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ABSTRACT

Context. Massive stars are a key element for understanding the chemical and dynamical evolution of galaxies. Stellar evolution is
conditioned by many factors: Rotation, mass loss, and interaction with other objects are the most important ones for massive stars.
During the first evolutionary stages of stars with initial masses (i.e., Mzams) in the Mzays ~ 18-70 M, range, they are of spectral
type O. Given that stars in this mass range spend roughly 90% of their lifetime as O-type stars, establishing the multiplicity frequency
and binary properties of O-type stars is crucial for many fields of modern astrophysics.

Aims. The aim of the MONOS project is to collect information to study northern Galactic O-type spectroscopic binaries. In this
second paper, we tackle the study of the 35 single-line spectroscopic binary (SB1) systems identified in the previous paper of the
series, analyze our data, and review the literature on the orbits of the systems.

Methods. We have measured ~4500 radial velocities for a selection of diagnostic lines for the ~700 spectra of the studied systems
in our database, for which we have used two different methods: a Gaussian fit for several lines per object and cross-correlation with
synthetic spectra computed with the FASTWIND stellar atmospheric code. We have also explored the photometric data delivered
by the TESS mission to analyze the light curve (LC) of the systems, extracting 31 of them. We have explored the possible periods
with the Lomb-Scargle method and, whenever possible, calculated the orbital solutions using the SBOP and GBART codes. For those
systems in which an improved solution was possible, we merged our radial velocities with those in the literature and calculated a
combined solution.

Results. As a result of this work, of the 35 SB1 systems identified in our first paper we have confirmed 21 systems as SB1 with good
orbits, discarded the binary nature of six stars (9 Sge, HD 192281, HDE 229 232 AB, 68 Cyg, HD 108, and @ Cam), and left six stars
as inconclusive due to a lack of data. The remaining two stars are 15 Mon Aa, which has been classified as SB2, and Cyg OB2-22 C,
for which we find evidence that it is most likely a triple system where the O star is orbiting an eclipsing SB1. We have also recalculated
20 new orbital solutions, including the first spectroscopic orbital solution for V747 Cep. For Cyg OB2-22 C, we have obtained new
ephemerides but no new orbit.

Key words. binaries: spectroscopic — binaries: eclipsing — stars: early-type — stars: kinematics and dynamics —
binaries: general

1. Introduction

One of the key pillars in our understanding of the chemical and
dynamical evolution of galaxies is our knowledge about massive
stars, and O-type stars in particular. These stars play a crucial
role in this regard due to their short life span, during which they
greatly affect their surroundings (UV radiation and strong stel-
lar winds), and violent death (supernova explosions). However,
since a significant fraction of massive stars are found in multi-
ple systems, a large percentage of them being short-period sys-

* Appendix C tables are only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/655/A4

Article published by EDP Sciences

tems', any study of massive stars will be incomplete without a
thorough understanding of their multiplicity and the role of that
characteristic in the formation, evolution, and death of massive
stars (Zinnecker & Yorke 2007; Mason et al. 2009; Chini et al.
2012; Sana et al. 2013; Sota et al. 2014; Barb4 et al. 2017; Maiz
Apellaniz et al. 2019a).

! The exact value to classify binaries as “short” or “long” period sys-

tems is a subject of debate. Sana & Evans (2011) adopted P = 10 d
to separate short- and long-period systems to empirically describe the
cumulative distribution function of binary periods. Sana et al. (2012)
adopted a P = 6 d as a limit for systems that interact during the main
sequence, merging at a higher rate.
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Sana et al. (2012) proposed that nearly 70% are expected to
exchange mass with a companion during their lifetimes and that
almost a third will do so while both components are still on the
main sequence. Therefore, it is crucial to obtain accurate knowl-
edge of their orbital and stellar properties in order to understand
the role of massive stars as a population in the evolution of the
galaxies.

O-type stars are the initial evolutionary phases of massive
stars with initial masses (i.e., Mzams) in the range Mzams ~
18-70 M, and, nowadays, even some O and B supergiants are
interpreted as H-burning objects (Bouret et al. 2012; Higgins &
Vink 2019). Given that stars in this mass range spend roughly
90% of their lifetime as O-type stars, establishing the multiplic-
ity frequency and binary properties of O-type stars is crucial
for many fields of modern astrophysics, including for calibrat-
ing contemporary binary evolution and stellar population syn-
thesis models. Furthermore, for a given mass, the O-type phase
is likely to be the one with the lower mass-loss rates, and hence
it is a particularly appropriate evolutionary point to study the
multiplicity properties; their spectra tend to be emission-free,
and hence it is easier to measure their radial velocities (RVs).
Nevertheless, it is important to note that we expect to find,
and indeed do find, binaries with members in all evolutionary
stages (i.e., main-sequence stars, Wolf-Rayet stars, or collapsed
companions).

One of the difficulties we have encountered is the lack of
homogeneity in the quality of information regarding the O-type
star multiplicity, especially in the absence of an updated catalog
with revised information about published spectroscopic orbits.
Although some efforts have been made, such as the Sg» Catalog
(Pourbaix et al. 2004) or Mason et al. (1998), those catalogs are
out of date and leave out orbits for new systems or revised orbits
for previously known ones, and a critical reanalysis is needed.

As we stated in the first paper of this series, Maiz
Apelldniz et al. (2019a), hereafter MONOS I we have
started an ambitious project that aims to bring homogeneity to
the extensive but diverse literature and data on Galactic O-type
spectroscopic binaries. The overall project involves both hemi-
spheres. The MONOS (Multiplicity Of Northern O-type Spec-
troscopic systems) project analyzes targets with 6 > —20°, and
the rest of the southern hemisphere is being studied with the
OWN Survey project (Barba et al. 2017, 2010) and with MOSOS
(Multiplicity Of Southern O-type Stars), which has the same
goals and will be structured in the same way as the MONOS
series.

The Galactic O-Star Catalog (GOSC; Maiz Apelldniz et al.
2004, 2017; Sota et al. 2008) is the main resource for the
sample selection for the MONOS project. In MONOS I we
selected the spectroscopic and/or eclipsing O+OBcc bina-
ries (i.e., systems composed of an O star plus an OB
or a compact object companion) with previously published
orbits and § > —20°. At that point, we expressly excluded
systems that had been tentatively identified as spectroscopic
binaries but that have no published orbits (eclipsing and/or spec-
troscopic). Therefore, the MONOS catalog is still a heteroge-
neous collection of objects selected according to the criterion of
having been previously studied; in the future, we plan to extend
it to be a magnitude complete catalog. MONOS I was focused on
the spectral classification and multiplicity status of the systems,
while in this second paper of the series we study in detail the
sample of the 35 systems classified as single-lined spectroscopic
binaries (SB1) in MONOS 1. Here, we review the information
available in the literature about their orbital parameters, updat-
ing this information whenever possible by using high-resolution
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spectroscopy from LiLiMaRlin (Library of Libraries of Massive-
Star High-Resolution Spectra)? (Maiz Apelldniz et al. 2019b).
For most of the systems we present new RV measurements, and
we determine 20 new orbital solutions. In forthcoming papers
of the MONOS series we will study the double-lined spectro-
scopic binaries (SB2) and more complex systems, and we will
present new spectroscopic orbits for O-type binary systems with-
out known published orbits.

This paper is structured as follows. In Sect. 2 we describe
the data analyzed in this work and the RV measurement meth-
ods used. In Sect. 3 we present the procedure followed for the
analysis of each object. In Sect. 4 we analyze each object in
the sample, combining information available in the literature and
new information derived from our analysis. In Sect. 5 we sum-
marize the findings of this paper. Last, we have included three
appendixes: In Appendix A we present the tables with the orbital
solutions for each system and details about the spectra available
in our database. In Appendix B we show the figures of RV curves
for the studied systems with an orbital solution and, additionally,
the light curves (LCs) discussed in the text. The RV measure-
ments determined in this work appear in the last Appendix C.

2. Observations and methodology
2.1. Spectroscopic observations
2.1.1. LiLiMaRlin database and sample description

As we mentioned in MONOS 1, our spectroscopic data are
extracted from the spectral library LiLiMaRlin, built by col-
lecting data obtained with different instruments and telescopes
during the last two decades. We recently added to LiLiMaR-
lin more than 5000 spectra, gathered with two more instru-
ments: the CARMENES (Calar Alto high-Resolution search for
M dwarfs with Exoearths with Near-infrared and optical Echelle
Spectrographs) spectrograph attached to the 3.5-m telescope at
Calar Alto Observatory, and the HARPS (High Accuracy Radial
Velocity Planet Searcher) spectrograph installed on ESO’s 3.6 m
telescope at La Silla Observatory in Chile, pushing the number
of spectra available in the library close to 32 000. We are cur-
rently in the process of adding spectra from the Ultraviolet and
Visual Echelle Spectrograph (UVES) at the Very Large Tele-
scope (VLT), and that will increase the number to a total of
close to 55000 spectra. The total sample analyzed in this work
corresponds to ~700 spectra for 32 (of the 35) systems clas-
sified as SB1 in the previous article of the series, MONOS I;
the distribution of the spectra available in the database can be
found in Table A.1. Spectra provided by LiLiMaRlin are nor-
malized, telluric-line subtracted and corrected to the solar sys-
tem barycentric frame of reference.

The SB1 sample investigated can be divided into three differ-
ent groups, depending on the spectral characteristics of the stars
and the number and quality of spectra available (see Table 1):
(a) well-behaved objects (21), with well-defined absorption lines
for which we have enough good quality spectra to make an accu-
rate RV analysis; (b) systems (6) with spectra of variable quality
or without enough data to make a full analysis as described in
Sect. 3; and (c) systems (8) with a very small number of (or no)

2 LiLiMaRlin is a library of libraries of massive-star high-resolution
optical spectra built by collecting data from our spectroscopic surveys:
CAFE-BEANS (Negueruela et al. 2015) OWN, IACOB (Simén-Diaz
et al. 2015, 2020a) and NoMaDS (Maiz Apelldniz et al. 2012) and pro-
grams and searches in public archives (CARMENES, FIES, Mercator,
OHP, HARPS, FEROS, and UVES).
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Table 1. SB1 systems and candidates studied in this work.

Well behaved/
Good quality

HD 164 438
V479 Sct

9 Sge

Cyg X-1

BD +36 4063
HDE 229234
HD 192281
HDE 229232 AB
68 Cyg

HD 108

V747 Cep
HD 12323
HD 16429 A
HD 14 633 AaAb
HD 15137

a Cam

HD 37737

15 Mon AaAb
HD 46573

#' Ori CaCb
HD 52533 A

Variable quality/ Low quality/
Not enough data  few or no spectra

Cyg OB2-All  ALS 15133
ALS 15 148 Cyg OB2-22C
Cyg OB2-1 Cyg OB2-22 B
Cyg OB2-20 Cyg OB2-41
Cyg OB2-15 ALS 15131
Cyg OB2-11 Cyg OB2-70
ALS 15115
Cyg OB2-29

Notes. Here we summarize the data available in the LiLiMaRlin
database.

spectra, or without enough quality to allow a meaningful analy-
sis of their orbital properties and/or definite confirmation of their
SB1 nature.

We consider good quality spectra those with a signal-to-noise
ratio (S/N) around 150, and low quality those around 50 or with
clear normalization issues. It is important to note that this divi-
sion is simply based on the quality and quantity of our data and
has no relevance to the binary status of the objects. This assess-
ment of the data is relevant since it determines the methods that
can be used to measure the RV of the object. However, several
factors affect our ability to detect the companion in an SB1 sys-
tem (e.g., spectral type of both components, rotation and relative
brightness among others). We can assume that we detect com-
panions five times fainter than the primary and up to ten times
fainter for the most favorable systems.

2.1.2. Radial velocity measurements

Accurate RV measurements are the key to a proper study of
spectroscopic binaries. Different methods of RV measurements
could yield different results, depending on the observations (e.g.,
resolving power), data quality, and the nature of the binary sys-
tem itself. We distinguish between methods based on the fitting
of a function (e.g., Gaussian) to one or several lines profiles
and more complex methods like cross-correlation (x-corr), using
different techniques (e.g., Fourier analysis) or data processing.
Each one has its pros and cons. Function fitting has the advan-
tages of simplicity, the possibility of easy comparison between
results for different lines, and the possibility of looking at the
residuals to find weak components or other reasons for a bad fit
to the data. On the other hand, line profiles can be distorted by
wind infilling, magnetic and/or pulsational effects, or line blend-
ing, so using one or just a few lines can lead to biased results

when fitting a simple function. The x-corr method has the advan-
tage of using the information of many lines at the same time but
the inconveniences of the dependence on the choice of template
and of the possibility of contamination of the results by emis-
sion or interstellar lines and normalization or noise issues. Given
those pros and cons, we implemented two different methods to
determine RVs for the systems: spectral x-corr using synthetic
spectra and Gaussian profile fitting for individual lines.

For the first set of systems (first column in Table 1), we used
the x-corr method to obtain the RV measurements and compared
our results with the published orbits for the systems. On top of
that we measured several different lines individually with the
Gaussian fitting, including some metallic ones that are less prone
to be affected by stellar winds (see Table 2). For the second and
third set of systems, we could not obtain reliable synthetic spec-
tra to be used as templates for the x-corr method (see Sect. 2.1.3
for an explanation of the process) for all the stars due to the qual-
ity of the spectra (i.e., available lines to carry out the procedure
described below) or because we did not have any suitable spec-
tra; thus, we could only use the Gaussian fit for those systems.
The last set was also measured if possible, but the lack of enough
quality data from our end did not let us evaluate the published
orbital solutions properly.

In Appendix C we provide the RVs that we obtained for each
object. Table 3 shows the first rows of the table in which we
present such measurements for HD 192281 as an example. The
structure of the table is as follows: the first two columns iden-
tify the spectrum with the code used in the LiLiMaRlin database
and the RJD (HJD-2 400 000) of the observation. If we used the
cross-correlation method for the object the measured RV will
be in the “XCorr” column, followed by the Gaussian measure-
ments for different lines selected. For each column, we present
the mean and standard deviation after applying a 3¢ clipping and
the number of dropped spectra during the clipping.

An important consideration has to be made regarding the
error in the measurements. Although we obtain the formal errors
of the fit for each measurement method, we take a slightly more
conservative approach. We consider a good upper bound for the
error of our measurements to be 5 kms~!, which corresponds to
the o of the RV measurement of well-behaved lines for the single
stars after applying the 3o clipping (see Sect. 5.1). The formal
fitting error associated with each measurement is also provided
in the RV tables in Appendix C.

Almost all the systems presented in this work have previ-
ously published RVs. In many cases, we derived a new orbital
solution by combining published RV data with ours. For those
systems, given that different authors adopted different rest wave-
lengths for the spectral lines, we firstly applied an appropriate
velocity correction to bring the measurements to the same rest
frame. When we have spectra in common, we can also mea-
sure the RV shift empirically. Finally, in cases where a system-
atic shift in RV not correlated with the adopted rest wavelengths
was found (i.e., when measurements retrieved from the literature
came from an average of different lines or when we did not know
the rest wavelengths used), the RV shift was determined from the
orbital y value obtained from the orbital fit for each RV data set
separately. In the sections devoted to each object, we detail the
process followed and the shift adopted for each system.

2.1.3. Cross-correlation

In order to obtain RV measurements, we implemented the
x-corr technique in a Python code. The spectral templates
used in our program are based on synthetic spectra obtained
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with the stellar atmosphere code FASTWIND (Santolaya-Rey
et al. 1997; Puls et al. 2005; Rivero Gonzilez et al. 2012).
In particular, for each star, we use the FASTWIND spec-
trum corresponding to the best-fitted model resulting from the
quantitative spectroscopic analysis performed by Holgado et al.
(2018, 2020), by means of the IACOB-GBAT/FASTWIND? tool
(Simén-Diaz et al. 2011).

The original FASTWIND synthetic spectrum considered for
the x-corr analysis includes five HI lines, eleven Hel lines, and
six He II lines present in the spectral range 4000—7000 A; how-
ever, as described below, in the end not all lines were used
for the RV determination. Each synthetic spectrum includes the
convolution with the corresponding projected rotational veloc-
ity (v sin i) and macroturbulent velocity (Viac), as determined by
Holgado et al. (2018) by using the IACOB-BROAD tool (Simén-
Diaz & Herrero 2014).

For the x-corr analysis, we only considered a 20A spectral
window centered on each line. Depending on the signal-to-noise
and spectral coverage of each spectrum, we tried to include as
many lines as possible, typically Hel 4144, 4388, 4471, 4713,
5016 and 5876 A, He Il 4200, 4542, 4686 and 5412 A, and the
blends Hy+He1l 14338, and HG+He 11 14859. In practice, the
actual set of lines selected was different for each object due to
the varying wavelength coverage and S/N.

The RV is determined from the x-corr function’s peak, which
is fitted with a parabolic function. The RV errors are derived
from the errors determined for the fitted parabola’s parameters.

2.1.4. Gaussian profile fitting

A single Gaussian profile fitting routine was implemented in
Python to determine RVs from absorption line profiles. The aim
of this routine is to perform a simple check to the RVs derived
by using the cross-correlation method, and also to extend the
RV determination to other metal lines available in the spectra,
such as O1r 215592, C1v 45812 or SiIl 44553, which are not
included in the set of synthetic spectra associated with the grid
of FASTWIND models build to be used with IACOB-GBAT.
For the profile fitting, an adjacent continuum is defined around
the line, and a nonlinear least-squares minimization method is
applied to both the profile and the adjacent continuum.

For the fitting procedure, we create a Gaussian model with
four initial parameters, the continuum level, the center, o, and
amplitude. The initial set of parameters for the automatized pro-
cess are obtained from a manual fit of one spectrum. The fit-
ting method can freely adjust such parameters within a window
for each spectrum fitted (typically, we allow a 20% variation) to
enhance performance, and any of them could be fixed if neces-
sary. The errors are obtained from the fit itself. The rest wave-
lengths for the used spectral lines are listed in Table 2.

2.2. Photometric time series

Eclipsing systems and ellipsoidal variables are an important sub-
set of binaries, a characteristic that is recognized as E in the
spectroscopic binary status (SBS) nomenclature (for a detailed
explanation of such a classification, see MONOS I). We explored
the possibility of detecting extrinsic variability in the systems
studied by exploring the exquisite Transiting Exoplanet Survey
Satellite (TESS) database.

We retrieved time series from the TESS database, obtaining
31 LCs. Although some stars were observed at 2-min cadence

3 The version used in this work is the v10.1.
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Table 2. Rest (air) wavelengths for the lines used for RV measurement
(Sect. 2.1.4).

Line A

N1r 24379  4379.11
He1 14471  4471.48
He1r 214542  4541.591
Silm 24553 4552.622
He1 14686 4685.682
He1 14713  4713.2
HB 4861.33
Her1 14922  4921.9
Her1 A5015 5015.7
Hem 45412 5411.53
Omr 15592 5592.252
C1v 25801 5801.33
Ci1v A5812 5811.97
He1 15876  5875.621
Ha 6562.8
Hel 16678  6678.152
He1 17065  7065.19
Hem 28237 8236.8

Notes. The number of significant digits for each value reflects the accu-
racy of the rest wavelengths, which depends on, among other things,
their singlet or multiplet nature.

(and they are accessible through MAST archives*), we decided
to extract LCs directly from the TESS full frame images (FFIs)
with 30 min cadence using the Python package LIGHTKURVE®
(Lightkurve Collaboration 2018) version 1 in order to control the
LC extraction process. The images are cut by using the ASTRO-
CUT package®. Aperture photometry was performed on images
cutouts of 15 x 15 pixels (about 315" x 315”). The source mask
was defined for each object, depending on the brightness of
the close neighbors, and it was tuned interactively in order to
minimize the contamination. Given that the TESS pixel size is
large (21””), the extraction done over several pixels can poten-
tially include neighbors. In the LIGHTKURVE package, we have
the possibility to examine the cutout image using the Gaia Data
Release 2 (DR2) catalog. Therefore, the size of the mask var-
ied from 2 pixels for crowded fields to 16 pixels for bright iso-
lated stars. The sky background mask (including scattered light)
was selected using the remaining lowest brightness pixels in the
cutout, for the majority of the cases, over one hundred pixels.
The background was modeled using principal component analy-
sis (PCA), following the package recommendations.

The main objective of the analysis of TESS data is to search
for variability on the order of a few days or less. The low-
frequency signals or slopes present in the extracted TESS time
series have been removed by a Savitzky-Golay filter imple-
mented in the flatten method on the LIGHTKURVE package.

We extracted TESS time series for 31 stars. Two stars
have not been yet observed (HD 164438 and V479 Sct), while
two stars are located in crowded fields (Cyg OB2-22 B and
6" Ori CaCb).

4 https://mast.stsci.edu/portal/Mashup/Clients/Mast/
Portal.html

> https://docs.lightkurve.org/index.html

® https://github.com/spacetelescope/astrocut,
et al. 2019).

(Brasseur
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Table 3. Some RV measurements for HD 192 281 using the x-corr method and the selected lines with the Gaussian method.

Spectra RID XCorr HerA5876 Hel1 14542 He1 14686 Helr 45412 OmI 45592
d kms™!  kms™! kms™! kms™! kms™! kms™!

000707_P 51733.604 -28.8 -37.5 -26.1 —-49.2 -27.0 ...

100807_1 55416.728 -27.6 -38.1 -27.9 -69.0 -22.4 -8.8

111108_M 55874.389 -31.0 -36.6 =274 -57.6 -28.7 1.5

131208_C 56635.382 -34.8 —-48.6 —42.8 -30.5 —44.8

180327_C_V 58205.626 -33.0 -414 -27.0

RV mean -28.8 —40.6 -28.2 -46.7 -26.0 -6.0

o RV 4.9 7.9 5.6 13.2 4.2 5.7

Drop 0 1 1 0 3 2

Notes. For each column we calculated the mean RV and the standard deviation after applying a 3o~ clipping; the number of measurements dropped

by the clipping procedure is also noted.

Furthermore, we explore different public photometric
databases, such as the HIPPARCOS Epoch Photometric (HIP) and
the Kamogata-Kiso-Kyoto Wide-field Survey’ (KWS; Maehara
2014) in order to obtain additional clues about variability asso-
ciated with the orbital cycle, or also to determine intrinsic vari-
ability that can lead RV variations.

3. Data analysis and results

Each star with available spectroscopic data was analyzed follow-
ing the subsequent procedure. Firstly, we measured the RVs of
the available spectra for such an object in our database LiL.iMaR-
lin, a sample of such measurements can be seen in Table 3. For
all the systems with an available synthetic spectrum, we mea-
sured the RV via the x-corr method, where we select the suitable
lines for each object, adding or removing more lines to the initial
set depending on the spectral characteristics of the object and
the quality of our data. Then we inspected the Hel 45876 and
He1r 15412 lines and measured them with the Gaussian fitting
method. We also checked the availability of metallic lines, such
as OII 45592 and C1v A5812. Finally, we explored other lines
of HeT and HeTII. All the measurements were visually inspected
to ensure that the fitting procedures were correct.

The Lomb-Scargle (LS) method (Lomb 1976; Scargle 1982,
see also VanderPlas 2018 for details of the method) was used
to search for periodicities in the photometric and RV time series.
Orbital elements were determined employing two codes GBART
(Bareilles 2017) and SBOP (Etzel 2004). Results obtained with
both codes are compatible, although in some systems with lim-
ited data, convergence issues favored the use of one code or
another due to the differences in the implemented algorithms.
As initial parameters, we used LS periods, the amplitude of RVs,
and if available, previously published orbital parameters. If the
orbital solution obtained is coherent with the previous one, we
explored combining RVs to obtain an improved solution. For
some systems, our RVs were insufficient for an orbital analysis;
therefore, the orbital solutions are derived from combined data.

We summarize the orbital parameters determined for each
system in Table 10. Table A.2 lists the orbital solutions found
in the literature and our orbital solutions obtained with different
methods. LCs and RV curves are plotted in Appendix B.

7 We extracted four HIP and two KWS LCs; we are only presenting
here one HIP LC.

4. Individual systems

In this section, we review and discuss the published orbits and
binary status for each of the 35 objects, including the RV mea-
surements determined from our analysis of the collected spec-
troscopic data and also photometric time series. The stars are
grouped by constellations in the sky, and sorted by Galactic lon-
gitude, as it was performed in the previous MONOS I paper.
The SBS classification for each star derived is stated with the
name. Those stars where we were unable to validate the SBS
are marked as unconfirmed (unc.). Those systems that present
ellipsoidal variations are marked as El.

4.1. Sagittarius-Sagitta
4.1.1. HD 164438 (= BD —19 4800 = ALS 4567) SB1

This SB1 system, classified as 09.2 IV, has an orbital solution
presented by Mayer et al. (2017). The period of the system is
10.25 d, with a small semi-amplitude K; = 26.9 km s~!, and
a fairly eccentric orbit (~0.3). We collected 27 spectra span-
ning 4300 days (about 12 years); five FEROS® spectra are in
common with Mayer et al. (2017). Both of our orbital solutions
(He1 45876 and x-corr RVs) are compatible with that derived
by Mayer et al. (2017). For He1 45876, we applied a correction
of +4 kms~! to the Mayer et al. (2017) RVs to bring them to
our rest frame (Fig. 1). An additional systematic difference of
+2.5 kms~! was also applied based on the RVs obtained from
the five FEROS epochs in common.

4.1.2. V479 Sct (= ALS 5039) SB1

This star is the counterpart of the X-ray source RX J1826.2 —
1450 (LS 5039; Motch et al. 1997), a y-ray binary that has
been extensively studied at all wavelengths from the radio to the
TeV regime, as it is one of the few confirmed massive X-ray
binaries associated with radio emission (McSwain et al. 2004).
There are only a handful of high-mass binaries with significant
emission at energies above 100 MeV: PSR B1259 — 63 and
LS I +61°303 are two well-studied examples, both containing
a Be star (Abdo et al. 2009), while V479 Sct was the first found
with an O-type star and has the shortest orbital period of the
whole set. This star has also been proposed to be a runaway

8 Fiber-fed Extended Range Optical Spectrograph installed at the
MPG/ESO 2.2-m telescope located at ESO’s La Silla Observatory.
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Fig. 1. Orbital solutions for HD 164 438 obtained only with MONOS
data. Upper panel: new orbital solution for HD 164 438 obtained from
our RV measurements of the HeI 45876 line using a Gaussian fit. The
orbital solution was obtained using the SBOP code. Lower panel: orbital
solution using our x-corr RV measurements. The RVs determined by
Mayer et al. (2017) (red circle) are shifted by 6.5 kms™! to bring them
to our velocity rest frame. MONOS RVs are shown with the navy square
symbols. The dotted blue line shows the y of the system.

(Rib6 et al. 2002; Maiz Apelldniz et al. 2018), probably ejected
in a violent episode from either Ser OB2 or Sct OB3.

V479 Sct is composed of a massive ON6 V((f))z star (Maiz
Apellaniz et al. 2016) and a compact object companion. The
nature of the compact object is still a matter of debate: options
that have been explored are a micro-quasar, a black hole (BH)
companion, and a young non-accreting neutron star (NS) inter-
acting with the wind of the O-type star (see Dubus 2013, and
references therein).

The first optical orbital solutions published (see Table A.2)
correspond to a short period, P ~ 4.4 d, and a high eccentric-
ity, e ~ 0.4 (McSwain et al. 2001, 2004). More recent orbital
solutions point to a different period, P = 3.906 d, and a smaller
eccentricity, e ~ 0.24-0.35, (Casares et al. 2005; Aragona et al.
2009; Sarty et al. 2011). It is worth noticing that P = 3.9 d
was also found independently at higher energies (Hadasch et al.
2012; Abdo et al. 2009; Aharonian et al. 2006).

We collected 18 spectra spanning about 19 years, although
some of them have a low S/N (due to the faintness of the
source, B = 12.2). We determined a new orbital solution using
RVs derived from the HeIl 15412 line, obtaining a period of
P = 3.9061 d and an eccentricity of e = 0.28, confirming the
solution derived by Sarty et al. (2011). We also explore the RVs
of He 1 15876 line, obtaining a similar orbital solution albeit with
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a higher eccentricity of e = 0.34. Overall, our orbital solutions
are compatible with that obtained by Sarty et al. (2011), with the
exception of the y value of the system. Ours is +6 km s™! higher,
probably due to differences in the lines used and the rest wave-
lengths assumed. Sarty et al. (2011) used the average of RVs
determined from He 11 14200, 4686 and 5412 lines.

A systematic blue-shift in the RVs for H and HeI respect to
He 11 has been detected in previous studies (Casares et al. 2005;
Aragona et al. 2009; Sarty et al. 2011), and we confirm this find-
ing. Finally, we also explored the orbital solution derived from a
metallic ion, O III 15592, finding a comparable solution, except
for the vy value (Fig. B.1 upper left panel), which is shifted by
+22.6 kms~' with respect to the value of Sarty et al. (2011)
(or +16 kms™! with respect to our HeT 45876 solution). This
is an interesting result for two reasons: first, the OTII 15592
line is expected to be much less affected by the wind interac-
tion with the compact object than the He II lines; and second, the
v value difference of about 16—23 km s~! is relevant, given that
this object is a runaway star. The systemic y value combined
with Gaia data can be used to trace back the system’s trajec-
tory accurately and then help to determine from which cluster
or association the system was ejected. The visual inspection of
the O-type spectrum reveals a strong nitrogen enrichment and a
carbon depletion, a characteristic also noted by Aragona et al.
(2009), which may be a sign that the system underwent mass
transfer.

4.1.3. 9 Sge (=HD 188001 =QZ Sge =BD +18 4276 =
ALS 10596) Single

This O7.5 Iabf runaway star (Mdzinarishvili 2004; Schilbach
& Roser 2008) was proposed as an SB1 system by Aslanov
et al. (1984), who determined an orbital period of 78.3 d, a
small RV semi-amplitude, and a moderate eccentricity of 0.38.
Adopting a similar period (P = 78.74 d), Underhill & Matthews
(1995) recalculated the probable orbital solution, obtaining a
larger eccentricity (e = 0.556), but a different orbital orienta-
tion. Both published orbital solutions show large scatter, throw-
ing doubt into the binary status of the star. McSwain et al. (2007)
investigated the consistency of those orbital solutions through
the analysis of 97 historic RVs and eight new ones, gathered dur-
ing almost 80 years, finding a noisy period of P = 29.83 d, which
they considered as spurious, concluding that the star is probably
single. It should be taken into account that the collected RVs by
those authors are derived from measurements of lines produced
by different ions, which as we will see, show different behavior.

We collected 108 spectra spanning 15 years of monitor-
ing, most of them obtained in two observing runs (around
the years 2011 and 2013), specifically devoted by the ITACOB
project to investigate variability due to stellar oscillations in
this star. Some spectral lines show significant profile variations,
especially the Balmer lines and HeT lines, while metallic ions
show smaller variations. Figure 2 shows representative profiles
at different epochs for the HeT 45876 and Ol 15592 lines,
as representative for stronger and weaker profile variability,
respectively.

We performed a periodic signal search with the LS method
by using the RVs determined for different ions. Periodograms do
not present any conclusive common periodicity. Different ions
display structured periodograms with low amplitude peaks at dif-
ferent frequencies, most of them centered around 0.1 and 0.4 d-n.
As an example, Fig. 3 shows the periodogram, again, for the
HeT 45876 and O 11T A5592 lines.
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Fig. 3. LS power spectrum derived from the RVs of He 1 15876 (left panel) and the O 111 15592 (right panel) absorption lines of 9 Sge.

Peak-to-peak radial velocity variations (RV,,) for differ-
ent ions are about 25 kms~!, on a timescale of a few days
(Fig. 4). Visual inspection of RV subsets obtained during con-
secutive nights does not find a coherent pattern, as expected
for a spectroscopic orbit. This picture suggests that the star is
pulsating and not an SB1 system. Indeed, as shown by Simén-
Diaz et al. (2020b), the effect of stellar oscillation on the mea-
sured RV in late O and early B supergiants can be as high as
20-25 kms™.

Low-frequency photometric variability has been detected in
O-type supergiants linked to stellar oscillations (cf. Burssens
et al. 2020). The TESS LC (sector 14) is plotted in Fig. 5.
The stochastic low-frequency variability of about 60 mmag
is easily identified. In this sense, the case of 9 Sge
seems to be similar to HD 151804 (V973 Sco, OS8 Iaf;
Ramiaramanantsoa et al. 2018), which presents a similar type
of variability. Given the RV and photometric variability, we

conclude that 9 Sge is not a spectroscopic binary system at a
detection level of ~20 kms™'.

For a kinematic analysis, the RV of a runaway star is a key
value, but in this case it is difficult to decide which value is
representative for the star. The x-corr RV value is determined
from the cross-correlation of the spectrum of the star with a
FASTWIND synthetic spectrum. As mentioned previously, the
available grid of FASTWIND synthetic spectra only includes H,
He1, and He 11 lines. In the case of O-type supergiants, the shape
of some of those lines could be affected by the wind, and so
x-corr RV measurements could be subject to a systematic shift.
In Table 8, we present the average RV measurement derived from
x-corr and Gaussian fit for different lines in 9 Sge (and other sin-
gle stars, as will be mentioned later). The difference in the RV
values is apparent. For 9 Sge in particular, we assume that the
RV value corresponding to the O 11 45592 line is likely to be
more meaningful because this line is less affected by winds. This
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Fig. 4. RVs of the OIII 15592 line measured on a timescale of seven
days in 9 Sge. These RV variations are not compatible with binary
motion.
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RV= 23.7 kms~! could be compatible with the runaway nature
of the star, although a review of the proper motions of the star
using Gaia data is important.

4.2. Cygnus

4.21. Cyg X-1 (= V1357 Cyg = HDE 226 868 = BD +34 3815
= 'ALS 10678) SB1E

Cyg X-1 was the first Galactic source suggested and then con-
firmed to host a stellar mass BH. It is one of the brightest X-ray
sources and one of the most observed objects in the sky at all
the wavelengths, from radio to GeV 7y rays. A spectroscopic
monitoring of this famous O-supergiant carried out by Webster
& Murdin (1972) revealed the SB1 nature of the system, with
a period of 5.6 d. The orbital elements were revised by Gies
& Bolton (1982), finding a refined period of P = 5.59974 d
and a small eccentricity that is not statistically significant (see
Table A.2). The first orbital solution derived by using digi-
tal reticon data was produced by Ninkov et al. (1987), who
derived essentially the same elements as Gies & Bolton (1982).
Brocksopp et al. (1999) collected 421 RVs from 14 different
sources and determined a period P = 5.599829 d, consistent with
the photometric one. Through a specific five-year spectroscopic
monitoring program, Gies et al. (2003) determined new orbital
elements using the RVs of the He 1 16678 absorption line, adopt-
ing the period from Brocksopp et al. (1999) and assuming e = 0.
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Following that study, Gies et al. (2008) refined the orbital solu-
tion with more RV data, but again adopting a fixed period. A new
dynamical model for the system was developed by Orosz et al.
(2011), who, by combining all published RVs and photometric
data, found a small but significant eccentricity (e = 0.018) after
adopting the period given by Brocksopp et al. (1999).

In LiLiMaRlin, we collected 31 spectrograms (between 2008
and 2019). Although our data set is much smaller than those of
previous studies, it has the advantage of being the newest since
the measurements presented by Gies et al. (2003) and Gies et al.
(2008), which cover the year intervals 1998-2002 and 2002—
2003, respectively.

The spectrum of Cyg X-1 is variable during the orbital cycle
and hardness state, with the variability especially noticeable in
He (cf. Yan et al. 2008; Gies et al. 2008). This spectral vari-
ability has an impact on the line profile of different ions, and
thus RVs determined could depart from the expected values for
a spectroscopic orbit. For example, the orbital solutions calcu-
lated from our Gaussian RV measurements of He1 45876 and
He 11 15412 show small eccentricities (e = 0.075, and e = 0.017,
respectively), but they are within the errors and can be con-
sidered circular. In the case of O III 15592, the orbital solution
converges to a quasi-circular orbit (e = 0.008 + 0.007) (these
preliminary orbits are not included in Table A.2, see below).

Consequently, we explored the circular orbit solution and
obtained one for each line. The best period determined from our
orbital solutions is P = 5.59975 + 0.00004 d, in good agree-
ment with previous values. The semi-amplitude also has differ-
ent values depending on the ion measured. For example, K| =
83.8 kms~! is obtained for He 1T 15412, while for O 11 15592,
we find K, = 77.5 kms~!. Figure B.1 (upper right panel) shows
the orbital solution for He 11 15412, and Table A.2 lists the orbital
elements. In the case of He 1 15876, the profile presents an incipi-
ent red wing emission, resulting in a blue shift of the barycentric
velocity of the orbit to y = —14.7kms™!, and a lower semi-
amplitude, K; = 74.2 kms~!. It is interesting to note that the
higher value of K| = 83.8 kms~! obtained for He 1 15412 leads
to a change in the value of the mass function, increasing it by
about 35%, from f(m) = 0.23 + 0.007 M, (Gies et al. 2003) to
f(im) =0.341 +0.016 M.

The TESS LC obtained in sector 14 shows a complex
structure (Fig. B.5 upper panels). The amplitude of the ellip-
soidal variation grows through the observing cycle, from about
45 mmag at the beginning and reaching 75 mmag at the end
of the cycle. These changes in the amplitude could be associ-
ated with stochastic variations observed during the orbital cycle.
The folded LC illustrates these variations: the primary minimum
(around ¢ = 0.25), immediately after the first quadrature, is more
stable, but the secondary minimum, around ¢ = 0.75, presents
noticeable changes, perhaps related to the activity of the system.

In the future, we plan to do a more complete analysis of the
Cyg X-1 orbit incorporating new data.

4.2.2. BD +36 4063 (= ALS 11334) SB1E (El.)

This ON9.7 Ib active mass-transfer binary system (Williams
et al. 2009) belongs to the special group of ON stars
(Walborn et al. 2016) and shows substantial variability. Williams
et al. (2009) presented the first spectroscopic orbit based on
the analysis of seven intermediate resolution (R = 2400) blue
spectra obtained during six consecutive nights. Radial veloc-
ities were determined by using a cross-correlation method
against a TLUSTY synthetic spectrum (Lanz & Hubeny 2007),
and assuming a circular orbit (Table A.2). They adopted the
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photometric period, P = 4.8126 d, determined from ellipsoidal
variations in a photometric time series obtained in 1999 and
2003-2007. The star is classified as eclipsing in the Variable Star
Index (VSX; Watson et al. 2006).

In LiLiMaRlin, we have nine spectra obtained during 2018
and 2019, covering the complete orbital cycle. The spectral
behavior shows the back-and-forth movement of the absorption
lines during the orbital cycle. During quadratures, emission lines
are noticeable opposite to some absorptions, for example He,
HB, He1 45876, and Hel 16678 lines. Given the complexity
of the line profiles in the spectrum, we chose to measure the
line that shows the most symmetric profile using Gaussian fit-
ting, namely, He Il 15412 A. The new orbital solutions deter-
mined using this line can be qualified as very good. The period,
P = 4.81202 d, and semi-amplitude, K; = 158.3 kms~!, are
very consistent with the solution determined by Williams et al.
(2009), but an eccentricity is detected, e = 0.09 (this preliminary
orbit is not in Table A.2, see below).

In order to improve the orbital elements, especially the
period, we combined our RV measurements with those deter-
mined by Williams et al. (2009), after a velocity shift of
+11.8 kms™!, to put them in our rest frame. Figure B.1 (middle
left panel) shows the orbital solution with the combined sets of
RVs. The period found is very robust, considering that the time
interval between observations is more than ten years. In addi-
tion, the eccentricity derived, e = 0.01 +0.02 is consistent with a
circular orbit. Therefore, we adopt the combined solution as the
final one. Table A.2 shows all orbital elements for this binary.

It is interesting to note that although the spectrum of the sys-
tem shows a complex behavior along the orbital cycle, the orbital
solution is very reliable despite being determined by combining
different data sets with different resolving power and measured
with different methodologies. This stability gives the possibility
to unravel the invisible companion star in a dedicated spectro-
scopic study.

The TESS LC (Fig. B.5 middle left panel) shows ellipsoidal
variations and confirms the VSX classification. Therefore, its
SBS changes to SBIE.

4.2.3. HDE 229234 (= BD +38 4069 = ALS 11297) SB1E
(EL)

This O9 III system in NGC 6913 was proposed as an SBI
by Liu et al. (1989). It has two orbital solutions published
by Boeche et al. (2004), and more recently, by Mahy et al.
(2013). Both solutions are compatible with a circular orbit, with
a period of 3.511 d, and a small semi-amplitude, K; = 48 km s7!
(Table A.2). These orbital solutions were derived from RVs
determined by the average of values obtained from Gaussian fit-
ting to He I and He II absorption lines.

In the framework of the MONOS project, we collected ten
spectra strategically placed at both quadratures, in two groups
separated by 1000 and 2100 days after the last observation by
Mahy et al. (2013). To obtain a combined orbital solution, we
need to bring the published RVs to our rest frame. Firstly, we
obtained an orbital solution by using only our RVs, determined
from the line HeI 14471, and subtracted the appropriated y to
each of the published data sets, namely, 14.3 km s~! for the RVs
from Boeche et al. (2004), and 13 kms~! for the values from
Mahy et al. (2013). Then, we combined our RV measurements
with those obtained in previous works shifted by these appropri-
ate amounts. The LS periodogram of the combined data yields
a period of P = 3.51039 d, confirming previous findings. We
also confirm the parameters of the previously published orbital

solutions, but an apparent scatter up to 10 kms™! is seen in the

RVs. We suggest that it can be related to stellar pulsations or
wind variability. Figure B.1 (middle right panel) illustrates the
mean orbital solution obtained by combining the RVs measured
by Boeche et al. (2004), Mahy et al. (2013), and ours. As pre-
viously mentioned, RV variations have been observed in O-type
giants and supergiants related to pulsations, an effect that can be
confirmed through the inspection of the TESS photometric time
series. Figure B.5 (lower panels) shows the TESS LC obtained in
sector 14 and 15. It shows periodic ellipsoidal variations with an
amplitude of about 35 mmag and superimposed stochastic varia-
tions, which can introduce a small scatter in the RVs. Therefore,
its SBS changes to SBI1E.

4.2.4. HD 192281 (= V2011 Cyg = BD +39 4082 =
ALS 10943 = SBC9 2383) Single

This O4.5 IV (n)(f) runaway star (Maiz Apelldniz et al. 2018) and
fast rotator (vsini = 292 kms™', Simén-Diaz & Herrero 2014)
was identified as an SB1 system by Barannikov (1993), who
determined an orbital period of 5.48 d, a small semi-amplitude
K; = 16.8 kms™!, and an eccentricity of 0.19. This orbital
solution was derived using photographic spectra obtained at a
reciprocal dispersion of 44 Amm™! (equivalent to intermediate
resolution), which raises doubts about the reliability of that solu-
tion, taking into account the broad absorption profile of the star.
De Becker & Rauw (2004) studied the star in detail and did not
find any evidence of RV variability due to binarity on timescales
of several days to a year. Moreover, they detected a periodic
modulation of the emission wings of Hell 14686 line with a
period of about 1.5 d, which is probably rotationally modulated,
although non-radial pulsations could also be considered.

We analyzed 23 LiLiMaRlin spectra spanning 18 years. The
main feature is the spectral variability, as it was highlighted by
De Becker & Rauw (2004). Noticeable changes are seen in the
He 11 14686 emission wings, and also in other absorption profiles
(e.g., HeI A5876; see Fig. 6). Our RVs determined by using the
x-corr method show a mean value of —28.8 +4.9 kms™!, with an
RV, ~ 16 km s~!. In addition, the RVs determined by Gaussian
fitting of prominent absorption lines He Il 44542, He 1l 15412,
and He1 45876 show scattered values with mean values —28.2 +
5.6, -26.0 +4.2, and —40.6 + 7.9 kms~!, respectively.

Barannikov (1993) reported light variations with an ampli-
tude of 0.04 mag and a probable period of 9.59 d. This possible
periodic photometric variability is not confirmed by HIPPARCOS
data (see S. Otero’s remark in the VSX database entry for
V2011 Cyg). We also checked for possible photometric vari-
ability by using the KWS (Machara 2014) V-band observa-
tions between 2011 and 2019. These data, with a mean value
of V. = 7.572 + 0.032 mag, do not show any periodicity. Like-
wise, the TESS LC obtained in sectors 14 and 15 shows stochas-
tic light variation with a timescale of 0.9 d and an amplitude of
about 25 mmag (Fig. B.5 middle right panel). The photometric
and RV variability indicates that this object is therefore not an
SB1 system, and thus we modify its status to single.

4.2.5. HDE 229232 AB (= BD +38 4070 AB =
ALS 11296 AB) Single

This early O-type star was identified as an SB1 system by
Williams et al. (2013), who determined a preliminary period
P = 6.2 d, in a low semi-amplitude (K; = 15.6 kms™') circular
orbit. Aldoretta et al. (2015) identified the B companion, with a
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Fig. 6. He1 15876 (upper) and He 11 14686 (lower) absorption lines of
HD 192281 at different epochs: 100807_I (blue), 101024_I (orange),
111108_M (green), and 150901_P (red).

Am = 1.2, and a minimum separation of 12.8 mas. As noted in
MONOS I, the maximum separation is about 40 mas.

For this star, we only have 9 spectra in LiLiMaRlin. We
measured several Hel and HeII lines, and were unable to find
any periodicity (Fig. 7). Using IACOB-BROAD (Simén-Diaz
& Herrero 2014), we found that this star is a fast rotator with
vsini = 280 kms~!, very similar to the value of 273 + 19 kms™!
found by Williams etal. (2013). RVs presentan RV, ~ 30kms™!,
about 11% of the vsini, which together with the lack of a clear
periodic signal in the LS periodogram, even combining our mea-
surements with those of Williams et al. (2013), leads us to think
that this star is likely a pulsating variable instead of an SB1. Inter-
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estingly, the LS periodogram of TESS data obtained in sector 14
show a clear peak at frequency f; = 1.65761d™! (P = 0.60328 d).
Figure B.6 (upper left panel) shows the folded LC using that
period. The rotational or ellipsoidal cycle is apparent with an
amplitude of about 7 mmag. The analysis of x-corr RVs using
such a period offers an interesting result: it is possible to get orbital
solutions with a pretty similar compatible period (P = 0.60513 d;
Fig. B.1 lower left panel). In that solution, eccentricity is assumed
as e = 0. Given the large vsini, we suggest the possibility that
this period could be related to a modulation by stellar rotation;
the expected rotational periods are around P = 0.6 — 0.85 d.
If the orbital solution is validated should implicate a very low-
mass companion due to the very small mass-function, f(m) =
0.0011 M. A low orbital inclination is not compatible with the
fast rotator nature of the O star, unless there is a strong misalign-
ment of the stellar spin with respect to the orbit. Therefore, we
conclude that HDE 229232 AB is not a binary, and the status
changed to single.

4.2.6. ALS 15133 (= RLP 1592 = [MT91] 70) SB1 unc.

Kobulnicky et al. (2012) identified this star as a very long-period
(P = 2259 d) SB1 system. The RVs were determined from
spectra obtained during a period of time spanning 4400 days at
three different observatories. The orbital solution was obtained
after the combination of RVs but applying a systematic shift
of =10 kms~! to Wisconsin Infrared Observatory data. Given
the long period of the system and the small semi-amplitude
(K1 = 9+1kms™!), the proposed SB1 status should be checked.
Aldoretta et al. (2015) did not detect any close astrometric com-
panion at a scale of a tenth of an arcsecond, although a faint
companion is placed 4.4 arcsec away (cf. MONOS I).

There is only one spectrum of this star in the LiLiMaRlin
database, and thus we cannot give additional information about
the quality of the orbital solution. As a comparative example, the
RV determined by Gaussian fitting to the He 1 15876 absorption
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Table 4. Heliocentric time of minima determined for Cyg OB2-22 C.

T inin Error (O-C)  Source
HJD-2400 000 d d

50284.263 0.004 -0.005 P&K98
50292.586 0.003 —-0.006 P&K98
50317.553 0.004 -0.012 P&K98
56102.952 0.007 0.092 Sal5s
58687.519 0.005 0.005 TESS
58 691.685 0.005 0.009 TESS
58695.816 0.005 -0.022 TESS
58 699.995 0.005 -0.005 TESS
58704.154 0.005 -0.008 TESS
58708.321 0.005 -0.003 TESS
58712.482 0.005 -0.004 TESS
58716.647 0.005 -0.001 TESS
58720.787 0.005 -0.023 TESS
58729.122 0.005 -0.012 TESS
58733.293 0.005 -0.003 TESS

References. (P&K98) Pigulski & Kotaczkowski (1998); (Sal5) Salas
et al. (2015).

line is —6.6+ 0.6 km s~!, corresponding to an orbital phase 0.256,
using the ephemeris proposed by Kobulnicky et al. (2012). This
value is shifted +6.9 km s~! with respect to the RV expected from
that solution. Part of this shift (+3.5 kms™') is explained by the
different choice of the rest wavelength for this line compared with
those authors. Therefore, we leave this star in the SB1 category,
but we were unable to confirm the results; thus, as we stated at the
beginning of this section, the “unc.” in the SBS classification.

The TESS LC (sectors 14 and 15) shows stochastic light vari-
ations with a dispersion o = 1.5 mmag, a significant value com-
pared with the median error of measurements, € = 0.35 mmag).
The LS periodogram reveals a somewhat significant signal com-
posed of two main periods, Py = 2.600 d and P, = 4.585d
(fi =0.385d " and f, = 0.218d ™!, respectively). As proposed by
Burssens et al. (2020), the main peak could be related to the rota-
tional frequency. Thus, for the 09.5 IV component, the rotational
frequency vy, ~ 0.385 d~! brings expected rotational velocities
v ~ 145-260 kms~!, adopting stellar radii from 7.4 to 13.3 R,
for a 09.5 V or 09.5 III star (Martins et al. 2005).

4.2.7. Cyg OB2-A11 (= ALS 21079 = [CPR2002] A11 =
[MT91] 267) SB1

Kobulnicky et al. (2012) determined the first spectroscopic orbit
of this O7 Ib(f) member of Cyg OB2 association, with a period
P = 15.511 d, a small semi-amplitude (K; = 24 km s‘l), and a
moderate eccentricity of 0.21. They also suggest that the large
residual in the RV-curve solution could be produced by photo-
spheric line variations (a common feature in O-type supergiant
stars; see, e.g., Simon-Diaz et al. 2021), or due to the presence of
an unresolved third body. We note that the ephemeris published
by Kobulnicky et al. (2012) might not be precise because listed
dates are given in fractions of 0.25 d.

We obtained 13 spectra over seven years, distributed along
the orbit. The orbital solution we found using only our data
is consistent with that obtained by Kobulnicky et al. (2012),
although the period is somewhat shorter, P = 15.446 d and a
marginally higher eccentricity was found (this preliminary orbit
is not shown in Table A.2, see below).

To complete the analysis, we explored a combined orbital
solution, obtaining a similar period P = 15.443 d, and congru-
ent, albeit slightly lower, eccentricity e = 0.136 (Table A.2).
In this solution, we used the RV determined by Gaussian fit-
ting to the HeT 45876 absorption line in order to compare with
the results obtained by Kobulnicky et al. (2012) (applying a
+3.5 kms™! correction to bring them to our rest frame, Fig. B.1
lower right panel). Both the combined and individual orbital
solutions show a scatter in the RV residuals, for example, in the
combined solution the probable error is 4.2 km s~ that is, about
15% of the semi-amplitude. This phenomenon is not unexpected
in O-type supergiants affected by variable stellar wind and pul-
sations. They are manifested through the He profile changes and
also in the morphology of the TESS LC. Again, the TESS LC
obtained in sectors 14 and 15 displays stochastic variability with
a timescale of about 1.0 d and an amplitude of about 30 mmag
(Fig. B.6 upper right panel).

4.2.8. Cyg OB2-22 C (= V2185 Cyg = ALS 15127 =
[MT91] 421) SB1 unc. + E

Pigulski & Kotaczkowski (1998) discovered that Cyg OB2-22 C
is a detached eclipsing system with a period P = 4.161 d
(improved by Salas et al. 2015, to P = 4.1621), in a circular
orbit (or ecosw ~ 0). The LC of this 09.5 IIIn star shows a
flat minimum, indicating total or annular eclipses, diluted by the
presence of an important contribution from a third light. Despite
many studies about the massive stellar content and binaries in
Cyg OB2, this star has never been observed systematically to
obtain an RV orbital solution. In fact, the assumption about the
characteristics of the secondary as a star of spectral type B9-
AO V was inferred from a noisy and contaminated LC (Pigulski
& Kotaczkowski 1998).

We only have seven spectra of this object, covering only four
nights (three in 2012 and one in 2019), and with a poor S/N,
not enough for RV orbital analysis. Nevertheless, we explored
the behavior of several absorption lines of HeT and He I1. These
lines are very broad (vsini = 266 kms™!). The best stellar line
in our spectra is He 1 45876, which shows a well-defined profile
without a clear signal of spectroscopic splitting, although small
changes in the core and wings are apparent. We measured RVs
using the Gaussian fitting method. These RVs show relatively
small changes of about 20-30 kms~!, a value unexpectedly low
for a close binary. The question that arises is about the orbital
phases that these RVs correspond to. Since the ephemeris deter-
mined by Pigulski & Kotaczkowski (1998) are from about 25
years ago, we need more recent ephemeris to avoid propagating
errors in the determination of the orbital phases.

We undertake the task of calculating a new ephemeris by
using the time of minima provided by Pigulski & Kotaczkowski
(1998), and calculating new ones with the data used by Salas
et al. (2015), and based on the TESS time series. Although
the extracted TESS data (sectors 14 and 15) includes the entire
Cyg OB2-22 cluster, the eclipses can be noticed, even if affected
by the heavy dilution and stochastic variability produced by the
other stars within the aperture (Fig. B.6 middle left panel). The
LS periodogram shows a sharp maximum at P = 4.1621 d, close
to the value found by Pigulski & Kotaczkowski (1998) and Salas
et al. (2015). The folded LC is also shown in Fig. B.6 (middle
right panel).

Table 4 lists the time of minima recompiled and calculated,
while Fig. 8 (left panel) displays the observed minus predicted
time of minima (O — C) adopting a linear ephemeris. As it
is noted in that figure, time of minima are deviated from that
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Fig. 8. Results of the analysis for Cyg OB2-22 C. Left panel: heliocentric time of minima determined for Cyg OB2-22 C. Right panel: He1 15876
(blue squares) and He I1 15412 (green triangles) RVs of Cyg OB2-22 C folded with the adopted ephemeris. It is important to note that they do not

represent the orbit of the O star.

linear ephemeris, suggesting two alternatives: (a) the period is
variable; or (b) there is a travel-time effect due to the presence of
a third body. Obviously, these sparse observations are not enough
to solve the puzzle. Thus, the adopted ephemeris is:

MinI = HID 2456 102.860 + 4.162083 x E,

E being the orbital cycle. Figure 8 (right panel) shows the RV
values for the He I 45412 and He I A5876 lines folded with this
ephemeris. We note that RVs near the expected upper quadra-
ture (¢ = 0.73) do not show a special behavior compared with
those near ¢ = 0.21, halfway to the lower quadrature. This sce-
nario suggests that the O-type star is not part of the eclipsing
system. In that case, we would probably be in the presence of a
triple system, made up of a close binary (probable early or mid
B-type components), and an O star in a more distant orbit. A sys-
tem with these characteristics is known: 29 CMa (HD 57 060;
Sota et al. 2014), composed of an O-type supergiant star that
shows clear eclipses with P = 4.39 d, but no spectroscopic
features in the O spectrum moving with that period have yet
been found. Another similar (but even more complex) system
is 7 CMa Aa,Ab (Maiz Apelldniz & Barbd 2020).

Therefore, given the RV variations detected in the O-type
component, we propose a new SBS as SB1 unc. + E.

4.2.9. Cyg OB2-22 B (= ALS 19499 A = Schulte 22 B =
[MT91] 417 B) SB1 unc.

This star, classified as O6 V((f)) in GOSSS I (Galactic O-Star
Spectroscopic Survey; Maiz Apelldniz et al. 2011), is the astro-
metric companion to the O3 If* star Cyg OB2-22 A, separated
1.5 arcsec. It was identified as an SB1 system by Kobulnicky
et al. (2014). They obtained a period P = 38 + 0.2 d and an
eccentricity e = 0.21, but they warned that the very small semi-
amplitude (K; = 9.5 kms™") RV curve is not well sampled at all
orbital phases, making the derived parameters possibly uncer-
tain.

In LiLiMaRlin, we obtained four spectra over two nights,
but the spectra show evident light contamination from the earlier
close companion Cyg OB2-22 A. Given the difficulty to isolate
the two close components A and B with échelle spectrographs,
we will revisit this object in the future using data from long-slit
observations. Thus, we classify the status as SB1 unc.
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4.2.10. Cyg OB2-41 (= ALS 15144 = [MT91] 378) SB1

Kobulnicky et al. (2014) published the first spectroscopic solu-
tion for this 09.7 II(n) system. The orbit is characterized by a
period P = 29.41 d, a semi-amplitude K; = 36.3 km s~! and an
eccentricity e = 0.23.

In LiLiMaRlin, we collected two spectra separated by 93
days. Both data points are located near the quadrature. Combin-
ing our RVs obtained for the He1 45876 absorption line, with
the RV values determined by Kobulnicky et al. (2014) (applied
the +3.5 kms™! correction), we redetermined the orbital solu-
tion, confirming its overall shape but finding a slightly shorter
period P = 29.37 d and a larger semi-amplitude of K =
41.8 kms~!, which makes the mass function of the system a bit
larger (Fig. B.2 upper left panel).

TESS time series obtained in sectors 14 and 16 show a pat-
tern of irregular stochastic variations with a small amplitude of
about 6 mmag. The periodogram reveals a main periodic sig-
nal at 3.317 d, with a secondary peak at 4.483 d. Following
Burssens et al. (2020), if the main periodic feature corresponds
to the rotational period of the primary star, the rotational fre-
quency e ~ 0.3 d™! could correspond to a rotational velocity
v ~ 200 kms~!, adopting a stellar radius of 13.3 R, for a 09.5 III
star (Martins et al. 2005). Therefore, we conclude that the pho-
tometric period is not related to the orbital motion of the star
(middle left panel of Fig. B.7).

4.2.11. ALS 15148 (= RLP 853 = [MT91] 448) SB1E (El.)

Kobulnicky et al. (2014) discovered that this early O-type star
is a short-period (P = 3.17 d), small semi-amplitude (K; =
27.7 kms™!), and eccentric (¢ = 0.1 + 0.06) SB1 system. The
period was also confirmed by Salas et al. (2015), who detected
photometric ellipsoidal variations.

For this object, we have ten spectra covering five differ-
ent nights over seven years. We calculated a new orbital solu-
tion by combining our HeI 45876 RVs with those obtained by
Kobulnicky et al. (2014), taking into account the +3.5 kms™!
shift due to the different rest wavelength adopted for the
He1 45876 line, and found a very similar solution. It is
worth noticing that the small eccentricity found by both
Kobulnicky et al. (2014) and us (0.1, and 0.06, respectively)
is compatible with a circular orbit. The new orbital solution
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is listed in Table A.2, and plotted in Fig. B.2 upper right
panel.

The TESS LC shows clearly the ellipsoidal variation
detected by Salas et al. (2015), confirming the orbital period
(Fig. B.6 lower panels). Therefore, its SBS changes to SBIE.

4.2.12. Cyg OB2-1 (= ALS 11401 = Schulte 1 = [MT91] 59)
SB1E+Ca

In MONOS I, we classified this star as O8 IV(n)((f)), and
identified an astrometric companion at 172 (Az = 2.66 mag).
Caballero-Nieves et al. (2014) detected that companion using
FGS/HST® (Amgsgs = 2.58 mag), although they only provided
a lower limit separation (751.3 mas). The system is cataloged as
WDS 20312+4132 in the Washington Double Star Catalog.

The system was revealed as an SB1 by Kiminki et al. (2008),
who presented a preliminary orbit, which was improved by
Kobulnicky et al. (2014). Laur et al. (2015) discovered that Cyg
OB2-1 is also an eclipsing system. Those authors confirm a sig-
nificant eccentricity (e = 0.14), for the given short period deter-
mined, P = 4.8523 d. Thus, the SBS status of the system changes
from SB1+Ca to SB1E+Ca.

Since we have only two LiLiMaRlin spectra (obtained in
2018 and 2019), we combined our RV measures with those
determined by Kobulnicky et al. (2014) to obtain a refined solu-
tion, in a similar procedure as performed for other systems in
the Cyg OB2 association. In this case, we combined RVs deter-
mined for the absorption line He I 14471, and the derived orbital
solution is compatible with that calculated by Kobulnicky et al.
(2014) (Fig. B.2 middle left panel).

The TESS LC obtained in the observation of sectors 14
and 15 clearly displays two narrow eclipses of different depths
(Fig. B.7 upper panels). The LC also shows superimposed
stochastic variations of about 4 mmag. The orbital eccentricity
is confirmed based on the phase separation of both eclipses. The
depth of the secondary eclipse suggests an important contribu-
tion of the secondary component to the total light of the sys-
tem, but the visual inspection of our LiLiMaRlin spectra located
near the upper quadrature does not show any evidence of spec-
tral lines belonging to that component. The pulsational vari-
ability superimposed on the LC could be explained in terms of
the heartbeat variables (Thompson et al. 2012), meaning short-
period highly eccentric binary systems that have dynamical tidal
distortions and tidally induced pulsations.

4.2.13. ALS 15131 (= RLP 666 = [MT91] 390) SB1 unc.

This SB1 system discovered by Kobulnicky et al. (2014) has a
very small semi-amplitude (K; = 5.4 kms~!), with a period P =
4.63 d. It is worth noticing that this semi-amplitude is similar
to the expected RV, due to pulsations for an O-type dwarf star
such as this O7.5 V((f)).

The orbital solution is not well constrained, and the system
must be monitored to improve it, but the faintness of the system
imposes a challenge. Considering that we only have one spec-
trum, we cannot analyze the validity of the published orbit, and
more data are therefore needed.

TESS time series obtained in sectors 14 and 15 shows
stochastic variations with a maximum amplitude of about
10mmag. The LS periodogram does not show prominent fre-
quencies, the two dominants being 0.35973 d~! and 0.87193 d~!

° Fine Guidance Sensor (FGS) on board the Hubble Space Telescope
(HST).

(2.7799 d and 1.14688 d, respectively), which are not related to
the proposed orbital period.

4.2.14. Cyg OB2-20 (= ALS 11404 = [MT91] 145) SB1

Kiminki et al. (2009) calculated the first orbital solution for this
SB1 system, later revised by Kobulnicky et al. (2014). The sys-
tem was reclassified as 09.7 IV in MONOS 1.

For this system, we collected three IACOB spectra, unin-
tentionally near the same orbital phase, but with the advantage
of increasing the time line by more than 4000 days since the
Kobulnicky et al. (2014) observations. Again, combining our
RVs determined for the Hel 14471 line, with those by
Kobulnicky et al. (2014) (shifted by +4.7 kms~! to bring their
RVs to our rest frame), we slightly refined the period to P =
25.125 d, certifying its validity (Fig. B.2 middle right panel).
The TESS LC in sectors 14 and 15 shows a noise level of 1 mmag
without any clear periodicity.

4.2.15. Cyg OB2-70 (= ALS 15119 = RLP 706 = [MT91] 588)
SB1 unc.

The orbital solution for this 09.5 IV(n) system determined by
Kobulnicky et al. (2014) is roughly constrained. Although data
were collected over 14 years, the small semi-amplitude (K; =
14.5 kms™!), large eccentricity (e = 0.51), and long period (P =
245.1 d) are factors that complicate the task of refining the orbit.
It should be mentioned that those authors highlighted that there
are other possible shorter periods ranging from 34.9 d to 174 d.
Although no data are yet available in our database for this object,
we plan to collect them in a future observational campaign.

The TESS time series obtained in sectors 14 and 15
shows stochastic irregular variations with an amplitude of about
5 mmag. The periodogram displays a weak periodic signal
around P = 2.718 d.

4.2.16. Cyg OB2-15 (= ALS 15102 = Schulte 15 =
[MT91] 258) SB1

This eccentric SB1 system, classified as O8 III in MONOS 1,
has a period P = 14.66 d (Kiminki et al. 2008; Kobulnicky et al.
2014).

Based on four LiLiMaRlin spectra obtained near the quadra-
tures, we determined a new orbital solution by combining our
He1 25876 RV measurements with those by Kobulnicky et al.
(2014) (Fig. B.2 lower left panel) shifted +3.5kms™!, as we did
for other Cyg OB2 systems. We confirm the previous finding,
with a period P = 14.6575 d and an eccentricity of e = 0.138.
The TESS data obtained in sectors 14 and 15 shows stochastic
irregular variations with a oo = 0.9 mmag.

4.2.17. ALS 15115 (= RLP 680 = [MT91] 485) SB1 unc.

This very long-period (4066 d = 11.1 a) O8 V SB1 system dis-
covered by Kobulnicky et al. (2014) has a not so well constrained
orbital solution due to the large eccentricity ¢ = 0.75 and very
small semi-amplitude, K; = 15.0 kms~!. At the moment, only
one orbital cycle has been covered. We do not have any spectra
in the LiLiMaRlin database, and so we cannot evaluate the valid-
ity of the orbit. We will visit this object in a future observational
campaign.

Again, the TESS time series obtained in sectors 14 and
15 shows stochastic variations with a o = 1.3 mmag. The
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Table 5. Significant frequencies in the TESS photometric time series of
Cyg OB2-11.

Frequency Period Power
d! d

0.9341 1.0705  47.7

1.5911 0.6285 37.0

1.6825 0.5944 319

1.3895 0.7197  31.6

1.8765 0.5329 304

LS periodogram shows a weak signal at P = 3.306 d (f =
0.302 d°1), which could represent a rotational velocity vioe ~
130 kms~!, for a R = 8.5 R, corresponding to an O8 V star (cf.
Martins et al. 2005).

4.2.18. Cyg OB2-29 (= Schulte 29 = ALS 15110 = [MT91]
745) SB1 unc.

Kobulnicky et al. (2014) derived an orbital solution for this
fast rotator O7.5 V(n)((f))z SB1 system. As the orbital solu-
tion shows a high eccentricity (¢ = 0.6) and a long period
(P = 151.2 d), but a small semi-amplitude (K; = 17.4 kms™"),
it will be essential to observe the system during the perias-
tron passage in order to confirm the solution. Although no data
are yet available within the LiLiMaRlin database, the system is
integrated into our future observing campaigns. The TESS LC
extracted from sectors 14 and 15 shows stochastic variability
with o = 1.2 mmag. The periodogram displays a barely detected
peak at P = 1.518 d (f = 0.659 d™!), which could represent a
rotational velocity vy ~ 300 kms™!, for a R = 8.9R, corre-
sponding to an O7.5 V star (cf. Martins et al. 2005). This prob-
able high rotation is congruent with the “(n)” qualifier in the
spectral classification.

4.2.19. Cyg OB2-11 (= BD +41 3807 = ALS 11438 =
[MT91] 734 = Schulte 11) SB1

This rare O5.5 Ifc star, GOSSS spectroscopic classification stan-
dard (Maiz Apellaniz et al. 2016), was identified as an SB1
by Kobulnicky et al. (2012). These authors presented an orbital
solution with a period P = 72.4 d, large eccentricity (e = 0.5),
and small semi-amplitude (K; = 26 kms™).

We obtained six spectra for this system in three different
epochs: four of them in 2011, one in 2016 and the last one
in 2019. Unfortunately, the three data sets are about the same
orbital phase (~0.65—-0.75). Following the same procedure as in
previous analyses, to obtain a new orbital solution, we combine
our RVs determined from the He1 45876 line with the values
provided by Kobulnicky et al. (2012). Their RVs were shifted by
+3.5 kms~! to bring them to our wavelength rest frame. Thus,
the orbit is confirmed, with a similar period (P = 72.488+0.05 d)
but slightly different eccentricity (e = 0.37 + 0.06) and semi-
amplitude (K; = 23.5 + 1.1 kms~!; Fig. B.2 lower right panel).
The RV residuals derived from the orbital solution are relatively
large given the sharp profile of He 1 15876 line. It is worth notic-
ing that this line shows an asymmetric profile, which may be
indicating that it is affected by stellar winds. Our spectra show
Ha as a P Cyg emission profile, with small variations between
2011 and 2019. Thus, RV changes induced by profile distortions
in lines affected by winds are not discarded. We determined the
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RVs for O 45592 line, which presents a narrow symmetric
profile, with the RV, =~ 3 km s~!in our three epochs. This RV
variation is also consistent for other HeT and He Il absorption
lines.

We inspected the TESS LC obtained in sectors 14 and 15,
detecting a stochastic variability of about 35 mmag and a typical
timescale for variations of about 0.5-1.1 d (Fig. B.7 middle right
panel). The periodogram analysis using the LS method gives
five main frequencies/periods, which are listed in Table 5. As
we mentioned before, this multifrequency variability has been
detected in O-type supergiants, and it can be linked to gravity
(g) modes (cf. Burssens et al. 2020), which are associated with
the slowly pulsating OB-type stars.

4.2.20. 68 Cyg (= HD 203 064 = V1809 Cyg = BD +43 3877
= ALS 11807 = SBC9 1295) Singie

Classified as a runaway (Maiz Apelldniz et al. 2018; Cruz-
Gonzdlez et al. 1974), this O7.5 IIIn((f)) star is a famous fast
rotator (vsini = 299 kms™', Simén-Diaz & Herrero 2014),
which has been previously often studied. In MONOS 1, a binary
status SB1? was set due to the quality of the orbital solutions
determined by Alduseva et al. (1982, see also Cherepashchuk
& Aslanov 1984), and by Gies & Bolton (1986). The for-
mer authors proposed a poorly constrained circular orbit with
P = 5.1 d and a small semi-amplitude of K; ~ 30 kms™!
from the RVs measurements of Hd using micro-photometer in
plates with a reciprocal dispersion of 44 Amm™'. The latter
authors also determined RVs from scanned plate spectrograms
at more significant reciprocal dispersion (12 Amm™"), deriv-
ing a different period for the RVs variations (P = 3.1781 d)
and semi-amplitude (K; = 6.9 kms™!) without any evidence
about the periodicity found by Alduseva et al. (1982). Notewor-
thy, both studies warned that RV variations in this fast rotator
could be related to inhomogeneities in the stellar wind, which
induces profile variations, or even pulsations. Additionally, dif-
ferent studies have also found random velocity variability within
a range of about 25 km 57! (e.g., Conti et al. 1977; Bohannan &
Garmany 1978; Garmany et al. 1980; Stone 1982). The star is
known to show substantial variability in the discrete absorption
components (DACs) present in resonance P Cygni profiles in the
FUV (Kaper et al. 1996). The timescale for the most persistent
DAC s variations is about 1.3 d. Lefevre et al. (2009) classified
the star as a long-term “unsolved” variable using HIPPARCOS
photometry, with an amplitude of about 0.03 mag.

The LiLiMaRlin sample consists of 33 spectra collected
during eleven years (2008-2019), plus one additional spectrum
obtained in 1996. Figure 9 shows representative profiles of the
He1 25876, He 11 14542, and O 111 15592 lines obtained in 2011
and 2014 in order to illustrate the complexity of the line vari-
ations. Profiles show the typical broad shape for a fast rota-
tor, with structured “features” moving in the core of the line.
Although it seems that there is a correlation of these features
between the different ions, they also have different strengths.
Another interesting behavior is the fast change in RV on a
timescale of few hours. RV measurements determined in 15
spectra obtained during three consecutive days show variations
up to 12 km s~ in six hours. Considering all of our RV measure-
ments, the range for variations is about RV, ~ 50 km s!, that
is, 14% of the rotational velocity, without any clear periodic sig-
nal, which places the system on the edge of what is expected to
find in a Giant O-type pulsating star (see Simon-Diaz et al. 2021,
and Britavskiy et al., in prep.).
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Fig. 9. He 11 14542 (upper), He1 15876 (mid), and O II1 15592 (lower)
lines of 68 Cyg for several epochs to show its variability. The spectra
shown are: 110613_M (blue), 110617_M_4 (red), 110619_M (green),
110619_M_2 (orange), and 140607_C (purple).

TESS data obtained in sectors 15 and 16 show a clear pat-
tern of irregular stochastic variations with an amplitude of about
10 mmag (Fig. B.7 lower panels). Although the periodogram

Table 6. Relevant frequencies in the TESS photometric time series of
68 Cyg.

Frequency Period Power
d! d

0.7116 1.4053  84.0

0.2545 39293 725

0.1791 5.5835 457

0.5594 1.7876  32.8

3.2010 0.3124 292

obtained through the LS method reveals a clear main peri-
odic signal, Table 6 shows the five most important frequen-
cies/periods. It is a hard task to disentangle the contribution
of low-frequency pulsational modes and rotational modulation.
Burssens et al. (2020) proposed a procedure to classify poten-
tial rotational variables based on the contribution of a single fre-
quency and its harmonics and subharmonics. Therefore, given
the significant contribution of the first frequency detected, f; =
0.711634 d~!' (P = 1.405216 d), can be understood as rotational
modulation. As mentioned, 68 Cyg is a fast rotator, and thus, fol-
lowing Burssens et al. (2020), the expected rotation frequency
will be vio ~ 0.42—0.75 d~! (adopting a radius R, 8—14 R, cor-
responding to an O8 V-III star from Martins et al. 2005), which
is in the range of the observed frequency.

Therefore, based on the lack of a coherent RV signal and the
variability pattern, we suggest that the RV orbital solutions found
for this system are spurious and that RV variation is probably
associated with rotational activity (spots, stellar winds or both).

4.3. Cepheus-Camelopardalis
4.3.1. HD 108 (= BD +62 2363 = ALS 6036 = SBC9 2) Single

This magnetic 06.5-8.5 f?p var star shows complex spectral
variations (Nazé et al. 2004, 2008). HD 108 has been pro-
posed as a runaway by some authors (Bekenstein & Bowers
1974; Underhill 1994; Nazé et al. 2008; Tetzlaff et al. 2011),
but different peculiar velocities have been given, so this feature
is still a matter of debate.

It has been extensively monitored during extended observing
campaigns, which demonstrate that the notable line-profile vari-
ations have a timescale of decades (Naze et al. 2001). Hutchings
(1975) proposed that HD 108 is an SB1 system in a circular orbit
of period P = 4.61 d, and very low semi-amplitude (K; < 12
kms~!, depending on the spectral line chosen). Following this
study, Vreux & Conti (1979), based on high-resolution spectra
obtained during two consecutive weeks, could not detect such
aperiodicity and proposed a shorter one, P = 1.02 d. Subse-
quently, Aslanov & Barannikov (1989) combined their obser-
vations (obtained in 1982-3) with those RVs determined by
Hutchings (1975) and Vreux & Conti (1979) and derived a new
short period, P = 5.79 d. Underhill (1994) presented a differ-
ent scenario to explain the spectral variations. She proposed that
spectral variations are produced by a polar jet moving almost
perpendicular to the line of sight, and that the star could be
related to the luminous blue variables. Then, the binary saga con-
tinued with a new orbital solution found by Barannikov (1999),
but a different orbital configuration. Based on the analysis of
fifteen-year-long spectroscopic and photometric monitoring, he
presented a very long-period (P = 1628 d) and highly eccen-
tric (e = 0.43) orbital solution. Since the binary scenario was
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Fig. 10. Variability of HD 108. Upper panel: RV variations in the line

O 111 45592 for HD 108. Lower panel: LS periodogram of TESS data in
sectors 10 and 11 for HD 108.

not convincing, Naze et al. (2001) analyzed observations col-
lected at the Observatoire de Haute-Provence (France) over 15
years, concluding that this binary scenario with the aforemen-
tioned periods is not supported, and the star shares several char-
acteristics of Oe- or Be-type stars. Later, Nazé et al. (2008)
proposed that the spectroscopic variations were caused by the
magnetic effects on the star, which were modeled by Shultz &
Wade (2017) as an oblique rotator in an extremely slowly rotating
star, confirming the rotational period of about 55 a.

The analysis of our sample of 41 epochs spaced over 18 years
ultimately discards both orbital solutions and confirms the more
recent scenario proposed by Nazé et al. (2008). We measured
the two Hell 14542 and Hell 45412 lines and three metallic
ones, namely Silll 14553, O 11 45592 and C1v 45812 employ-
ing the Gaussian method. We searched for periodicity using the
LS method with each line but no clear peaks were found. We
also tried to obtain an orbital solution adopting both historical
solutions as initial parameters but, again, we were unable to find
a convergent solution. Then, we measured the rotational velocity
obtaining a vsini = 46.2 £ 2.2 km s~!, in line with the results of
Naze et al. (2001), Nazé et al. (2008), Martins et al. (2010). The
RV, of the OTIT 45592 line is ~15 km s~! (Fig. 10 upper panel);
accordingly to Simon-Diaz et al. (2021) a star-like HD 108 could
have RV, variations up to ~25 kms™! and not being associated
with binarity. Consequently, the accumulated evidence points to
HD 108 being a single star.

Interestingly, TESS data obtained in sectors 10 and 11
show a clear periodic signal with P = 6.1591d (amplitude
5 mmag) with stochastic variability superimposed (amplitude
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up to 10 mmag). Figure 10 (lower panel) displays the LS
periodogram obtained with the time series spanning 51 days.
A noticeable maximum is apparent at the mentioned period.
Figure B.8 (upper panels) in the appendix shows the time series
and folded LC. This new period is not related to the proposed
previous periods. The folded LC resembles those observed in
ellipsoidal or rotational variables. The former possibility should
be discussed. Martins et al. (2010) proposed that the rotational
profile of the star is dominated by atmospheric macroturbulence.
Subsequently, Shultz & Wade (2017) interpreted the spectral
variability with their oblique rotator model, reinforcing Nazé
et al. (2010) proposal that the star is an extremely slow rotator.
The question then arises whether the coherent modulation shown
by TESS data is representative of a permanent periodic phe-
nomenon or is it circumstantial to the observing time window.
It should be noted that Aerts & Rogers (2015) and Grassitelli
et al. (2015) point out that internal gravitational waves (respon-
sible for stochastic photometric variability) are connected to the
macroturbulence, and therefore they can be important (evidence
supported spectroscopically Simén-Diaz et al. 2017; Bowman
et al. 2020). This opens the possibility of observational explo-
ration to determine if the low amplitude photometric modula-
tion is produced by a certain coherence in the pulsations in this
extremely slow rotating star, mimicking rotational modulation.
We consider that in order to solve this question, simultaneous
high-resolution spectroscopic and photometric observations with
large signal-to-noise must be carried out.

4.3.2. V747 Cep (BD +66 1673, ALS 13375) SB1E

Majaess et al. (2008) identified V747 Cep as a short-period
(P = 5.33146 d) Algol-type eclipsing binary in an eccentric
orbit (¢ =~ 0.3). These authors found that the combined spec-
trum is OS5 Vn((f)), making it the earliest star in the open cluster
Berkeley 59. This spectral classification was slightly modified
to 05.5 V(n)((f)) by Maiz Apelldniz et al. (2016). No spectro-
scopic orbit has been published yet, but the target was included
in MONOS T due to the photometric (eclipsing) period derived
by Majaess et al. (2008).

Using the 20 spectra collected in LiLiMaRlin, we can con-
firm the binary nature of V747 Cep. The orbital period derived
from RVs determined for all the strongest lines is consistent with
the photometric one, P = 5.3324 d, with a large eccentricity
(e = 0.37; Fig. B.3 upper left panel), although different lines
bring slightly different semi-amplitudes.

Figure B.8 (middle left panel) displays the TESS LC of
V747 Cep obtained in sectors 18 and 24, folded with the spec-
troscopic period and setting the primary eclipse as the origin of
the orbital phase, Ty = 2458 810.33 HID. The LC of V747 Cep
resembles that of Cyg OB2-1. It shows two sharp eclipses, with
a noticeable increase in flux after the primary eclipse, when the
secondary star is receding. The second part of the LC displays
a slow decline with stochastic oscillations, which are apparent
after the secondary eclipse egress. Thus, the LC can be described
as a very eccentric system with sharp eclipses, reflection effect
noticeable during the periastron passage, and mixed with pul-
sations. As it was mentioned in the case of Cyg OB2-1, the
pulsational variability could be explained in terms of the heart-
beat phenomenon (Thompson et al. 2012): short-period, highly
eccentric binary systems that have dynamical tidal distortions
and tidally induced pulsations.

Given the presence of two minima in the LC, we explore
the SB2 status for the system. A variation in full width at half
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maximum (FWHM) with the orbital cycle is noticeable in sev-
eral absorption lines. In eccentric SB2 systems, the spectro-
scopic lines of the two components are expected to present the
largest separation in RV during quadrature, especially close to
the periastron passage. Figure 11 shows the FWHM for Ha and
He1 45876 during the orbital cycle. The FWHM of those lines
show larger values in the quadrature corresponding to the apas-
tron, but strangely, during the periastron FWHM changes are less
noticeable. The behavior in orbital phase of other lines in the
blue portion of the spectrum is limited by the low S/N because
the star experiences a heavy reddening.

For our orbital solution, we use the RVs determined from the
He 1 25412 line. The period converges to P = 5.33237 d, with
a moderate semi-amplitude of K; = 99.6 km s7!, an eccentricity
e = 0.37, and a longitude of periastron w = 180.2°. It is impor-
tant to note that our w is consistent with the value proposed by
Majaess et al. (2008), about 180°. The orbital configuration puts
the periastron passage just before the primary eclipse, this sce-
nario being consistent with the proposed heartbeat variability,
as Thompson et al. (2012) demonstrated for 17 systems using
Kepler data.

V747 Cep has become an extremely interesting system that
deserves special analysis and, therefore, will be the subject of a
forthcoming paper.

4.3.3. HD 12323 (= BD +54 441 = ALS 6886 = LS | +55 22 =
SBC9 106) SB1E (EL)

This is an interesting late ON star discovered by Conti &
Alschuler (1971, see also Walborn 1976), now classified as
ON9.2 V (Sota et al. 2014). The star was recognized as an SB1
system by Bolton & Rogers (1978), who found a preliminary
period P = 3.07 d and an eccentricity e = 0.21, quite high for
such a short period. Their orbital solution was obtained from
RV measurements of 20 absorption lines of HI, He1, He1l, and
Silv in high-resolution spectrograms secured on plates. Rely-
ing on that orbital solution, Stickland & Lloyd (2001) added two
new RVs obtained by cross-correlation of IUE spectra to find a
new orbital solution with an even shorter period (P = 2.07 d).
Interestingly, these authors discard four RVs from the litera-
ture, arguing that they were more negative than expected for the
ephemeris calculated. Those RVs correspond to a mean value
of —=91.2 + 7.1 kms~! published by Conti et al. (1977) and three
more published by Musaev & Chentsov (1989). Furthermore, the
system has been recognized as a blue straggler of the Per OB1'°
association by Kendall et al. (1995) and classified as a runaway
by Maiz Apellaniz et al. (2018).

For this SB1 system, we collected 20 spectra spanning nine
years. Spectra along this series show the same morphology and
apparent back and forward changes in RVs, which resemble the
movement of a primary O-type star, without evidence of any
spectral feature associated with a companion. To perform the
comparison with previous studies, we chose at first instance RVs
determined from the x-corr method and then individual lines,
because earlier RVs determinations were derived from the aver-
age values from different absorption lines. Our RVs determined
by x-corr show a variability range of about 67 kms™!, in con-
cordance with the amplitude of the orbital solution calculated
by Stickland & Lloyd (2001). Short timescale variations in RVs
are apparent. For example, three spectra obtained during 3.6 h

10" Although its membership is not certain, with Cas OBS the other pos-
sible origin. A preliminary review of the Gaia data seems to support
Per OB as the parent association.

V747 Cep - FWHM - Ha
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Fig. 11. He1 45876 (upper) and Ha (lower) FWHM for V747 Cep to
show its variability.

in 2004 show an RV variation of about 12 kms~'. This sharp
change in RV in a few hours suggests that the star could indeed
have a short orbital period of about 1-2 days, or otherwise,
observations were obtained during the periastron passage of an
eccentric orbit with a somewhat longer period. We searched for
periods between 0.2 and 40 days by using the LS method on our
RVs determined through x-corr and Gaussian fitting for several
lines, resulting in three significant periods: 1.9251 d, 9.5550 d,
and 1.7516 d, in order of power from the strongest to weak-
est. The next step is to combine our RVs with those obtained
in previous studies. Thus, we included all data in the literature
plus our RV determinations using x-corr for a total of 30 RVs
spanning more than 18 000 days. The periodogram obtained by
the LS method shows that the highest peak corresponds to a
P = 192536 d. Using SBOP, we explored the orbital solution
and the solution converges to P = 1.925140 d while fixing e = 0
(Fig. B.3 upper right panel). This is a very noticeable difference
in the value of eccentricity compared with the previous orbital
solutions.

Given the excellent quality of our spectra and RVs mea-
sured, it is interesting to explore photometric data. The TESS
time series observed in sector 18 shows a noticeable coherent
signal with P = 0.96265 d, which resembles an ellipsoidal mod-
ulation with an amplitude of about 10 mmag. If we double the
photometric period, we obtain a value P = 1.9253 d that is
the same as the spectroscopic period found by using all RVs
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available (Fig. B.8 lower panels). Therefore, the spectroscopic
and photometric data point to the presence of ellipsoidal varia-
tions in an SB1 system, and thus, the SBS classification changes
to SBIE.

Furthermore, this system is remarkably highlighted as a run-
away (Maiz Apellaniz et al. 2018). Given the small mass func-
tion f(m) = 0.0053 M., the companion may be a compact
object. A specific study will follow in a separate paper.

4.3.4. HD 16429 AaAb (= BD +60 541 AaAb = ALS 7374 AB
= SBC9 2474 = V482 Cas AB) SB1E+Cas

McSwain (2003) suggested that this member of the Cas OB6
association is a triple system composed of two components
separated by 0.28”. The primary, labeled as Aa, would be an
009.5 1I star, while the secondary, labeled as Ab, would be an
08 III/V + BO V? system. However, in a more recent analysis,
Maiz Apellaniz & Barb4 (2020) used STIS/HST'! to separate
both components and found the system to be composed of an
09.2 III star and an 09.5 IV star for components Aa and Ab,
respectively.

McSwain (2003) assumed that the Aa component was sin-
gle and only computed the RV curve for the O8 III/V compo-
nent in the spectroscopic binary, which yielded a period P =
3.0544 d and a moderate eccentricity, e = 0.167. The orbital
semi-amplitude Kap; = 135 kms™! is relatively high.

The system was classified as a variable star of 8 Cep type by
Hill (1967), with a period of 0.37822 d. The analysis of the col-
lected photometric data from HIPPARCOS, KWS, and TESS does
not show any clear evidence of a P = 0.378 d signal. Folding
the TESS (sector 18) data with the spectroscopic period, we see
shallow eclipses with pulsational variations superimposed, as for
the previous cases of V747 Cep and Cyg OB2-1 (Fig. B.9 upper
panels).

Due to the small spatial separation between the Aa and
Ab components, our 29 spectra collected in LiLiMaRlin are
composite due to the contribution of both stars. Therefore, all
measured lines present some amount of blending between the
spectroscopic binary and the stationary component. From the
RVs of Henr and C1v, we were able to recover the period
P = 3.054 d, while the periodogram for the HeT lines gives a
shorter period of around P = 2.5 d. This discrepancy could be
due to the blended nature of the lines. The presence of the sta-
tionary stellar component affects each ion differently. Also, we
note that given that the O9.2 III star has the strongest He II lines,
it indicates that the binary is the Aa component instead of Ab.

Because of the complexity of the system, we will analyze it
in detail in a future paper of this series, which will include further
spatially resolved STIS/HST observations. Moreover, the SBS
status of HD 16429 AaAb changes from SB1+C to SB1E+Cas.
It is worth noticing that for this object, the spatial separation was
made by using STIS/HST instead of GOSSS data (see MONOS
I). Nevertheless, we kept the s in the SBS classification in order
to maintain a consistent nomenclature.

4.3.5. HD 15137 (= BD +51 579 = ALS 7218 = SBC9 2473)
SB1

This 09.5 II-IIIn runaway star (Mdzinarishvili 2004) was iden-
tified as an SB1 by Boyajian et al. (2005), who suggested a
possible supernova ejection from NGC 654 and that is proba-
bly hosting a compact companion. These authors determined the

' Space Telescope Imaging Spectrograph on board the HST.
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first preliminary orbital solution, proposing a period P = 28.61 d
and large eccentricity e = 0.52. McSwain et al. (2007) improved
the orbital solution by combining new spectroscopic observa-
tions and published data, with P = 30.35 d, similar e = 0.48, and
small semi-amplitude K; = 13 km s~l. De Becker et al. (2008)
detected significant variability in the line profiles of He1and Hp,
on a timescale of a few hours, with a frequency of about 2 d~'.
They suggested that these spectral variations could be related to
non-radial pulsations or some circumstellar rotating structures.

McSwain et al. (2010) reanalyzed the orbital solution, using
91 new spectra, determining a completely new one, with an even
longer period, P = 55.3957 d and an eccentricity e = 0.62
(although an orbital period of about 65 days is also considered).
They also detected low amplitude profile variations of about
10 kms~! (roughly 60% of the proposed orbital semi-amplitude)
with a timescale of a few hours. Given the noticeable profile vari-
ations reported by De Becker et al. (2008) and McSwain et al.
(2010) plus the large scatter in the orbital solution, pulsations are
likely to be significant.

In our spectra, we found that peak-to-peak variations for
O1r 25592 of RV, = 44 £ 6 km s~!, about 16% of its rota-
tional velocity (vsini = 270 + 14 kms™!). This is slightly
larger than the expected pulsational variability in an O-type
giant (Simon-Diaz et al. 2021). We combined the RVs deter-
mined for HeT 45876 and He 1T 45412 by using Gaussian fitting
in 18 LiliMaRlin spectra (spanning ten years) with additional
data collected from the literature. RV measurements determined
by McSwain et al. (2010) were shifted appropriately in order
to bring them to our wavelength rest frame. The first interest-
ing result is that the three of our RVs with lower values are
placed on dates expected for the periastron passage, according
to the ephemerides published by McSwain et al. (2010), seem-
ingly confirming a probable orbital period of 55.4 d.

To verify the periodicity, we search for periods using the LS
method, the most significant signal is at 55.389 d, and the second
power peak is about 65.27 d. Using the first period as input, we
recalculated a new orbital solution that converges to very sim-
ilar values to that in McSwain et al. (2010), P = 55.399 d,
K; = 139 kms™!, and e = 0.59 (Fig. B.3 middle left panel).
The second period is most likely an alias due to the observation
window, since the difference in the peak frequencies corresponds
to a difference of a year!?.

Subsequently, we explore in the literature reports of pho-
tometric variability: the star is not cataloged in the VSX
database. We retrieved the HIP (ESA 1997) data for the star
(HIP 11473) and searched for photometric variations. The peri-
odogram reveals a series of frequencies around 1.4748 d~',
(0.678 d, Table 7). The periodic signal is remarkable when fold-
ing data with the period (Fig. 12). The TESS LC in sector 18
of the star reveals a noticeable apparent stochastic variation with
an amplitude of about 25 mmag (Figs. 13 and B.8 middle right
panel). Again, we performed a periodogram analysis: the main
frequencies are listed in Table 7, standing out f; = 0.33917 d~!
(P = 2.94839 d). This main frequency could be related to rota-
tional modulation, because if we consider the expected radius
of the star (about 13-23 R, for an 09.5 III-I star, Martins et al.
2005), the rotational frequency will be v ~ 0.25 — 0.45 d™'.
This main feature is accompanied by a number of low frequen-
cies, which combined give the “noisy” appearance of the LC.

12 It is worth noticing that one can also find an orbital solution with
this period, but the scatter is significantly larger; thus, we consider the
shorter period to be the correct one.
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Fig. 12. HipPARCOS LC for HD 15 137 folded with period 0.678 d.
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Fig. 13. LS periodogram of TESS data in sector 18 for HD 15 137.

4.3.6. HD 14633 AaAb (= BD +40 501 AaAb =
ALS 14760 AaAb = SBC9 120) SB1+Ca

Four orbital solutions have been published (see Table A.2) for
this system. All solutions are consistent with a period of about
P = 154 d, low semi-amplitude K = 17-31 kms~!, and a
large eccentricity (e ~ 0.7). The small mass function suggests
the presence of a low-mass companion (McSwain et al. 2011).

We collected 22 spectra for this object. RVs were determined
by using the Gaussian fitting for several He I, and He II lines, and
also through the x-corr method. All RV data sets bring orbital
solutions compatible with previous findings. Combining our RVs
with the available published ones, we derived an improved solu-
tion with a slightly longer period of P = 15.409 d (Fig. B.3
middle right panel). Due to the runaway nature of the star (Maiz
Apelldniz et al. 2018), with a still uncertain origin, it is worth
noticing the slightly higher value of y ~ —42 kms~! of our solu-
tion.

Boyajian et al. (2005) suggested that this system was ejected
from the open cluster NGC 654 by a supernova explosion in
a close binary, resulting in a system hosting an NS. Later,
McSwain et al. (2011) supported this scenario, detecting a non-
thermal X-ray flux component, showing variability during the
orbital cycle, which is presumably associated with the NS com-
panion. The only mention on the Ab component is that of

Table 7. Five relevant frequencies in the HIPPARCOS and TESS photo-
metric series of HD 15 137.

Frequency Period Power Frequency Period Power

d-! d d-! d
1.4748 0.67805 19.75 03392 294811 749
1.4862 0.67287 13.55 1.4699 0.68032 25.6
1.6034 0.62367 12.73  2.1005 0.47608 20.7
1.3090 0.76394 12.71 0.7436  1.34481 204
1.4632 0.68343 12.23 2.6811 037298 17.5

Aldoretta et al. (2015), where it was resolved on the x-axis and
unresolved on the y-axis. If that detection is confirmed, the NS
companion scenario may lose strength.

This runaway star, now classified as ON8.5 V, was one of the
first O-type stars recognized to present a “nitrogen anomaly”,
displaying strong NIII absorption lines, and weak CIII lines,
compared with stars with similar spectral type (Walborn 1970,
1971). Martins et al. (2015) also found that HD 14633 is
a particularly enriched object, and as the case of V479 Sct,
McSwain et al. (2004) proposed that such an enrichment could
be explained via mass transfer of CNO-processed gas prior to
the supernova explosion. The rejuvenation process due to the
mass transfer makes this object an interesting system to study
the formation of early-type blue stragglers. We need to take into
account that the cluster origin is not yet proven, and a detailed
analysis including Gaia parallaxes and proper motions is needed
to confirm that scenario. The TESS data obtained in sector 18
shows stochastic irregular variations with a oo = 1.8 mmag with
a median error of the measurements € = 0.08 mmag.

4.3.7. @ Cam (= HD 30614 = HR 1542 = BD +66 358 =
ALS 14768 = SBC9 279) Single

This bright O9 Ia runaway star has a long record of studies. The
star was classified as an SB1 by Bohannan & Garmany (1978),
who proposed a period of 48.6 d, and a semi-amplitude of about
15 kms~!. Using the International Ultraviolet Explorer (IUE),
de Jager et al. (1979) observed the star continuously during 72 h,
revealing gradual and erratic short-term changes in the veloc-
ity edge of the UV resonance lines, which were interpreted as
changes in mass-loss and the ionization equilibrium in the enve-
lope (see also Kaper et al. 1996). At the same time, Ebbets
(1980) monitored the star during four months using a coudé
spectrograph and a digital detector, finding noticeable changes in
the Ha P Cyg profile with a timescale of 6 hours to 1 day. They
suggested that the observed variability is due to the rotation of an
inhomogeneous expanding envelope. Another suggestion about
the binary hypothesis was proposed by Stone (1982), who found
no significant periods under 180 d and that the semi-amplitude
should be larger than 8 kms~!.

Using high-dispersion spectrogram plates obtained between
1976 and 1985 at the 6-m reflector of the Special Astrophysi-
cal Observatory of the USSR Academy of Sciences and the 2-m
telescope at the Shemakha Astrophysical Observatory, Zeinalov
& Musaev (1986) proposed that @ Cam is an SB1 system with
a period P = 3.6784 d, a semi-amplitude K; = 9.0 km s~ and
a high eccentricity (e = 0.45). The SB1 scenario proposed by
those authors was put in doubt by McSwain et al. (2007). Pho-
tospheric fluctuations, non-radial pulsations, or variations in the
stellar wind were proposed by a number of authors as the source
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Fig. 14. He1 A5876 lines of & Cam for several epochs to show its vari-
ability. The spectra shown are: 171204_M (blue), 121229_C (orange),
110115_I (green), and 081108_I (red).

of RV variability (amplitude 30 kms™') (Gies & Bolton 1986;
Markova 2002; Prinja et al. 2006; Kholtygin et al. 2007). In par-
ticular, it is interesting to remark the results achieved by Prinja
et al. (2006), who used over 200 spectra to identify a 0.36-day
period in the profile changes in He1 45876, probably produced
by non-radial pulsations. This signal was persistent over two
months, but it was not present two years later, highlighting the
complexity of the analysis of these profile variations.

For the LiLiMaRlin database, we collected 55 spectra dis-
tributed from 1995 to 2018. A large fraction of them were
obtained between 2013 and 2017. As demonstrated by Prinja
et al. (2006), the profile of the line He1 45876 shows a com-
plex behavior with a variable and extended blue wing and incip-
ient emission in the red wing (Fig. 14). We measured RVs in the
strongest He I, He II lines, and in two metallic lines (O 1T 15592,
C1v A5812), searching for periodicities, without identify any
clear periodicity. The amplitude of the variations is RVp, ~
25 kms~!, which is in the range of values determined in other
O-type supergiants with moderate rotation (we measured the
rotational velocity of @ Cam to be vsini = 113 + 6 kms™!) that
display pulsations (Simon-Diaz et al. 2021).

The TESS LC obtained in sector 19 reinforces the sce-
nario of pulsations (Fig. B.9 lower left panel). It shows clear
variations with an amplitude of about 7 mmag, but it should
be taken into account that such an amplitude is with respect
to the mean flux, because long-term variability through the
27-day TESS observing cycle was smoothed during the nor-
malization process. The LS periodogram brings as main period
P =3.77786 d (f; = 0.2647 d~'), which is similar to the period
found by Zeinalov & Musaev (1986). This kind of incoherent
low-frequency modes are commonly observed in OB-type super-
giants, for example HD 152 424 or HD 37 128 (cf. Burssens et al.
2020). Therefore, we classify this system as a single star instead
of an SBI1.
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4.4. Auriga
HD 37737 (= BD +36 1233 = ALS 8496 = SBC9 352) SB1E

Petrie & Pearce (1961) presented the first report about RV vari-
ability in this 09.5 II-III(n) system. Gies & Bolton (1986) classi-
fied the star as an SB1 system, establishing a first orbital solution
with a period P = 2.49 d based on ten RV measurements span-
ning about 700 d. Their orbital solutions contemplated two alter-
natives: a circular orbit and an eccentric one (e = 0.132). Later,
Stickland & Lloyd (2001) supported the circular orbit solution,
adding a single IUE RV to the values determined by Gies &
Bolton (1986). Interestingly, McSwain et al. (2007) added 19
RVs measurements to the first data set and derived a very differ-
ent solution, with P = 7.84 d, e = 0.43, and a semi-amplitude of
72 kms~!. This result was confirmed by Alexeeva et al. (2013),
who found a very similar solution for this system.

In LiLiMaRlin we collected 17 spectra for this system. In
the light of the two different periods proposed, we analyzed
the LS periodogram of RVs determined for six absorption lines
(He14471, 5876, 7065; He I1 14542 and 5412, and O 111 15592)
and those obtained with the x-corr method. All periodograms
show a clear maximum at frequency f = 0.1274 d”' (P =~
7.84 d). In view of the congruence of our result with pre-
vious findings, we combined all the available published RVs
with our measurements using the x-corr method to determine
a new orbital solution, which is plotted in the lower-left panel
of Fig. B.3, and listed in Table A.2. The visual inspection of
the spectra does not reveal a contribution of the companion,
although clear line profile variations are present. This star is also
a fast rotator, and we measured a projected rotational velocity of
vsini =201 + 11 kms™'.

Recently Burggraaff et al. (2018) using Multi-site All-Sky
CAmeRA (MASCARA) data detected eclipses and found a
period very similar to the spectroscopic one of P = 7.84673 d.
The TESS photometric time series obtained in sector 19 shows a
striking eclipsing system (Fig. B.9 middle panels). The eclipses
have depths of about 80 mmag and 40 mmag, for the primary
and secondary minima, respectively, unevenly separated due to
the high eccentricity of the system. The LC presents two dis-
tinctive features. The first one is the sinusoidal variation syn-
chronized with the orbital motion: the period of this pulsation
is one-tenth (0.784 d) of the orbital one. The second feature is
the clear pulse-like maximum between eclipses, just after the
periastron passage. As we mentioned previously in the case of
V747 Cep, this type of featured LC could be explained in terms
of the heartbeat variability (Thompson et al. 2012). This system
is particularly important to study the coupling between tidally
induced pulsations and orbital motion.

Given the presence of eclipses, the system is now classified
as an SBIE.

4.5. Orion-Monoceros

4.5.1. 15 Mon AaAb (= S Mon AaAb = HD 47839 AaAb =
BD+10 1220 AaAb = ALS 9090 AaAb = SBC9 1725)
SB2a

Located at a distance of 719 pc, 15 Mon AaAb is the main
ionizing source in the area of NGC 2264 cluster (Mason et al.
1998; Maiz Apellaniz 2019). It has been known as an RV vari-
able for over a century (Frost & Adams 1904). Recently, Maiz
Apelldniz & Barbd (2020) have used STIS/HST long-slit spec-
troscopy to spatially disentangle the blue-violet spectra of the
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Aa and Ab components (AB = 1.55 mag and p = 143 mas at
the time of the observation). Thus the SBS status of this system
changes to SB2a. The spectral classification determined for Aa
is O7 V((f))z, while for Abis B1: Vn.

Several orbital solutions for the inner system (there is also a
B companion located farther away) have been published. The
first one by Gies et al. (1993), which also happens to be the
only purely spectroscopic one, gave a period of P = 25.32 a,
improved later after including spectroscopic and astrometric
data (P = 23.62 a, Gies et al. 1997). Cvetkovic et al. (2009),
Cvetkovic et al. (2010) reanalyzed the system and found a much
longer period of P = 74 a using interferometry. Recently Maiz
Apelldniz (2019) found an astrometric period of P = 108 a for
the inner pair. This trend is explained by the fact that we have
not yet seen a full orbit; the last periastron passage was in 1996,
so the orbit is not very well constrained.

Besides its binary nature, 15 Mon is also a known irreg-
ular variable star with an amplitude of about 70 mmag. The
TESS images (sectors 6 and 33) collect the light of all the stars
in 15 Mon AB. The time series shows some hints about the
stochastic variations. The new feature is the presence of a 8 Cep
(BCEP) pulsator in the group, revealed by a strong peak in the
LS periodogram at P = 0.1595 d. In LiLiMaRlin we gathered 65
spectra for this system and also HST/STIS observations (an addi-
tional STIS spectrum is scheduled to be observed at a slightly
larger separation). The HST and LiLiMaRlin data will be com-
bined together with other astrometric observations to derive a
new spectro-astrometric orbit in the near future.

4.5.2. HD 46573 (= BD +02 1295 = ALS 9029) SB1

This interesting O7 V((f))z object of the Monoceros OB2 asso-
ciation, has been classified as a runaway by Maiz Apelldniz et al.
(2018) and has a bow shock clearly visible in the IR. It was pro-
posed as a possible spectroscopic binary by Mason et al. (1998).
Mabhy et al. (2009) have identified the star as an SB1 system with
a preliminary period P = 10.67 d, very small semi-amplitude
K, = 8.5 kms~!, and large eccentricity e = 0.47 (although the
circular orbit is not discarded). The orbital solution shows large
residuals in RVs, and, therefore, it is not well constrained.

In MONOS, we have 16 spectra available spanning 15 years.
In order to compare with the results of Mahy et al. (2009), we
use RVs determined from the HeT 45876 absorption line. The
two FEROS spectra in common with their data show a differ-
ence of 0.5 and 0.2 kms™!, respectively. As for other systems,
we obtained a new orbital solution by combining both data sets.
The new solution is in moderate agreement with the previous
one, finding a period of P = 10.654 d but a much higher eccen-
tricity of e = 0.63 and a larger semi-amplitude K = 11.2 kms™!
(Fig. B.3 lower right panel). The possible circular solution sug-
gested by Mahy et al. (2009) is discarded.

Burssens et al. (2020) reported that the TESS time series
(sector 6) shows stochastic low-frequency variability. The same
behavior is seen in the data obtained in sector 33, with a o ~
1.8 mmag. The LS periodogram of sector 33 brings a dom-
inant frequency (f; = 0.4 d7') different from sector 6 data
(fi = 0.861 d7!). It is interesting to note that the time lapse
between the observations in sectors 6 and 33 is two years, and
during that period of time, the periodograms show very differ-
ent dominant frequencies. The LS periodogram of both sec-
tors combined points to the shortest frequency as dominant,
fi =0.399 d"!. This result suggests that the dominant frequency
determined with TESS observations from only one sector may
not necessarily be associated with the rotational period of the

star. Using observations with a longer time baseline can lead to
a more reliable finding.

4.5.3. 6" Ori CaCb (= HD 37022 AB = BD —05 1315 =
ALS 14788 AB) SB1+Sa

This O7 f7p var (see MONOS I) star is the main ionizing source
of the Orion nebula and the brightest and most massive member
of the Trapezium Cluster. §' Ori C has been studied for roughly
90 years and about a hundred papers have been dedicated to
it. Several periods have been ascribed to the system, ranging
from a few days to longer than a century, each associated with
a different cause. 6' Ori C is, therefore, particularly complex
to analyze.

The shortest period of 15.424 + 0.001 d is rotational and
magnetically induced (see Stahl et al. 2008, 1996; Simén-Diaz
et al. 2006, and references therein). Several works have stud-
ied the system by using interferometric and spectroscopic data,
finding a period of ~11 a (see Kraus et al. 2009; Lehmann et al.
2010; Balega et al. 2015; Gravity Collaboration 2018, and ref-
erences therein) for the astrometric companion. Patience et al.
(2008) and Stahl et al. (2008) found that a spectroscopic orbit
with a period of ~22 a and a much lower eccentricity (around e ~
0.14) was also compatible with the astrometric solutions. Finally,
Vitrichenko (2002) and Lehmann et al. (2010) found another
spectroscopic companion with a period of P = 61.5 d, at an esti-
mated separation of ~1 mas, although they could not definitely
assert that the interpretation of such a period as an orbital period
was correct. This would be the less massive star in the system
with about ~1 M. In Table A.2, we present the parameters for
both the shorter- and longer-period orbital solutions.

In the LiLiMaRlin framework, we have collected 63 spectra
spanning 25 years. The main result is that we can confirm the
orbital period of about 4000 days, as proposed by Kraus et al.
(2009). The preliminary orbit is shown in Table A.2 (Fig. B.4,
left panel). This period corresponds to the higher peak in the
LS periodogram calculated with our RVs. Figure 15 shows the
LS periodogram for the O 11 45592 line, but we can also see
the same peak for other lines, such as He 11 14542. Nevertheless,
this preliminary orbit should be treated with caution because the
short, 15 d period, is also present. In the case of the O 1T 15592
line, the RV, ~ 35 km s7!, due to the orbital motion, is only
roughly double the variation we detect over periods of a few
days, associated with the magnetic period; consequently, the RV
curve presents a large scatter.

Given the importance of the system in the context of very
young binaries, it will be analyzed in a separate paper, includ-
ing all LiLiMaRlin spectroscopic data, more than 150 additional
spectra obtained with the SONG telescope at the Teide Obser-
vatory'3, and combining astrometric information derived from
HST observations.

4.5.4. HD 52533 A (= BD —02 1885 A = ALS 9251 A =
SBC9 429) SB1E

This O8.5 IVn star was identified as an SB1 system by Gies
& Bolton (1986), with a preliminary period P = 3.3 d. The
star was originally proposed as a runaway, but de Wit et al.
(2005) found that it is the brightest member of a small cluster.
McSwain et al. (2007) reanalyzed this system, proposing that it
could be a triple system composed of a close binary with the hot-
ter component and an early B-type component more separated,

3 https://phys.au.dk/song/research-and-facilities/
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Fig. 15. Periodogram of the O 111 25592 line for ' Ori CaCb.

although high-resolution spatial observations have not confirmed
this configuration. These authors determined a new orbital solu-
tion for the SB1 configuration, with a substantially longer period,
P = 22.1861 d, large semi-amplitude K; = 105 kms~!, and
moderate eccentricity e = 0.3.

In the LiLiMaRlin database, we gathered 15 spectra obtained
during a time spanning ten years. We search periods in the
RVs determined from the x-corr method using only HelI lines.
Firstly, the period search was performed using only our RV mea-
surements, and then, combining them with the published values.
In both cases, the best period found was P = 21.966 d, slightly
shorter than that determined by McSwain et al. (2007) (Fig. B.4
right panel). Furthermore, we found a significant difference
between the y value determined from our data (+36.4 km s7h
and that determined by McSwain et al. (2007) (+76.6 kms™).
Thus, to obtain a combined solution, we subtracted 40.2 kms™!
from McSwain et al. (2007) RV velocities to bring them to our
reference frame. Finally, we calculated the combined solution
presented in Table A.2. However, this orbital solution should
be taken as preliminary because the large difference in y val-
ues between our orbital solution with respect to that determined
by McSwain et al. (2007) could indicate that the SB1 is part of
a higher-order multiple system. This difference of 40 kms™! is
beyond the expected RV errors in both data sets.

A visual inspection of the spectra reveals clear line varia-
tions in the HeT lines, but no double lines. This effect may be
caused by contamination of the secondary component of the SB1
or even a probable neighbor third body, since the dim Ab is
located at 0.6” and thus is not seen in our spectra. This effect
is much smaller, although still slightly noticeable in some spec-
tra in the HelI lines. We do not see clear double lines in any
spectrum. This may be due to the lines of the secondary being
broadened by rotation or simply being too dim. Thus we still
consider HD 52533 A to be an SB1.

Interestingly, the star is cataloged as an eclipsing binary sys-
tem in VSX by Sebastian Otero, giving a period P = 21.9675 d,
which is entirely consistent with the spectroscopic one. Recently,
Pozo Nuiiez et al. (2019) confirmed this finding, deriving P =
21.9652 d. The TESS LC obtained in sector 7 is outstanding
(Fig. B.9 lower right panel): eclipses are deep and sharp; they are
unevenly separated, a signature of high eccentricity. Given the
relatively long period of the system, it becomes a very promis-
ing case for the determination of absolute parameters, because
the orbital inclination must be very close to 90° to allow the
eclipses.
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5. Summary and discussion

The aim of this paper is to review and update the multiplicity sta-
tus of 35 O-type stars identified as SB1 systems in MONOS I, of
which 33 have previously published spectroscopic orbital solu-
tions and two (Cyg OB2-22 C and V747 Cep) only have previous
photometric orbits based on their eclipsing nature. For the analy-
sis, we used the LiLiMaRlin spectroscopic database, which con-
tains more than 700 spectra for 32 objects. We determined RVs
from several absorption lines by using Gaussian profile fitting as
well as through a cross-correlation method against tailored tem-
plates generated with the FASTWIND stellar atmosphere code.
In this way, we obtained about 4500 RV measurements, which
are provided in Appendix C. Moreover, we reviewed in detail the
plentiful literature on all these objects, collecting all the infor-
mation available on RVs and orbital solutions, which is listed in
Table A.2.

We analyzed in detail the RV behavior of each star and calcu-
lated orbital solutions by considering different strategies, which
involve RVs obtained with different methodologies, in many
cases combining our measurements with those collected from
the literature. We point out that the vast majority of our RV mea-
surements are obtained in later epochs than most of those col-
lected from the literature. Significantly increasing the time span
covered by observations is important, not only to improve the
accuracy of the orbital periods but also to determine the possi-
ble existence of an additional long period due to a third object.
Complementarily, in order to strengthen our conclusions about
the multiplicity status for each star, we explored different pho-
tometric data sets, in most cases resorting to TESS data, and
performed a photometric analysis of the relevant time series for
many of the objects considered.

We analyzed and revised the SBS qualifier for all the objects,
updating 21 of them (60% of the sample). After a careful review,
we present spectroscopic orbital solutions for 21 SB1 systems,
including V747 Cep, for which no such solution had previ-
ously been published (Table 9). Table 10 shows the spectroscopic
orbital solutions for 28 systems that we adopt as definitive,
including the 20 new determinations and 8 solutions from previ-
ous works. The spectroscopic orbits of two of the systems listed,
15 Mon AaAb (now considered an SB2) and HD 16429 Aa,
will be analyzed in forthcoming papers. Further details of these
28 orbital solutions are given in Table A.2. For those systems
where we have calculated more than one orbital solution, we
favor those with smaller residuals.

There are six faint objects (all belonging to the Cyg OB2
association) that remain as candidate SB1 because our current
data sets (either spectroscopic or photometric) are insufficient to
confirm their published solutions. These objects are difficult to
observe due to their faintness, crowding, and/or the characteris-
tics of the orbital solutions proposed, that is, very long periods
(up to 4066 d) and small semi-amplitudes (K; < 17.5 kms™).

5.1. Single stars

Our extensive RV monitoring cannot find significant orbital
motion for six stars, leading to the conclusion that they are not
true spectroscopic binaries. Therefore, we suggest that these six
stars are likely single. This set of stars shares some remark-
able characteristics. Firstly, all of them are classified as runaway
stars (although HD 108 is not confirmed as such) and present
photometric variability that can be related to stellar oscillations
(9 Sge, HD 192281, 68 Cyg, HD 108, @ Cam) or stellar rota-
tion (HDE 229232 AB, 68 Cyg). Three of them are fast rotators
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Table 8. Results of the MONOS II analysis for systems where we do not find the O star to show a spectroscopic orbital motion.

Name SBS classification VRy_corr VRHeii 15412 VRoiii 15592 vsini Notes
MONOST MONOST kms™! kms™! kms™! kms™!

9 Sge SB1? Single 16.9(53) 20.3(52) 23.7(47) 69(3) LPV

HD 192 281 SB1 Single —28.8(49) -26.0(42) —6.0(57) 277(14) LPV

HDE 229232 AB  SB1+Ca? Single -20.7(59) -16.6(113) 313(16) LPV

Cyg OB2-22 C SB1E? SB1 unc.+E . 31.0(46) . 266(14) Triple system
68 Cyg SB1? Single 30.1(106) 49.3(84) 43.5(208) 312(16) LPV

HD 108 SB1? Single -75.5(47) —71.3(43) 46(2) LPV

a Cam SB1? Single 15.0(77) 20.7(46) 22.7(54) 113(6) LPV

Notes. LPV (line-profile variable) indicates that we were unable to determine the origin of the line variation. The RVs of the objects are obtained
as described in Sect. 2.1.2. Errors are in parentheses, corresponding to the last digits.

with luminosity class III to V: 68 Cyg, HD 192281, and
HDE 229 232 AB, with the last two displaying the earliest spec-
tral types in the sample (O4). Two others are late O-type super-
giants, 9 Sge and @ Cam, while the last one, HD 108, is a peculiar
object with a strong magnetic field. Table 8 summarizes the new
status of these likely single stars, and in Table A.2 we include the
list of previously proposed orbital solutions for completeness. A
seventh system (Cyg OB2-22 C) is listed in Table 8, although
its status is not yet confirmed. Based on current data, it is most
likely a triple system where the O star is in a long orbit around a
short-period eclipsing binary. The value listed for its RV corre-
sponds to our measurement for the O star, as the outer period is
probably too long to be measured any time soon.

We note that we cannot fully rule out binarity in the case of
these stars due to pulsational activity. Simén-Diaz et al. (2020b)
have recently shown that the effects of stellar pulsations are
an important factor to take into account in the study of spec-
troscopic multiplicity among O and B supergiants. These stars
display different types of stellar pulsations, which result in RV
variations (a common feature in O- and B-type supergiant stars;
see, e.g., Fullerton et al. 1996; Aerts et al. 2017; Simén-Diaz
et al. 2018, 2020b). There is a correlation between the ampli-
tude of the jitter in the RV variations (RV,) and their rotational
velocities. For example, O-type supergiants with low and mod-
erate rotational velocities (vsini < 100 kms™') can show RV
variations with typical amplitudes of ~20 kms™'.

For fast rotators, an RV, up to 10% of the v sini is probably
due to the stellar pulsations instead of binarity (Britavskiy et al.,
in prep.). As illustrated in Simén-Diaz et al. (2020b) and Simon-
Diaz et al. (2021), these RV changes produced by pulsations dis-
play an incoherent variation pattern, different from that expected
from organized orbital motion. If any such star is part of a binary,
its RV curve will display a combination of the intrinsic RV varia-
tions and the changes due to orbital motion. Therefore, if the RV
sampling is sparse, the orbital period can remain hidden, espe-
cially if the amplitude of the curve is similar to (or smaller than)
that of intrinsic variability. Furthermore, a false period can be
determined if the sampling is not appropriate, an issue that has
been known for a long time (see Tanner 1948).

It is important to note that the special characteristics, such
as the runaway nature and the presence of magnetic fields,
can be explained as a by-product of the binary evolution.
Two scenarios have been proposed for the origin of OB run-
away stars: (a) objects acquiring larger spatial velocities after
a supernova kick or (b) an ejection resulting from a binary-
binary encounter (Hoogerwerf et al. 2000). In both cases, the
runaway status could be acquired by the binary itself or the

components of the binary in the case that it is disrupted. In fact,
Boyajian et al. (2005) proposed that two of the stars in our sam-
ple, HD 15137 and HD 14 633 AaAb, have been ejected from
parental clusters as a result of supernova events. Several stud-
ies (cf. Ferrario & Wickramasinghe 2005; Schneider et al. 2019,
2020) have proposed binary mergers as a potential mechanism to
form the strong magnetic fields observed in some O-type stars.

5.2. Nature of companions and evolutionary stage

This work is focused on ascertaining the validity of the orbits of
systems classified as SB1 in MONOS I and on determining new
orbits. All systems whose orbits we have certified retain their
SB1 status, therefore putting some constraints on the detection
of secondary stars. These limits depend on observational factors
(S/N, resolving power, etc., of the spectra) and natural factors
(relative brightness of stellar components, stellar rotation of both
stars, orbital inclination, mass ratio, etc.) and must be evaluated
on a case-by-case basis, as follows.

A striking result of our analysis is the relatively large number
of systems that display light variations due to orbital geometry or
induced stellar changes (eclipsing systems and ellipsoidal vari-
ables): We count ten such systems from the 21 SB1 systems (27
including the unconfirmed ones) with spectroscopic orbital solu-
tions (Table 9). In addition, we must mention Cyg OB2-22 C,
which is indeed an eclipsing binary, although it is likely a triple
system in which the O star is not part of the eclipsing pair. The
frequency of eclipsing and ellipsoidal variables is almost 50% of
SB1 systems, which is large compared with the number quoted
in MONOS I (<10%). This much higher rate, due to the excellent
quality of the LCs provided by TESS, substantially increases our
capability of modeling the systems and thus determining their
nature and evolutionary state and constraining the properties of
the invisible component.

Four SB1 stars show characteristics typical of Algol
eclipsing systems: Cyg OB2-1, V747 Cep, HD 37737, and
HD 52533 A. All of them are eccentric systems with a sharp
and well-defined secondary eclipse. This latter feature should be
taken into account when defining future strategies to search for
spectral features of the secondary star.

The first three systems also share an interesting feature in
their LC: stellar oscillations. These stars are all binaries with
orbital periods between 4.5 and 7.8 d, although their primaries
are diverse, with spectral types ranging from 05.5 V(n)((f)) to
09.5 1I-II(n).

Among the SB1 systems analyzed, we find objects at very
different evolutionary stages: near the ZAMS (Zero Age Main
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Table 9. Statistics of the 35 systems in this paper.

SB  New Orb. LPV Inconclusive/No data
22 20 6 7
% 63 57 17 20

Notes. Systems that we find not to be spectroscopic binaries are labeled
as line-profile variable (LPV). It should be noted that we have included
Cyg OB2-22 C in the doubtful category (see text).

Mass function distribution

L5 1.0 0.5 0.0 0.5
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Fig. 16. Histogram of the mass-function distribution of the SB1 sys-
tems in the MONOS II sample. We show the ellipsoidal systems in light
gray and the eclipsing systems in teal. Systems with a normal star as a
companion (but not eclipsing or ellipsoidal variables) are plotted in red.
Systems with a probable compact object as a companion are plotted in
yellow (two of them are eclipsing systems).

Sequence), still unevolved, with ongoing mass-transfer, and
post-mass transfer, including systems with collapsed compan-
ions. The mass function distribution shows preferentially small
values (Fig. 16), which points to two main possible scenarios:
(a) unevolved low-mass companions or (b) collapsed BH or NS
companions. Of course, we may have low orbital inclinations in
some systems, but the large number of eclipsing and ellipsoidal
systems indicates that the preference for lower-mass compan-
ions is real. Kobulnicky et al. (2014) have addressed this topic
in detail for their sample of spectroscopic binaries in Cyg OB2.
We plan to come back to this issue for the entire spectroscopic
binary sample in a future work.

5.2.1. Unevolved systems

Possibly the youngest system in our sample, ' Ori CaCb is
one of best documented O-type stars near the ZAMS and is
similar to the case of the triple O-type system Herschel 36 A
(Campillay et al. 2019). #' Ori CaCb is also a peculiar star: one
of only six Of?p var stars in the Milky Way. Important questions
are still open to debate regarding this system, such as the possible
spectroscopic solar-like third component proposed by Lehmann
et al. (2010).

Given the spectroscopic characteristics of the primaries and
orbital parameters, we infer that 12 other systems are likely to
be in an evolutionary stage prior to the first episode of mass
transfer (Table 11). This group is composed of O stars on the
main sequence or giants in wide orbits. Seven of them are eclips-
ing systems or present ellipsoidal variations. Of these seven, six
are short-period binaries, but the seventh one, HD 52533 A,
is an eclipsing system with P = 22 d, pointing to an orbital
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inclination i ~ 90°. In what follows, we estimate primary masses
based on the calibration of Martins et al. (2005). Adopting
M, = 18 — 21 M, for the O8.5 IVn primary, the mass of the sec-
ondary is in the range M> = 9-9.9 M,,. This places the star in the
spectral range B1— 1.5V and suggests that it could be detected in
high S/N spectra. For the other six systems, the inclination is not
so well constrained, but we can still obtain meaningful estimates
of the mass of the secondaries.

In the case of Cyg OB2-1, an eclipsing system with sharp
eclipses, the O8 IV primary and high inclination combine to give
an estimated mass for the secondary in the range 4—-6 M., (cor-
responding to a mid or late B-type star). Another system with
sharp eclipses, V747 Cep, is earlier and more massive. Assum-
ing a mass of about 27-30 M, for the O5.5 V primary results in
a secondary of about 8—11 My (i = 60—90°), probably an early
B-type star.

The eccentric eclipsing system HD 37 737, 09.5 II-III(n) is a
special case. Although the primary is already a giant, the sharp-
ness of the eclipses strongly suggests that it is still inside its
Roche lobe. Assuming a wide range of masses for the primary,
18-25 M, the secondary would be in the range of 5-7 M (i.e.,
a mid-B-type star) for i = 60-90°. Similarly, in the ellipsoidal
system with a giant primary HDE 229 234, we estimate a mass
in the range 18-23 M, for the O9 III star, which leads to a sec-
ondary in the range 4—7 M (mid B-type) for i = 30—60°.

Two binaries with O supergiant primaries are intriguing sys-
tems: Cyg OB2-11, 0O5.5 Ifc and P = 72 d, and Cyg OB2-
All, O7 Ib(f) and P = 15.5 d. Both stars have been detected
as variable X-ray sources (Rauw et al. 2015). In the case of
Cyg OB2-11, the wide orbit permits the possibility of a detached
system, where components are evolving separately. Rauw et al.
(2015) proposed that the X-ray variability is due to wind-wind
interactions. Adopting a conservative range for the primary
mass of 35-50 M, and orbital inclinations i = 20-70°, the
secondary mass would be in the 7-19 M, room for a mid
B-type, early B-type, or late O-type star, as also suggested by
Kobulnicky et al. (2014). The colliding wind hypothesis ren-
ders the lower masses less likely. The other O supergiant sys-
tem, Cyg OB2-Al1, is a bright X-ray source'*, almost one order
of magnitude brighter than expected for a single star. It presents
strong variability in the X-ray flux of at least a factor of two
through the orbital cycle (Rauw et al. 2015). These character-
istics led Rauw (2011) to propose that it is a colliding wind
system. Again, adopting a conservative range of values for the
primary mass, M| = 25-40 M, we derive M, = 2.5—-12 M, for
orbital inclinations i = 20-90°. The spectral morphology and
orbital parameters of Cyg OB2-A11 resemble those of the fast
X-ray transient HD 74 194 (LM Vel; Gamen et al. 2015), and
its X-ray luminosity is not incompatible with a quiescent X-ray
binary. Therefore, a scenario with a compact companion cannot
be ruled out. Contrarily, the colliding wind scenario requires a
rather massive secondary and hence a high inclination.

5.2.2. Systems undergoing interaction

Another supergiant system, the eclipsing binary BD +36 4063,
ON9.7 Ib, shows signatures of evolutionary processes in action:
a nitrogen enhancement and an LC with indications of strong
deformation of the stars, which suggests a near contact or
semidetached configuration. Williams et al. (2009) proposed that

14 Using the flux values of Rauw et al. (2015) and the distances from
Berlanas et al. (2020) we calculated an L, of 3.05 and 2.05x10%* ergs s~!
for Cyg OB2-A11 and Cyg OB2-11 respectively.
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Table 11. Estimated component masses based on the mass function and primary’s spectral types and a range of orbital inclinations.

Object Spectral type P f(M) M, M, i

d M My My degrees
Pre-mass transfer systems
HD 164438 09.21V 10.2  0.0198 15-20 1.8-4.6 30-90
HDE 229234 09 111 3.5 0.0450 18-23 3.1-7 30-70
Cyg OB2-41 09.7 ll(n) 294 0.2080 15-23 4.3-10 35-90
ALS 15148 065V 3.1 0.0074 24-27 1.7-2.1 60-90
Cyg OB2-1 08 IV(n)((f)) 49 0.1640 18-21 4.3-6 60-90
Cyg OB2-20 09.71V 25.1 0.1640 15-18 3.9-9 35-90
Cyg OB2-15 O8 III 147 0.0950 20-25 3.8-11 25-90
Cyg OB2-11 05.5Ifc 72.5 0.0780 35-50 7-19  20-70
V747 Cep 055 V(m)((f) 55 04360 27-30 8-11  60-90
HD 37737 09.5 II-I(n) 7.8 0.2200 18-25 5-7 60-90
HD 46573 O7 V((f)z 10.7 0.0007 21-23 0.8-1.5 30-60
HD 52533 A 08.51Vn 22.0 1.0200 18-21 9-12  60-90
Ongoing mass-transfer systems
BD +36 4063 ON9.7 Ib 4.8 2.06 15-23  11-18  60-90
HD 16429 AaAb 09.2 111 3.0 0.76 18-23 8-11  60-90
Collapsed companions
V479 Sct ONG6 V((f))z 39 0.0028 24-27 1.4-12 10-60
Cyg X-1 09.7 Iabp var 5.6 0.3410 20-40 6-16  35-60
HD 12323 ON9.2 V 1.9 0.0053 15-18 1.4-1.6 60-90
HD 15137 09 II-1IIn 554 0.0082 15-20 1.5-9 10-60
HD 14633 AaAb ON8.5V 154 0.0041 18-20 1.3-9 10-60
Colliding wind binary or with compact companion
Cyg OB2-All O7 Ib(f) 154 0.0199 2540 2.5-7 30-60

Notes. The mass function for each system is from the calculated orbit (see Table 10).

the ON supergiant is undergoing mass transfer to an invisible and
massive companion hidden by a thick disk.

The TESS LC of the eclipsing system HD 16429 Aa is
very likely typical of a semidetached configuration, although
the presence of strong variability due to stellar pulsations ren-
ders the shape of the LC very complex. Adopting a primary
mass of 18—23 M, for this short-period system, we suggest that
the secondary lies in the range 8—11 M, (i.e., an early B star).
Given the broadening of the eclipses, the secondary star seems
oversized for the expected mass, which could be an indication
that the system has undergone significant mass interchange, and
now is probably in a similar configuration to AB Cru (O8 III
+ BNO.2: Ib: Maiz Apelldniz et al. 2016; Lorenz et al. 1994,
P =3.41 d). As mentioned before, this complex multiple system
deserves a dedicated analysis.

5.2.3. Likely post-interaction systems

Five SB1 systems could have a compact object as an invisible
companion: V479 Sct, Cyg X-1, HD 15137, HD 14 633 AaAb,
and HD 12 323. If so, they must have gone through a supernova
explosion and most likely a previous episode of mass transfer.
Three of them, V479 Sct, Cyg X-1, and HD 14 633 AaAb, dis-
play strong X-ray emission. The first two are certain, while the
last is likely to have a compact companion.

As for the other two, the situation is unclear. HD 15 137
has a very small mass function. Even though McSwain et al.
(2010) and McSwain et al. (2011) were unable to detect X-ray
emission from the companion, they could not discard the pos-
sibility of a quiescent BH. HD 12 323, being a runaway system
with a small mass function, has similar characteristics, which is
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suggestive of a possible compact object as a companion. We
note, however, that a compact object in such a close orbit should
in all likelihood produce easily detectable high-energy emission,
for which, to our knowledge, only an upper bound has been
reported (Chlebowski et al. 1989), although this implies a failed
detection according to the authors.

Cyg X-1 is one of the best studied systems in our sample.
The close orbit suggests that the system underwent substantial
mass transfer from the progenitor of the BH onto the O star,
likely the cause of its low hydrogen content and moderately high
rotation (we measure a vsini = 95 kms™!) (Ziolkowski 2014).
This was supported by the relatively low mass of the 09.7 Iab
companion. Typically quoted values were close to Mgy = 14.8+
0.1 My and M, = 19.1+ 2 M, (Orosz et al. 2011, and references
therein). In recent years, however, a higher distance for Cyg X-1
has been measured, leading to a much higher companion mass.
The recent work of Miller-Jones et al. (2021) suggests a much
more massive system, with Mgy = 21.4 Mg and M, ~ 41.1 M,
in line with Ziétkowski (2005) or the upper limits in Mastroserio
et al. (2019). Although the Gaia Early Data Release 3 (EDR3)
astrometric data favor the higher distance, we note that our value
for K is about 10% higher than that in Miller-Jones et al. (2021),
suggesting that more work is needed on this iconic system.

5.3. Orbital-parameter distributions and statistics

Short periods are favored within our sample. If we accept the
published orbital solutions for six objects in the right column of
Table 1 (i.e., those for which we have not improved existing solu-
tions, with the exception of Cyg OB2-22C), we find 11 systems
out of a sample of 27 (41%) that display periods shorter than 10 d.
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Fig. 17. Distributions of the orbital parameter of the MONOS II sample. Left panel: eccentricity-period distribution of the MONOS II SB1 sample.
Systems in a pre-mass-transfer configuration are marked as blue diamonds, and those that are undergoing a mass-transfer event are marked as
orange squares. Systems with a collapsed companion are marked as green circles. The systems marked as unc. in this work are also shown here
as red stars. Right panel: minimum secondary mass-period distribution of the MONOS II SB1 sample. The colors are the same as for the upper

panel. Cyg OB2-A11 is shown here as a red triangle.

Another 11 systems have intermediate periods, with the majority
below 30 d. For the nearby systems ' Ori CaCb and 15 Mon Aa,
the combination of astrometric and spectroscopic data allows the
detection of very long periods (several years). But the next longest
period among the orbits confirmed corresponds to the supergiant
Cyg OB2-11, with 72.5 d. There are four other systems with peri-
ods longer than P = 100 d within the group of unchecked orbits.
They all come from the targeted search for binaries in Cygnus
OB2 (Kobulnicky et al. 2014) and are fainter than the other stars
in the sample. This clearly illustrates the observational biases
present in our sample and implies a need for caution when inter-
preting the period distribution. Although all other similar studies
have found approximately the same distribution (Sana et al. 2012;
Barbad et al. 2017; Kobulnicky et al. 2014; Almeida et al. 2017),
it may be to a large degree dictated by an observational bias, as
a star needs to have been detected as an SB1 to be included in
our sample. Only the sample of Kobulnicky et al. (2014) is free
from this initial bias, although it is still subject to those imposed
by their observational strategy.

Figure 17 shows secondary minimum mass-period and
eccentricity-period distributions. If we analyze the eccentric-
ity distribution, we find that the sample is roughly evenly dis-
tributed, with a slight preference for low values. The short-period
systems have lower eccentricities, while longer-period sys-
tems have higher eccentricities; again, this trend has also been
reported before by other authors. Our sample falls on the central
region of the eccentricity-period plane. The lack of eccentric sys-
tems with short periods is a fully expected physical effect due to
the limitation imposed by the size of the stars themselves. There
is also a significant lack of longer-period systems with small
eccentricities. This could be an observational bias due to the dif-
ficulty in detecting low amplitude binaries with long periods. If
we take into account the aforementioned findings of Simén-Diaz
et al. (2020b) regarding RV variability due to stellar pulsations
and consider that they will necessarily be superimposed on puta-
tive orbital RVs, it becomes clear that detecting long-period sys-
tems with supergiant or fast-rotating primaries is a very complex
task. Therefore, a meaningful interpretation of the implications
of our findings will require a sophisticated analysis of all these
biases to be conducted when the whole sample of binary systems
has been revised.
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Appendix A: Tables

Table A.1. Number of spectra of each object analyzed in this study. The code for the identification of each instrument is listed below; in the cases
of both NoMaDS and CARMENES the extra suffix is added to identify the filter used for the observation. It should be noted that both NoMaDS
and CARMENES spectra where taken in two bands simultaneously. In order to identify a spectrum, we use the notation YYMMDD_Instrument.
If more than one spectrum of the same object have been taken the same night, an additional counter _# is added.

Name FEROS CAFE STELLA MERCATOR FIES NoMaDS OHP HARPS CARMENES Total
F C S M I H_V/G/R/B P T C_/vV
HD 164438 5 4 8 1 2 7 27
V479 Sct 8 3 7 18
9 Sge 5 3 1 78 15 2 4 108
Cyg X-1 5 1 9 14 2 31
BD +36 4063 9 9
HDE 229234 4 6 10
HD 192281 3 1 4 5 10 23
HDE 229232 AB 1 8 9
ALS 15133 1 1
Cyg OB2-All 2 3 8 13
Cyg OB2-22C 1 6 7
Cyg OB2-22 B 4 4
Cyg OB2-41 2 2
ALS 15148 4 6 10
Cyg OB2-1 2 2
ALS 15131 1 1
Cyg OB2-20 3 3
Cyg OB2-70 .
Cyg OB2-15 4 . 4
ALS 15115
Cyg OB2-29
Cyg OB2-11 2 4 6
68 Cyg 5 22 5 1 33
HD 108 3 6 1 5 6 8 10 2 41
V747 Cep 8 1 7 4 20
HD 12323 2 6 6 6 20
HD 16429 Aa 12 2 4 8 3 29
HD 15137 6 4 3 4 1 18
HD 14 633 AaAb 6 2 1 10 3 22
a Cam 3 1 29 9 5 8 55
HD 37737 1 2 13 1 17
15 Mon Aa 2 4 6 28 11 12 2 65
HD 46573 6 1 7 2 16
' Ori CaCb 4 31 22 2 63
HD 52533 A 3 1 5 6 15
Total 36 75 24 187 206 62 57 12 43 702
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Appendix B: RV and LC curves

B.1. RV curves
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RV [kms™']
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—100F

—10F

20}

RV [kms~

Fig. B.1. New orbital solutions of several systems. MONOS RVs of each diagnostic line are shown as navy squares. The dotted blue line shows
the y of the system. Upper left panel: New orbital solution for V479 Sct. Upper right panel: New orbital solution for Cyg X-1. Middle left panel:
New combined orbital solution for BD +36 4063. Red circles are the RVs from Williams et al. (2009). Middle right panel: New combined orbital
solution for HDE 229 234. Also shown are RVs from Boeche et al. (2004) (open red circles), Mahy et al. (2013) (green triangles), and MONOS
(navy squares and diamonds). The MONOS RVs were split into two sets in order to highlight the RV scatter in different observing runs. Lower
left panel: New combined orbital solution for HDE 229232 AB. Red circles are the RVs from Williams et al. (2013). Lower right panel: New
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combined orbital solution for Cyg OB2-A11. Red circles are the RVs from Kobulnicky et al. (2012).

A4, page 34 of 42

A—60

RV [km s‘l]

1-80

4-30

=40



E. Trigueros Péez et al.: MONOS: Multiplicity Of Northern O-type Spectroscopic systems. I1.
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Fig. B.2. New orbital solutions of several systems. MONOS RVs of each diagnostic line are shown as navy squares. The dotted blue line shows
the y of the system. Upper left panel: New combined orbital solution for Cyg OB2-41. Red circles are the RVs from Kobulnicky et al. (2014).
Upper right panel: New combined orbital solution for ALS 15 148. Red circles are the RVs from Kobulnicky et al. (2014). Middle left panel:
New combined orbital solution for Cyg OB2-1. Red circles are the RVs from Kobulnicky et al. (2014). Middle right panel: New combined orbital
solution for Cyg OB2-20. Red circles are the RVs from Kobulnicky et al. (2014). Lower left panel: New combined orbital solution for Cyg OB2-15.
Red circles are the RVs from Kobulnicky et al. (2014). Lower right panel: New combined orbital solution for Cyg OB2-11. Red circles are the

RVs from Kobulnicky et al. (2014).
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Fig. B.3. New orbital solutions of several systems. MONOS RVs of each diagnostic line are shown as navy squares. The dotted blue line shows
the y of the system. Upper left panel: Orbital solutions of V747 Cep. Upper right panel: Orbital solution for HD 12 323. Red circles are the RVs
from Bolton & Rogers (1978), and green triangles are from Stickland & Lloyd (2001). Middle left panel: New combined orbital solution for
HD 15 137. Red circles are the RVs from McSwain et al. (2010) and Boyajian et al. (2005). Middle right panel: New combined orbital solution for
HD 14 633 AaAb. Red circles are the RVs from Boyajian et al. (2005). RVs from McSwain et al. (2007) (green triangles) are also shown but were
not used to calculate the orbital solution. Lower left panel: New combined orbital solution for HD 37 737. Red circles are the RVs from McSwain
et al. (2007), Stickland & Lloyd (2001), and Gies & Bolton (1986). Lower right panel: New combined orbital solution for HD 46 573. Red circles

are the RVs from Mahy et al. (2009).

A4, page 36 of 42



E. Trigueros Péez et al.: MONOS: Multiplicity Of Northern O-type Spectroscopic systems. I1.
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Fig. B.4. New orbital solutions of several systems. MONOS RVs of each diagnostic line are shown as navy squares. The dotted blue line shows

the y of the system. Left panel:New orbital solution for §' Ori CaCb. Right panel: New combined orbital solution for HD 52 533 A. Red circles

0.0 0.2

are the RVs from McSwain et al. (2007).
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Cyg X-1 - TESS light curve Cyg X-1 - TESS light curve P : 5.59974 d
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Fig. B.5. Normalized and folded TESS LCs of the following systems. Upper left panel: LC for Cyg X-1 in sector 14. Upper right panel: Folded
LC for Cyg X-1 using the orbital period. Middle left panel: Folded LC for BD +36 4063 using the orbital period. Middle right panel: LC for
HD 192281 in sectors 14 and 15. Lower left panel: LC for HDE 229 234 observations in sectors 14 (blue) and 15 (red). Lower right panel: Folded
LC using the orbital period for HDE 229 234.
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Cyg OB2-A11 - TESS light curve

HDE 229 232 AB - TESS light curve P : 0.60513 d
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Fig. B.6. Normalized and folded TESS LCs of the following systems. Upper left panel: LC for HDE 229 232 AB in sector 14. Upper right panel:
LC for Cyg OB2-Al1 in sectors 14 and 15. Middle left panel: LC for Cyg OB2-22 C in sectors 10 and 11. Middle right panel: Folded LC using
a period P = 4.16083 d for Cyg OB2-22 C. Lower left panel: LC for ALS 15 148 in sectors 14 (blue) and 15 (red). The LC is diluted due to the
contamination of neighbor stars. Lower right panel: Folded LC for ALS 15 148 using the orbital period.
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Cyg OB2-1 - TESS light curve
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Fig. B.7. Normalized and folded TESS LCs of the following systems. Upper left panel: LC for Cyg OB2-1 in sector 14 (blue) and 15 (red). Upper
right panel: LC folded for Cyg OB2-1 using the orbital period. Middle left panel: Folded LC using a period P = 3.317 d for Cyg OB2-41. Middle
right panel: LC for Cyg OB2-11 in sectors 14 and 15. Lower left panel: LC for 68 Cyg observed in sectors 15 and 16 (about 54 days). Lower right
panel: Folded LC for 68 Cyg using the most significant period, P = 1.405216 d. Red dots represent a smoothing done to enhance the perception

of the periodicity in the data.
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Fig. B.8. Normalized and folded TESS LCs of the following systems. Upper left panel: LC for HD 108 in sectors 14 and 15. Upper right panel:
Folded LC using a period P = 6.1769 d for HD 108. Middle left panel: Folded LC for V747 Cep using the P = 5.332 d period. Middle right panel:
LC for HD 15137 in sector 18. Lower left panel: LC for HD 12323 in sector 18. Lower right panel: Folded LC for HD 12 323 using the period
P =0.96346 d.
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Fig. B.9. Normalized and folded TESS LCs of the following systems. Upper left panel: LC for HD 16429 AaAb in sector 18, which displays clear,
unevenly spaced eclipses. Also, the LC shows apparent stochastic variations that should be analyzed in the future to unravel their nature. Upper
right panel: Folded LC with the spectroscopic period for HD 16429 AaAb. Middle left panel: LC for HD 37 737 in sector 19. Middle right panel:
Folded LC for HD 37 737 using a period P = 7.84703 d. Lower left panel: LC for & Cam. Lower right panel: LC for HD 52 533 A in sector 7.

Appendix C: Radial velocity measurements

In this appendix we present all the RVs measured in this work, including those that have not been used to analyze the orbital
solutions of the systems. The appendix tables are available at the CDS.
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