicated with
red small circles, blue crosses, and grey circles,
respectively.

4.3. The Hunter and spectroscopic HR diagrams

Figure 3 shows the distribution of stars in a modified version
of the Hunter diagram (c.f. Hunter et al. 2008), where the He
abundance is used instead of nitrogen. Stars classified as ON or
identified as SB1 and/or RWs are highlighted separately. For ref-
erence, we indicate in grey the main range of He abundances
(mean value ±2 σ) covered by stars in Group 1, and with grey
dashed lines the step values in YHe defining the grid of fast-
wind models incorporated into iacob-gbat. We also report the
percentage of He-rich stars among the samples with a v sin i
below and above 200 km s−1, respectively. This threshold has
been adopted in several previous studies to separate the main
low v sin i component from the high-velocity tail in the dis-
tribution of projected rotational velocities commonly found in
O stars (e.g. de Mink et al. 2013; Ramírez-Agudelo et al. 2013;
Holgado et al. 2022; Sana et al. 2022; Britavskiy et al. 2023;
Carretero-Castrillo et al. 2026). As proposed by de Mink et al.
(2013), stars with v sin i exceeding this threshold are most likely
the products of binary interaction – following mass-transfer or
merger events – rather than massive stars formed in isolation
with such rapid rotation.

Figure 4 presents the location of the stars in the three He
abundance groups defined in Sect. 4.1 within a spectroscopic
Hertzsprung–Russell diagram (sHRD; Langer & Kudritzki
2014). As in Fig. 4, ON, SB1 and RW stars are differentiated
from the rest of the sample. For reference, we also show the
position of the ZAMS and the evolutionary tracks computed
with the GENEC code for an initial spin rate vini/vcrit = 0.4
(Ekström et al. 2012). Sections of the tracks where the surface
He abundance is larger than 1.3 times the initial abundance are
highlighted with dashed green lines. In this case, the predicted
increase of the He abundance at the stellar surface is driven
by the internal transport processes implemented in the models,
together with the progressive removal of the outer stellar layers
by winds for stars above ∼30 M�. Although we used these single
star evolution tracks as reference to show a extreme case of
surface enrichment due to rotational mixing (see further notes in
Sect. 5.2), we note that the initial spin rate considered in these
models is definitely too high when accounting from the results
presented in Holgado et al. (2022). These authors proposed that

the peak of the spin distribution at birth for O-type stars is most
likely located at vini/vcrit = 0.10 – 0.15.

4.4. Statistical properties of the runaway and SB1 samples

As stated in Sect. 2, we have runaway classifications for 268
stars (84.3%) in our working sample of 318 objects. We also
have sufficient multi-epoch spectroscopy4 to assess the SB1 sta-
tus for 237 stars (74.5%). In combination with their locations in
the Hunter and sHR diagrams (Figs. 3 and 4, respectively), we
summarize the corresponding runaway and SB1 statistics for the
full sample, as well as for subsamples defined by He abundance
and v sin i, in columns 2–4 and 5–7 of Table 3, respectively.

Complementing this information, we also find that He-rich
stars are much more common among runaways: 39% of the RW
sample (comprising 77 stars) are He-rich, compared to only 17%
in the non-RW sample (191 stars). Additionally, He-rich stars
are less common among SB1 systems: they represent 14% of
the 73 SB1 sample, compared to 28% among the 164 LS sam-
ple. In this regard, we remind that a certain percentage of stars
identified as LS could be merger products, disrupted binaries, or
undetected SB1 systems (due to the still insufficient number of
available epochs, or the difficulty to separate the effect of intrin-
sic variability from the orbital motion in a binary system where
the amplitude of radial velocity variation is below 15–20 km s−1;
Simón-Díaz et al. 2024).

5. Discussion

5.1. The He-low sample

One of the first aspects that drew our attention was the non-
negligible fraction of stars (∼18%) for which the default iacob-
gbat analysis yielded He abundances in the range YHe = 0.06–
0.08 (see Fig. 1). These values reach well below the lower limits
of He abundances typically reported for Galactic early B-type
stars (e.g. Lyubimkov 1975; Nieva & Przybilla 2012), our Sun
(e.g. Serenelli & Basu 2010; Moharana et al. 2024), blue com-
pact very metal-poor dwarf galaxies (e.g. Izotov et al. 1999), and

4 Three or more spectra.
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Fig. 4. Distribution of our sample of 318 Galactic O-type stars in
a sHRD separated by the three He abundance groups described in
Sect. 4.1. Evolutionary tracks from Ekström et al. (2012) for an initial
spin rate vini/vcrit = 0.4 are depicted for reference purposes, highlight-
ing in green the sections of the tracks where the He surface abundance
reaches over 1.3 times the initial abundance. The symbols are the same
as in Fig. 3.

interstellar medium estimates based on radio recombination line
observations (e.g. Tsivilev & Krasnov 2023). Such determina-
tions have often been regarded as representative of the primor-
dial He abundance (Pagel 2000).

Table 3. Statistics of detected RWs and SB1 systems in the full sam-
ple and the three subsamples of He-normal, He-rich, and He-low stars
defined in Sect. 4.1.

Runaways SB1 systems
Full sample # Yes % # Yes %

All 268 77 29% 237 73 31%
v sin i< 200 219 58 26% 187 62 33%
v sin i≥ 200 49 19 39% 50 11 22%
He-normal # Yes % # Yes %
All 167 40 24% 141 46 33%
v sin i< 200 138 31 22% 112 40 36%
v sin i≥ 200 29 9 31% 29 6 21%
He-rich # Yes % # Yes %
All 62 30 48% 57 10 18%
v sin i< 200 46 20 44% 41 8 20%
v sin i≥ 200 16 10 62% 16 2 12%
He-low # Yes % # Yes %
All 39 7 18% 39 17 44%
v sin i< 200 35 7 20% 34 14 41%
v sin i≥ 200 4 0 0% 5 3 60%

Given this context, it is natural to suspect that our low He
abundance determinations are not physically meaningful, but
rather result from limitations in the analysis. Potential contribu-
tors include incorrect estimates of microturbulence or wind prop-
erties, modelling issues in certain regions of parameter space
(e.g. Teff or log g), and contamination from faint, unresolved
companions whose continuum contribution can dilute the diag-
nostic He lines. To investigate these possibilities, we compared
stars in Groups 2 (He-low) and 1 (He-normal) in terms of their
location in the sHRD (Fig. 4) and their microturbulent velocities,
as derived from the default iacob-gbat analysis. We also exam-
ined whether SB1 systems are overrepresented among He-low
stars (Table 3).

These comparisons reveal no significant differences in ξt
between the two groups. In particular, the fraction of He-low
stars actually decreases with increasing microturbulence, which
is the opposite of what would be expected if their abundances
were being systematically underestimated due to overestimated
ξt. Likewise, although Group 2 stars appear to cluster in a spe-
cific region of the sHRD (top panel in Fig. 4), that region also
contains stars with normal He abundances, making systematic
modelling limitations an unlikely explanation. Moreover, the rel-
ative percentages of He-low stars are similar among targets with
assigned quality flags Q1, Q2, and Q3 (Table D.1), again sug-
gesting that modelling issues are not the primary cause of the
anomalously low He abundances.

Altogether, these results leave as the most plausible explana-
tion that many of the He-low stars are systems with undetected
companions, for which the iacob-gbat analysis yields spuri-
ously low abundances. Interestingly the fraction of SB1 systems
is larger in the He-low group (44%) than in the He-normal one
(33%). Also, formal tests based on synthetic spectra computed
with fastwind – in which the diagnostic lines were diluted by
only 10% – show that a similar iacob-gbat analysis to that
performed here can easily underestimate the He abundance by
0.01–0.02 (Martínez-Sebastián et al., subm.). These tests there-
fore support the hypothesis that undetected companions (possi-
bly combined with minor modelling effects) are responsible for
the low He abundances found in Group 2 stars.

A151, page 6 of 17



Simón-Díaz, S., et al.: A&A, 711, A151 (2026)

5.2. The He-rich sample in the context of single star evolution

As illustrated in Fig. 1, the distribution of surface He abundances
is characterized by: (1) a dominant component comprising ∼80%
of the sample (Groups 1 and 2), centered at YHe ≈ 0.095 and dis-
playing a dispersion broadly consistent with the He abundance
uncertainties of our analysis, and (2) an extended tail of He-
enriched stars (Group 3), accounting for ∼20% of the sample,
with abundances covering the range YHe ∼ 0.12 – 0.25.

Rotationally induced mixing has been considered for more
than three decades as the most likely explanation for the occur-
rence of these He-rich stars, with the efficiency of this process
predicted to increase with both initial mass and rotation
rate. (e.g. Maeder & Meynet 2000; Heger & Langer 2000;
Meynet & Maeder 2000; Brott et al. 2011; Ekström et al. 2012).
However, we provide below two independent pieces of evidence
indicating that this internal mixing mechanism alone cannot
explain the observed distribution of stars under study in the He –
v sin i and sHR diagrams presented in Figs. 3 and 4, respectively.

As in previous studies focusing on nitrogen (e.g.
Hunter et al. 2008; Rivero González et al. 2012; Bouret et al.
2013; Grin et al. 2017), the He – v sin i diagram does not reveal a
clear correlation between the two quantities. Furthermore, there
is a non-negligible number of He-rich stars with relatively low
v sin i. In addition, while the percentage of He-rich stars within
the tail of fast-rotators is larger than in the main low v sin i
component (32% vs 19%; see Fig. 3), there is still a dominance
of He-normal stars among the stars with v sin i> 200 km s−1.

This long-standing issue has been extensively discussed
in the literature (Brott et al. 2011; Maeder et al. 2014;
Martins et al. 2017), where several effects have been pro-
posed to partially account for the observed scatter when
examining individual stars. For example, age may explain the
presence of some fast-rotating stars among the He-normal
group, as they may simply be too young to display detectable
abundance changes. This is evident from the evolutionary tracks
shown in Fig. 4 where, even for stars born spinning at 40% of
their critical velocity, only at the very end of the main-sequence
the He produced in the core is reaching the stellar surface to
a detectable level. Similarly, the group of He-rich stars with
low v sin i could in principle be rapid rotators observed pole-on;
however, this is unlikely given the large number of stars with
these characteristics.

Focusing only on the He – v sin i diagram presented in Fig. 3,
another plausible scenario might be that these He-rich, low v sin i
objects provide observational evidence for efficient surface-
braking mechanisms operating during the main-sequence phase,
reducing the surface rotation rate while internal mixing contin-
ues to transport nuclear-processed material to the surface (see
e.g. Ekström et al. 2012). However, this proposal would be in
tension with the observational findings by Holgado et al. (2022),
de Burgos et al. (2024), and Nathaniel et al. (2025) about the
non-detection of a clear surface braking of massive stars along
their main-sequence evolution.

A more critical challenge to the rotational-mixing scenario
arises from the distribution of He-rich stars in the sHRD. A sub-
stantial fraction of Group 3 stars (∼47%, i.e. those located below
log (L/L�)∼ 4.0) occupy regions of the diagram where the rotat-
ing GENEC tracks of Ekström et al. (2012) do not predict such
levels of enrichment. This is illustrated in the bottom panel of
Fig. 4, where the segments of the evolutionary tracks having He
abundances >1.3 times higher than the initial value (comparable
with Group 3 stars) are marked with thick dashed green lines.
Even these models – among the most efficient in producing sur-

face enrichment (see Keszthelyi et al. 2022) – fail to reproduce
the observed population. This tension is also further strength-
ened by the fact that most O-type stars are likely born with initial
equatorial velocities below 0.2 vcrit (Holgado et al. 2022), mak-
ing very rapid initial rotation an unlikely explanation for the He-
rich stars.

These results provide strong evidence that rotational mixing
alone cannot be the dominant driver of surface He enrichment in
Galactic O-type stars. Instead, our findings reinforce the grow-
ing consensus that additional mechanisms – most notably binary
interaction, as shown in next sections – might play a central role
in shaping the observed He-abundance distribution.

5.3. Some insights from binary evolution

A large percentage of massive O stars are commonly found to be
part of binary or higher-order systems (e.g. Kobulnicky & Fryer
2007; Kobulnicky et al. 2014; Chini et al. 2012; Sana et al.
2013; Moe & Di Stefano 2017; Sana et al. 2025; Mahy et al.
2009, 2013; Barbá et al. 2017; Offner et al. 2023; Barbá et al.
2026). Sana et al. (2012) indicated that more than 70% of all
massive stars will exchange mass with a companion at some
point in their lives, leading to a binary merger in one-third of
the cases. These relatively recent findings have revived a long-
standing concern in stellar astrophysics – namely, the impor-
tance of accounting for binary evolution when interpreting the
observed properties of massive-star populations (see e.g. reviews
by Vanbeveren 1988, 1993, 2004; Vanbeveren & Mennekens
2017; Marchant & Bodensteiner 2024; Marchant 2026, and ref-
erences therein).

Mass transfer and merger events can modify the spin rates
and surface chemical composition of the stars involved in
the interaction (e.g. de Mink et al. 2013; Farmer et al. 2023;
Menon et al. 2024; Jin et al. 2026). Moreover, binary-interaction
products will often be observed as apparently single stars
(de Mink et al. 2014). This will certainly be the case for merger
remnants as well as runaway stars resulting from disrupted bina-
ries following the supernova explosion of the initially more
massive companion, but also for binary systems in which the
post–mass-transfer donor becomes difficult to detect, either
directly in the optical spectrum or through radial velocity varia-
tions of the currently more massive and optically more luminous
component, the mass gainer. Only under specific orbital config-
urations and mass ratios will these systems be detected as SB1.

Although a detailed comparison between our observational
results and theoretical predictions for binary-interaction prod-
ucts lies beyond the scope of this work, we briefly comment
on the expected behavior of mass gainers from binary evolu-
tion models. Figure 5 depicts the distribution in the sHRD of
a sample of mass gainers as predicted by computations per-
formed by Jin et al. (2026). These authors have created a com-
prehensive grid of massive binary evolution models for solar
metallicity computed with the MESA stellar evolution code (first
introduced in Paxton et al. 2011). They covered a range of ini-
tial primary star masses from 5 to 100 M�. Their computations
incorporate detailed stellar and binary physics, including inter-
nal differential rotation, magnetic angular momentum transport,
mass-dependent overshooting, stellar wind mass-loss, mass and
angular momentum transfer and tidal interaction. Specifically,
the outcome of their computations presented in Fig. 5 corre-
sponds to the moment just after mass accretion and thermal
relaxation has occurred, and before further nuclear-timescale
evolution has taken place.

A151, page 7 of 17



Simón-Díaz, S., et al.: A&A, 711, A151 (2026)

Fig. 5. Distribution in the sHRD of the birth location of mass gainers as
predicted by the binary evolution computations by Jin et al. (2026). The
full sample of gainers are depicted in grey, while those with enriched He
abundances are highlighted with colours separating the mass-transfer
cases A (red), B (orange), and AB (blue). Single star evolutionary tracks
computed with the MESA stellar evolution code by Jin et al. (2024a)
and used as the basis for the binary evolution computation are also
depicted for reference purposes. The open circles show the location of
the He-rich group of O-type stars from our study.

Within the full sample of resulting mass gainers, we high-
light those with surface He abundances exceeding 1.2 times the
initial value. This subsample is expected to correspond to the
stars comprising Group 3, whose locations are shown again in
Fig. 5 with open circles for reference. We recall that the positions
of the highlighted gainers should be interpreted as their effective
“birth” locations following the mass-transfer event. From these
positions, all of these stars are expected to continue their subse-
quent evolution toward lower effective temperatures.

From inspection of Fig. 5, and bearing in mind that He-
contaminated mass gainers are expected to remain He-rich
throughout their subsequent evolution (Jin et al. 2026), we can
draw a general conclusion. Binary interaction through mass-
transfer events can account for the presence of He-rich O-type
stars in regions of the sHRD where rotating single-star evolu-
tionary models fail to reproduce the observations (bottom panel
of Fig. 4). In particular, the computations performed by Jin et al.
(2026) indicate that strongly He-enriched case A mass gainers
(red filled circles) can reach the single-star ZAMS line before
continuing their post mass-transfer evolution. These objects cor-
respond to secondary stars from the highest-mass binaries in
the model grid, which only undergo fast case A mass transfer
(see Sect. 3.1.2 in Jin et al. 2026). In addition, He-rich gain-
ers resulting from case B (orange) and AB (blue) mass-transfer
can also populate the region of the sHRD under study. There
is a gap between the ZAMS and their positions in the diagram
because the secondaries are already significantly evolved by the
time the primaries deplete core hydrogen and case AB or case B
mass transfer occurs. However, if mass accretion was larger than
assumed in the models computed by Jin et al. (2026), rejuvena-
tion of this second set of gainers might be stronger and hence
their birth location would be shifted towards the ZAMS line.

A second conclusion that can be extracted from inspec-
tion of Fig. 5 is that binary mass transfer does not operate
efficiently at spectroscopic luminosities above log (L/L�)∼ 4.0.
This is because also the binary components, in particular the
more massive potential donor star, partly self-strip their envelope
by winds, such that much less mass is transferred if Roche- lobe
overflow (RLOF) occurs. At the same time, this wind stripping
keeps the binary components more compact, such that RLOF
is often avoided all together (see also Pauli et al. 2022). There-
fore, the binary models do produce many He-enriched primary
and secondary stars, in a region similar to that where He enrich-
ment is indicated for the single star models in Fig. 4, but they do
not appear in Fig. 5 as it shows only He-rich post mass transfer
mass gainer models. Furthermore, additional evolutionary path-
ways not represented in Fig. 5 may also contribute. For instance,
in reverse Algol systems (Sen et al. 2023), the donor star can
remain the more luminous component of the binary, exhibit sur-
face He enrichment, and populate the upper part of the sHRD.
In addition, mass accretion efficiency is one of the most uncer-
tain parameters in binary evolution, and a more efficient mass
accretion than adopted in the models of Jin et al. (2026) can
help populate the upper sHRD with He-enriched mass gainers.
Complementarily, although not explored here, merger events are
also a viable explanation for some of the identified He-rich stars
(Menon et al. 2024).

Also remarkable is the fraction of stars with He-enriched sur-
faces that show a clear dependence on (spectroscopic) luminos-
ity. Below log (L/L�)∼ 4.0 – where neither rotational mixing
nor wind stripping is expected to operate efficiently to enrich
the surface with He – the percentage of He-rich stars amounts
to ∼16%. This percentage increases to ∼31% at higher lumi-
nosities, where self-stripping by winds and rotational mixing
becomes more effective in both single and binary stars.

5.4. The YHe – v sin i diagram

The binary-evolution channel also introduces key elements for
interpreting the distribution of O-type stars in the YHe – v sin i
diagram (Fig. 3), particularly in light of the shortcomings of the
single star scenario (Sect. 5.2).

In systems undergoing case A mass transfer, the observed
surface rotation of the He-rich gainer is not expected to exceed
∼200–250 km s−1, because tidal forces efficiently counteract
the spin-up induced by mass accretion (e.g. de Mink et al.
2013; Langer et al. 2020, and references therein). This could
explain the non-negligible fraction of He-rich stars with
v sin i< 200 km s−1 (see Fig. 3 and Table 3). The same tidal
effects may also explain for the relative scarcity of He-rich stars
with v sin i. 50 km s−1). Additional channels – such as reverse-
Algol systems, luminous wind-stripped single and binary stars,
and stellar mergers – may also contribute to this population.

In case B (or AB) mass-transfer events, tidal forces are no
longer sufficiently strong to prevent substantial spin-up of the
gainer. Such interactions can therefore produce stars that simul-
taneously exhibit rapid rotation and – as shown in Sect. 5.3 –
enhanced surface He abundances. Rotational mixing may also
contribute to this population to some extent.

Finally, Jin et al. (2026) predicts that not all mass-transfer
events lead to He-rich gainers. In addition, some pre-interaction
binaries with low mass ratios may contribute to the He-normal
population – in many cases, but not always, detected as SB1 sys-
tems – alongside stars evolving effectively as single.

Taken together, these effects can account for the coexistence
of He-rich and He-normal stars across a wide range of projected
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rotational velocities and binary classifications, as observed in our
sample.

5.5. Further insights from the RWs and SB1 systems

Runaway stars provide valuable clues to identify past binary
interactions. The peculiar velocities are generally attributed to
either the binary supernova scenario (BSS; Blaauw 1961) or
to the dynamical ejection scenario (DES; Poveda et al. 1967).
Among these channels, the BSS is particularly relevant for
understanding the surface chemical properties of massive stars.
Prior to the supernova (SN), mass transfer in the binary can spin
up the future RW (the gainer) and modify its chemical com-
position, potentially leading to He enrichment (Packet 1981;
van den Heuvel 1985; Blaauw 1993). After the SN, the for-
mer binary will most likely result unbound, although not nec-
essarily (e.g. Renzo et al. 2019; Carretero-Castrillo et al. 2026).
These signatures – fast rotation, altered chemical abundances,
and absence of detectable companions – are therefore expected
in RW stars produced via binary interaction.

In Sect. 4.4, we showed that runaways are significantly more
frequent among He-rich stars (48%) than among He-normal ones
(24%), with the fraction increasing to 62% when considering
only fast rotators. This result provides strong additional support
for the binary-interaction scenario as the primary explanation for
the presence of He-enriched surfaces among O-type stars, and
extends the conclusions reached by Britavskiy et al. (2023) and
Carretero-Castrillo et al. (2026) regarding the impact of binary
interaction in these type of stars.

Conversely, the fraction of detected SB1 systems is lower in
the He-rich sample (18%) compared to the He-normal popula-
tion (33%). Several effects can account for this reduced SB1 inci-
dence. As discussed above, a large fraction of He-rich stars are
identified as runaways, suggesting that they are mass gainers in
systems that underwent mass transfer – leading to He enrichment
– followed by disruption after the supernova explosion of the
donor star (see Sect. 5.3). Consistent with this picture, only four
out of the 30 He-rich runaway stars in our sample are detected
as SB1 systems (Fig. 4).

In addition, a small fraction of He-rich stars may be merger
products, in which any dynamical signature of binarity has been
erased. Finally, some objects may correspond to post–mass-
transfer systems that remain bound, but in which the initially
more massive star has evolved into a low-mass stripped star or
a compact object. In such cases, the donor becomes difficult to
detect in the optical spectrum, while the mass gainer – the cur-
rently more massive and optically more luminous component
– exhibits a relatively small orbital velocity amplitude, making
SB1 detection particularly challenging. In this regard, the rela-
tively low incidence of He-enrichment in the SB1s is consistent
with the idea that binaries with significant radial velocity varia-
tions are mostly pre-interaction systems (de Mink et al. 2014).

5.6. The ON star sample

From basic stellar structure physics and single-star evolution, if
the observed surface abundance pattern of H-burning CNO-cycle
products in (main-sequence) O-type stars were solely the result
of internal mixing, He-rich stars should also display a remark-
able enhancement of nitrogen at their surfaces (see e.g. Fig. 1
in Martínez-Sebastián et al. 2025). In this work, the ON quali-
fier used in spectral classification (Walborn 1970, 1971, 1976;
Sota et al. 2011) can serve as a reliable proxy of such a strong
N enrichment. These class of O-type stars were first identified

by Walborn (1970) as having the N lines in their optical spectra
too strong for their spectral types, an anomaly which was pos-
tulated to be caused by abundance effects. This hypothesis was
later confirmed by specific quantitative spectroscopic analyses
(e.g. Schonberner et al. 1988; Martins et al. 2015b).

As noted in Sect. 2, our sample includes 19 ON stars, all
of them highlighted in Figs. 3 and 4. While ON stars are not
separated from the rest of the population in terms of v sin i
(Fig. 3), they show a strong tendency to be found among stars
with surfaces enriched in He. This confirms earlier findings by
Martins et al. (2015b) based on a smaller dataset.

However, the majority of He-rich stars (∼80%) are not iden-
tified as ON. Once more, a piece of observational evidence
that seems to indicate that rotationally induced mixing might
not be the dominant source of contamination of the stellar sur-
faces in a non-negligible fraction of O-type stars. We refer to
Martínez-Sebastián et al. (2025, 2026) for a more detailed inves-
tigation of this result incorporating information about N abun-
dances in a subsample of the stars considered for this work.

6. Conclusions and future prospects

In this work we present strong observational evidence supporting
the hypothesis that a large fraction of Galactic O-type stars –
classified as apparently single or SB1 systems and presenting
surfaces enriched in helium – are products of binary interaction.

Our conclusions are grounded in the first comprehensive and
homogeneous quantitative spectroscopic analysis of He abun-
dances in a statistically significant sample of Galactic O-type
stars More than half of the stars identified as He-rich occupy
regions of the sHRD that are incompatible with the predictions
of rotating single-star evolutionary models (even under the most
efficient internal mixing assumptions; Ekström et al. 2012). By
contrast, these locations can be explained if these objects are
mass gainers that have experienced a previous mass-transfer
episode (or, in some cases, are the products of stellar mergers).

Binary-evolution models by Jin et al. (2026) predict that
mass gainers resulting from case A, B, or AB mass-transfer
events can reproduce the properties of the He-rich population
found along the main-sequence band spanned by typical single
O-type stars (∼15–60 M�; see Fig. 5). Although not explored in
detail here, some He-rich stars may also be reverse-Algol sys-
tems and merger products.

Additional observational clues reinforce this binary-
interaction interpretation. The fraction of runaways is roughly
a factor of two higher among He-rich stars compared to He-
normal ones, while the fraction of detected SB1 systems is some-
what lower. Both trends qualitatively agree with expectations
from binary evolution, where mass gainers may become run-
aways following a supernova explosion, or may lose their binary
signature through mergers, unbound binaries, or through the
presence of optically faint stripped companions (Blaauw 1961;
de Mink et al. 2014).

Surface He abundances hence emerge as an efficient diag-
nostic to identify potential binary-interaction products, provid-
ing an accessible starting point for targeted follow-up observa-
tions. More broadly, the combination of Teff , log g, v sin i, and
He abundance measurements in statistically meaningful sam-
ples of O-type stars already offers valuable constraints for mod-
els of binary evolution and population synthesis. These con-
straints will become even more powerful when complemented
with information on other chemical species (C, N, O), binary
and runaway status, orbital parameters of SB1 systems (e.g.
periods and radial velocity amplitudes; Barbá et al. 2026), and
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accurate stellar masses and luminosities (Holgado et al. 2025).
The combination of all this observational information will also
help to constrain to what extent the He-rich stars located above
log (L/L�)∼ 4.0 are also the result of binary interaction, they
are produced by a combination of rotationally induced mixing
and wind-stripping, or there is combination of various of these
effects.

From 318 Galactic O-type stars gathered by the IACOB
project, we identified approximately 70 with clear He enrich-
ment, corresponding to ∼22% of the sample. Among them, 11
are SB1 systems whose orbital properties warrant dedicated mul-
tiwavelenght follow-up. In this sense, our study represents an
intermediate step between earlier analyses of Galactic O-type
stars – typically limited to a few dozen objects – and the order-
of-magnitude increase in sample size that will soon be enabled
by upcoming large-scale spectroscopic surveys such as WEAVE
(Jin et al. 2024b) and 4MOST (de Jong et al. 2019).

Finally, while this paper has focused primarily on helium,
Martínez-Sebastián et al. (2025, 2026) presents a complemen-
tary work investigating N abundances for a subset of these stars
(those with v sin i. 150 km s−1). Together, these studies pave
the way for a new generation of observational constraints on
massive-star evolution in both single and binary channels.
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Appendix A: iacob-gbat experiments to investigate
the reliability of YHe estimations

The iacob-gbat code provides the flexibility to perform a vari-
ety of controlled tests aimed at evaluating the impact of fixing
selected fitting parameters or excluding specific diagnostic lines
from the analysis. In the context of this study, we carried out
three experiments of particular relevance.

The first one is motivated by the common practice in several
previous spectroscopic studies of fixing the value of the micro-
turbulent velocity (ξt) during the analysis. This approach was
adopted, for example, by Martins et al. (2015a,b), who adopted,
independently of luminosity class, a depth-variable microturbu-
lent velocity starting from 10 km s−1 at the photosphere and
reaching 10% of the terminal velocity at the top of the atmo-
sphere. Similarly, Repolust et al. (2004) assumed ξt = 10 km s−1

for stars later than O6 and ξt = 0 km s−1 for earlier spectral
types, again irrespective of luminosity class. In the same vein,
Markova et al. (2018) fixed ξt to 10 km s−1 for mid- and late-O
stars, while adopting a value of 15 km s−1 for hotter objects.

In this first experiment, we therefore repeated the iacob-
gbat analysis using exactly the same set of diagnostic lines as
in the default configuration, but fixing the microturbulence to
ξt = 10 km s−1. The results are summarized in the top panels
of Fig. A.1, which illustrate the impact of this assumption on
the derived values of Teff , log g, logQ, and YHe. Specifically,
the three leftmost panels explore possible correlations between
changes in Teff and log g, YHe and ξt, and YHe and logQ, respec-
tively, while the fourth panel shows a direct comparison between
the He abundances obtained in the default iacob-gbat analysis
and those resulting from this first experiment. In all panels, stars
for which the difference in YHe exceeds 25% are highlighted.

While the effects on the derived values of Teff , log g, and
logQ are generally modest, a clear and expected correlation
emerges between changes in ξt and YHe (second panel from the
left). In particular, we find a significant number of stars for which
the He abundance increases by approximately 0.05 when adopt-
ing a fixed value of ξt = 9 km s−1 in the spectroscopic analysis,
with a few cases showing even larger increases of 0.07 – 0.10.

In the second experiment, we evaluated the impact of an
incorrect determination of the wind-strength parameter, logQ.
This test was motivated by the identification of several tens of
stars which we have labelled with quality flag Q2 in D.1 to D.3.
In these stars, despite the overall good fitting found for all diag-
nostic lines, we detected indications of double-peaked emission
affecting the wind-sensitive Hα and He ii 4686 lines.

To assess the potential effect of this issue, we repeated the
iacob-gbat analysis while fixing the wind-strength parameter
to loqQ = -13.5. This value corresponds to a relatively weak
wind and provides a representative lower limit for the objects
considered in this experiment.

The results of this experiment are presented in the second
row of Fig. A.1, using a similar set of panels as in the case of the
first experiment. Again, we found a non-negligible number of
cases that result in differences in YHe larger than 25%. However,
this only happens when the difference in logQ is larger than 0.5
dex.

In the third and last experiment we explored what is the
impact of excluding the two diagnostic lines which are more
sensitive to microturbulence in this parameter domain: He i 6678
and He i 5875. These two lines are not so commonly used in
other studies performing spectroscopic analyses of O-type stars,
and we have found that, in the case of fast rotating stars, they
seem to weight the best fitting solution (at least when using fast-

wind models) towards values of ξt in the range 20 – 30 km s−1

(see Appendix B), independently of the parameters of the stars.
As a consequence, as described in the outcome of experiment
1, this could eventually have an impact in the derived He abun-
dances, leading to somewhat lower estimates.

The results of this third experiment, presented in the last row
of Fig. A.1, indicates that the impact of excluding the He i 6678
and He i 5875 diagnostic lines from the iacb-gbat analysis has
a relatively small impact for about 90% of the stars in the sam-
ple. Only 35 stars (most of them fast rotators) show differences in
the derived abundances above 25%. Interestingly, within this rel-
atively small sample, it does not seems to be a clear correlation
between modifications in the estimated YHe and ξt, as illustrated
by the second leftmost panel in the third row of Fig. A.1.

Overall, the main conclusion that can be extracted from these
experiments is that there might be a small percentage of stars
in our sample for which we could be obtaining He abundances
that are too low. However, this underestimation should be very
occasionally larger than ∆YHe∼0.05.

Appendix B: Stars with discrepant He abundances

In Fig. 4.2 we present a comparison of He abundance esti-
mates obtained by means of the default iacob-gbat analy-
sis (see Sect. 3) and those obtained in various previous stud-
ies in the literature. This sample amounts for a total of 61
stars, including 20, 11, 23, and 13 stars in common5 with
Repolust et al. (2004), Martins et al. (2015b), Markova et al.
(2018) and Aschenbrenner et al. (2023), respectively.

As described in Sect. 4.2, the overall agreement is quite
good. However, there is a small subset of 14 stars for which we
found discrepancies larger than 25%. All these stars are quoted
in Table B.1, were we also provide several information of inter-
est, as described in the corresponding caption.

Interestingly most of the highlighted stars have been labelled
with a Q2 or Q3 quality flag. In addition, there is a quite remark-
able number of them having a v sin i above 150 km s−1.

We are aware that there are many additional effects which
can be also contributing to the identified differences in derived
He abundances (including, for example, the use of different
spectra, some of them with poorer quality, as in the case of
Repolust et al. 2004, or the use of different codes or diagnos-
tic lines). However, after inspection of Table B.1, and taking into
account the results of the experiments performed in Appendix A,
the most likely explanation is connected with discrepancies
between the microturbulences assumed by previous studies and
the ones determined in our analysis.

Appendix C: Illustrative examples of the outcome
of iacob-gbat for stars labelled as Q1

Figures C.1, C.2, and C.3 depict three illustrative examples of
the high quality of the fitting to the H and He lines achieved for
stars labelled as Q1. We have selected one representative star for
each of the He-abundance categories defined in Sect. 4.1.

5 Some of the stars have been analysed by several of the indicated
authors.
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Fig. A.1. Study of the impact of certain assumptions in the iacob-gbat analysis
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Table B.1. Stars in common with several studies in the literature for which we obtain discrepancies larger than 25% in the estimated He abundances.

This work Literature
ID SpC v sin i Teff log g ξt YHe YHe Teff log g Qual. SB Ref.

[km s−1] [kK] [dex] [km s−1] [kK] [dex] flag status

HD 14947 O4.5 If 114 37.8 3.58 7 0.12 0.20 37.5 3.48 Q1 LPV R04
HD 193682 O4.5 IV(f) 183 39.3 3.68 9 0.12 0.20 40.0 3.65 Q1 LS R04
HD 210839 O6.5 Iab:(n)fp 214 36.3 3.50 30 0.15 0.10 36.0 3.58 Q2 LS R04
HD 192639 O7.5 Iabf 82 34.3 3.38 30 0.14 0.20 35.0 3.47 Q3 . R04
HD 24912 O7.5 III(n)((f)) 230 35.7 3.51 25 0.11 0.15 35.0 3.56 Q2 LS R04

HD 217086 O7 Vnn((f))z 377 37.5 3.69 17 0.09 0.15 36.0 3.72 Q1 LS R04
HD 13268∗ ON8.5 IIIn 290 34.7 3.61 25 0.11 0.25 33.0 3.48 Q1 LS R04
HD 18409 O9.7 Ib 131 30.2 3.11 21 0.09 0.14 30.0 3.04 Q2 LS R04

HD 191423∗ ON9 II-IIInn 432 32.5 3.46 25 0.14 0.20 32.5 3.60 Q2 LS R04
HD 13268∗ ON8.5 IIIn 290 34.7 3.61 25 0.11 0.20 32.0 3.63 Q1 LS M15b
HD 150574 ON 9III(n) 252 33.1 3.51 20 0.14 0.23 31.0 3.49 Q2 MD M15b
HD 191423∗ ON9 II-IIInn 432 32.5 3.46 25 0.14 0.20 31.5 3.72 Q2 LS M15b
HD 123008 ON 9.2Iab 62 31.2 3.17 30 0.14 0.21 30.0 3.10 Q3 . M15b
HD 69464 O7 Ib(f) 73 35.8 3.38 25 0.14 0.10 36.0 3.51 Q3 LS M18

HD 148546 O9 Iab 85 31.8 3.24 30 0.13 0.20 31.0 3.22 Q3 LS M18
HD 14633 ON 8.5V 121 35.1 3.80 9 0.17 0.10 34.0 3.9 Q1 SB1 A23

Notes. We indicate the SpC, SB status, and v sin i of the stars, as well as the Teff and log g values obtained with the default iacob-gbat analysis
(see Sect. 3) and those quoted in the reference studies (indicated in the last column). The table is complemented with the quality flag assigned
to each of the iacob-gbat analyses (see Tables D.1 to D.3) and the estimated value of microturbulence. In the case of the reference studies,
this parameter was fixed to ξt = 10 and 15 km s−1 for the case of dwarfs–giants and supergiants, respectively, by Repolust et al. (2004, R04) and
Markova et al. (2018, M18), and to ξt = 10 km s−1 by Martins et al. (2015b, M15b). The microturbulence derived by Aschenbrenner et al. (2023,
A23) for HD 14633 was 6 km s−1.
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Fig. C.1. Graphical summary of the outcome of the iacob-gbat analysis for the O8 III((f)) star HD 36861, representative of the He-normal
abundance group. The y-axis in the upper and lower set of panels correspond to the normalized flux and χ2, respectively.
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Fig. C.2. Graphical summary of the outcome of the iacob-gbat analysis for the O7.5 III(f) star HD 34656, representative of the He-rich abundance
group.
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Fig. C.3. Graphical summary of the results of the iacob-gbat analysis for the O7 V((f))z star HD 47839, representative of the He-poor abundance
group. Although not detected in the optical spectrum or through radial-velocity (RV) measurements (the peak-to-peak RV dispersion measured
from 109 spectra in the IACOB spectroscopic database, spanning nearly nine years, is only 3.4 km s−1, Simón-Díaz et al. 2024), HD 47839 is
known to be a long-period binary system (∼25 yr, Gies et al. 1997), including a fast-rotating B-type companion (see also Burssens et al. 2020).
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