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ABSTRACT

Context. Cygnus OB2 is a rich OB association in the Galaxy located at only ∼1.4 kpc from us which has experienced intense star
formation in the last 20–25 Myr. Its stellar population shows a correlation between age and Galactic longitude. Exploring the chemical
composition of its stellar content we will be able to check the degree of homogeneity of the natal molecular cloud and possible effects
of self-enrichment processes.
Aims. Our aim is to determine silicon and oxygen abundances for a sample of eight early-type slow rotators (with rotational velocities
below 80 km s−1) in Cygnus OB2 in order to check possible inhomogeneities across the whole association and whether there exists a
correlation of chemical composition with Galactic longitude.
Methods. We have performed a spectroscopic analysis of a sample of late O and early B stars with low rotational velocity in Cygnus
OB2, which have been chosen so as to cover the whole association area. We have carried out an analysis based on equivalent widths
of metal lines, the wings of the H Balmer lines and FASTWIND stellar atmosphere models to determine their stellar fundamental
parameters (effective temperature and surface gravity) as well as the silicon and oxygen surface abundances.
Results. We derive a rather homogeneous distribution of silicon and oxygen abundances across the region, with average values of
12 + log(Si/H) = 7.53± 0.08 dex and 12 + log(O/H) = 8.65± 0.12 dex.
Conclusions. We find a homogeneous chemical composition in Cygnus OB2 with no clear evidence for significant chemical self-
enrichment, despite indications of strong stellar winds and possible supernovae during the history of the region. Comparison with
different scenarios of chemical enrichment by stellar winds and supernovae point to star forming efficiencies not significantly above
10%. The degree of homogeneity that we find is consistent with the observed Milky Way oxygen gradient based on H ii regions. We
also find that the oxygen scatter within Cygnus OB2 is at least of the same order than among H ii regions at similar Galactocentric
distance.

Key words. stars: abundances – stars: massive – stars: rotation – open clusters and associations: individual: Cygnus OB2 –
stars: early-type

1. Introduction

The chemical composition of the natal molecular cloud is one
of the fundamental parameters in the process of massive star
formation, as it affects the opacity of the infalling matter, the
chemical processes that take place during star formation or the
upper mass limit, to mention some (e.g., Zinnecker & Yorke
2007; Tan et al. 2014). The previous enrichment history of the
interstellar medium (ISM) through stellar evolution and pro-
cesses like stellar winds, metal-rich yields from supernovae
(SNe) or infall of metal-poor gas, directly affects the chemical
composition of the natal molecular cloud (e.g., Langer 2012;
Prantzos et al. 2018; Barrera-Ballesteros et al. 2018).

Young open clusters and OB associations have been pro-
posed as places to explore the effects of self-enrichment by stel-
lar winds and SNe (e.g., Spina 2017; Palla 2011; Biazzo et al.
2011a; Simón-Díaz 2010; Cunha & Lambert 1994, 1992) as
many of them have a star formation history sufficiently long

to have experienced the explosion of their oldest massive mem-
bers as SNe, contaminating the environment through processes
driven by the pollution of the ISM by subsequent generations
of massive stars. We may thus expect that subsequent stellar
generations show chemical differences. Inversely, the presence
or absence of these differences allow us to put constrains on
the processes involved in the chemical pollution of the proto-
stellar cloud. For example, predictions about the oxygen yields
from core-collapse supernovae (CCSN) greatly differ depending
on the upper mass limit to become CCSN or on the physics of
massive stars included in the models (see e.g., Suzuki & Maeda
2018; Prantzos et al. 2018; and references therein). Unfortu-
nately, the stellar content of many OB associations is difficult
to study in detail due to the combined effects of distance and
extinction.

A study in Orion (Simón-Díaz 2010) resulted in a chem-
ically homogeneous composition, contrary to previous works
claiming evidence of self-enrichment (Cunha & Lambert 1994).
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The homogeneity has later been confirmed by other independent
analysis strategies (see Nieva & Simón-Díaz 2011; Cunha et al.
2012). Moreover, this result was not only found in early-type
stars, but also in late-type stars (e.g., Biazzo et al. 2011a,b). But
Orion is a modest region in terms of star formation.

Because of its close distance of ∼1.4 kpc (Rygl et al. 2012)
and relatively intense star formation, Cygnus OB2 provides an
excellent target to study possible chemical composition inhomo-
geneities through self-enrichment. Massive star formation seems
to have peaked around 3 Myr ago (Comerón & Pasquali 2012;
Wright et al. 2015; Berlanas et al. 2018) and the distribution
of stellar ages extends beyond 20 Myr (Comerón et al. 2016).
Although there are no known supernova remnants clearly asso-
ciated with Cygnus OB2, the current existence of a large number
of B-type giants (Berlanas et al. 2018) and seven red supergiants
in the region (Comerón et al. 2016) indicates an evolved popu-
lation whose most massive members have already exploded as
SNe. The three Wolf-Rayet stars known in the core of the region
and the large number of OB stars (Wright et al. 2015), repre-
sent intense stellar wind sources susceptible to produce chemi-
cal enrichment across the association. Strong signatures from the
decay of 26Al in Cygnus OB2 (Knödlseder et al. 2002), other
high-energy detections at γ- and X-rays (Martin et al. 2009,
2010; Bednarek 2003; Butt et al. 2006) or the presence of the
young pulsar J2032+4130 in the surroundings (Abdo et al. 2009;
Camilo et al. 2009), could have been caused chemical enrich-
ment produced by stellar winds and/or SNe.

In virtue of its rich content in massive stars and an extended
star formation history sufficiently long to have included the
explosion of its oldest massive members, Cygnus OB2 repre-
sents a suitable region to explore possible abundance inhomo-
geneities. The observed spatial age gradient across its extent
(Comerón & Pasquali 2012) might be associated with a chem-
ical composition gradient produced by pollution of the ISM by
successive generations of massive stars.

In Sect. 2 we describe the target selection and the observing
strategy. In Sect. 3 we present the whole spectroscopic analy-
sis, including the derived equivalent widths, stellar parameters
and abundances of a sample of eight early-type slow rotators of
Cygnus OB2. In Sect. 4 we discuss our results and their implica-
tions. Finally, in Sect. 5, we summarize the main conclusions of
this work.

2. Target selection, observations and membership

Late O-type and early B-type stars, with their rich spectrum of
silicon and oxygen lines are ideal targets to test possible chem-
ical contamination. These stars should cover the whole associa-
tion area (1 deg radius centered on Galactic coordinates l = 79.8◦
and b = +0.8◦). In addition, to reach an optimal accuracy in
the abundance analysis, we need to analyze stars with effective
temperature in the range 18 000–34 000 K or, equivalently, spec-
tral types in the range B2–O9.5 (where silicon ionization bal-
ance and O ii lines are strong enough, see Simón-Díaz 2010)
and low projected rotational velocities (in what follows, we
call slow rotators those stars with projected rotational veloci-
ties below 80 km s−1) at high resolution and signal-to-noise ratio
(S/N). The fraction of early-B dwarfs and giants rotating at these
velocities depends on the environment and evolutionary stage of
the cluster considered, but from the results in the Milky Way
(Dufton et al. 2006; Wolff et al. 2007; Huang & Gies 2006) and
30 Dor (Dufton et al. 2013) we may expect it to be 20–30%,
which makes mandatory to previously observe a large sample
of OB stars to identify early-type slow rotators.

Table 1. Coordinates (J2000.0) of the center of the fields observed in
July 2014 using WYFFOS at WHT.

Field RA (hhmmss) Dec (◦ ′ ′′)

Cygnus OB2 – field1 20 33 04 41 27 00
Cygnus OB2 – field2 20 31 03 40 36 20
Cygnus OB2 – field3 20 30 03 41 01 20
Cygnus OB2 – field4 20 34 50 40 33 20

In this section we describe the observations and various steps
we have performed in order to build an optimal list of stars for
the purposes of this paper. Briefly we started with intermediate
resolution observations of a large list of OB stars in Cygnus OB2
which helped us identifying the late-O and early-B slow rotators.
Then we proceeded to gather new high-resolution observations
of this optimized sample. In the last step, we benefit from data
about parallaxes and proper motions from the second Gaia data
release (Gaia DR2, Gaia Collaboration 2018) to asses the mem-
bership of the final stellar sample.

2.1. Intermediate resolution spectroscopy and early-type
slow rotators selection

In July 2014 we obtained intermediate-resolution spectroscopy
of 51 stars in Cygnus OB2 classified as late-O and early-
B in the large list from Comerón & Pasquali (2012) using
the multi-object AF2/WYFFOS spectrograph at the William
Herschel Telescope (WHT). We selected four fields in the region
(see Table 1) in order to maximize the number of suitable can-
didates. Simulations based on a B1V spectrum broadened by
different values of v sin i and different levels of noise indi-
cated that the best trade-off between the required exposure time
and enough v sin i accuracy for our target selection can be
achieved with a combination of a resolving power of 5000 and
S/N ≥ 50. We thus have chosen the H2400B grating, which
provides the required resolution and wavelength coverage, set-
ting the central wavelength to 4500 Å. The spectral region con-
tains the Si iii lines at λ4552, λ4568 and λ4575 Å, which are
broadened mainly by rotation and are most prominent around
the B1V type stars. Finally, in order to improve the statis-
tics of our sample, we added six stars from previous unpub-
lished observations in Cygnus OB2 carried out by A. Herrero
in August 2012 at the WHT using the ISIS spectrograph with
the R1200B and R1200R gratings (covering all the lines of
interest and providing high quality spectra good enough for our
purposes).

We determined the projected rotational velocities for the
whole stellar sample of 57 stars using iacob_broad, an user-
friendly tool for OB-type spectra which is based on a com-
bined Fourier transform plus a goodness-of-fit methodology
(Simón-Díaz & Herrero 2007, 2014). We have mainly based the
analysis on the Si iii λ4552 line or the N iii λ4510 line in the cases
in which the Si iii line was weak. When both lines were weak,
we have used the He i λ4387, 4471 lines. Typical uncertainties
are in the order of 10–20% (Simón-Díaz & Herrero 2014). We
found a fraction of OB slow rotators consistent with the expec-
tations, reaching a ∼23% of the targets at v sin i . 80 km s−1

(see Fig. 1). For four targets, represented with dark gray color,
we suggest possible spectroscopic binarity (two of them are
reported as binary candidates by Berlanas et al. 2018). We can
only suggest their possible binary nature due to their noisy
spectra.
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Fig. 1. Rotational velocity distribution of a sample of 57 OB-type stars
in Cygnus OB2. Dark gray color indicates possible binary candidates.
The red dashed line indicates v sin i = 80 km s−1.

The whole list of 57 stars (we note that some of them are
too hot for the abundance analysis) with the derived rotational
velocities is given in Appendix A. From this sample, and taking
into account the required conditions mentioned above, six stars
were suitable for our abundance analysis.

2.2. High resolution and S/N spectroscopy

In July 2015 we obtained high resolution, high S/N spectra of
the six selected stars. We obtained ISIS spectra at the WHT
using both, the blue and red arms. We chose the H2400B grating
for the blue arm, which provides the required resolving power
(R ∼ 13 600 at 4500 Å). The spectral coverage of the H2400B
grating requires the observation of each star in two spectral
ranges centered on 4200 and 4600 Å, in order to cover all the
lines of interest. But due to bad weather conditions and in order
to get high S/N spectra, the H2400B grating was replaced by
the R1200B one for the faintest targets (J20292449+4052599
and J20314605+4043246), which provides a lower but still suf-
ficient resolving power (R ∼ 7500 at 4500 Å by reducing the
slit width to 0.7 arcsec) and covers all lines of interest. As the
dichroic allows to simultaneously observe the red arm, we used
the R1200R grating (R ∼ 9300 at 6500 Å) centered at 5700 and
6500 Å for all the stars, covering the regions of O iii λ5592, C iv
λ5811-14 Å and Hα. Additionally we have included two more
stars, J20314965+4128265 and J20334610+4133010, both OB
slow rotators that meet all the requirements and were observed
by A. Herrero in July 2003 using also ISIS at the WHT with the
same configuration (H2400B and R1200R gratings). Figure 2
shows the location of the whole sample of 57 OB stars in the
region, and the eight stars finally chosen to carry out the abun-
dance analysis.

The spectra were reduced using IRAF1 with standard rou-
tines for bias and flat-field subtraction, and also for the wave-
length calibration. A summary of their basic data is presented in
Table 2.

1 IRAF is distributed by the National Optical Astronomy Observato-
ries, which are operated by the Association of Universities for Research
in Astronomy, Inc., under cooperative agreement with the National Sci-
ence Foundation.

Fig. 2. Inverse Spitzer 8 µm image showing the location of the 57 stars
(dots) observed in Cygnus OB2, and the selected OB slow rotators (yel-
low dots) suitable for the abundance analysis. The solid line circle indi-
cates the 1 deg. Cygnus OB2 area adopted in this work, and the four
dashed line circles the observed AF2/WYFFOS fields. For reference,
the red star indicates the location of the Cyg OB2 #8 Trapezium-like
system.

2.3. Gaia-DR2 data

We used the recent data (parallaxes and proper motions)
from Gaia DR2 to check whether all the stars of our sam-
ple belong to the same region and present no peculiarities in
the data that could indicate a different origin or evolutionary
history.

All but one of the stars in our sample with a parallax
uncertainty below 0.1 mas (see Table 3) have values consis-
tent with the known Cygnus OB2 distance of 1.4–1.7 kpc
(Massey & Thompson 1991; Hanson 2003; Rygl et al. 2012).
There is one star (J20272428+4115458) which seems to be
at further distance (about 1.8 sigma from the mean par-
allax value of our sample). However, there is a system-
atic (but variable) offset up to 0.1 mas that could affect
all the reported Gaia DR2 parallaxes (Arenou et al. 2018;
Lindegren et al. 2018; Stassun & Torres 2018). Nevertheless, the
oxygen abundance obtained for this star is consistent with the
mean value obtained for the sample. Other two stars have
large parallax uncertainties, but still consistent with the average
value.

Focusing on proper motions, they are all consistent
with membership in Cygnus OB2. Our stellar sample with
proper motion uncertainties below 0.1 mas yr−1 have mean
values of pmRA = −2.5± 0.05 mas yr−1 and pmDec =
−3.85± 0.06 mas yr−1.

We therefore conclude that our sample belongs to the normal
population of Cygnus OB2 and does not include any runaway
star.

3. Spectroscopic analysis

We have followed the same methodology as Simón-Díaz (2010),
where the details of the FASTWIND grid used (that includes
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Table 2. Sample of the selected eight early-type slow rotators observed with ISIS at the WHT.

Object SpT (this work) SpT (other works) B (mag) Coordinates (◦) v sin i (km s−1) S/N(b) S/N(r) R(b) R(r)

J20334610+4133010 O9.7 Iab O9.7 Iab1 11.2 308.44 +41.55 55 180 230 13600 9300
J20295701+4109538 O9.7 III B0V2 13.0 307.49 +41.16 70 110 160 13600 9300
J20314965+4128265 O9.7 IV O9III3 12.6 307.96 +41.47 30 180 230 13600 9300
J20272428+4115458 B0 IV O9.5V4 12.6 306.85 +41.26 20 110 220 13600 9300
J20292449+4052599 B0.2 IV B0.2 IV4 13.8 307.35 +40.88 75 100 130 7500 9300
J20314605+4043246 B0.5 IV B0.5 IV2 13.8 307.94 +40.72 60 100 150 7500 9300
BD+40 4210 B2 Ia B1III:e4 12.2 307.77 +40.52 30 130 150 13600 9300
BD+40 4193 B2 V B1V5 10.4 307.31 +40.68 70 150 250 13600 9300

Notes. Columns give their names, spectral types (from this and other works), B magnitudes, coordinates (J2000.0 epoch) and derived rotational
velocities. The spectral signal to noise (per pixel) ratio and resolving power (per element) are also indicated. B magnitudes are taken from
Comerón & Pasquali (2012). (b) and (r) refer to the blue and red optical range spectra respectively.
References. Spectral type source: (1) Maíz Apellániz et al. (2016), (2) Hanson (2003), (3) Kiminki et al. (2007), (4) Comerón & Pasquali (2012),
and (5) Berlanas et al. (2018).

Table 3. Gaia sources, parallaxes and proper motions from the second Gaia data release.

Target Gaia name Parallax (mas) pmRA (mas yr−1) pmDec (mas yr−1)

J20314965+4128265 2067847502568383744 0.595± 0.032 −3.09± 0.05 −4.18± 0.04
J20295701+4109538 2067816681882846464 0.587± 0.024 −3.15± 0.04 −4.58± 0.04
J20272428+4115458 2067642233192106624 0.349± 0.027 −2.96± 0.04 −3.67± 0.05
J20334610+4133010 2067928660269306496 0.590± 0.449 1.21± 0.85 −1.46± 0.77
J20314605+4043246 2067742877164542080 0.377± 0.256 −1.26± 0.48 −4.38± 0.42
J20292449+4052599 2067429168454304896 0.585± 0.027 −2.24± 0.04 −3.71± 0.05
BD+40 4193 2067425461902141056 0.750± 0.035 −0.39± 0.05 −2.38± 0.06
BD+40 4210 2067734012352626816 0.653± 0.057 −3.17± 0.09 −4.61± 0.11

Notes. Parallax errors do not contain the systematic uncertainty discussed by Arenou et al. (2018), Lindegren et al. (2018), and Stassun & Torres
(2018).

H i, He i-ii, Si ii-iii-iv and O ii) and the considered atomic models
are provided. In addition, we have extended the grid to lower
gravities for the supergiants analysis.

3.1. Spectral classification

We have reclassified the eight selected stars since the new spec-
tra obtained in this work have, for many of them, a higher qual-
ity than in previous studies. We have classified the O-type stars
using the MGB tool (Maíz Apellániz et al. 2012). It compares
the observed spectra with a grid of O standards (in this work the
GOSSS library, see Maíz Apellániz et al. 2016), allowing us to
vary spectral type, luminosity class, velocity and resolution until
obtaining a best match. For B-type stars we used templates gath-
ered in the framework of the IACOBsweG spectroscopic survey
(Simón-Díaz et al. 2015; Negueruela et al., in prep.) to obtain
the spectral types. The new classification of the selected stel-
lar sample is presented in Table 2 together with that from other
works.

3.2. Equivalent widths

We have carried out an analysis based on equivalent widths
(EW) of metal lines, similar to the method used in Orion by
Simón-Díaz (2010). We used our own IDL2 routines to iden-
tify metal lines in the observed spectra, and to measure the EWs
and their uncertainties. For each line, a multi-Gaussian fit of
the observed line profile is done in a spectral range of λo ± 2

2 Interactive Data Language Proprietary software distributed by
Research Systems, Inc. of Boulder, CO now a division of Kodak.

max[v sin i λo/c, 0.5λo/R] around the laboratory wavelength of
the line. The uncertainty is obtained by assuming the continuum
at ±(S/N)−1, and comparing the value obtained by means of the
Gaussian fitting with the value derived by integrating the line
profile. Measured EWs are given in Appendix B.

3.3. Stellar parameters

Both parameters, effective temperature (Teff) and surface gravity
(log g), were obtained by comparing the EW ratio of Si ii-iii or
Si iii-iv (depending on the effective temperature of the star) and
the wings of the H Balmer lines with FASTWIND stellar atmo-
sphere models (Santolaya-Rey et al. 1997; Puls et al. 2005). We
first used the silicon line ratios to obtain the initial values of
Teff for different log g values (e.g., Fig. 3, top). Then, the mod-
els obtained by setting each set of these parameters were com-
pared with the wings of the observed H Balmer lines (e.g.,
Fig. 3, bottom) to iteratively obtain the final values for both
parameters.

We have used the ratios EW(Si iv λ4116)/EW(Si iii λ4552)
and EW(Si ii λ4130)/EW(Si iii λ4552) as Teff indicators, depend-
ing on the temperature of the star, because these are the strongest,
unblended lines typically present in the stellar spectrum (at the
spectral types of our targets and in the range of ∼4000–5000 Å).
On the other hand, due to the good agreement between Teff deter-
mined using Si iii-iv and the He i-ii ionization balance found
by Simón-Díaz (2010), the He i-ii ionization equilibrium has
been used for the star J20292449+4052599 because only Si iii
lines were suitable for the stellar parameter determination in the
observed spectrum.
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Fig. 3. Top: Example of the EW ratio of Si iii-iv used as Teff indica-
tor with FASTWIND models for the star J20272428+4115458. Black,
gray, blue, green and purple lines correspond to log g values of 3.9, 4.0,
4.1, 4.2 and 4.3 dex respectively. The horizontal dashed line indicates
the EW ratio of the star and its associated uncertainty is indicated by
the dash-dotted lines. Bottom: Example of the H Balmer lines fitting to
determine log g for the same star. Only two FASTWIND models are
compared with the observed spectrum (black line) for clarity. In red, the
Teff = 30 000 K, log g = 3.9 dex model. In green, the Teff = 31 000 K,
log g = 4.2 dex model. Final fits can be seen in Figs. C.1–C.8.

Table 4. Stellar parameters derived for the sample of stars by using the
Si iii-iv or Si ii-iii ionization equilibrium along with the H Balmer lines.

Target SpT Teff (K) log g (dex)

J20314965+4128265 O9.7 IV 33 000 4.0
J20295701+4109538 O9.7 III 32 000 3.6
J20272428+4115458 B0 IV 30 000 3.9
J20334610+4133010 O9.7 Iab 30 000 3.2
J20314605+4043246 B0.5 IV 30 000 4.0
J20292449+4052599 B0.2 IV 29 000* 3.7
BD+40 4193 B2 V 19 000 3.8
BD+40 4210 B2 Ia 18 300 2.2

Notes. Teff and log g uncertainties are, in all cases, 500 K and 0.1 dex
respectively. An asterisk indicates that Teff has been obtained using the
He i-ii ionization balance.

Fig. 4. Example of the silicon (top) and oxygen (bottom) abundance
versus EW diagrams for the star J20272428+4115458. All the observed
Si iii-iv and O ii lines are indicated in the plots. The red dashed line
indicates the weighed mean abundance (fit to the data), and the gray
dash-dotted lines the standard weighed deviation.

Derived Teff uncertainties from EWs of Si ii-iii-iv lines
are, for all our stars, lower than 500 K. For the surface grav-
ity we obtain an accuracy better than 0.1 dex. Taking into
account the additional uncertainty sources (like continuum nor-
malization) we follow the reasoning by Sabín-Sanjulián et al.
(2017) and adopt in all cases errors of ±500 K and ±0.1 dex
for Teff and log g, respectively. Derived values are shown in
Table 4.

3.4. Silicon and oxygen abundances

We applied the curve-of-growth method to derive silicon and
oxygen abundances, considering a grid of HHeSiO FASTWIND
models for a set of stellar parameters (Teff and log g). For
each star, the abundance is obtained for different values of
microturbulence and for each line considered. Then, we deter-
mined the final abundance value considering the microturbu-
lence that, for all lines, gives a similar value (see Fig. 4).
More details can be found in, for example, Kilian (1992) or
Simón-Díaz (2010). We have used all the lines available in
our spectra, except those too faint or blended with other lines
and that can not be properly separated by our IDL routines
(see Sect. 3.2) at the resolving power of the analyzed spec-
tra. This is, for example, the case for the blend of Si iv λ4089
and O ii λ4089 lines. Other cases that we have also care-
fully checked are Si ivλ4631, and Si ii λ6347, λ3856 since they
could be blended with N ii λ4631, Mg ii λ6347, and O ii λ3856,
respectively.

In the FASTWIND oxygen grid, only lines from one ion-
ization state were available (O ii), so we could not use the
oxygen ionization equilibrium. Therefore, we adopted for the
oxygen abundance analysis the same stellar parameters as
in the silicon analysis, including microturbulence. Although
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Table 5. Microturbulences (ξ) and final abundance values (εx, in units of 12 + log(X/H)) derived for our stellar sample.

Target ξ εSi ∆εSi(σ) ∆εSi(ξ) ∆εSi(Teff , log g) εO ∆εO(σ) ∆εO(ξ) ∆εO(Teff , log g)

J20314965+4128265 3.0 7.67 0.06 0.08 0.07 8.75 0.07 0.02 0.11
J20295701+4109538 7.5 7.61 0.09 0.12 0.07 8.74 0.10 0.07 0.13
J20272428+4115458 5.2 7.45 0.06 0.07 0.05 8.63 0.06 0.12 0.07
J20334610+4133010 17.0 7.54 0.02 0.04 0.08 8.57 0.07 0.10 0.09
J20314605+4043246 5.6 7.54 0.09 0.12 0.05 8.82 0.10 0.12 0.02
J20292449+4052599 6.8 7.47 0.07 0.10 0.12 8.51 0.15 0.02 0.05
BD+40 4193 5.9 7.44 0.11 0.12 0.10 8.70 0.20 0.13 0.10
BD+40 4210 13.3 7.53 0.01 0.09 0.07 8.48 0.06 0.07 0.10

Notes. Abundance uncertainties associated with microturbulence (∆ε(ξ)), the standard weighted deviation in the line-by-line abundances (∆ε(σ)),
and those related to the stellar parameters (∆ε(Teff , log g)) are indicated separately.

Fig. 5. Derived silicon (left) and oxygen (right) abundance versus Galactic longitude in degrees. Dashed black line indicates the mean abundance
value and dash-dotted red line the best fit to the data. Vertical lines indicate abundance errors, that include uncertainties related to the stellar
parameters, microturbulence and the standard weighed deviation in the line-by-line abundances.

Simón-Díaz (2010) used the microturbulence obtained from
the O ii lines, we are more limited in the number of suit-
able spectral lines and decided to use the microturbulence
derived from the silicon lines to avoid spurious results. In
Appendix B the results of the silicon and oxygen abun-
dance analysis obtained for each line are detailed, where the
uncertainties related to the errors in EWs (∆ε), the standard
weighted deviation in the line-by-line abundances (∆ε(σ)) and
the uncertainties associated with the microturbulence (∆ε(ξ)) are
indicated.

We observed no clear dependence between the derived abun-
dances and Teff . However, due to the strong sensitivity of
some line EWs to temperature we check the effect of varying
Teff in ±500 K (taking the corresponding gravity variation into
account). In the case of silicon, the presence of two ionization
stages already restricts the abundance range. In contrast, in the
case of oxygen, only lines from one ionization state were avail-
able, and therefore the derived abundance is quite sensitive to
small changes in temperature. Simón-Díaz (2010) tested this
effect in a sample of early dwarf B stars. He showed that the min-
imum variation in oxygen abundance occurs for Teff ∼ 27 000 K,
increasing toward higher and lower effective temperatures. We
find the same behavior in our study.

4. Results and discussion

4.1. Chemical composition

Table 5 gives the microturbulence (ξ) and final abundance
values (where εx = 12 + log(X/H)) derived for our stellar
sample. It also shows the uncertainties in the derived abun-
dances associated with the uncertainties in microturbulence

(∆ε(ξ)), the standard weighted deviation in the line-by-line abun-
dances (∆ε(σ)) and the impact that a modification of Teff by
±500 K and log g by ±0.1 dex have on the derived abundances
(∆ε(Teff , log g)).

Figure 5 represents the derived silicon and oxygen abun-
dances as a function of Galactic longitude for our sample
of stars. We find chemical homogeneity for both elements,
and derive mean silicon and oxygen values of 7.53 dex and
8.65 dex, respectively, that represent the mean abundance val-
ues of Cygnus OB2. The standard deviation for the silicon
abundance is 0.08 dex and for the oxygen abundance 0.12 dex.
The intrinsic uncertainties (related to the microturbulence, dis-
persion line-by-line and stellar parameters) are on average on the
order of the dispersion in abundances (around 0.1 dex for both
silicon and oxygen). The larger dispersion obtained for oxygen,
in comparison with silicon, is partially due to the fact that only
one ionization state is available for the oxygen analysis, while
two ionization states are available for silicon (Si ii-iii or Si iii-iv,
depending on the temperature).

Thus our results indicate a homogeneous composition for our
stellar sample, without evidence of a dependence on the Galactic
longitude (which, according to Comerón & Pasquali (2012) or
Berlanas et al. (2018) correlates with stellar age). Appendix C
shows the individual spectra with the best fitting FASTWIND
model including H i, He i-ii, Si ii-iii-iv and O ii.

4.2. Self-enrichment scenario

In order to see whether we can provide some constraints on the
metallicity enrichment within star-forming clouds in spite of the
small variations obtained for the oxygen and silicon abundances,
we estimate in this section the enrichment produced by stellar
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winds and SNe that may have polluted the region in the last
30 Myr. This is roughly the time span during which a cluster
would contain stars hotter than 20 000 K according the evolu-
tionary tracks with and without rotation by Ekström et al. (2012)
and Limongi & Chieffi (2018).

In the following we assume an Initial Mass Function between
0.1 and 120 M� with a slope α = −2.3, as in Comerón et al.
(2016). We also assume three star formation histories (SFH):
(1) An Instantaneous Burst (IB) having taken place 16 Myr
ago (corresponding roughly to the age when the number of red
supergiants (RSGs) is maximum along the IB evolution for solar
metallicity models by Ekström et al. 2012). This scenario shows
the enrichment due to stars more massive than 15 M� and it
is used as an estimate of the maximum possible enrichment
speed (see below). (2) A stair-like SFH with a constant value
Φ1 in the last 6 Myr plus a constant value Φ2 = 1

6 Φ1 for ages
larger than 6 Myr (see again Comerón et al. 2016); in our case
we have extended Φ2 up to 46 Myr which is the maximum age
where RSGs (defined as stars with log L/L� & 4 and Teff .
4000 K) would be present in a system, hence the lower limit
where Comerón et al. (2016) SFH inference is applicable. And
(3) a linearly increasing SFH from Φ(tnow−30 Myr) = 1

6 Φ(tnow)–
Φ(tnow), where tnow is the present moment and which is a lin-
ear approximation of the previous case; this SFH extends down
to 35 Myr (larger ages produce negative values). We have used
yields and stellar lifetimes from Limongi & Chieffi (2018), solar
metallicity evolutionary models3 (see also Prantzos et al. 2018),
which include three initial rotational velocities vrot (0, 150 and
300 km s−1), and two SNe scenarii: a first one where all stars
produce SNe explosions, and a second one where stars more
massive than 25 M� suffer a direct collapse to black holes. In all
cases the enrichment due to stellar winds in the pre-SNe phase
(hydrostatic enrichment) has been taken into account, although
we have assumed that the hydrostatic enrichment is released to
the ISM at the end of the evolution of the star together with
the SNe contribution. However, stellar winds produce a mini-
mal effect in the abundance, when defined as a ratio (see below).
We note that the variation of the yields with the metallicity has
not been considered; this choice is justified a posteriori given
the small variation of the total abundance. For all SFHs we have
followed the evolution of the total, H, O and Si masses released
to the ISM as the stellar populations evolves. As usual in syn-
thesis models computations, the result are normalized to total
mass of ever formed stars (i.e.,

∫ tnow

tSFH begins
Φ(t) dt = 1 M�). Such

choice allows to compare the different SFHs self consistently
since the total normalized mass of the ejected material is equal
in all cases (we would like to point out that normalized mass
refers to mean mass values of the underling possible distribution
(see Cerviño & Luridiana 2006) because to make choice of an
absolute value of the total mass implies to provide an study of
the related (sampling) distribution, which is outside the scope of
this paper4). The only differences among the SFHs are the speed
in which such material is released, being the IB case the faster
case since all stars have equal ages and the only delay is due to
the stellar evolution lifetimes.

In order to obtain the chemical enrichment, we assumed a
close system with a global efficiency of 10%, being the efficiency
the ratio between total amount of gas ever transformed into stars
(the integral over time of the SFH up to present time) and the

3 Available at http://orfeo.iaps.inaf.it
4 The current modeling is based on Cerviño et al. (2001) and
Cerviño & Mollá (2002) studies, and we refer to these papers the study
of sampling distributions in the context of chemical evolution.

Fig. 6. Time evolution of the log O/H variation obtained from solar
metallicity chemical evolution models, using three different SFHs (an
IB and two extended SFH, both with a difference of a factor of six
between the actual SF value and the value 30 Myr ago, but with dif-
ferent shapes), and two SNe cases: one where all massive stars produce
a SNe explosion and another where stars more massive than 25 M� suf-
fer a direct collapse to black holes (where only the IB case is shown). In
all cases a star formation efficiency of 10% is assumed. The arrow in the
top right shows the maximum enrichment reached by the three SFHs.

total mass of the system. We note that efficiency is enough to
follow the enrichment evolution of ISM if sampling effects are
neglected, since the absolute value of the total mass cancels out
when the O/H is computed. As a final note, the initial metallicity
assumed in computations and given by the tracks, log(O/H) +
12 = 8.70 dex, is larger than the possible oxygen abundance of
Cygnus OB2. As a result, rather than the nominal values of the
abundance, we are interested in the abundance variation and how
the slope of the chemical enrichment varies with time and, in
particular, in the last 20–25 Myr when the present O-type stars
were formed.

The result of the chemical evolution variation is shown in
Fig. 6 for the case of O/H (results for Si/H are similar, although
with a slightly narrower range of variation). We note that since
we are working with the O/H ratio, the enrichment is driven by
the populations where (a) the O/H of the ejected material differs
significantly from the initial one, and (b) their overall contribu-
tion is large in comparison with the other stars which release
material to the ISM. Such situation is only meet by the SNe
contribution. Actually, there is almost no abundance variation
in the IB case where stars more massive than 25 M� collapse to
black holes (red and blue solid lines) up to the age when star
less massive than 25 M� explode as SNe (green and black solid
lines). As a secondary effect, the possible enrichment saturates
with time, since the O/H of the ejected material approaches to
the initial value when the initial stellar mass decreases. Actually,
all models reach a steady state value of the enrichment when
extended to larger (future) ages, provided the SFHs stops at tnow.
Such steady state is reached around 25 Myr after the onset of
the burst in the IB case, and it is shown in the figure by an
horizontal arrow for the extreme case of maximum enrichment.
We stress that it does not means that there is no more oxygen
released to the ISM, but that such oxygen enrichment is com-
pensated by the hydrogen enrichment. The figure shows that dif-
ferences between evolutionary models with and without rotation
is not larger than 0.02 dex (5%) beyond present-day accuracies
in the spectral analysis. On the other hand, the scenario where
all stars produce a SNe explosion (red and blue solid lines, with
a maximum possible enrichment of 0.14 dex) and that where
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Fig. 7. Spatial distribution of the oxygen abundance as a function of
Galactocentric distances for Galactic H ii regions (red dots), the mean
value obtained for Orion OB1 (dark blue dot), the mean value obtained
for the solar vicinity (green dot) and the mean value obtained for
Cygnus OB2 (light blue dot). The red dashed line represents the least-
squares linear fits to the H ii regions. The Sun is assumed at 8 kpc.

only stars less massive than 25 M� produce a SNe (green and
black solid lines, with a maximum enrichment of 0.05 dex) could
be distinguished with techniques like those used in the present
work, provided that we extend our sample and/or increase the
S/N of the spectra. The only quantity we can constrain is the
star forming efficiency. With values significantly larger than the
one adopted here (10%) we would see metallicity variations in
our sample. Finally, if we would firmly constrain the age of the
different stars, it would be much easier to discriminate between
different SFHs. Gaia DR2 and future DR3 data may be unvalu-
able to this aim. However, given that the different scenarios pro-
duce metallicity variations which are similar to the uncertainties
in abundance determination of the current analysis, we conclude
that the massive star forming activity during the last 20–25 Myr
in Cygnus OB2 has not caused any detectable increase in its O/H
and Si/H abundance, within the limitations of the present study,
in agreement with the findings in Orion by Simón-Díaz (2010)
or Biazzo et al. (2011a).

4.3. The Galactic context

Our abundance results are in agreement with the values obtained
in Orion OB1 for a sample of early-B type stars (Simón-Díaz
2010), and also with those obtained for a sample of unevolved
early B-type stars in the solar neighborhood (Przybilla et al.
2008). Both studies result in a small dispersion of abundances,
indicating a homogeneity of oxygen and silicon among B-type
stars.

Regarding oxygen, we find a mean abundance value slightly
below the one obtained in both Orion OB1 and the solar vicin-
ity. In order to check whether they are consistent with the oxy-
gen radial abundance gradient of the Milky Way, we have com-
pared these values with the work of Esteban et al. (2005). They
presented homogeneous data of eight H ii regions with Galacto-
centric distances (RG) between 6.3 and 10.4 kpc using recombi-
nation lines and assuming the Sun at 8 kpc from the Galactic
center. Figure 7 shows the spatial distribution of the oxygen
abundance as a function of RG for the considered Galactic H ii
regions and the mean values obtained for Orion OB1, the solar
vicinity, and Cygnus OB2. All of them are consistent with the
observed abundance gradient derived from H ii regions in the
Milky Way and its dispersion. Although one would expect a
large abundance value for Cygnus OB2 due to its shorter Galac-
tocentric distance, the average value is consistent within uncer-
tainties with the Orion OB1, the solar neighborhood and the H ii

regions. Our conclusion is that the observed scatter associated
with individual measurements of Milky Way H ii regions at a
given Galactocentric distance is at least of the same order than
within a cluster or association.

5. Summary and conclusions

We have presented the spectroscopic analysis of eight late O,
early B stars in Cygnus OB2 using the curve-of-growth method
to derive silicon and oxygen abundances. We have used high
S/N, high resolution spectra obtained with ISIS at the WHT, and
FASTWIND stellar atmosphere models. Our targets are early-
type slow rotators (v sin i< 80 km s−1) with temperatures below
34 000 K selected from a list of 57 spectroscopically classified
OB stars in Cygnus OB2. They have late O or early B spec-
tral type so that we can use their Si ii-iii-iv lines for our abun-
dance analysis, and are distributed all across the association
area. According to Gaia data there is no evidence of a pecu-
liar behavior indicating a runaway origin of our stellar sample.
Thus, the silicon and oxygen abundances of the targeted stars
are considered to reflect those of the cloud out of which the stars
formed.

The abundance analysis was based on the EW of silicon and
oxygen lines and the Balmer line profiles. We first obtain the
fundamental parameters (Teff and log g) by comparing the EW
ratio of Si ii-iii or Si ii-iv, depending on the temperature of each
star, and the observed wings of H Balmer lines with FASTWIND
models. Then, using these parameters, the abundance was com-
puted for different values of microturbulence and for each line
considered. Finally, we determined the final abundance value
considering the microturbulence that, for all lines, gives the same
abundance value.

Both silicon and oxygen analyses suggest a homogeneous
stellar chemical composition in Cygnus OB2. We find a mean
abundance value of 7.53 dex for silicon and 8.65 dex for oxygen,
with a standard deviation of 0.08 dex and 0.12 dex, respectively.

We roughly estimate the contribution to oxygen enrichment
of SNe that may have exploded in the region, concluding that the
original cloud from which stars formed in the last 20–25 Myr in
Cygnus OB2 had a homogeneous metallicity and has not been
significantly enriched during its lifetime as a consequence of
its star forming activity in agreement with the findings in Orion
OB1 and the solar vicinity. All these studies are consistent with
the spatial abundance distribution for H ii regions in the Milky
Way. The oxygen abundance scatter based on H ii regions at a
given Galactocentric distance is of the same order than within
a cluster or association. Therefore, abundance gradients at the
local scale, like Cygnus OB2 or Orion OB1, are not expected.
We estimate that the effect of self-enrichment by stellar winds
and SNe is beyond the accuracy of our analyses, except for the
star forming efficiency that cannot be significantly larger than
the value of 10% adopted here.

Our computations illustrate the difficulties of making quan-
titative predictions on the level of enrichment expected in a mas-
sive association like Cygnus OB2, and show in any case that
such level should be small as compared to the accuracies cur-
rently attainable.
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Appendix A: Rotational velocities

Table A.1 shows the whole list of stars observed in July 2014 and August 2012 at the WHT. Names, spectral types and the derived
rotational velocities are indicated.

Table A.1. Stars observed in July 2014 and August 2012 at the WHT.

Target SpT Ref. Coordinates (◦) v sin i (km s−1)

J20332346+4109130 O6IV((f)) G16 308.35 +41.15 100
J20331326+4113287 O6V K07 308.30 +41.22 240
HD195213 O7 M55 307.13 +40.82 90
J20334086+4130189 O7V K07 308.42 +41.50 55
J20310019+4049497 O7V((f)) H03 307.75 +40.83 95
J20341350+4135027 O7.5(n)((f))z G16 308.56 +41.58 190
J20323857+4125137 O7.5IV(n) G16 308.16 +41.42 195
J20315961+4114505 O7.5Vz G16 307.99 +41.25 185
J20342959+4131455 O7.5V(n)((f))* G16 308.62 +41.53 325
J20293563+4024315 O8IIIz B18 307.39 +40.41 60
J20332674+4110595 O8.5Vz G16 308.36 +41.18 95
J20340486+4105129 O8.5V C12 308.52 +41.08 45
J20333030+4135578 O8V M91 308.37 +41.59 120
J20323486+4056174 O8V N08 308.14 +40.94 130
J20325002+4123446 O8V K07 308.21 +41.39 85
J20325919+4124254 O8V K07 308.25 +41.41 155
J20330292+4117431 O8V K07 308.26 +41.29 175
J20331803+4121366 O8V K07 308.32 +41.36 110
J20313749+4113210 O9: M55 307.91 +41.22 115
J20311055+4131535 O9V M55 307.79 +41.53 235
J20301839+4053466 O9V C12 307.57 +40.89 55
J20321656+4125357 O9V K07 308.07 +41.43 215
J20332101+4117401 O9V K07 308.34 +41.29 130
J20323033+4034332 O9.5IV H03 308.13 +40.57 120
J20293480+4120089 O9.5V C12 307.39 +41.33 80
J20341605+4102196 O9.5V C12 308.57 +41.04 175
J20291617+4057372 O9.7III B18 307.32 +40.96 100
J20295701+4109538 O9.7III New 307.49 +41.16 70
J20335952+4117354 O9.7V(n) G16 308.49 +41.29 335
J20323968+4050418 B0II B18 308.16 +40.84 75
J20272428+4115458 B0IV New 306.85 +41.26 20
J20340601+4108090 B0V C12 308.52 +41.13 145
J20331050+4122224 B0V K07 308.29 +41.37 110
J20305552+4054541 B0V N08 307.73 +40.91 180
J20312210+4112029 B0.2III C12 307.84 +41.20 245
J20292449+4052599 B0.2IV C12 307.35 +40.88 75
J20321568+4046170 B0.2IV C12 308.06 +40.77 45
J20330526+4143367 B0.5III B18 308.27 +41.73 115
J20314605+4043246 B0.5IV H03 307.94 +40.72 60
J20282772+4104018 B0.5V C12 307.11 +41.07 305
J20294666+4105083 B0.5V(n) H03 307.44 +41.08 140
J20340435+4108078 B1III C12 308.52 +41.13 310
BD+40 4208 B1V B18 307.71 +40.74 165
J20293473+4020381 B1V* C12 307.39 +40.34 330
J20303297+4044024 B1V C12 307.64 +40.73 195
J20303833+4010538 B1V C12 307.66 +40.18 255
J20313338+4122490 B1V K07 307.89 +41.38 175
J20314341+4100021 B1V* B18 307.93 +41.00 370
J20273982+4040384 B1V C12 306.91 +40.68 175
J20315898+4107314 B1V* B18 307.99 +41.12 325
J20303297+4044024 B1V C12 307.64 +40.73 255
BD+40 4210 B2Ia New 307.77 +40.52 30
BD+40 4193 B2V New 307.31 +40.68 70
J20322734+4055184 B2V H03 308.11 +40.92 200
J20354703+4053012 B2V C12 308.94 +40.88 215
CCDM J20323+4152AB B9V B18 308.09 +41.87 110
J20315984+4120354 A B18 307.99 +41.34 55

Notes. Names, spectral types, coordinates (J2000.0) and the derived projected rotational velocities are indicated. Asterisks indicate possible SB2
stars, whose spectral types are refereed to the primary component.
References. Spectral type source: (B18) Berlanas et al. (2018), (C12) Comerón & Pasquali (2012), (G16) Maíz Apellániz et al. (2016), (H03)
Hanson (2003), (K07) Kiminki et al. (2007), (M91) Massey & Thompson (1991), (N08) Negueruela et al. (2008), and (M55) Morgan et al. (1955),
(New) This work.
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Appendix B: Individual targets

Tables B.1–B.8 show the detailed results of the silicon and oxy-
gen abundance analysis line-by-line for each star of the sam-
ple. Abundances (ξ(x)) are given in units of 12 + log(X/H). We
also indicate the final weighed mean value (ε̄) and the uncertain-
ties related to the errors in EW measurements (∆ε), the standard
weighed deviation (∆ε(σ)) and the uncertainties associated with
the microturbulence (∆ε(ξ)).

Table B.1. Detailed results of the silicon and oxygen abundance anal-
ysis line-by-line for the star J20314965+4128265 (Teff = 33 000 K,
log g = 4.0 dex and ξ(Si) = ξ(O) = 3.0 km s−1).

Line EW (mÅ) εSi ± ∆εSi (dex)

Si iii 4552 129± 20 7.83± 0.32
Si iii 4567 103± 13 7.78± 0.22
Si iii 4574 55± 6 7.72± 0.13
Si iii 5739 70± 20 7.60± 0.17
Si iv 4116 171± 41 7.61± 0.36
Si iv 4631 99± 9 7.63± 0.12
Si iv 6701 68± 6 7.63± 0.12

¯εSi = 7.67
∆εSi(σ) = 0.06, ∆εSi(ξ) = 0.08

Line EW (mÅ) ε(O) ± ∆εO (dex)
O ii 4317 66± 15 8.62± 0.24
O ii 4319 74± 15 8.77± 0.26
O ii 4366 88± 15 8.95± 0.26
O ii 4414 81± 15 8.47± 0.24
O ii 4416 91± 15 8.86± 0.24
O ii 4638 72± 15 8.94± 0.31
O ii 4661 88± 15 9.01± 0.28
O ii 4676 65± 15 8.76± 0.32
O ii 4072 102± 15 8.95± 0.31
O ii 4076 101± 15 8.72± 0.13
O ii 4189 56± 15 8.45± 0.30

ε̄O = 8.75
∆εO(σ) = 0.07, ∆εSi(ξ) = 0.02

Table B.2. Detailed results of the silicon and oxygen abundance anal-
ysis line-by-line for the star J20295701+4109538 (Teff = 32 000 K,
log g = 3.6 dex and ξ(Si) = ξ(O) = 7.5 km s−1).

Line EW (mÅ) εSi ± ∆εSi (dex)

Si iii 4552 138± 15 7.58± 0.16
Si iii 4567 108± 15 7.60± 0.17
Si iv 4116 241± 15 7.63± 0.17
Si iv 4212 81± 15 7.66± 0.22

¯εSi = 7.61
∆εSi(σ) = 0.09, ∆εSi(ξ) = 0.12

Line EW (mÅ) ε(O) ± ∆εO(σ) (dex)
O ii 4641 125± 15 8.74± 0.14
O ii 4076 130± 15 8.75± 0.15

ε̄O = 8.74
∆εO(σ) = 0.10, ∆εSi(ξ) = 0.07

Table B.3. Detailed results of the silicon and oxygen abundance anal-
ysis line-by-line for the star J20272428+4115458 (Teff = 30 000 K,
log g = 3.9 dex and ξ(Si) = ξ(O) = 5.2 km s−1).

Line EW (mÅ) εSi ± ∆εSi (dex)

Si iii 4552 167± 11 7.41± 0.14
Si iii 4567 152± 10 7.53± 0.13
Si iii 4574 83± 8 7.43± 0.12
Si iii 4539 105± 10 7.41± 0.16
Si iv 4116 145± 20 7.41± 0.29
Si iv 4212 44± 9 7.57± 0.23
Si iv 4654 73± 14 7.29± 0.25

¯εSi = 7.45
∆εSi(σ) = 0.06, ∆εSi(ξ) = 0.09

Line EW (mÅ) ε(O) ± ∆εO (dex)
O ii 4317 98± 15 8.57± 0.19
O ii 4319 093± 16 8.58± 0.24
O ii 4366 102± 15 8.68± 0.23
O ii 4414 125± 15 8.44± 0.19
O ii 4416 126± 15 8.74± 0.20
O ii 4638 93± 15 8.77± 0.26
O ii 4661 113± 15 8.84± 0.24
O ii 4676 77± 15 8.49± 0.27
O ii 4076 132± 15 8.66± 0.25
O ii 4132 56± 12 8.93± 0.23
O ii 4185 61± 13 8.41± 0.23
O ii 4189 90± 15 8.58± 0.21

ε̄O = 8.63
∆εO(σ) = 0.06, ∆εO(ξ) = 0.12

Table B.4. Detailed results of the silicon and oxygen abundance anal-
ysis line-by-line for the star J20334610+4133010 (Teff = 30 000 K,
log g = 3.2 dex and ξ(Si) = ξ(O) = 17.0 km s−1).

Line EW (mÅ) εSi ± ∆εSi (dex)

Si iii 4552 188± 21 7.42± 0.12
Si iii 4567 148± 16 7.49± 0.09
Si iii 4574 72± 15 7.57± 0.15
Si iv 4116 445± 30 7.70± 0.06
Si iv 4631 100± 20 7.37± 0.23

¯εSi = 7.54
∆εSi(σ) = 0.02, ∆εSi(ξ) = 0.04

Line EW (mÅ) ε(O) ± ∆εO (dex)
O ii 4317 98± 15 8.76± 0.15
O ii 4366 97± 20 8.69± 0.20
O ii 4069 110± 20 8.45± 0.18
O ii 4076 126± 20 8.43± 0.17
O ii 4132 34± 10 8.49± 0.15

ε̄O = 8.57
∆εO(σ) = 0.07, ∆εO(ξ) = 0.10
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Table B.5. Detailed results of the silicon and oxygen abundance anal-
ysis line-by-line for the star J20314605+4043246 (Teff = 30 000 K,
log g = 4.0 dex and ξ(O) = ξ(Si) = 5.6 km s−1).

Line EW (mÅ) εSi ± ∆εSi (dex)

Si iii 4552 185± 15 7.49± 0.17
Si iii 4567 156± 20 7.50± 0.24
Si iii 4574 97± 10 7.52± 0.14
Si iii 5739 150± 20 7.77± 0.23
Si iv 4116 140± 20 7.42± 0.29

¯εSi = 7.54
∆εSi(σ) = 0.09, ∆εSi(ξ) = 0.12

Line EW (mÅ) ε(O) ± ∆εO (dex)
O ii 4366 111± 20 8.74± 0.29
O ii 4452 83± 15 9.04± 0.24
O ii 4661 91± 20 8.55± 0.34
O ii 4676 104± 20 8.79± 0.33
O ii 6641 63± 15 9.14± 0.28
O ii 6721 48± 15 8.54± 0.29
O ii 4076 137± 20 8.67± 0.33
O ii 4132 56± 15 8.90± 0.30
O ii 4189 104± 20 8.71± 0.29

Final value ε̄O = 8.82
∆εO(σ) = 0.10, ∆εO(ξ) = 0.12

Table B.6. Detailed results of the silicon and oxygen abundance anal-
ysis line-by-line for the star J20292449+4052599 (Teff = 29 000 K,
log g = 3.7 dex and ξ(O) = ξ(Si) = 6.8 km s−1).

Line EW (mÅ) εSi ± ∆εSi (dex)

Si iii 4552 222± 15 7.49± 0.25
Si iii 4567 185± 15 7.47± 0.08
Si iii 4574 112± 15 7.48± 0.19

¯εSi = 7.47
∆εSi(σ) = 0.07, ∆εSi(ξ) = 0.10

Line EW (mÅ) ε(O) ± ∆εO (dex)
O ii 4366 89± 20 8.37± 0.29
O ii 4076 145± 20 8.59± 0.30
O ii 4661 115± 20 8.65± 0.29
O ii 4676 88± 20 8.44± 0.31

ε̄O = 8.51
∆εO(σ) = 0.15, ∆εO(ξ) = 0.02

Table B.7. Detailed results of the silicon and oxygen abundance anal-
ysis line-by-line for the star BD+40 4193 (Teff = 19 000 K, log g =
3.8 dex and ξ(O) = ξ(Si) = 5.9 km s−1).

Line EW (mÅ) εSi ± ∆εSi (dex)

Si ii 6347 107± 20 7.45± 0.27
Si iii 4552 113± 15 7.47± 0.22
Si iii 4567 86± 11 7.40± 0.19
Si iii 4574 57± 15 7.54± 0.34
Si iii 5739 43± 15 7.40± 0.39

¯εSi = 7.44
∆εSi(σ) = 0.11, ∆εSi(ξ) = 0.12

Line EW (mÅ) ε(O) ± ∆εO (dex)
O ii 4366 37± 15 8.84± 0.40
O ii 4650 52± 15 8.63± 0.31
O ii 4661 34± 15 8.86± 0.41
O ii 4072 25± 15 8.38± 0.42

ε̄O = 8.70
∆εO(σ) = 0.20, ∆εO(ξ) = 0.13

Table B.8. Detailed results of the silicon and oxygen abundance analy-
sis line-by-line for the star BD+40 4210 (Teff = 18 300 K, log g = 2.2
and ξ(O) = ξ(Si) = 13.3 km s−1).

Line EW (mÅ) εSi ± ∆εSi (dex)

Si ii 6347 89± 20 7.52± 0.14
Si iii 4552 397± 16 7.50± 0.08
Si iii 4567 340± 20 7.51± 0.16
Si iii 4574 212± 15 7.46± 0.14
Si iii 5739 370± 20 7.53± 0.01

¯εSi = 7.53
∆εSi(σ) = 0.01, ∆εSi(ξ) = 0.09

Line EW (mÅ) ε(O) ± ∆εO (dex)
O ii 4317 111± 15 8.43± 0.20
O ii 4366 120± 15 8.43± 0.19
O ii 4414 146± 20 8.37± 0.20
O ii 4416 124± 20 8.47± 0.21
O ii 4438 133± 15 8.66± 0.20
O ii 4650 251± 15 8.63± 0.15
O ii 4661 134± 15 8.55± 0.20
O ii 4676 100± 15 8.37± 0.22
O ii 6721 47± 15 8.30± 0.22
O ii 4189 53± 15 8.47± 0.22

ε̄O = 8.48
∆εO(σ) = 0.06, ∆εO(ξ) = 0.07
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Appendix C: Fitting line models

Figures C.1–C.8 show, for each selected sample star, several H, He, Si and O spectral lines and the best fitting model derived from
our abundance analysis.

Fig. C.1. Best-fit HHeSiO model (Teff = 33 000 K, log g = 4.0 dex, ξ(Si) = ξ(O) = 3.0 km s−1, log(Si/H) = −4.20 dex, log(O/H) = −3.30 dex) to
the observed spectrum of J20314965+4128265. Si and O lines used in the analysis are indicated with dark and light blue vertical lines, respectively.
H and He lines are indicated with dotted and solid black vertical lines for reference.

Fig. C.2. Best-fit HHeSiO model (Teff = 32 000 K, log g = 3.6 dex, ξ(Si) = ξ(O) = 7.5 km s−1, log(Si/H) = −4.50 dex, log(O/H) = −3.30 dex) to
the observed spectrum of J20295701+4109538. Sort lines mark the positions of Si, O, H and He lines, as in Fig C.1.

A56, page 13 of 15

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833989&pdf_id=8
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833989&pdf_id=9


A&A 620, A56 (2018)

Fig. C.3. Best-fit HHeSiO model (Teff = 30 000 K, log g = 3.9 dex, ξ(Si) = ξ(O) = 5.2 km s−1, log(Si/H) = −4.50 dex, log(O/H) = −3.30 dex) to
the observed spectrum of J20272428+4115458. Sort lines mark the positions of Si, O, H and He lines, as in Fig C.1.

Fig. C.4. Best-fit HHeSiO model (Teff = 30 000 K, log g = 3.2 dex, ξ(Si) = ξ(O) = 17.0 km s−1, log(Si/H) = −4.50 dex, log(O/H) = −3.40 dex) to
the observed spectrum of J20334610+4133010. Sort lines mark the positions of Si, O, H and He lines, as in Fig C.1.

Fig. C.5. Best-fit HHeSiO model (Teff = 30 000 K, log g = 4.0 dex, ξ(Si) = ξ(O) = 5.6 km s−1, log(Si/H) = −4.50 dex, log(O/H) = −3.30 dex) to
the observed spectrum of J20314605+4043246. Sort lines mark the positions of Si, O, H and He lines, as in Fig C.1.
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Fig. C.6. Best-fit HHeSiO model (Teff = 29 000 K, log g = 3.7 dex, ξ(Si) = ξ(O) = 6.8 km s−1, log(Si/H) = −4.50 dex, log(O/H) = −3.30 dex) to
the observed spectrum of J20292449+4052599. Sort lines mark the positions of Si, O, H and He lines, as in Fig C.1.

Fig. C.7. Best-fit HHeSiO model (Teff = 19 000 K, log g = 3.8 dex, ξ(Si) = ξ(O) = 5.9 km s−1, log(Si/H) = −4.50 dex, log(O/H) = −3.30 dex) to
the observed spectrum of BD+40 4193. Sort lines mark the positions of Si, O, H and He lines, as in Fig C.1.

Fig. C.8. Best-fit HHeSiO model (Teff = 18 300 K, log g = 2.20 dex, ξ(Si) = ξ(O) = 13.3 km s−1, log(Si/H) = −4.50 dex, log(O/H) = −3.40 dex)
to the observed spectrum of BD+40 4210. Sort lines mark the positions of Si, O, H and He lines, as in Fig C.1.
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