
MNRAS 465, 2432–2470 (2017) doi:10.1093/mnras/stw2743
Advance Access publication 2016 October 26

The MiMeS survey of Magnetism in Massive Stars: magnetic analysis
of the O-type stars

J. H. Grunhut,1,2‹ G. A. Wade,3‹ C. Neiner,4‹ M. E. Oksala,4,5 V. Petit,6 E. Alecian,4,7

D. A. Bohlender,8 J.-C. Bouret,9 H. F. Henrichs,10 G. A. J. Hussain,1 O. Kochukhov11

and the MiMeS Collaboration
1European Southern Observatory, Karl-Schwarzschild-Str. 2, D-85748 Garching bei München, Germany
2Dunlap Institute for Astronomy and Astrophysics, University of Toronto, 50 St George Street, Toronto, ON M5S 3H4, Canada
3Department of Physics, Royal Military College of Canada, PO Box 17000, Kingston, ON K7K 7B4, Canada
4LESIA, Observatoire de Paris, PSL Research University, CNRS, Sorbonne Universités, UPMC Univ. Paris 06, Univ. Paris Diderot, Sorbonne Paris Cité,
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ABSTRACT
We present the analysis performed on spectropolarimetric data of 97 O-type targets included
in the framework of the Magnetism in Massive Stars (MiMeS) Survey. Mean least-squares
deconvolved Stokes I and V line profiles were extracted for each observation, from which
we measured the radial velocity, rotational and non-rotational broadening velocities, and
longitudinal magnetic field B�. The investigation of the Stokes I profiles led to the discovery
of two new multiline spectroscopic systems (HD 46106, HD 204827) and confirmed the
presence of a suspected companion in HD 37041. We present a modified strategy of the least-
squares deconvolution technique aimed at optimizing the detection of magnetic signatures
while minimizing the detection of spurious signatures in Stokes V. Using this analysis, we
confirm the detection of a magnetic field in six targets previously reported as magnetic by
the MiMeS collaboration (HD 108, HD 47129A2, HD 57682, HD 148937, CPD-28 2561,
and NGC 1624-2), as well as report the presence of signal in Stokes V in three new magnetic
candidates (HD 36486, HD 162978, and HD 199579). Overall, we find a magnetic incidence
rate of 7 ± 3 per cent, for 108 individual O stars (including all O-type components part of
multiline systems), with a median uncertainty of the B� measurements of about 50 G. An
inspection of the data reveals no obvious biases affecting the incidence rate or the preference
for detecting magnetic signatures in the magnetic stars. Similar to A- and B-type stars, we find
no link between the stars’ physical properties (e.g. Teff, mass, and age) and the presence of a
magnetic field. However, the Of?p stars represent a distinct class of magnetic O-type stars.

Key words: instrumentation: polarimeters – surveys – stars: early-type – stars: magnetic
field – stars: massive – stars: rotation.

1 IN T RO D U C T I O N

Stars of spectral type O are the most massive and luminous stars
in the Universe. Due to their intense UV luminosities, dense and
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Coralie.Neiner@obspm.fr (CN)

powerful stellar winds, and rapid evolution, they exert an impact on
the structure, chemical enrichment, and evolution of galaxies that
is disproportionate to their small relative numbers.

O-type stars are the evolutionary progenitors of neutron stars
and stellar-mass black holes. The rotation of the cores of red super-
giants (Maeder & Meynet 2014), the characteristics of core collapse
supernova explosions (Heger, Woosley & Spruit 2005), and the
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relative numbers, rotational properties, and magnetic characteris-
tics of neutron stars (and their exotic component of magnetars) may
be sensitive to the magnetic properties of their O-type progenitors.
Low-metallicity Oe-type stars have also been associated with the
origin of long-soft gamma-ray bursts (e.g. Martayan et al. 2010).

Considering the importance of O stars as drivers of galactic
structure and evolution, and the significance of magnetic fields
in determining their wind structure (e.g. Shore & Brown 1990;
Babel & Montmerle 1997; ud-Doula & Owocki 2002; Townsend
& Owocki 2005), rotation (e.g. Mikulášek et al. 2008; ud-Doula,
Owocki & Townsend 2009; Townsend 2010), and evolution (e.g.
Meynet, Eggenberger & Maeder 2011; Maeder & Meynet 2014),
understanding the magnetic characteristics of O stars is of major
current interest.

The sample of known magnetic O stars is currently very small
– less than a dozen are confidently identified (Wade & MiMeS
Collaboration 2015). The first magnetic O-type star – the young
O dwarf θ1 Ori C – was discovered to be magnetic by Donati
et al. (2002). Measurements of θ1 Ori C by Wade et al. (2006)
showed that the field is well described by a dipole configuration
with longitudinal magnetic field strength (B�) ranging from about
−100 to 600 G. Modelling of those measurements revealed that
the dipolar magnetic field strength is between 1 and 2 kG and
that the magnetic field is oblique to the rotation axis by an an-
gle of ∼30◦–70◦. Only one other O star was confidently detected
to be magnetic prior to the start of the Magnetism in Massive
Stars (MiMeS) survey: the Of?p star HD 191612 (Donati et al.
2006).

Within the context of the MiMeS project, HD 191612 was re-
observed and found to show B� variations from about −600 to
100 G. Similarly to θ1 Ori C, the field is well described by a
dipole, with a polar field strength of about 2.5 kG, with a magnetic
axis oblique to the rotation axis by about 70◦. The O supergiant
ζ Ori A is another O-type star with a highly suspected magnetic
field (Bouret et al. 2008). Bouret et al. (2008) observed this star and
found marginal evidence for the detection of a Zeeman signature
in their observations; however, based on the temporal variability of
these signatures, they were able to establish with more confidence
that this star hosted the weakest magnetic field of O stars known at
this time, with a surface dipolar field strength of about 60 G. The
field was also found to be oblique to the rotation axis by about 80◦.
This result has recently been confirmed within the context of the
MiMeS project by Blazère et al. (2015), who identified the ζ Ori Aa
component as the magnetic star with a field strength of ∼140 G.
Measurements of another Of?p star, HD 148937, were reported
to find a detected B� (B�/σ = 3.1) by Hubrig et al. (2008), but
a reanalysis of this observation by Bagnulo et al. (2012) found a
slightly reduced B� value with a correspondingly reduced detection
significance of about 2.9, resulting in only a marginal detection of
a magnetic field.

The number of confidently detected magnetic O stars has signif-
icantly increased since the start of the MiMeS project. The MiMeS
survey alone was responsible for discovering (or confirming the
suspicion of) magnetic fields in six O stars: HD 108 (Martins
et al. 2010), HD 57682 (Grunhut et al. 2009, 2012b), HD 148937
(Wade et al. 2012a), NGC 1624-2 (Wade et al. 2012b), HD 47129A2
(Grunhut et al. 2013), and CPD-28 2561 (Wade et al. 2015). Suf-
ficient data exists, and have been reported, for three of these stars
(HD 57682, HD 148937, CPD-28 2561) to characterize their mag-
netic field properties (further details of these observations are dis-
cussed in Section 4.1). Similar to the previously known magnetic
O stars, the magnetic fields in these stars are well described by
a mainly centred dipole field, with a polar surface field strength

ranging from about 1 to 3 kG, and a magnetic axis inclined to the
rotation axis by about 35◦–80◦.

Other authors (Hubrig, North & Schöller 2007a; Hubrig
et al. 2008, 2013, 2014; Hubrig, Oskinova & Schöller 2011b, 2012a)
have also claimed the detection of a magnetic field in 20 other O-
type stars, primarily based on low-resolution Focal Reducer and
low dispersion Spectrograph (FORS) data. The validity of several
of these and other magnetic claims for different classes of stars
based on FORS1 observation were investigated by Bagnulo et al.
(2012). In particular, Bagnulo et al. (2012), using the same FORS
data but a different analysis, could not confirm the detection of a
significant number of the reported FORS1 detections. In light of this
result, there are serious doubts about the robustness of the reported
magnetic claims based on low-resolution data. Despite these many
refuted claims, magnetic field detections have been obtained with
low-resolution FORS data. Nazé et al. (2012) and Nazé, Wade & Pe-
tit (2014) discovered and confirmed the presence of a magnetic field
in the cluster star Tr16-22 from a survey consisting of 21 massive
stars (including eight O-type stars). Furthermore, in their study of
50 massive stars (including 28 O-type stars), the B fields in OB stars
(BOB) collaboration announced the detection of a magnetic field in
the O-star HD 54879 (Castro et al. 2015; Fossati et al. 2015), using
a combination of low-resolution FORS2 and high-resolution High
Accuracy Radial velocity Planet Searcher polarimeter (HARPSpol)
observations.

The occurrence of magnetic fields amongst O stars is still debated.
Based on the complete sample of known magnetic stars in their
study (including non-O-type stars), Fossati et al. (2015) found a
magnetic incidence rate of 6 ± 4 per cent, but they only identified
one magnetic detection out of 28 O stars, leading to a slightly smaller
magnetic incidence fraction of ∼4 per cent. Although based on a
much smaller sample, the study by Nazé et al. (2012) found one
magnetic star out of eight O stars, leading to a much higher incidence
rate of ∼13 per cent. These studies, however, deal with small number
statistics. Inclusion of any of the previously mentioned studies with
refuted claims would also drastically change these statistics.

The MiMeS survey (Wade et al. 2016; hereafter Paper I) collected
over 4800 high-resolution circular polarization spectra of roughly
560 bright stars of spectral types B and O. The aim of the survey is to
provide critical missing information about field incidence and sta-
tistical field properties for a large sample of hot stars, and to provide
a broader physical context for interpretation of the characteristics
of known magnetic B and O stars.

In this paper (Paper II), we report the results obtained for all 97
O-type stars (or multiple star systems) obtained within the survey.
In Section 2, we summarize the target sample, and review the char-
acteristics of the observations. Section 3 discusses the least-squares
deconvolution (LSD) analysis of the spectropolarimetric data, in-
cluding line mask selection and tuning, line profile fitting to derive
line broadening and binary parameters, and ultimately the magnetic
field diagnosis. In Section 4 we report our results, summarizing the
magnetic detections obtained for the previous MiMeS discoveries,
the possible magnetic detections, and the probable spurious detec-
tions. In Section 5, we discuss the tests performed to investigate the
reliability of our results, examine the characteristics of the observa-
tions and details pertaining to possible trends or subsamples of stars,
and compare our results with previous reports of magnetic stars in
the literature. Finally, Section 6 provides a summary of this study.

2 SA M P L E A N D O B S E RVAT I O N S

As described by Paper I, high-resolution circular polarization
(Stokes V) spectra of 110 Wolf–Rayet (WR) and O-type targets
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were collected in the context of the MiMeS project. Of these
targets, three magnetic stars (θ1 Ori C, Donati et al. 2002; ζ Ori A,
Bouret et al. 2008; and HD 191612, Donati et al. 2006) were previ-
ously known or highly suspected to host a magnetic field and were
observed as part of the targeted component (TC). The 11 WR stars
were previously discussed by de la Chevrotière et al. (2013) and de
la Chevrotière et al. (2014) and are not further discussed here with
the exception of HD 190918, which also contains a spectroscopic O-
star companion that is included in this study. In this paper, we focus
on the 97 survey component (SC) systems that host an O-type star.

A total of 879 Stokes V observations of these 97 targets were
obtained with the Echelle SpectroPolarimetric Device for the Ob-
servations of Stars (ESPaDOnS), Narval, and HARPSpol echelle
spectropolarimeters. As described by Paper I, these instruments
acquire high-resolution (R = 65 000 for ESPaDOnS and Narval,
R = 115 000 for HARPSpol) spectra spanning the optical spec-
trum (from 370 nm to 1 µm for ESPaDOnS and Narval, and from
380 to 690 nm for HARPSpol). A majority (57 per cent) of these
spectra were obtained in the context of the MiMeS Large Programs
(LPs). The remainder (43 per cent) were collected from the Canada–
France–Hawaii Telescope (CFHT), Télescope Bernard Lyot (TBL),
and European Southern Observatory (ESO) archives. While a large
number of polarimetric sequences were obtained from the archives,
some data for all but five targets were acquired from the LPs.

The observed sample of O-type stars is best described as an
incomplete, magnitude-limited sample. Approximately 50 bright O
stars for which high-resolution IUE spectra exist were identified
to be observed during the ESPaDOnS LP, and form the core of
the sample. The sample contains a number of stellar subgroups of
particular interest for magnetic field investigations, including the
peculiar Of?p stars, Oe stars, and weak-wind stars. The Of?p stars
were systematically included in the survey (all known Galactic Of?p
stars were observed), but other classes of stars (e.g. Oe, weak-wind,
etc.) were not systematically targeted, unless specific stars were
claimed to be magnetic in the literature. In most cases, stars for
which better magnetic sensitivity was likely to be obtained were
prioritized. Hence, we preferentially observed brighter stars with
lower projected rotational velocities.

Fig. 3 of Paper I illustrates the distribution of apparent V-band
magnitudes of the entire SC sample. Among the O stars, the brightest
star of the sample is V = 1.8, while the faintest has V = 11.8. The
median magnitude of the O-star SC sample is about 6.7, which is
about 0.5 mag fainter than the combined sample.

Paper I discusses the completeness of the SC sample (illustrated
in their fig. 5), and reported that approximately 7 per cent of all stars
with B or O spectral types and brighter than V = 8 were observed in
the survey. However, due to the smaller absolute numbers of bright
(V < 8) O-type stars, the magnitude-limited completeness of the
O-type SC sample is much higher: we observed about 43 per cent
of all O stars brighter than V = 8. This is a natural result of the rapid
increase of the total number of bright stars towards late B spectral
types, combined with our survey focus on the hottest (hence most
massive) objects. So even though we observed only one-quarter
the number of O stars as B stars, our sampling of the complete
population of bright O stars is actually much better.

Often, to increase the signal-to-noise ratio (S/N) sufficiently to
reach the desired magnetic sensitivity, we acquired multiple suc-
cessive Stokes V spectra of a target during an observing night. We
ultimately co-added the un-normalized spectra obtained on a given
night for each star, which led to 432 individual polarized spectra
of the 97 targets. For some stars, only one nightly averaged ob-
servation exists, while for others we have several nightly averaged

observations obtained over the course of the project. The analysis
for each star was carried out on the co-added nightly averages. Indi-
vidual polarimetric sequences were also investigated for those stars
with high v sin i or that were previously known to show variations
on time-scales shorter than the timespan of the co-added sequence
of observations. In each case, we found the results were consistent
with the nightly averaged spectra.

The S/N of the co-added spectra ranged from about 50 to 6200,
with a median of 1005, as computed from the peak S/N per
1.8 km s−1 pixel of each spectrum, in the 500–650 nm range. The
large range in obtained S/N is largely a consequence of varying
weather conditions, varying brightness of the targets, and differ-
ences due to the adopted exposure times (further discussed below).
The 210 ESPaDOnS spectra of 87 individual targets were generally
of the highest S/N (1059), but they span a large range in precision
(the standard deviation of the sample S/N is 722). The 214 Narval
spectra of 23 individual targets were of the next highest precision
(median S/N of 980, with a standard deviation of 272). Only a small
number (seven) of O stars were observed with HARPSpol, yielding
a median S/N of 470 for eight co-added spectra (per ∼1.8 km s−1

velocity bin).
Exposure times for spectra acquired in the context of the LPs

were computed using the MiMeS exposure time calculation, which
predicts the S/N (and hence exposure time) required to reach a
desired ‘magnetic sensitivity’ (see Paper I, Section 3.5). Archival
observations, on the other hand, adopted their own strategy for
determining exposure times based on the requirements of their in-
dividual programmes. Despite the different strategies that may have
been adopted, the S/N of the archival data (median S/N ∼ 1100,
with a standard deviation of 323) is slightly higher than the data ob-
tained within the MiMeS LPs (median S/N ∼ 950, with a standard
deviation of 482).

The sample of SC O-type stars and their basic properties are
summarized in table 5 of Paper I.

3 A NA LY SIS

3.1 Least-squares deconvolution

The LSD technique (Donati et al. 1997) was applied to all polari-
metric spectra to increase the effective S/N in order to detect weak
magnetic Zeeman signatures. This multiline procedure combines
information from many metallic and He lines in the spectrum to
extract a mean unpolarized intensity profile (Stokes I), a mean cir-
cularly polarized profile (Stokes V), and a mean diagnostic null
profile (that characterizes spurious signal; e.g. Bagnulo et al. 2009).
As input, the procedure requires a ‘line mask’, which contains the
predicted central wavelength, the line depth, and the predicted or
measured Landé factor. The mean Stokes I profile was constructed
from the central line depth-weighted average of all lines included
in the line mask, while the mean Stokes V profile was constructed
from weighting of the product of the central depth, the central wave-
length, and the Landé factor of each line in the line mask. Because
of this weighting, the LSD procedure is somewhat sensitive to the
input line mask (e.g. Donati et al. 1997). In particular, the presence
of emission lines and lines that fail the self-similarity assumption of
the LSD procedure (i.e. that are not well represented by the average
shape of the majority of the other lines), can add destructively to
the final line profile. Thus, care must be taken in the construction of
the line mask to reduce the effects of these lines, since a relatively
small number of lines are available for LSD in the spectra of hot
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stars (in contrast to the thousands of lines potentially available in
the spectra of cool stars, for example).

The primary tool used in this study was the ILSD code of
Kochukhov, Makaganiuk & Piskunov (2010) and an IDL front-end
developed by one of us (JHG) to extract all profiles on to a veloc-
ity grid with a resolution of 1.8 km s−1. We adopted LSD scaling
weights corresponding to a Landé factor of 1.2 and wavelength of
500 nm. To further increase the S/N, we also took advantage of
the regularization capabilities of ILSD by setting the regularization
parameter (λ) to a value of 0.2 (see Section 3.4 for further details).

In order to construct optimal line masks, we first utilized the Vi-
enna Atomic Line Database (VALD2; Piskunov et al. 1995; Kupka
et al. 1999) to create the initial ‘full’ line list. The input used ap-
propriate values for their effective temperature (Teff) and surface
gravity (log (g)), which were based on the spectral type of each star
using the corresponding calibration of Martins, Schaerer & Hillier
(2005a), and assumed solar abundances. The full mask included all
lines retrieved via an extract stellar request to VALD2 in the range
of 370–980 nm, with a line-depth cut-off of 1 per cent the con-
tinuum. This yielded between 1000 and 2500 lines for each mask,
decreasing in number with increasing temperature.

Using an interactive IDL code that compares the LSD model (the
convolution of the LSD profile with the line mask) with the observed
spectrum, we proceeded to develop a ‘clean’ line mask for each
observation that excluded all H lines, strong emission lines, lines
blended with these lines, and lines blended with strong telluric
absorption bands. Finally, we continued to remove all lines that
poorly represented the average line profile (e.g. broad He lines)
and thus did not satisfy the self-similarity assumption of the LSD
procedure.

We next created a ‘tweaked’ mask, whereby we automatically
adjusted the depths of the remaining lines to provide the best
fit between the LSD model and the observed Stokes I spectrum.
This was carried out using the Levenberg–Marquardt, non-linear
least-squares algorithm from the MPFIT library (Moré 1978; Mark-
wardt 2009). The line depths were constrained to have positive
values (i.e. absorption lines). The line mask resulting from the suc-
cessive procedures of cleaning and tweaking was considered the
optimal line mask. We found that, with typically only a few hun-
dred lines in the final optimal line mask for each star, the tweaking
procedure can greatly improve the quality of fit between the ob-
served spectrum and the LSD model and also improve our ability to
detect Zeeman signatures (see Section 3.4 for further details). This
last step, which essentially assigns empirical depths to each of the
remaining lines, also reduced our sensitivity to the choice of input
line mask, which may have a slightly different model Teff, log (g),
or abundances from the observed star. One of the main results of
the tweaking process is to increase the strength of the He lines rel-
ative to the metallic lines. The process of cleaning and tweaking
greatly reduced the total number of lines in the optimal line mask,
to about 200–1200 lines. In general, stars with lower effective tem-
perature and narrower line widths had the most lines remaining in
their masks; there was no correlation between log (g) (or luminos-
ity class) and the remaining number of lines from the optimization
procedure. Typically, all elements lighter than Cerium remained in
the list, with the majority of the lines comprised of He, C, N, O,
Ne, and Fe. All data, LSD profiles, and masks for each star in this
study will be hosted at a dedicated MiMeS page at the Canadian
Astronomy Data Centre (CADC1).

1 http://www.cadc.hia.nrc.gc.ca/data/pub/VOSPACE/MiMeS/MiMeS_O
_stars.html.

While all stars of the same spectral type and luminosity class
(independent of other factors such as line width) used the same
initial line mask, we optimized the line mask for each star and each
observation separately (the same initial cleaned mask was used for
each observation, but each observation was tweaked separately).
This strategy essentially treats all observations independently (even
for the same star), which, in principle, should maximize our ability
to detect weak Zeeman signatures from individual observations for
stars with multiple observations and a varying spectrum; however,
the LSD profiles extracted from a single mask for stars with multiple
observations were very similar to the LSD profiles from the indi-
vidually tailored masks (the usable lines for the LSD procedure did
not vary too substantially). Therefore, a single mask per star could
have been used and the results presented here would not differ by
much.

From each optimal line mask, we also used the multiprofile ca-
pability of ILSD to simultaneously extract representative mean, un-
blended profiles of both He and metallic lines. This was accom-
plished by providing ILSD with two input line masks, one entirely
composed of He lines and the other consisting of all other remaining
lines in the mask.

In addition to the optimal line mask and its derivatives, we also
extracted LSD profiles using the line mask employed by Donati
et al. (2006) for Of?p star HD 191612. This line mask contains
only 12 lines between 400 and 600 nm, most of which are He lines,
in addition to some CNO lines. Despite the relatively few lines
employed in this mask, it has proven to yield the most significant
Zeeman detections in the discovery of many recent magnetic O-
type stars (e.g. Wade et al. 2011, 2012a; Grunhut et al. 2013). From
hereon out, this line mask is referred to as the Of?p mask.

The extraction of the final LSD profiles utilized a σ -clipping pro-
cedure (applied to pixel-by-pixel differences between the observed
Stokes I spectrum and LSD model). All pixels that differed by more
than 50σ from the model were rejected and not used in the calcula-
tion of the LSD profile. We found this was necessary to reduce the
impact of blended telluric features, cosmic rays, echelle ripples, and
other general cosmetic issues or spectral contributions that were not
of stellar origin.

In a few situations, we encountered extracted LSD Stokes V and
diagnostic null N profiles with continuum levels that were system-
atically offset from zero. This was only observed for observations
that were extracted from several co-added high-S/N spectra and the
offset appeared to be the same in both Stokes V and N. This offset
may be due to remnant pseudo-continuum polarization that was not
fully subtracted during the LIBRE-ESPRIT reduction process. In order
to correct for this effect, we fit a linear function of the form y = mx
+ b to the LSD diagnostic null profile and subtracted this fit from
both the LSD Stokes V and N profiles.

The last step in the calculation of the final LSD profiles was to
renormalize each profile to its apparent intensity continuum. A line
of the form y = mx + b was fit to the continuum regions (determined
interactively) about the Stokes I profiles. We then divided all Stokes
profiles (I, V and N) by this fit.

In addition to using the ILSD code of Kochukhov et al. (2010),
we also extracted LSD profiles using the LSD code of Donati et al.
(1997) as a consistency check, as it remains the most commonly
used code. Unlike the LSD code of Donati et al. (1997), ILSD only
performs the deconvolution procedure, leaving the user to imple-
ment additional operations (some of which have been implemented
via our wrapper code, as previously discussed). While the results
of the two codes are generally in excellent agreement, the noise
characteristics of the LSD profiles can differ in some cases. Fur-
thermore, the use of regularization, as discussed by Kochukhov
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et al. 2010, can improve the S/N, which is important in this work as
we are searching for weak signals. However, the potentially higher
S/N and the difference in the noise characteristics may lead to an
increase in spurious signal and the apparent detection of a Zeeman
signature (see Sections 3.3 and 3.4 for further details). As discussed
by Donati et al. 1997, several factors can lead to a spurious signal,
especially for high S/N observations (e.g. rapid variability of the
target, spectrograph drifts, and inhomogeneities in CCD pixel sen-
sitivities). We suspect that spurious signals in our sample are most
likely caused by small variations in the shape of the line profiles
(likely due to stellar variability) from one subexposure to the next
and small differences in the line profile shape between the two po-
larization spectra (possibly due to differential optical aberrations or
non-uniform fibre illumination). Due to the different treatment of
the data by each code, in important specific cases, we also mention
the results obtained using the Donati et al. (1997) code in this paper.

3.2 Profile fitting

3.2.1 Single stars

Each of the final LSD Stokes I profiles were fit following the same
procedure as discussed by Neiner et al. (2015). From the fitting
procedure, we derived for each profile the radial velocity vr, the
projected equatorial rotational broadening v sin i, contributions re-
maining from non-rotational broadening, which we consider as
macroturbulent broadening vmac, and the line depth. We empha-
size that our goal here is to determine reliable v sin i and total line
width measurements, and, as discussed by Simón-Dı́az & Herrero
(2014), inclusion of vmac is important to avoid overestimating v sin i.
We warn the reader against overinterpreting the vmac results, as the
inclusion of He I lines and the LSD technique itself, can intro-
duce additional broadening to the final mean profile (Kochukhov
et al. 2010).

Following the strategy adopted by Simón-Dı́az & Herrero (2014),
each observed profile was compared to a synthetic profile that was
computed from the convolution of a rotationally broadened profile
with that of a radial–tangential (RT) macroturbulence broadened
profile following the parametrization of Gray (2005), assuming
equal contributions from the radial and tangential component. A
linear limb-darkening law was also used to compute the synthetic
profiles, with a limb-darkening coefficient of 0.3, which is appropri-
ate for O-type stars (e.g. Claret 2000). We adopted the RT macro-
turbulent formalism in our modelling as Simón-Dı́az & Herrero
(2014) have shown a good agreement between their similar pro-
file fitting technique and the more time-consuming (and believed
to be more accurate) Fourier technique (Gray 1981). Furthermore,
as the RT broadening does not contribute significantly in the re-
gion of the line core, this method should maximize the contribution
of rotational broadening to the line profile compared to the more
commonly used Gaussian profile for hot OB stars (e.g. Martins
et al. 2015). The total line broadening vtot is obtained by adding the
v sin i and vmac in quadrature.

The fitting procedure uses the MPFIT library (Moré 1978; Mark-
wardt 2009) to find the best-fitting solution. To further maximize
the contribution of rotational broadening, we set the initial guess
of v sin i to the full width half-maximum of the profile (identified
interactively), and the macroturbulent contribution to one-half of
this value. It is certainly possible that the contribution from ro-
tational broadening may be overestimated with this approach and
hence our profiles correspond more to ‘maximal’ rotation profiles.

Figure 1. Example LSD profiles illustrating the quality of fit of the pro-
file fitting procedure. The observed LSD profile (solid black) is compared
with the best-fitting model profile (dashed red) for one profile dominated by
macroturbulence (top panel) and another profile that is dominated by rota-
tional broadening (bottom panel). In the macroturbulence-dominated case
(top panel), we also illustrate the poorer quality of the fit achieved when
using a Gaussian (dotted blue) instead of the RT formulation for macrotur-
bulence, as adopted in this study.

Typical uncertainties for the measurements are of the order of 10–
20 per cent. Results are presented in Appendix C.

To assess the reliability of our measurements, we compared our
results obtained for single stars to those presented by Simón-Dı́az
& Herrero (2014). In total, 44 stars were found to be in common
between both studies, with our v sin i measurements being about
6 per cent higher on average, with a standard deviation of 20 per cent.
We noticed a slight trend between the two different subsets of these
measurements. Generally, we achieved a poorer agreement with the
results of Simón-Dı́az & Herrero (2014) for stars with v sin i < 100
(on average our results are 16 per cent larger compared to Simón-
Dı́az & Herrero (2014), with a 20 per cent standard deviation),
compared to stars with v sin i > 100 (our measurements are on aver-
age 10 per cent lower, with a 5 per cent standard deviation). While
there are some differences between the results of the two studies,
the agreement appears consistent within our estimated uncertainties
(of 10–20 per cent).

In Fig. 1, we illustrate the achieved quality of fit for two exam-
ples: one profile that is dominated by macroturbulent broadening
(the magnetic star HD 57682), and one profile with a very high
relative contribution of rotational broadening (HD 149757). In the
case of HD 57682, the fitted parameters (and the quality of the
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fit) are in better agreement with values derived using the Fourier
technique, and additional constraints derived from the measured
rotation period as reported by Grunhut et al. (2012a), than would
be the case using a Gaussian profile to represent macroturbulence
(v sin i ∼ 13 km s−1 when using a Gaussian profile versus 8 km s−1

using the RT formulation; according to Grunhut et al. 2012a, the
v sin i should be of the order of 5 km s−1).

3.2.2 Spectroscopic multiple systems

For LSD profiles that show signs of multiple spectroscopic com-
ponents, and for stars that are known spectroscopic binaries, we
attempted to simultaneously fit multiple single-star absorption pro-
files to the observed LSD profile. The individual synthetic fits follow
the same description as for the single-star case previously discussed,
and an overall best fit was determined using MPFIT. The simultane-
ous fitting of multiple profiles for a single observation is a difficult
task and the solution is often degenerate. We therefore attempted
to constrain each fit based on previously published parameters (e.g.
v sin i, radial velocity), whenever possible. The details of the fit-
ting attempts are further discussed in Appendix A. The best-fitting
parameters are available in Appendix C. These results are simply
used to derive the profile fitting parameters (such as radial veloc-
ity, line broadening, and line depth), and are not meant to infer any
other (physical) parameter of the systems (such as radius/luminosity
ratios).

We next constructed semi-empirical ‘disentangled’ profiles for
each component in the observed LSD profile by combining the
best-fitting Stokes I profile model for each component (random
Gaussian noise is also added, in accordance with the S/N of the
observation, to preserve the relative noise contribution from each
profile for future calculations; however, residual telluric features
are the dominant source of ‘noise’ in most profiles, which is not ac-
counted for) with the observed Stokes V and diagnostic N profiles. In
the case of non-detections (NDs), the use of the fitted profiles better
enabled us to determine spectroscopic and magnetic measurements
(such as the longitudinal field) for each component separately. This
is due to the fact that the velocity limits and a more representative
equivalent width measurement could be determined from the sep-
arated profiles. In Fig. 2, we provide an example of the achieved
quality of fit for an LSD profile showing multiple components. A
comparison for all stars is provided in Fig. A1, in Appendix A.

3.3 Magnetic diagnosis

As discussed in section 3.4 of Paper I, our primary method for
establishing the presence of a magnetic field relies on the detection
of excess signal in the LSD Stokes V profile, resulting from the
longitudinal Zeeman effect, based on the calculation of the false
alarm probability (FAP), as described by Donati, Semel & Rees
(1992). We quantify the likelihood that a Zeeman signature was
detected by measuring the FAP computed from each LSD Stokes V
profile, within the confines of the Stokes I line profile (as determined
visually Donati et al. 1992). Following Donati et al. (1997), we
consider a Zeeman signature to be definitely detected (DD) if the
excess signal within the line profile results in an FAP < 10−5. If
the FAP is greater than 10−5 but less than 10−3, a signature is
considered marginally detected (MD). An FAP greater than 10−3

is considered a ND. In addition to establishing the presence of
excess signal within the line profile, we further require that no
excess signal is measured outside of the line profile. In the case

Figure 2. Example LSD profile showing the quality of fit of the multiprofile
fitting procedure. The observed LSD profile (solid black) is compared with
the best-fitting profiles for each component (indicated by different colours).
The thick dashed line shows the co-added profile of the individual compo-
nents, while the thin horizontal dashed line indicates the continuum level.
The additional features in the observed LSD profile reflect telluric blends
from some line regions that persist into the final LSD profile.

of some strongly magnetic stars, residual incoherent polarization
signal may remain outside of the line profile. However, in such
cases the magnetic signal is sufficiently strong that there is no
ambiguity concerning its detection; in such cases signatures are
usually detectable in individual spectral lines as well. An additional
criterion for the evaluation of the reality of the signal is that no
excess signal is detected in the null profile. However, radial velocity
motions or other line profile variations that occur on time-scales of
a single polarimetric sequence can result in residual uncancelled
signal in the diagnostic null for stars with Zeeman signatures in
Stokes V. The magnetic signal is typically only slightly affected
and sufficiently strong that there is no ambiguity concerning its
detection. This problem is common for pulsating stars (e.g. Neiner
et al. 2012b). In the event that an FAP leads to a detection within the
line profile (FAP < 10−5), but fails one or more of the other criteria,
we consider this to be a marginal detection. Visual inspection of
the detected profiles is further carried out to confirm the detection
status.

We note that this adopted approach is sensitive to any devia-
tions of the Stokes V profile within the confines of the line profile.
In principle, many systematics could result in spurious detections
(e.g. rapid variability of the target, spectrograph drifts, and inhomo-
geneities in CCD pixel sensitivities), in addition to random noise.
Quality control checks carried out using the large number of null
detections (see Section 5.1) or analyses performed on the TC (see,
for example, Paper I) lead us to understand that the incidence of
such artefacts is quite low. Furthermore, examination of the shape,
and the coherence of the temporal variation of the Stokes V profile
is the best method for verification. Using this guideline as a basis,
we consider a detection spurious when the Stokes V profile does
not reveal any obvious Zeeman signature and/or the coherence of
the temporal variation of this signature is inconsistent with expec-
tations (e.g. the signal is statistically detected in only a few of many
observations of similar S/N). A priori, we do not know which stars
are magnetic, but, in general, the stars for which we confidently
detect magnetic fields show clear evidence of a Zeeman signature
in several observations, and, furthermore, the temporal variations of
these signatures behave within expectations. The sample of confi-
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dently detected magnetic stars have been previously reported by the
MiMeS collaboration and consists of: HD 108 (Martins et al. 2010),
HD 57682 (Grunhut et al. 2009, 2012b), HD 148937 (Wade
et al. 2012a), NGC 1624-2 (Wade et al. 2012b), HD 47129A2 (Grun-
hut et al. 2013), and CPD-28 2561 (Wade et al. 2015). For some
stars, there is clear evidence for a Zeeman signature in at least one
observation, but we lack a sufficient number of observations to con-
firm this detection. We consider these stars to be potential magnetic
candidates.

Since the total velocity width of the line profiles varies sub-
stantially from one star to another, we devised a procedure to de-
termine the optimal width of the velocity bin (yielding the most
precise magnetic diagnosis) for each individual extracted LSD
profile. This was accomplished by maximizing the likelihood of
detecting a magnetic field by searching for the bin width that pro-
vided the lowest FAP. This optimization requires a delicate bal-
ance between increasing the bin width (thereby increasing the S/N
per bin) and at the same time decreasing the amplitude of any
potential Zeeman signature. To avoid the latter, the maximum al-
lowed bin width was chosen such that the line profile must span
a minimum of 20 bins (where possible, limited by the adopted
minimum velocity width of 1.8 km s−1 for the LSD profiles ex-
tracted from all instruments – which corresponds to the spectral
pixel width for ESPaDOnS and Narval – and the intrinsic width of
the line profile). This value was chosen based on our experience
of modelling Stokes V profiles resulting from large-scale magnetic
fields.

In addition to quantifying the detection of a Zeeman signature
using the FAP, we also computed the mean longitudinal magnetic
field B� using the unbinned profiles from each observation. The
longitudinal field was determined using the first-order moment of
the Stokes V profile (Rees & Semel 1979; Mathys 1989; Donati
et al. 1997; Wade et al. 2000):

B� = −21.4 × 1011

∫
(v − v0)V (v)dv

λzc
∫

[1 − I (v)]dv
. (1)

In this equation, V(v) and I(v) represent the continuum normalized
Stokes I and V profiles. The mean Landé factor (z) and mean wave-
length (λ) correspond to the LSD weights adopted in our analysis
(1.2 and 500 nm, respectively), while c is the speed of light. The
integration limits are the same as the ones used for the FAP analy-
sis. The uncertainties were computed by propagating the individual
uncertainties of each pixel following standard error propagation
rules (see the Landstreet et al. 2015 equation 3 for further details).
We also computed similar measurements from the diagnostic null
profile N� using the same integration limits. Results are available
in Appendix C. The B� measurements were not used to establish
the presence of a magnetic field, as it is possible that a particular
magnetic geometry could lead to a net null B� measurement, but
the velocity-resolved Stokes V profile still shows a clear Zeeman
signature due to the combination of the Zeeman and Doppler effects
for large-scale fields.

The same analysis described above for single stars was also per-
formed on the disentangled profiles extracted from observations of
systems with multiple components. This allowed us to establish
magnetic measurements and detection criteria for each component
individually; however, this procedure naturally does not account for
any possible magnetic contamination in the Stokes V signal from
overlapping profiles, i.e. it assumes that the other components are
not magnetic. Results are available in the Appendix C.

Table 1. Summary of regularization tests conducted with
ILSD. Listed are the regularization value used for the given
test, the number of observations of confirmed magnetic stars
that resulted in detections, and the number of observations
from non-magnetic stars that resulted in potentially spurious
detections.

Regularization value Confirmed Spurious

0.00 29 0
0.05 39 3
0.10 58 4
0.20 61 9
0.30 71 15
0.40 72 38
0.50 78 56

3.4 Mask comparison

For each observation, we extracted at least six LSD profiles using
each of the different line masks discussed in Section 3.1:

(i) the original line mask derived from the VALD request;
(ii) the ‘cleaned’ version of the VALD line mask;
(iii) the optimal ‘cleaned and tweaked’ VALD line mask;
(iv) the He line only ‘cleaned and tweaked’ VALD line mask;
(v) the metal line only ‘cleaned and tweaked’ VALD line mask;
(vi) the Of?p line mask.

For each mask, we examined the binned and unbinned versions
of the resulting LSD profiles. When comparing the results for
the optimal line mask, we found a noticeable difference in the num-
ber of detections among the known magnetic sample. In this case,
the optimally binned profiles resulted in about three times more
detected Zeeman signatures (61) compared to the unbinned profiles
(22). This result emphasizes the importance of this procedure for
such a large sample of stars with different line widths. From this
point forward, all discussion of the detection criteria corresponds to
the optimally binned profiles, unless otherwise specified.

We also extracted additional LSD profiles with varying values of
the regularization parameter. Regularization is important, since, as
discussed by Kochukhov et al. (2010), it can improve the achiev-
able S/N, which is important in this study as we are searching for
weak Zeeman signatures. To assess the performance of the different
masks and the procedures, we investigated the number of detections,
both real and presumably spurious (i.e. formal detections obtained
from observations from the unconfirmed magnetic star sample). The
regularization parameter was modified between 0 and 0.5 (where a
higher value increases the amount of regularization) and the results
are presented in Table 1. As we increased the amount of regular-
ization, we found an increase in the number of detections among
the confirmed magnetic sample, but this also led to an even larger
fraction of apparently spurious detections. Ultimately, we adopted
a value of 0.2 as it provided a reasonable balance between the num-
ber of detections belonging to the confirmed magnetic stars and
the number of potentially spurious detections. Finally, we note that
several of the previously reported magnetic stars would not have
been detected in this analysis without regularization (HD 148937,
CPD-28 2561).

We next attempted to assess the performance of the different
masks. In particular, we compared the FAP and the detection status
from the sample of confirmed magnetic stars. The results are listed
in Table 2. The main conclusion from this comparison is that the
optimal line mask provided the largest number of detected Stokes V
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Table 2. Performance comparison of different masks. Included for
each mask is its identifier, the number of MDs and DDs, and the total
number of detected observations for the known magnetic star sample.
Lastly, we list the total number of potentially spurious detected
observations among the presumably non-magnetic stars.

Mask Confirmed magnetic Spurious
MD DD total total

Original 14 25 39 7
Cleaned 19 20 39 4
Optimal 20 41 61 9
He only 20 39 59 16
Metal only 11 27 38 20
Of?p 14 29 43 13

signatures. Compared to the original VALD line mask, the optimal
line mask provided about a 50 per cent increase in the number of
detected profiles (61 versus 39). We conclude that ‘tweaking’ is
an important step to improve the ability to detect weak Zeeman
signatures in O stars, since results from the ‘cleaned’ line mask did
not increase the total number of detections compared to the original
line mask. To further emphasize the importance of this procedure,
we note that the increased number of detections when using the
additional step of ‘tweaking’ are not limited to just a larger number
of MDs. In fact, we found a much larger improvement in the number
of DDs (41 versus 20) compared to a small increase in MDs (20
versus 19), when comparing these two categories of line masks.

The LSD profiles extracted from the He-only line mask provided
the next largest number of detections (59), which likely reflects the
fact that strong He lines dominate the Zeeman signal; however, we
still found a large number of detected profiles with the metal line
only line mask (38). While the Of?p line mask has proven to yield
the most significant Zeeman detections in the recent discovery of a
number of magnetic O stars, our study finds that this mask resulted
in considerably fewer detections compared to some of the other
line masks (43); however, in some situations, this mask provided
a marked improvement compared to the optimal line mask (e.g.
HD 47129A2, CPD-28 2561).

Using the observations of the magnetic star sample is one way to
evaluate the line masks, but it is also important to consider the non-
magnetic sample. In this respect, we are interested in the number
of apparently spurious detections resulting from the use of a given
line mask. From this comparison, we found that the metal line only
line mask resulted in the largest number of spurious detections,
while a similar number of spurious detections were also found from
the He-only line mask. The Of?p line mask and optimal line mask
had a similar number of potentially spurious detections. We do
note that some of the apparently spurious detections are potential
magnetic candidates (as further discussed below).

As previously mentioned, different strategies adopted by different
LSD codes can also affect these results. If instead we used the LSD
code of Donati et al. (1997), we found fewer spurious detections
using the optimal line mask (5 versus 9), but ILSD also resulted in a
larger number of detected profiles among the confirmed magnetic
star sample (61 versus 54; see Table 3 for a summary). Some of the
spurious detections were the same between both codes (HD 34078
– both MD; HD 162978 – both MD; HD 199579 – DD with ILSD,
MD with Donati et al. 1997 code), some had spurious detections
for the same star, but with different observations (HD 24912 – 2006
December 14 resulted in an MD with ILSD, 2007 September 10
resulted in an MD with Donati et al. 1997 code; HD 47129A1 –

Table 3. Comparison of results obtained with ILSD and the LSD
code of Donati et al. (1997). Listed are the total number of MDs and
DDs obtained for the previously known magnetic stars, and for the
sample of presumably non-magnetic stars.

Code Magnetic Non-magnetic
MD DD MD DD

ILSD 20 41 5 4
Donati et al. (1997) 17 37 5 0

2012 September 28 resulted in an MD with ILSD, 2012 February
09 resulted in an MD with Donati et al. 1997 code), while others
were only detections with ILSD (HD 36486, HD 66811, HD 167264,
HD 209975). Some of the discrepancies may be attributed to the
differences in the achieved S/N between the two codes, likely a
result of the improvement afforded by the use of regularization with
ILSD. In the cases where ILSD resulted in a lower FAP (and a different
detection threshold), the S/N achieved with ILSD was anywhere be-
tween 2 per cent lower and 55 per cent higher than what was found
with the Donati et al. (1997) code, with a median improvement of
about 10 per cent. Furthermore, some of the apparently spurious
detections are in fact considered possible magnetic stars, and the
achieved detection status sometimes differed between both codes
(HD 162978, HD 199579 – detected with both codes; HD 36486 –
only detected with ILSD; see Section 4.1 for further details). Further
discussion of all stars and observations with formal detections is
provided in the following sections.

Based on this comparison of all LSD profiles extracted from
the various line masks, we conclude that the optimal line mask
is the most suitable choice for the aims of this survey. This line
mask generally provides the highest S/N for the resulting LSD line
profiles and also results in the highest success of detecting Zeeman
signatures. In the following, all results, unless otherwise stated, are
based on the optimal line mask.

Comparing the results obtained here with previous studies of O
stars performed using the same data (e.g. Grunhut et al. 2009; Mar-
tins et al. 2010; Grunhut et al. 2012a; Wade et al. 2012a,b, 2015), we
note that there are differences in the details of the measurements due
to the use of different masks. However, all stars that were previously
detected remain detected (in fact, for most stars the quality of the
profiles and the statistical significance of the detections is improved
thanks to the optimal binning, regularization, or sometimes a better
line mask). Any basic parameters determined from the published
magnetic measurements (rotational periods, magnetic dipole field
strengths/geometries), are in good agreement with similar mea-
surements determined from the homogeneous analysis presented
here.

4 R ESULTS

Of the 97 O-star targets, we identified 28 targets belonging to spec-
troscopic multiple star systems. Two of these are newly suspected
multiline spectroscopic systems (HD 46106 and HD 204827).
Simón-Dı́az et al. (2006) presented evidence for the possible pres-
ence of a spectroscopic companion in HD 37041, which we confirm
with greater certainty in this work. The rest of systems were previ-
ously known to exhibit multiline spectra. Twelve of these systems
contain at least one O-type star companion. A spectral classification
was not carried out for the newly suspected multiline systems, so
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Table 4. Summary of the observations of stars for which we obtain a formal detection of signal in the Stokes V profile based on the
FAP analysis discussed in the text. The first set of stars show overwhelming evidence for the presence of a magnetic field and are thus
considered confirmed magnetic stars. The next group of stars exhibit clear significant structure that is qualitatively consistent with the
Zeeman effect in their Stokes V profiles, but we lack sufficient evidence to confirm the presence of a magnetic field in these stars. The
last group of stars have a formal detection of signal in Stokes V in some of the analysed LSD profiles, but show no strong evidence that
this signal is a result of a magnetic field. These are therefore considered to be spurious detections. Listed for each star is its HD, CPD,
or NGC designation, common name, spectral type, B-band magnitude, the total number of nightly combined observations, the number
of marginal detections (MD), the number of definite detections (DD), the range of variation of the measured longitudinal field (B�),
the median uncertainty of the B� measurements (σ ), the median v sin i, the median vmac of all observations, and the median total line
broadening (computed from adding v sin i and vmac in quadrature) of all the observations, each inferred from the LSD profiles.

Name Common Spec B No. of No. of No. of B� range σ v sin i vmac vtot

name type (mag) Obs MD DD (G) (G) (km s−1) (km s−1) (km s−1)

Confirmed magnetic stars
HD 1081,2 O8f?p 7.58 37 5 16 −152,+27 20 122 93 153
HD 47129A23,4 Plaskett’s star O7.5 III 6.11 21 4∗ 6∗ −1235,+807 296 370 183 413
HD 576825 O9.5 IV 6.24 20 3 17 −121,+246 12 10 62 63
HD 1489376 O6f?p 7.12 17 1 6 −736,+361∗∗ 268 71 130 148
CPD-28 25617 O6.5f?p 10.13 21 6∗∗∗ 1∗∗∗ −1752,+981 411 20 197 198
NGC 1624-28,9 O7f?p 12.4 12 2 7 8,+4378 448 14 80 81

Possible magnetic stars
HD 36486 δ Ori A O9.5 IINwk 2.02 2 0 1 −151,+48 64 121 105 160
HD 162978 63 Oph O8 II(f) 6.24 2 1 0 −12,+113 17 78 111 136
HD 199579 HR 8023 O6.5 V((f))z 6.01 1 0 1 −159,+183 17 60 126 140

Spurious detections
HD 24912 ξ Per O7.5 III(n)((f)) 4.08 13 1 0 −62,+105 20 203 90 222
HD 34078 AE Aur O9.5 V 6.18 4 1 0 −252,+19 10 17 55 58
HD 47129A1 Plaskett’s star O8 III/I 6.11 21 1 0 −88,+522 34 77 75 107
HD 66811 ζ Pup O4 If 1.98 2 1 0 −4,+30 18 187 178 258
HD 167264 15 Sgr O9.7 Iab 5.42 9 0 1 −17,+105 24 59 108 123
HD 209975 19 Cep O9 Ib 5.19 10 0 1 −95,+32 12 71 105 127

Notes: ∗Using the Of?p star line mask; ∗∗Ignoring the two poorest quality observations; ∗∗∗Using the Of?p star line mask and the
Donati et al. (1997) LSD code. Additional references: 1Martins et al. (2010); 2Shultz et al. (in preparation); 3Grunhut et al. (2013);
4Grunhut et al. (in preparation); 5Grunhut et al. (2012a); 6Wade et al. (2012a); 7Wade et al. (2015); 8Wade et al. (2012b); 9Macinnis
et al. (in preparation).

we cannot establish if the companions in these systems are also O
stars.

From the 28 systems with evidence for multiline profiles, we
could not reliably disentangle six systems, although we note (as
discussed in Appendix A) that mean profiles of a few of these
systems are likely dominated by just a single component. Therefore,
we evaluated the magnetic properties of 69 presumably single O-
type stars, 18 systems with only a single O-type star, 9 systems with
two O-type stars, and 1 system with 3 O-type stars, leading to a
total of 108 O stars analysed in this study.

Table 4 summarizes the basic characteristics of the sample of stars
for which we obtained a detection of a Zeeman signature in at least
one observation. From this analysis, we confirm that 6 out of our 97
survey targets are confidently detected to be magnetic. Furthermore,
our data suggest the possibility that an additional three targets could
also host detectable magnetic fields, although we lack sufficient
evidence for confirmation. Lastly, we find marginal evidence for
the formal detection of a signal in the Stokes V profiles of six
additional stars in our sample. A careful inspection of these profiles
does not reveal any obvious Zeeman signature, and we ultimately
conclude that the excess signal is of spurious origin.

None of the other 82 O stars (or systems) evaluated here result in
a formal detection of signal in the mean Stokes V profile based on
the FAP analysis with the optimal mask. The incidence of detected
magnetic fields in our survey sample is 6 over 97 star systems, i.e.
6.2 ± 2.6 per cent of the O-star systems we observed are confirmed
to be magnetic, where the uncertainties are derived from counting

statistics2. Including all individual O stars that are part of multiple
star systems, we find an incidence rate of 6 out of 108 stars, or 5.6
± 2.3 per cent. Finally, including the potential magnetic candidates,
we obtain an incidence fraction between 5.6 and 8.3 per cent. From
this range, we arrive at a final magnetic incidence fraction of 7 ±
3 per cent, where the uncertainty takes into account the additional
uncertainty stemming from counting statistics.

4.1 The detected sample

Fig. 3 shows example LSD profiles for each of the confirmed mag-
netic stars: HD 108, HD 47129A2, HD 57682, HD 148937, CPD-
28 2561, and NGC 1624-2. The detection of a Zeeman signature
is significant in each case. In addition to these confirmed magnetic
detections, three O stars known to be magnetic prior to the MiMeS
survey were also observed as part of the Project: θ1 Ori C (Do-
nati et al. 2002; Wade et al. 2006; Chuntonov 2007), ζ Ori Aa
(Bouret et al. 2008; Blazère et al. 2015), and HD 191612 (Donati
et al. 2006; Hubrig, Ilyin & Schöller 2010; Wade et al. 2011). We
confirm a magnetic detection for each of these stars.

Fig. 4 provides example LSD profiles for each of the possible
magnetic stars: HD 36486, HD 162978, and HD 199579. For each

2 The uncertainty derived from counting statistics assumes that the uncer-
tainty on N counts is

√
N . The uncertainties are then propagated according

to standard rules.
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Figure 3. Example unpolarized Stokes I (bottom), diagnostic null (middle), and circularly polarized Stokes V (top) LSD profiles for each star considered
magnetic. The detection of a Zeeman signature within the line profile of each Stokes V profile with the accompanying lack of excess signal in the diagnostic
null profile or outside of the line profile is used to qualify an observation as a detection. The profiles have all been rescaled such that the Stokes I profile
reaches a depth of 20 per cent of the continuum and the Stokes V and diagnostic null profiles have been amplified by the indicated factor. The LSD profiles
for HD 47129A2 and CPD-28 2561 were constructed from the Of?p line mask discussed in the text. All other profiles were constructed from the optimal line
mask. The Stokes I profile for HD 47129A2 is the best-fitting profile. The name, observation date, longitudinal magnetic field with corresponding uncertainty,
and detection diagnosis is indicated for each profile. Vertical dotted lines are included to show the adopted integration range for each profile. The profiles have
been smoothed over 3 pixels and expanded by the indicated amount for display purposes.

Figure 4. Same as Fig. 3 for each star that may possibly be magnetic. See Fig. 3 for further details.

of these stars, we obtain a formal detection of signal in at least one
observation, and the Stokes V profile presents a coherent variation
across the line that is apparent; however, insufficient data exist to
confirm the presence of a magnetic field in these stars.

Fig. 5 presents example LSD profiles of each of the probable
spuriously detected stars. In this case, a formal detection of signal
is obtained in at least one observation, but upon closer examination
of the data, or when considering the entirety of the data, we conclude
that the star is not magnetic and that the excess signal detected in the
observations is of spurious origin (i.e. the signal is not a consequence
of an organized field on the surface of the star).

As previously discussed, in a few of the known/confirmed mag-
netic stars, the Of?p line mask results in a systematic improvement
in the detection of signal. We therefore list the supposedly non-
magnetic stars for which we obtained detections using the Of?p line
mask: HD 37041, HD 47839, HD 48099, and HD 153426. A visual

inspection of all of the detected profiles did not reveal any clear
evidence of a Zeeman signature.

It should be noted that the thresholds set by Donati et al. (1997)
for the designation of a polarization signal to be a DD or an MD
are somewhat arbitrary. If the threshold, primarily for an MD, were
set to a lower value, many of the spurious detections would cease
to qualify. In some of these cases, random noise within the Stokes
V line profile results in signal, which could be why the higher S/N
achieved for these observations with ILSD is more likely to result
in an MD than with the LSD code of Donati et al. (1997). In most
situations, the majority of the spurious detections result in an MD.
Furthermore, these MDs, in general, only represent a small fraction
of the total number of observations obtained for an individual target,
which stands in strong contrast to the much larger proportion of DDs
achieved for the confirmed magnetic stars (except for CPD-28 2561)
and, to a lesser extent, the possible magnetic stars.

MNRAS 465, 2432–2470 (2017)



2442 J. H. Grunhut et al.

Figure 5. Same as Fig. 3 for each star that is considered to be a spurious detection. The Stokes I profile for HD 47129A1 is the best-fitting profile. See Fig. 3
for further details.

Notes for particular stars (following the order presented in
Table 4) are provided below.

(i) HD 108: excess signal is detected outside of the line profile
of one of the MDs (2008 October 26). In this case, we suspect that
the excess signal is residual incoherent polarization left over from
the imperfect profile extraction.

(ii) HD 47129A2 (Plaskett’s star): is a well-known multiple star
system consisting of two similar O-type stars, one that exhibits
relatively narrow lines (the component A1) and one component that
hosts relatively broad lines (the component A2; see Appendix A
for additional details). From the FAP analysis, we obtain three
MD with the optimal line mask. Alternatively, using the simpler
Of?p line mask (as employed by Grunhut et al. 2013 and Grunhut
et al. in preparation), we obtain six DD and four MD. This likely
reflects the fact that the optimal line mask is better tailored for
the component with stronger lines – in this case the narrow-line
component. The Of?p line mask generally includes the strongest
lines of the broad-line component, and so the polarization signal is
less diluted by contamination from the narrow-line component. No
magnetic field is confidently detected for the narrow-line star (see
discussion below).

(iii) CPD-28 2561 (CD-28 5104): with the FAP analysis, we
obtain one MD using the optimal line mask. Using the Of?p line
mask, we obtain somewhat better results with three MD, but using
the Donati et al. (1997) code results in one DD and six MD. Other
than HD 47129A2, this is the only star for which adoption of the
Of?p line mask results in a systematic improvement in our ability
to detect a Zeeman signature.

(iv) HD 36486 (δ Ori A): is an eclipsing binary system with a
close visual companion (e.g. Harvin et al. 2002). Two observations
were obtained of this system on consecutive nights in 2008 October,
from which we could not disentangle the individual components.
We therefore discuss the results from the blended profile. A DD
is obtained for the second observation (2008 October 24), which
has a significantly higher S/N relative to the first observation (2008

October 23). We note that the profiles extracted with the Donati et al.
(1997) LSD code both result in an ND. With only two observations,
we cannot reliably confirm nor deny the presence of a magnetic field
in this star. However, the lack of obvious emission in the typically
strong magnetospheric emission lines of magnetic O-type stars (e.g.
Balmer lines such as H α, He II λ4686, see e.g. Grunhut et al. 2012a)
could argue against this star hosting a large-scale magnetic field.
If the global magnetic field is sufficiently weak though, we may
not expect strong emission. While the well-known magnetic star
δ Ori C is nearby, it is sufficiently separated such that we do not
expect any contamination in our observations of this star.

(v) HD 162978 (63 Oph): was observed two times: the first ob-
servation (2008 July 28) results in an MD and a ∼5σ detection
significance of the longitudinal field (B� = 111 ± 23 G). The star
was reobserved several years later (2012 June 21) with approxi-
mately twice better S/N (B� = −13 ± 14 G), but we do not confirm
the presence of signal in the Stokes V profile from that observa-
tion (the FAP analysis results in an ND). This star also exhibits
uncharacteristically weak emission in key lines in which magneto-
spheric emission would be expected. However, we do note that the
first observation in which signal was detected shows a higher level
of emission relative to the second observation with a non-detected
field. This behaviour could be naturally explained by a magnetic star
if the magnetic pole was oriented closer to our line of sight in the first
observation compared to the second, and the magnetically confined
wind, which is more confined to the magnetic equator, were viewed
more face-on (e.g. Sundqvist et al. 2012). We therefore consider
this star as a highly probable magnetic candidate.

(vi) HD 199579 (HR 8023):is a binary system that was observed
a single time (2008 August 15). The profiles of this observation are
sufficiently entangled that we could not extract individual profiles
for each component and instead discuss the results of the blended
profile. The FAP analysis results in a DD (an MD is obtained with
the Donati et al. 1997 LSD code). This star exhibits an asymmet-
ric absorption profile in H α, which could be indicative of weak
magnetospheric emission.
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(vii) HD 24912 (ξ Per): the FAP measured from one of the pro-
files provides an MD (2006 December 14). Several other observa-
tions were obtained with similar S/N as the MD observation, yet no
formal detections are found in any of those profiles. The profile with
the MD does not present any obvious Zeeman signature in Stokes
V. Considering this fact and the larger number of NDs, we conclude
that the detection is spurious. HD 24912 is also a known non-radial
pulsator, with a 3.5 h pulsation period and weak spectroscopic vari-
ability associated with this phenomenon (de Jong et al. 1999). The
pulsation is likely responsible for the asymmetric Stokes I line pro-
file (see Fig. 5), and may be responsible for the spurious signal, if it
were accompanied by other issues, as previously discussed. Similar
results and conclusions for this star were obtained by David-Uraz
et al. (2014).

(viii) HD 34078 (AE Aur): the FAP of one of the binned profiles
(2007 October 18) results in an MD; however, an MD with a similar
FAP is obtained outside of the line profile in Stokes V as well. No
obvious Zeeman signature can be seen in the Stokes V profile.

(ix) HD 47129A1 (Plaskett’s star): one of the binned profiles
of the narrow line component (A1; 2012 September 27) results in
an MD based on the FAP analysis. The broad line profile of that
same night also results in an MD. Given that the narrow line profile
is blended with the broad line profile at all phases, its Stokes V
profile is contaminated by the broad-line component. In fact, the
detected signal appears to be part of a broader Zeeman signature
that extends well outside the limits of the line profile, which is
attributed to the broad-line component (as shown in Fig. 5). A more
thorough analysis by Grunhut et al. (in preparation) shows that there
is no apparent signal associated with the narrow-line component.

(x) HD 66811 (ζ Pup): an MD is obtained from the FAP analysis
for the first observation (2011 December 13) [an ND is found using
the Donati et al. 1997 LSD code]. A DD is also obtained within the
null profile for the first observation. The second observation taken
a few months later (2012 February 13) had a similar S/N but results
in an ND. Since a detection is also found in the null profile, this
leads us to consider the Stokes V detection to be spurious. Similar
results were also obtained by David-Uraz et al. (2014).

(xi) HD 167264 (15 Sgr): despite the similar precision of all the
observations, only the FAP analysis of the profile of a single night
(2009 August 04) results in a DD (an ND is obtained using the
LSD code of Donati et al. 1997). Visual inspection of the Stokes V
LSD profile reveals some coherent structure that could be evidence
of a Zeeman profile, although the potential signature extends well
outside the line profile, suggesting it is likely spurious.

(xii) HD 209975 (19 Cep): one observation (2008 June 27) results
in a ∼3.1σ significance (B� = 24 ± 8 G); however, the FAP analysis
of this observation results in an ND. The observation obtained on
2008 June 28 results in a DD (an ND is obtained using the LSD
code of Donati et al. 1997). The Stokes V profile shows structure
that could be indicative of a Zeeman signature, but this structure also
extends outside of the line profile and therefore is likely spurious.
Similar results were also reported by David-Uraz et al. (2014).

5 D ISCUSSION

5.1 Quality assessment

In this section, we discuss the quality and reliability of our data,
and how that may relate to spurious detections, and possible biases.
We do not address the potential for missed fields, as this will be
discussed in the forthcoming paper in this series.

Figure 6. Cumulative distribution of longitudinal field uncertainty σ for
different samples of observations (as indicated by the included legend). The
magnetic sample includes all observations corresponding to the stars deemed
confidently detected as magnetic. The non-magnetic sample includes all
observations of stars that are not considered confidently detected. The binary
sample includes all binary stars for which the different line profiles could
be disentangled. The detected sample includes only those observations for
which a signal was detected in Stokes V.

In Fig. 6, we show the cumulative distribution of the longitudinal
field uncertainty (σ ) as a representation of the precision achieved
in this study. We find that about 25 per cent of our observations
achieved a σ of 20 G or better. As some stars were observed more
than once, we note that this precision was achieved for 34 different
targets. Approximately 50 per cent of our sample of observations
(76 different targets) was acquired with a σ of 50 G or less, or about
70 per cent (101 targets) with 100 G or better. The quality achieved
in this study represents the most magnetically sensitive probe of the
largest sample of O-type stars to date.

One quality check that we performed was to investigate the pre-
cision of the data (including instrumental, reduction, and measure-
ment systematics), by analysing the distribution of significances of
the longitudinal magnetic field measurements relative to the esti-
mated uncertainties. In Fig. 7, we show the distributions for both
the confirmed magnetic sample and the unconfirmed/non-detected
sample (which includes potential and spurious detections) for all
stars. The measurements computed from the Stokes V profile (B�/σ )
and the diagnostic null profiles (N�/σ ) are both included in this
figure.

The first important conclusion is that the measurements obtained
from the diagnostic null profiles from both the magnetic and non-
magnetic samples (a total of 483 profiles) are consistent with a
Gaussian distribution centred around a significance of 0, and all
values are within ±3σ . The next important conclusion is that the B�

measurements of the non-magnetic sample (including unconfirmed
magnetic stars) are consistent with the null measurements. A two-
sided Kolmogorov–Smirnov (KS) test supports the hypothesis that
the non-magnetic sample of observations is drawn from the same
underlying distribution – this hypothesis is not ruled out at about
2σ confidence. This is not true for the B� measurements from the
magnetic sample, which show clear differences from the null distri-
bution. We warn the reader to avoid overinterpreting the preference
for negative B� values from the magnetic star sample in this figure.
This is a result of a large number of negative measurements for a few
stars and should not be interpreted as a statistical preference for a
given orientation of magnetic fields in O-type stars. We underscore
that while the quality control checks show that the B� measurements
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Figure 7. Top: histogram of the detection significance of the longitudi-
nal field measurement (B�/σ ) obtained from all observations of individual
stars (i.e. all non-entangled stars). Bottom: same as the top but measured
from the diagnostic null profile *N�/σ . The dashed curves represent a pure
Gaussian distribution for comparison. The magnetic sample only includes
all observations from stars that were confidently detected as magnetic. The
non-magnetic sample includes all observation from stars that were not con-
sidered confidently detected as magnetic.

are well behaved, these values are not used to establish whether an
observation is considered a magnetic detection.

Another quality check that we performed was to assess the over-
all reliability of the LSD noise level of the polarimetric profiles.
This is particularly important as it could provide insight into the
small number of spurious detections that we encountered in our
analysis, especially if we find that the noise is underestimated. We
carried out a series of tests using the diagnostic null profiles, the de-
tails of which are provided in Appendix B. The overall conclusion
is that, in general, the LSD uncertainties appear to be overesti-
mated by about 20 per cent for the unbinned profiles. On the one
hand, reducing the uncertainties by about 20 per cent does increase
the number of detections among the magnetic sample when using
the unbinned profiles (37 versus 22), but this is still not as effi-
cient as the binning strategy (61 detections). On the other hand,
the uncertainty of the binned profiles are in good agreement with
our expectations (they are overestimated by ∼3 per cent), although
the tests show that the binning does introduce a small increase
(∼1.5 per cent) in the number of FAPs from the null profiles that
would be considered detections, and so some extra care must be
taken when using this procedure and assessing the presence of a de-
tectable Zeeman signature. In fact, 1.5 per cent of the non-magnetic
sample (353 observations) corresponds to about five observations,
which is in excellent agreement with the number of detections we
highly suspect as being spurious.

5.2 Biases

In this section, we discuss the reliability of our findings when tak-
ing into account observational biases. The first bias we consider is
the reliability of our incidence rate with respect to the brightness
of the selected stars in our sample. This is particularly important
as two of the six confirmed magnetic stars are faint targets, and
much fainter than the brightness of the general population of stars
included in this study. To assess this potential issue, we compare the
approximate B magnitude (Bap) of our sample (e.g. Maı́z Apellániz
et al. 2016) to the distribution presented by the Galactic O-Star
Spectroscopic Survey (GOSSS; Maı́z Apellániz et al. 2016). Fig. 8

Figure 8. Histograms comparing the number of targets observed at a
given approximate Bap magnitude. Included are histograms according to
the GOSSS (Maı́z Apellániz et al. 2016, MA16), the targets observed in
this study, and the magnetic and potentially magnetic stars identified in this
work. Also shown is the cumulative magnetic incidence fraction as a func-
tion of Bap. Each bin provides the total magnetic incidence for all targets
(97 in total) with a Bap less than or equal to the indicated Bap of the bin.
The adopted magnetic incidence fraction (7 per cent) is indicated by the
horizontal dotted line, but note that the magnetic incidence fraction derived
from the 97 targets, but including the potential candidates, is 8 ± 4 per cent.

compares the histograms of the Bap obtained from the GOSSS sam-
ple, our entire sample, and the sample of magnetic stars (including
the potential candidates). We also present the cumulative magnetic
incidence fraction achieved in our study, taking into account the
potential magnetic candidates in this figure. In this comparison, we
treat each system as an individual target to avoid potential discrep-
ancies associated with determination of the relative brightness of
each component in multiple star systems. Hence, the statistics cor-
respond to only the 97 targets and not the total 108 individual O
stars, as previously mentioned. The most obvious conclusion to be
drawn from this analysis is that the incidence fraction converges to
∼7 per cent with increasing magnitude. Maximum completeness
of our sample of stars (∼86 per cent) is reached for Bap < 4, but
this only includes six stars. A more statistically relevant sample
is reached for Bap < 7, for which we achieve a completeness of
66 per cent that includes 52 total targets in our sample, and between
2 and 4 magnetic stars (including the potential candidates). From
this sample, we derive an incidence fraction of 7 ± 5 per cent, which
is consistent with our adopted value. Including the fainter bins with
a much higher relative magnetic incidence fraction does not ap-
pear to significantly affect the final incidence fraction, which leads
us to conclude that our results are not sensitive to this particular
observational bias.

Given the previous findings, the next outstanding question that
we address here is whether there were any characteristics of the de-
tected stars that favoured the detection of signal in the magnetic star
sample versus the non-magnetic sample. This is of particular interest
because it would introduce a detection bias, and it would also affect
the inferred properties of the magnetic stars. One such possibility
could be a result of systematically obtaining higher magnetic preci-
sion with the detected sample. We return to Fig. 6, which also shows
cumulative distributions for a number of different subpopulations,
to address this issue. Our first conclusion is that the distribution
of uncertainties measured from the individual components of the
binary sample shows a definite trend compared to the general sam-
ple of all observation – it systematically achieves a lower precision
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Figure 9. Measured longitudinal field error bar σ versus total line width.
The plotted data points correspond to the median value obtained for each
star, and the error bars correspond to the standard deviation of the values.
Different colours correspond to different magnitude bins (as indicated),
while different symbols correspond to different subpopulations (circles:
single stars, triangles: binaries, stars: confirmed magnetic stars). The two
poorest observations for CPD-28 2561 were ignored.

for the same relative population. This is to be expected since the
S/N that we aimed for, according to the exposure time calculator
described in Paper I, did not take into account binarity, so the typical
magnetic precision that we achieve for each component of a binary
system would naturally be lower.

Comparing the sample of observations of the magnetically con-
firmed stars to the non-magnetic sample, we also find some obvious
differences. The samples are in excellent agreement up to about
σ = 30 G, before the magnetic sample’s cumulative distributions
start to diverge. Surprisingly, the magnetic sample achieves sub-
stantially poorer precision than the non-magnetic sample for more
than 50 per cent of its population. Taking a closer look at the
magnetic population, we find that this distribution is bimodal. The
low-σ population is dominated by many observations of HD 108
and HD 57682. HD 57682 is unique among the magnetic O-star
sample as it has a rich spectrum of sharp lines, which results in
higher magnetic precision at the same S/N as the other magnetic
stars. The high-σ end is populated by observations of the hot, faint
stars CPD-28 2561 and NGC 1624-2, with the other stars filling
in the values in between. While this comparison shows that the
general population of observations of the magnetic stars achieved
poorer precision than the non-magnetic sample, there are also sev-
eral observations of the magnetic stars for which we did not detect
excess signal. If instead we only look at the subsample of the obser-
vations with detected signatures, we do find a trend towards higher
precision for about 80 per cent of that subsample; however, these
observations are again dominated by many observations of just two
stars: HD 108 and HD 57682, and it is therefore difficult to draw
any conclusions.

Another way to investigate any potential biases related to mag-
netic precision is to search for any systematic trends in the two most
important factors for estimating the original exposure times: the ap-
parent brightness and line broadening. In Fig. 9, we compare σ to
the measured total line broadening and apparent brightness for each
star. In general, we find no obvious relationship between the line
width and the achieved magnetic precision for most stars, except
for the few stars with the very broadest lines (vtot � 300 km s−1),
which have larger uncertainties relative to the narrower line stars,
and some of the individual components of binary systems. Further-

more, we also find no obvious relationship between the obtained
precision and the brightness of the star. This result is expected as
the survey aimed to detect Zeeman signatures for field strengths be-
tween about 100 and 1000 G, which roughly translates into expected
σ ∼ 10–100 G, for all stars in the sample.

The magnetic stars essentially fall into two groups: some stars
with average precision that is in good agreement with other
stars of similar brightness and line width; and the other group of
stars with a magnetic precision that is generally worse than that
of stars with similar line width. This former group includes most of
the magnetic stars [HD 108, the broad line component of HD 47129
(A2), HD 57682, and HD 148937]. The latter group includes the
two fainter magnetic stars (CPD-28 2561 and NGC 1624-2), which
are among the faintest stars observed in the survey. Thus, the poorer
precision is a reflection of their apparent brightness and the lower
achieved S/N (recall that integration times were generally kept to
less than 2 h). One other aspect of the magnetic stars is that several
stars have a large range in their obtained precision. The relatively
large range is primarily a reflection of changes in observing condi-
tions and the corresponding S/N that was achieved for these obser-
vations, and not, for example, due to variable emission that would
reduce the strength of Stokes I.

Therefore, based on the above discussion, we conclude that there
are no obvious biases that would account for the detection of excess
signal in the magnetic sample versus the non-magnetic sample.

5.3 Comparison with magnetic results obtained in other works

In this paper, we list the confirmation of a magnetic field in six O
stars previously reported as magnetic by the MiMeS collaboration
[HD 108, the broad-line component of HD 47129 (A2), HD 57682,
HD 148937, CPD-28 2561, and NGC 1624-2], in addition to the
three already known magnetic O stars discovered before this Survey
(θ1 Ori C, ζ Ori A, and HD 191612). Three of the six new magnetic
O stars have been observed by other authors and confirmed to be
magnetic (Hubrig et al. 2008, 2010, 2011c, 2012b, 2013, 2015).

As previously discussed, a magnetic field detection has also been
obtained with low-resolution FORS data for the O-star Tr16-22 by
Nazé et al. (2012) and confirmed by Nazé et al. (2014), and for the
O-star HD 54879, which was also confirmed with high-resolution
spectropolarimetry (Castro et al. 2015). These two targets have
not been observed within the MiMeS Survey, but their magnetic
detections are convincing and therefore there is little doubt that
they are indeed magnetic.

While a number of magnetic field detections has been claimed
in 20 other O-type stars (Hubrig et al. 2007a, 2008, 2011b, 2012a,
2013, 2014), doubts had already been cast by other authors on
the validity of these claims. In particular, Bagnulo et al. (2012)
showed, using the same FORS data as Hubrig et al. (2008), and
focusing in particular on the evaluation of realistic uncertainties,
that four O stars previously claimed to be magnetic by Hubrig et al.
(2008) were not magnetic: HD 36879, HD 152408, HD 155806,
and HD 164794. In the same way, again using the same FORS data,
Bagnulo et al. (2012, 2015) showed that the claims of a field in
ζ Oph (Hubrig et al. 2011b) and 15 Mon (Hubrig et al. 2013) are
also spurious.

Of those 20 O stars claimed to be magnetic, 12 were analysed in
this work (the results for each star can be found in Appendix C).
In most cases, the magnetic precision in this study exceeded that of
previous measurements that led to claimed detections. No evidence
of a large-scale magnetic field was found for any of these stars. For
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six of these stars, the FORS data were also re-analysed by other
teams, and all were refuted as magnetic stars (Bagnulo et al. 2015).

Only five O stars (θ1 Ori C, HD 148937, CPD-28 2561, Tr16-22,
and HD 54879) have been measured to be magnetic with FORS data
and are confirmed to be magnetic O stars. This means that about
75 per cent of the claimed magnetic detections among O stars using
FORS are considered spurious. This percentage is consistent with
the 80 per cent spurious detections among O stars observed with
FORS, as found by Bagnulo et al. (2012). Eight stars claimed to
be magnetic from FORS observations have not been observed or
analysed yet by independent teams, but considering the statistics
exposed above, the claimed magnetic fields in these eight stars
should be considered with great caution.

Notes for particular stars previously claimed as magnetic and
included in this survey are provided below.

(i) HD 47839 (15 Mon) is a multiline spectroscopic binary that
was observed eight times between 2006 December and 2012 March,
with the majority of these observations being acquired between 2007
September and November. An ND is obtained for each component,
and for each observation, but we note that the primary component
dominates the line flux.

(ii) HD 66811 (ζ Pup) was previously discussed in Section 4.1.
(iii) HD 153426 is a spectroscopic binary that was observed twice

between 2011 July and 2012 July. An ND is obtained for each
component. The primary component dominates the line profile.

(iv) HD 155806 was observed four times between 2008 June and
August. No formal detection of excess signal was found for any
of the observations (see also Fullerton et al. 2011). The B� mea-
surement from one of our observations results in a 3.2σ detection
(B� = −44 ± 14 G; 2008 June 25), but no evidence of non-zero B�

is obtained from the other observations with similar precision.
(v) HD 164794 (9 Sgr) is a spectroscopic binary that was ob-

served five times between 2005 June and 2011 July. We were not
able to disentangle the two components and therefore we report the
results for the blended profile. Hubrig et al. (2013) presented results
based on publicly available HARPSpol data collected within the
MiMeS LP. Their analysis resulted in a B� = 210 ± 42 G (B�/σ ∼
5) from this data, while our analysis of the same data results in a
substantially lower field measurement of B� = −1 ± 48 G (B�/σ ∼
0), despite having similar uncertainties.

The total number of known and confirmed magnetic O stars at
the time of writing is thus 11: HD 108, the broad line component of
HD 47129 (A2), HD 54879, HD 57682, HD 148937, HD 191612,
CPD-28 2561, NGC 1624-2, Tr16-22, θ1 Ori C, and ζ Ori Aa.

5.4 Searching for trends

One of the ultimate goals for a study of this nature is to identify a
link between a physical or phenomenological property and massive
O-type stars hosting large-scale, strong magnetic fields. This idea
is well established for late-type stars as there is a direct correlation
between the observed magnetic field strength and certain activity in-
dicators (e.g. Ca II H&K core emission, X-ray emission, etc.), which
probe the coronal or chromospheric emission that is modified by
the presence of a magnetic field (e.g. Noyes et al. 1984). Simi-
larly, among the intermediate-mass A and B stars that host strong
magnetic fields, distinct chemical peculiarities are observed that
make these stars easily identifiable – the so-called Ap/Bp stars (e.g.
Donati & Landstreet 2009). Martins et al. (2012a, 2015) already
investigated the correlation between CNO abundance peculiarities
among the magnetic O-type stars compared to the non-magnetic

Figure 10. log (g)–Teff diagram showing the position of all stars studied
here in addition to other confirmed magnetic O stars (θ1 Ori C, ζ Ori Aa,
Tr16-22, HD 54879, HD 191612). Evolutionary tracks of Ekström et al.
(2012) are also included. The blue loops of some of the evolutionary tracks
are neglected for display purposes. Note that there are several overlapping
symbols due to different stars with similar properties. The size of the typical
error bars is indicated in the figure.

O-type stars and found no obvious distinctions between the two
different populations. We therefore look into other physical or phe-
nomenological properties.

The first aspect we investigate is whether there are any corre-
lations between physical properties and magnetism in the attempt
to identify regions of the Hertzsprung–Russel (HR) diagram that
would be more likely to host magnetic stars, similar, for example,
to the pulsational instability strips. In Fig. 10, we present a log (g)–
Teff diagram that contains all the stars studied here in addition to
other confirmed magnetic O stars (θ1 Ori C, ζ Ori Aa, Tr16-22,
HD 54879, HD 191612). The Teff and log (g) values for each star
are taken from Martins et al. (2015, when available) or were esti-
mated based on their spectral type according to the study of Martins
et al. (2005a). The parameters adopted for HD 54879 were taken
from Castro et al. (2015), while the parameters for NGC 1624-2
adopted the results of Wade et al. (2012b), and the parameters for
ζ Ori Aa were taken from Blazère et al. (2015). This figure is an
update to that presented by Martins et al. (2015), now containing all
known magnetic O stars (11) and all the O stars studied in this work.
Even with the inclusion of several additional magnetic O stars, our
conclusion mirrors that of Martins et al. (2015) – there appears to be
no correlation between physical properties (e.g. M, Teff, and log (g)
and therefore L, R, and age) and the presence of magnetic fields in
O-type stars. While there are no obvious correlations, we do point
out that majority of known magnetic O-type stars are concentrated
on the first half of the main sequence. The only star that is more
evolved is the supergiant ζ Ori Aa, which is close to the terminal
age main sequence. This could be related to the decrease of the
surface field strength with increasing radius as the star evolves, due
to magnetic flux conservation.

Motivated by the results of Landstreet et al. (2007) and Fos-
sati et al. (2016) that show evidence for magnetic field decay, we
attempted to search for any correlation between age and surface
magnetic field strength. To do so, we followed a similar strategy as
adopted by Landstreet et al. (2007) and looked at the correlation
between the Brms parameter (derived from B� measurements found
in this work, and from B� measurements reported in the dedicated
studies of these individual stars) and log (g), which we used as a
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Figure 11. Histogram of the O-star rotation periods. The rotation periods
of the magnetic stars were taken from the literature, while the periods of the
non-magnetic stars were estimated from their v sin i measurements and radii
according to their spectral types.

proxy for age. We also looked at the correlation of log (g) with
surface dipole field strength, based on results of the dedicated stud-
ies of the individual magnetic O stars. Unfortunately, the majority
of the magnetic stars have log(g) ∼ 4 and host a large range of field
strengths (several hundreds to thousands of G). Other than ζ Ori Aa,
the magnetic stars with log(g) � 4 have similar field strengths to
those measured from stars with log(g) ∼ 4, so no obvious conclu-
sions can be made. The only star that shows evidence for a decrease
of magnetic field strength with age is ζ Ori Aa, which is the most
evolved magnetic star in this sample and also hosts the weakest
field.

Another important aspect that we investigate is the correlation
between rotation rate and the presence of a magnetic field. It is well
established that main-sequence and pre-main-sequence magnetic
A and B stars generally rotate at a fraction of the speed of non-
magnetic A and B stars (e.g. Donati & Landstreet 2009; Alecian
et al. 2013), likely as a result of the shedding of angular momentum
due to magnetic coupling to the stellar wind and/or circumstellar
disc during star formation (e.g. Stȩpień 2000). To address this as-
pect, we present a histogram of the rotation periods for each O-type
star in our sample, in addition to all confirmed magnetic O stars (see
Fig. 11). For the magnetic stars, we adopted the rotation periods in-
ferred from their photometric, spectroscopic, or B� variations from
previous studies. Since we do not have independent measurements
of the rotation periods for the non-magnetic stars, we therefore es-
timated the rotation periods of these stars assuming rigid rotation
using our v sin i measurements and typical radii according to their
spectral types, based on the study by Martins et al. (2005a). For
stars with multiple measurements, we used the median v sin i. The
rotation period was also estimated in this way for HD 54879, us-
ing the radius (6.71.0

−0.9 R�) and v sin i (7 ± 2 km s−1) of Castro
et al. (2015). We assumed sin i = 1 when obtaining the rotation
periods to obtain maximal values (this also reduces the potential
bias from our profile fitting that could overestimate the contribution
of v sin i to the line profile). While the individual rotation periods
of the non-magnetic stars are highly uncertain, as a collective they
are more robust, and the distribution is sufficient for the purposes
of this discussion.

The full interpretation of the results presented in Fig. 11 is outside
the scope of this paper, but we can make some general conclusions.
The first conclusion is that the distribution of rotation periods for

the magnetic stars is very different from that of the non-magnetic
stars (a two-sided KS test supports the hypothesis that the magnetic
sample is not drawn from the same underlying distribution as the
non-magnetic sample – the null hypothesis that the two distribu-
tions are drawn from the same sample is rejected at 99.9 per cent
confidence). The most significant conclusion is that the majority
(60 per cent) of the magnetic stars have rotation periods longer than
the longest periods found in the population of non-magnetic stars
(stars with rotation periods �50 d all appear to be magnetic). We can
therefore conclude that magnetic fields play a very important role
in explaining the rotation among the slowest rotating O-type stars.
However, there still exists a population of magnetic stars with rota-
tion periods comparable to the periods found from the non-magnetic
stars. As discussed by ud-Doula et al. (2009), angular momentum
loss depends on several key physical parameters of the star such as
the magnetic field strength, the mass-loss rate, the rotation rate, and
the radius. Therefore, to interpret the current rotation period of the
star one needs to take all these factors into account, in addition to
the age of the star (the older the star, the longer the star may have
been affected by angular momentum loss).

The magnetic stars with the shortest rotation periods are: the
broad-line component of Plaskett’s star (1.21551 d – Grunhut et al.
in preparation); ζ Ori Aa (6.83 d – Blazère et al. 2015); HD 148937
(7.03 d – Nazé et al. 2008; Wade et al. 2012a); θ1 Ori C (15.442 d
– see Wade et al. 2006, and references therein). The more rapid
rotation of these stars relative to the other magnetic O stars is
likely a reflection of one (or several) of the following reasons:
the age (an insufficient amount of time has passed to carry away
enough angular momentum); the magnetic field strength is much
weaker than other magnetic O-type stars and therefore couples more
weakly to the stellar wind, which reduces the angular momentum
loss; some form of angular momentum transport has occurred due
to binary interaction, which has rejuvenated the star. This topic will
be addressed in a future paper in this series.

Given the tendency to overestimate the rotational contribution to
line profiles of magnetic stars (e.g. Sundqvist et al. 2013), it may
very well be that the rotation rates of the non-magnetic stars are also
overestimated and therefore the rotation periods are underestimated;
however, if we compare the v sin i distribution of all stars instead
of their rotation periods, we arrive at a very similar result, except
that the v sin i of HD 108 is considerably overestimated in this study
(see e.g. Martins et al. 2010, Shultz et al. in preparation).

We next attempt to link an observable phenomenon to the pres-
ence of magnetic fields, by looking at the incidence rate of mag-
netism among a number of different subsamples.

5.4.1 Oe stars

Oe stars are a subset of O-type stars that currently exhibit, or at some
point in their history have exhibited, emission in their spectra, typ-
ically in the Balmer lines. As recent studies have suggested a much
higher incidence of magnetic fields among early-type emission line
stars, this group is of particular interest (e.g. Hubrig et al. 2007b,
2009).

A careful examination of all our spectra revealed evidence of
emission in the Hα Balmer line for 47 of our targets, including all
stars with a confirmed magnetic field. This results in a somewhat
higher magnetic incidence fraction among emission line O stars of
13 ± 6 per cent, but by no means indicates a direct link between
emission and magnetic fields. This result is not surprising as a
number of different physical mechanisms could be responsible for
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producing emission in these sources (e.g. wind emission, wind–
wind collision, magnetosphere, decretion discs, etc.).

Of particular interest among the Oe stars are the classical Oe stars
(Conti & Leep 1974), which have been suggested to be a magnetic
phenomenon (for example, the magnetically torqued disc model;
Cassinelli et al. 2002). The characteristics of their line emission is
generally morphologically distinct from other emission line stars
and is attributed to a circumstellar decretion disc, usually consid-
ered to be a continuation of the Be phenomenon towards hotter
spectral types (see Porter & Rivinius 2003; Rivinius, Carciofi &
Martayan 2013, for further details of the emission characteristics of
Be stars).

Out of the eight prototypical classical Oe stars proposed by Frost
& Conti (1976), only two were observed in the context of the MiMeS
survey: HD 155806 and HD 149757, which were both discussed in
the previous section and are not found to be magnetic. Additionally,
the Be Star Spectra data base contains a catalogue of all known
∼2000 confirmed or suspected classical and Herbig Oe and Be
stars, as well as a collection of more than 100 000 spectra provided
by professional and amateur astronomers (Neiner et al. 2011). If we
include all the stars with an O-type classification present in this data
base, there is a potential sample of about 70 stars. Unfortunately,
only a few of these additional stars were analysed by the MiMeS Sur-
vey (HD 17505, HD 24912, HD 37041, and HD 57682). Of the total
sample of possible classical Oe stars analysed here, only HD 155806
exhibits an emission morphology consistent with a classical Oe star.
The others either show no obvious emission (HD 17505), only mi-
nor core emission (HD 24912 and HD 149757), or their emission
is attributed to other phenomena (HD 37041 is nebular; HD 57682
is magnetospheric – see Grunhut et al. 2012a for further details)
during the epoch of observation. Therefore, with the very limited
sample of classical Oe stars available in this work, there is no evi-
dence of a direct connection between magnetism and the classical
Oe phenomenon. A more statistically significant study will be re-
quired to determine if classical Oe and Be stars are as magnetic or
less magnetic than normal O stars, and this is the subject of a future
paper in this series (Neiner et al. in preparation); however, a pre-
liminary analysis carried out by the MiMeS collaboration indicates
that Be stars have a lower magnetic detection rate relative to non-Be
stars (Wade et al. 2014).

5.4.2 ‘Weak-wind’ stars

‘Weak-wind’ stars are O-type dwarfs that have anomalously lower
observationally derived mass-loss rates (by a factor of ∼100), and
terminal wind velocities that are also found to be lower than theo-
retical predictions determined from their luminosity (e.g. Martins
et al. 2004, 2005b; Marcolino et al. 2009; Martins et al. 2012b).
This behaviour occurs for stars with log L/L� < 5.2, and is found
for both solar and lower metallicity objects. While no current so-
lution exists to explain such behaviour, Martins et al. (2005b)
suggested that magnetic fields may significantly alter the ioniza-
tion structure, which would reduce the mass-loss rates and termi-
nal wind velocities. The discovery of a magnetic field in several
early-B stars (e.g. ζ Cas Neiner et al. 2003a, V2052 Oph Neiner
et al. 2003b, 2012a) and in the weak-wind O9 IV star HD 57682
(Grunhut et al. 2009, 2012a) has provided additional support for
the possibly important role of magnetic fields to explain this
phenomenon.

Included in our survey are six additional targets that have been
identified as so-called weak-wind stars by Martins et al. (2005b)

or Marcolino et al. (2009): HD 37468, HD 38666, HD 46149,
HD 46202, HD 66788, and HD 149757. Our observations provide
no evidence for the presence of a magnetic field in any of these
stars. Results for each star can be found in Appendix C.

The lack of detection in any of the other weak-wind stars in this
survey highly suggests that strong, large-scale magnetic fields do not
play an important role in this phenomenon. This is further supported
by recent magnetohydrodynamic simulations of ud-Doula, Owocki
& Townsend (2008) that have shown that the presence of a strong,
large-scale magnetic field can reduce the mass carried away by the
stellar wind by around 90 per cent. This is in poor agreement with
the orders of magnitude drop in the observed mass-loss rates. The
more likely explanation is related to issues with how mass-loss
rates are measured (e.g. Huenemoerder et al. 2012), or with the
theoretical predictions (e.g. Muijres et al. 2012).

5.4.3 Runaway stars

Recent studies suggest a high incidence of candidate runaways
among known magnetic O stars, possibly implying that the detected
magnetic fields are generated or acquired during the ejection process
(e.g. Hubrig et al. 2011c). Exploration of the runaway status of all
stars analysed here is outside the scope of this study, but it is worth
mentioning that only three of the original seven stars identified
as magnetic and runaway candidates by Hubrig, Kharchenko &
Schöller (2011a) should be considered runaway candidates at >1σ

significance (HD 108, HD 152408, and HD 191612). HD 152408,
which was previously discussed, shows no evidence of the presence
of a magnetic field in this study or by Bagnulo et al. (2012). Four
additional candidates of this subclass were presented by Hubrig et al.
(2011c), and of those four, three were analysed in this study and
show no evidence of the presence of a magnetic field (HD 153426,
HD 153919, and HD 154643). Therefore, it is unlikely that magnetic
fields generated or acquired during the ejection process are a viable
origin for magnetism in O-type stars.

5.4.4 Of?p stars

Of the currently identified magnetic O stars, five are associated
with the peculiar spectral classification ‘Of?p’. This classification
was first introduced by Walborn (1972, 1973) according to the
presence of C III λ4650 emission with a strength comparable to the
neighbouring N III lines. Well-studied Of?p stars are now known
to exhibit recurrent, and apparently periodic, spectral variations (in
Balmer, He I, C III, and Si III lines), narrow P Cygni or emission
components in the Balmer lines and He I lines, and UV wind lines
weaker than those of typical Of supergiants (see Nazé et al. 2010,
and references therein).

Our sample includes all five of the known (Walborn et al. 2010)
Galactic Of?p stars: HD 191612, HD 108, HD 148937, NGC 1624-
2, and CPD-28 2561. All but HD 191612 (detected as magnetic
by Donati et al. 2006, and included in the TC) were survey tar-
gets. Many of these stars are relatively faint and would not have
been considered as suitable survey targets, but were included as a
consequence of the known field of HD 191612.

Our investigation establishes that the Of?p stars represent a dis-
tinct class of magnetic O-type stars. It therefore appears that the par-
ticular spectral peculiarities that define the Of?p classification are
a consequence of their magnetism. The analogous periodic photo-
metric and spectroscopic variability of several Of?p stars discovered
in the Magellanic Clouds (Nazé et al. 2015; Walborn et al. 2015)
provides further support to their magnetic nature (all well-studied
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magnetic O-type stars are known to exhibit periodic variability,
which is a consequence of rotational modulation of their confined
winds).

Detailed investigations of the magnetic field and wind properties
of the Of?p stars have been published by Martins et al. (2010), Wade
et al. (2011, 2012a,b), and Hubrig et al. (2015).

6 SU M M A RY

The MiMeS LPs acquired about 500 high-resolution, high-S/N
spectropolarimetric Stokes V sequences of O-type stars with ES-
PaDOnS, Narval, or HARPSpol. An additional ∼380 spectropolari-
metric Stokes V sequences were collected from the public archives
corresponding to each instrument/observatory. In the end, we ob-
tained high-resolution spectropolarimetric Stokes V sequences for
97 O-type star systems.

After co-adding all sequences of a given target obtained on a
given night, we ended up with 416 individual polarized spectra
of the 97 targets. Mean LSD Stokes I, Stokes V, and diagnostic
null profiles were extracted from each spectrum using a number
of different line masks. Ultimately, we concluded that line masks
individually tailored for each spectrum were the most suitable for
the detection of signal resulting from a Zeeman signature.

For each of the extracted mean LSD Stokes I profiles, we at-
tempted to constrain their basic spectral properties (e.g. vr, v sin i,
vmac) through the use of an automated tool. These results can be
found in Appendix C. In the process of fitting each profile, we en-
countered several profiles that showed obvious signs of multiplicity
or were previously known multiline spectroscopic systems. In these
cases we simultaneously fit the profiles of all components, when
possible, and used these fits to extract individual profiles of each
star. This procedure also led to the discovery of two new possible
spectroscopic companions for HD 46106 and HD 204827, and the
confirmation of a spectroscopic companion for HD 37041.

Taking into account the multiple star systems, we therefore per-
formed a magnetic analysis on 108 O-type stars. With a median
precision of the B� measurements of 50 G (25 per cent of the ob-
servations were acquired with σ < 20 G and 70 per cent with
σ < 100 G), this is the most magnetically sensitive study of the
largest sample of O-type stars carried out to date. The MiMeS sur-
vey discovered or confirmed the presence of a magnetic field in
six O-type stars: HD 108, the broad-line component of HD 47129
(A2), HD 57682, HD 148937, CPD-28 2561, and NGC 1624-2. An
additional three stars (HD 36486, HD 162978, HD 199579) show
evidence suggesting the presence of a magnetic field, but we lack
the data to confirm these suspected fields. Based on these results, we
derive a magnetic incidence fraction of 7 ± 3 per cent among the ob-
served O-type stars. This is substantially lower than other previous
claims obtained, in general, with low-resolution spectropolarimetry
(e.g. ∼30 per cent; Hubrig et al. 2011c). Furthermore, we were not
able to confirm the presence of a magnetic field in 12 stars that were
previously claimed to be magnetic by others. This is in good agree-
ment with an independent reanalysis of the low-resolution FORS
data by Bagnulo et al. (2012), who were not able to confirm the
majority of magnetic claims among the FORS archival data.

The majority of magnetic O stars are located in the first half of
the main sequence (ζ Ori Aa is the only exception, as it currently
resides close to the terminal age of the main sequence). Besides
this qualitative observation, we found no correlation between the
presence of a magnetic field and the physical properties of the star
[e.g. Teff, log (g), M, or age]. While there is no direct correlation
between the rotation period of a star and the presence of a magnetic

field, the majority of the confirmed magnetic stars are found to be
rotating much slower than non-magnetic stars. The slower rotation
likely results from enhanced angular momentum loss due to mag-
netic coupling with the stellar wind, which is expected to rapidly de-
crease the angular rotation rate of the star within a few million years
(e.g. ud-Doula et al. 2009). In fact, detailed studies of the magnetic
O-type stars show convincing evidence for the presence of corotat-
ing, magnetically structured winds, the presence of which agrees
well with theoretical or numerical expectations between the cou-
pling of the magnetic field and wind (e.g. Wade et al. 2011, 2012a,b,
2015; Grunhut et al. 2012a, 2013; Sundqvist et al. 2012).

We also explored the incidence of magnetic fields for certain
subclasses of stars that present different phenomenological charac-
teristics (e.g. ‘weak-winds’, emission). No direct correlation could
be found between the phenomena that define most subclasses and
the presence of a magnetic field.

The only subclass for which we were able to identify a direct link
with the presence of magnetic fields is the peculiar Of?p stars. All
five of the known Galactic Of?p stars were included in this survey
and all were found to be magnetic. We therefore establish that the
Of?p stars represent a distinct class of magnetic O-type stars, similar
to the intermediate-mass, chemically peculiar Ap/Bp stars.

This paper presents the magnetic results for all O stars studied as
part of the MiMeS Survey. In the next paper in this series, we will
study the null results in more detail. This will allow us to address
issues such as fields below our detection threshold, the possibility
of a magnetic desert, and the completeness of our survey.
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Hubrig S., Oskinova L. M., Schöller M., 2012a, in Shibahashi H., Takata

M., Lynas-Gray A. E., eds, ASP Conf. Ser. Vol. 462, Progress in
Solar/Stellar Physics with Helio- and Asteroseismology. Astron. Soc.
Pac., San Francisco, p. 314

Hubrig S., Kholtygin A., Scholler M., Langer N., Ilyin I., Oskinova L.,
2012b, Inf. Bull. Var. Stars, 6019, 1

Hubrig S. et al., 2013, A&A, 551, A33
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Mahy L., Nazé Y., Rauw G., Gosset E., De Becker M., Sana H., Eenens P.,

2009, A&A, 502, 937
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Thizy O., Mimes Collaboration, 2012a, A&A, 537, A148
Neiner C., Landstreet J. D., Alecian E., Owocki S., Kochukhov O., Bohlen-

der D., MiMeS Collaboration, 2012b, A&A, 546, A44
Neiner C., Grunhut J., Leroy B., De Becker M., Rauw G., 2015, A&A, 575,

A66
Noyes R. W., Hartmann L. W., Baliunas S. L., Duncan D. K., Vaughan

A. H., 1984, ApJ, 279, 763
Palate M., Rauw G., 2012, A&A, 537, A119
Perryman M., ESA eds, 1997, The HIPPARCOS and TYCHO catalogues.

Astrometric and photometric star catalogues derived from the ESA
HIPPARCOS Space Astrometry Mission ESA Special Publication, Vol.
1200. ESA, Noordwijk

Petrie R. M., Pearce J. A., 1961, Publ. Dom. Astrophys. Obs. Victoria BC,
12, 1

Piskunov N., Kupka F., Ryabchikova T., Weiss W., Jeffery C., 1995, A&AS,
112, 525

Plaskett J. S., 1922, MNRAS, 82, 447
Porter J. M., Rivinius T., 2003, PASP, 115, 1153
Rauw G., Sana H., Spano M., Gosset E., Mahy L., De Becker M., Eenens

P., 2012, A&A, 542, A95
Rees D., Semel M., 1979, A&A, 74, 1
Richardson N. D., Moffat A. F. J., Gull T. R., Lindler D. J., Gies D. R.,
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A P P E N D I X A : D E TA I L S O F T H E
SPECTROSCOPI C MULTI PLE SYSTEMS

This section provides a summary of the details of the spectroscopic
multiple systems. In Fig. A1, we illustrate the quality of our mul-
tiline fitting technique to the LSD profiles of each system. Fig. A2
provides a comparison between the observed LSD profile and a
synthetic profile corresponding to a single star to illustrate the level
of entanglement. Example profiles for HD 36486 and HD 199579
are provided in Fig. 4.

(i) HD 1337 (AO Cas) is a well-known close binary (P = 3.52 d)
with two O-star components (e.g. Bagnuolo et al. 1999; Palate &
Rauw 2012). The LSD profile shows two clearly separated profiles;
the radial velocity (RV) measurements of each component agree
well with previous studies.

(ii) HD 17505 is a triple system composed of three O-type stars,
which was previously studied by Hillwig et al. (2006) and additional
references therein. Our LSD profile shows a clearly blended profile
with three obvious components. The RV measurements and other
aspects of the line profiles of the three components are in good
agreement with previous studies.

(iii) HD 35921 (LY Aur) is a spectroscopic eclipsing binary with
a close visual companion (ADS 4072B; e.g. Stickland et al. 1994;
Mason et al. 1998). The primary component (A1) is an O star and
the secondary (A2) is an early B star. Our LSD profile shows three
distinct profiles – two deep and broad profiles (corresponding to
the primary and secondary components) and one narrower weak
component. The spectroscopic binary is well separated with the
primary at positive velocities in our spectrum, in accordance with the
orbital solution of Stickland et al. (1994). The reported separation
of the visual companion (∼0.61 arcsec; Mason et al. 1998) is small
enough that it would fall in the instrument’s pupil and therefore
we included an additional component for this star in our fitting
procedure. We suspect that the narrow profile blended with the
primary profile at an RV ∼ −18 km s−1 comes from the visual
companion (component B), although Stickland et al. (1994) find a
value of about +25 km s−1. There appears to be a fourth component
at very high velocities, but we suspect this is just due to residual
telluric features. In fact, similar features can be seen in other profiles

MNRAS 465, 2432–2470 (2017)

http://arxiv.org/abs/1411.6165


2452 J. H. Grunhut et al.

Figure A1. Example unpolarized Stokes I LSD profiles for multiline spectroscopic binaries for which we were able to fit individual profiles to each component.
The solid black line is the observed LSD profile, the solid blue line is the fit to the primary profile, solid yellow line is the fit to the secondary profile, the solid
green line is the fit to the tertiary profile (where applicable), and the dashed red line is the combined fit to the observed line profile. The name and observation
date have been provided for each profile.
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Figure A1 – continued

Figure A2. Example unpolarized Stokes I LSD profiles for multiline spectroscopic binaries for which we were unable to fit individual profiles to each
component. The solid black line is the observed LSD profile, the dashed red line is a single-star synthetic profile fit to the entangled observation. The name and
observation date have been provided for each star.

for different stars, but their relative strength varies. In this case, the
strength of the feature is deep enough that it was attributed to another
star.

(iv) HD 36486 (δ Ori A) is a complex multiple star system con-
sisting of an eclipsing spectroscopic binary with a ∼6 d period
(the Aa1 and Aa2), and close visual companion (Ab; e.g. Harvin
et al. 2002; Richardson et al. 2015, and references therein). Addi-
tionally, there are two more angularly separated components B and
C. The primary component of the eclipsing binary is a late O-type
star and its companion is an early B-type star. There is no evidence
in our LSD profiles for the presence of multiple line profiles. Any

attempts at fitting our observed profiles with multiple components
(using the orbital parameters of Harvin et al. 2002) failed. Given
the large magnitude difference in the optical of the two stars in the
close binary system (�V ∼ 2.5; Harvin et al. 2002), we suspect
that our LSD profile is dominated by the primary O star. Note that
δ Ori C is a well-known magnetic Bp star and is separated by about
50 arcsec from δ Ori A. This separation is sufficiently large that no
contamination of the observations by light of δ Ori c is possible.

(v) HD 37041 (θ2 Ori A) is part of a multiple star system with at
least four components (Mason et al. 1998). The brightest component
(Aa) belongs to a spectroscopic binary, which is known to have a
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21 d orbital period (Aikman & Goldberg 1974). The companion
(Ab) is not spatially resolved nor detected in previous studies (e.g.
Sota et al. 2011); however, Simón-Dı́az et al. (2006) noted that the
poor fit of their single-star synthetic line profiles to the wings of
the He I lines in their observed spectrum could be caused by the
presence of a companion star. The other components in this system
are well separated and should not contribute at all to the observed
spectrum of this star. Our LSD profiles show strong evidence for
the presence of the companion as a depression in the wings of the
primary profile, similar to what was observed by Simón-Dı́az et al.
(2006). The parameters for the LSD profile of each component was
obtained from the best fit to all observations.

(vi) HD 37043 (ι Ori) is part of a 29 d double-lined, spectroscopic
binary system in a highly eccentric orbit (Stickland et al. 1987;
Bagnuolo et al. 2001). The primary is a late O-type star and the
secondary is an early-type B star. Our observed LSD profile shows
the secondary clearly blended with the blue wing of the primary star.
We fixed the RV values to the orbital velocities from Stickland et al.
(1987) to constrain our fits to the entangled profile. The resulting
equivalent width (EW) ratios of the two components are in good
agreement with results of Bagnuolo et al. (2001).

(vii) HD 37366 is a double-lined spectroscopic system in a 32 d
orbit with a faint visual companion (see Boyajian et al. 2007, and
references therein). The primary star is classified as a late O-type
star, while the secondary is an early B-type star. Our LSD profile
shows two well-separated profiles – a narrow profile at negative
velocities and a very broad profile at positive velocities. The RV
measurements and widths of the profiles are consistent with the
study of Boyajian et al. (2007).

(viii) HD 37468 (σ Ori AB) is a massive triple system composed
of the recently confirmed double-lined spectroscopic binary (the Aa
and Ab components) and the well-known visual companion σ Ori B
that is separated by less than 0.3 arcsec from the binary system
(Simón-Dı́az et al. 2011, and references therein). The binary system
is comprised of an O-type star and an early B-type companion
(Simón-Dı́az et al. 2015). Our LSD profile shows the clear presence
of a narrow line profile entangled with a much broader profile.
We fit our LSD profile without any constraints and found that our
best-fitting values are consistent with Simón-Dı́az et al. (2015).
σ Ori B was not included in our original fits. Our attempts to
include this component resulted in a failure for our fits to converge.
Further constraining the models using the orbital and rotational
velocities determined by Simón-Dı́az et al. (2015) did not improve
the situation. We therefore neglected component B. This should
have minimal impact on the results, as this component represents
about 20 per cent of the overall EW, or about 10 per cent of the EW
of the Aa and Ab components.

(ix) HD 46106 is not a previously known spectroscopic binary.
Our LSD profile shows strong evidence for two components – one
narrow line component and one broad line component. Our RV
measurement differs substantially from a previous measurement of
Duflot, Figon & Meyssonnier (1995) and the line asymmetry also
differs from the profiles of Sota et al. (2011), both key points that
further support our binarity claim.

(x) HD 46149 is a recently discovered spectroscopic binary
composed of a late O-type star and an early B-type star (Mahy
et al. 2009). Our LSD profiles show evidence for both a broad- and
narrow-line component. We conducted our fits without any con-
straints and the resulting RV measurements are in good agreement
with Mahy et al. (2009).

(xi) HD 47129 (Plaskett’s star) is a well-known multiple star sys-
tem consisting of a spectroscopic binary in addition to three visual

companions at distances of 36 mas, 0.78 arcsec, and 1.12 arcsec
(Turner et al. 2008; Sana et al. 2014). The spectroscopic binary
system was previously found to be composed of two O-star compo-
nents, one with narrow lines (A1) and the other showing relatively
broad lines (A2), with similar RV variations (e.g. Plaskett 1922;
Linder et al. 2008); however, the recent work of Grunhut et al. (in
preparation) argues that the broad line component shows only weak
RV variations consistent with a mean RV of about 15 km s−1. We
therefore constrained the broad-line component to have a fixed RV
of 15 km s−1, but allowed all other values to vary. The resulting RV
measurements for the narrow-line component are in good agree-
ment with previous studies (e.g. Linder et al. 2008). The spectral
types used in this work are from Linder et al. (2008).

(xii) HD 47839 (15 Mon) is a known speckle (with a separation
of 0.035 arcsec) and single-lined spectroscopic binary system (Gies
et al. 1993). The primary star has a spectral type of O7 V, while
the secondary is in the range of B0–O9 (Gies et al. 1993 suspect a
spectral type of O9.5 Vn, considering the breadth of the potential
secondary’s lines). Our LSD profiles show evidence for stronger
absorption in the red wing compared to the blue wing, which we
attribute to the presence of the companion with broad lines – a result
that supports the findings of Gies et al. (1993). We constrained
our fits by adopting the RV values corresponding to the orbital
solution of Gies et al. (1993). Given that these stars are of similar
temperature, we use the EW ratio of the best-fitting profiles to
establish a flux ratio of �m = 1, which agrees well with the lower
limit of the flux ratio from a similar analysis of He I lines and the
speckle observations as measured by Gies et al. (1993).

(xiii) HD 48099 is a double-lined spectroscopic binary with a
short ∼3 d period. The system is composed of two O stars (Mahy
et al. 2010). Both of our LSD profiles show evidence for the blending
of two profiles. We used the predicted RV values and the rotational
velocities of Mahy et al. (2010) to constrain our fits to the observed
LSD profiles. The resulting best-fitting profiles are in good agree-
ment with the results presented by Mahy et al. (2010) and provide
a reasonable fit to the observed profiles.

(xiv) HD 54662 is a long period (∼560 d) double-lined O–O
star spectroscopic binary (Boyajian et al. 2007). Our LSD profile
shows clear evidence for the presence of both a narrow- and broad-
line component. We carried out an unconstrained fit to the LSD
profile and the resulting RV measurements and line broadening
for the narrow line component are consistent with previous studies
(Conti & Frost 1977; Boyajian et al. 2007). We find a higher value
for the line broadening of the broad-line component than Boyajian
et al. (2007). The EW ratios of the two fits are in good agreement
with the flux ratio found by Boyajian et al. (2007), given that the
temperatures of the two stars are similar.

(xv) HD 93250 is a recently discovered interferometric binary
system with a separation of less than 2× 10−3 arcsec. Sana et al.
(2011) carried out a detailed investigation and found no evidence
for the presence of a spectroscopic companion. It was also shown
that two similar profiles separated by 50 km s−1 could reproduce
the apparently single-lined profile. Our LSD profile shows no con-
vincing evidence for the presence of two blended profiles. We note
that the intensity of the red wing of our LSD profile is slightly el-
evated relative to the blue wing, which may be an indication of a
spectroscopic companion. Considering the degeneracy of potential
fits, we did not attempt to fit this profile.

(xvi) HD 153426 is a known radial velocity variable star that is
suspected to be an SB2 (Crampton 1972). Our first LSD profile ob-
tained on 2011 July 3 shows clear evidence for extended absorption
in the red wing that we attribute to the presence of a very broad
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profile, in addition to the narrow-line component. The presence of
this broad profile is not apparent in the second LSD profile obtained
on 2012 June 22. We fit LSD profiles assuming maximum contri-
bution from the broad-line component. This provides a good fit to
our first profile, but does not fit the second profile well.

(xvii) HD 155889 is a known speckle binary with a 0.19 arc-
sec separation (e.g. Mason et al. 1998). Our LSD profile exhibits
enhanced absorption in the red wing of the line profile, which we
attribute to the presence of a spectroscopic companion, which may
or may not be the speckle companion. Our fits to the LSD profile
assume maximum contribution of the broad-line companion.

(xviii) HD 164794 (9 Sgr) is a recently uncovered spectroscopic
O–O star binary in an eccentric orbit, with a long (8.6 yr) orbital
period. The study of Rauw et al. (2012) determined both the orbital
and spectroscopic parameters of the secondary star. They found both
components to have similar brightness and similar line widths. Our
spectra were obtained at epochs where the stars have similar RVs
and their spectra are highly blended. We attempted to fit our LSD
profiles using the RV solution and estimated rotational velocities
of the previous study, but the final results are too degenerate to
find a reasonably unique solution. We therefore do not attempt
to disentangle the profiles for this system and analysed the single
blended profile instead. The spectral types noted in this work are
from Rauw et al. (2012).

(xix) HD 165052 is a well-known SB2 system composed of two
O-type stars in a close 3 d orbit (Conti 1974; Morrison & Conti 1978;
Stickland, Lloyd & Koch 1997b). This system was recently inves-
tigated as part of the study of Linder et al. (2007), who found the
two components to have similar spectral types and a luminosity
ratio of about 1.55, in favour of the primary. This study also de-
termined the rotational broadening parameters of each component.
Our observation does not show clear evidence for two separate pro-
files; however, this is easily explained as we observed this star at
conjunction and thus both profiles are well blended. We first at-
tempted to fit the LSD profile using RV values for each component
based on the orbital solution of Linder et al. (2007), as well as
their rotational broadening measurements. While the resulting so-
lution provided a reasonable fit to the observed LSD profile, we
found a much better fit when only constraining the RV of each
component. In the latter case, the total line broadening for each
component is considerably higher than what is reported by Lin-
der et al. (2007) and we find the primary star to exhibit broader
lines. The EW ratio of the two profiles are in good agreement with
results of Linder et al. (2007) with the primary to secondary EW
ratio of 1.59.

(xx) HD 167771 is a well-known spectroscopic binary, although
the secondary component was only revealed many years after
the first RV variation measurements by Stickland, Lloyd & Koch
(1997a). This study found that the EW ratio (primary/secondary)
of the cross-correlation function profiles from IUE data was about
1.7, with velocity widths of 115 and 85 km s−1 for the primary and
secondary, respectively. Unfortunately, our observation was taken at
a phase when the two profiles are heavily blended and the observed
LSD profiles appear to be that of a single star. We attempted to fit
the observation using the orbital solution and rotational velocities
of each component from Stickland et al. (1997a). The results were
in poor agreement with the data. We next tried to fit the LSD pro-
file using just the RV constraints from Stickland et al. (1997a). We
obtained a much better fit, but the total line broadening was about
30 km s−1 higher for the primary and about 40 km s−1 higher for
the secondary. We furthermore found that the EW ratio of the two
profiles was closer to 1.5 than the expected 1.7. Considering the

degeneracy involved when fitting these highly blended profiles, we
chose not to utilize our fits in any measurements.

(xxi) HD 190918 is a well-known WR+O binary system with
several faint, nearby visual companions (e.g. Hoffleit, Saladyga
& Wlasuk 1983; Mason et al. 2001). The WR+O binary is in a
long 112 d orbit (Underhill & Hill 1993). Our observed spectrum
shows strong emission lines consistent with the presence of the WR
star in addition to clear absorption lines resulting from the O-star
companion. Our line mask was tailored to only include absorption
lines contributed from the O star. As the WR star does not contribute
to the absorption line spectrum profile, the LSD profiles extracted
for this star should be considered as originating from a single star.

(xxii) HD 191201 is a double-lined spectroscopic O–O star bi-
nary with an ∼8 d orbital period in a circular orbit (Burkholder,
Massey & Morrell 1997). Our data show two well-separated pro-
files and the RV measurements of each profile are consistent with
the orbital solution presented by Burkholder et al. (1997) – the pri-
mary component is at positive RV and the secondary at negative
RV. We did not use any constraints when fitting the LSD profile.

(xxiii) HD 193322 is a hierarchical multiple star system consist-
ing of at least six components (see ten Brummelaar et al. 2011,
and references therein). The B, C, and D components are found at
angular separations greater than 2.68 arcsec and are not observed as
part of our spectra (Turner et al. 2008). The Aa component is a late
O-type star in a long-period orbit (35 yr) with another binary system
consisting of a late O-type star (Ab1) and likely an early B-type star
(Ab2). Our LSD line profile exhibits a narrow component with ex-
tended absorption in the wings of the profile. According to the study
of ten Brummelaar et al. (2011), based on the relative brightness
of each component and the previously determined rotational veloc-
ities, we suspect that we are only sensitive to components Aa (the
broad line component, evident in the wings) and Ab1 (the narrow
component). We constrained the fits to our LSD profile using the
rotational broadening values of ten Brummelaar et al. (2011).

(xxiv) HD 193443 is a spectroscopic binary recently studied by
Mahy et al. (2013), composed of two late O-type stars. Our LSD
profile does not show obvious signs of binarity, although it is slightly
asymmetric with an extended red wing. Using the RV solution of
Mahy et al. (2013), we conducted our fit to the LSD profile. The best-
fitting profile provides a good fit to the observation and, given that
the temperatures of the two stars are similar, the resulting EW ratio
of the individual profiles are in good agreement with the relative
brightness ratio of the primary to secondary of about 4, as found by
Mahy et al. (2013).

(xxv) HD 199579 is a spectroscopic binary with a faint (�V ∼
2.5; Williams et al. 2001) secondary. The primary component is an
O-type star and the companion is likely a B-type star. This star was
observed only once and our LSD profile appears dominated by the
primary. We find no obvious signs of the secondary component in
our spectrum.

(xxvi) HD 204827 is a known speckle and Hipparcos binary with
a separation of about 0.9 arcsec (e.g. Mason et al. 1998). This sys-
tem was not a previously known SB2, although it is a well-known
single-lined spectroscopic binary (Petrie & Pearce 1961). Our LSD
profile shows clear evidence for the presence of a strong broad pro-
file (Aa) with a weak contribution from an additional profile. This
secondary profile may belong to the visual companion (Ab). As-
suming that the stars have similar spectral types, the EW ratio of the
two components suggests the dominant profile contributes roughly
95 per cent of the total optical light. This is in good agreement
with the Hipparcos magnitude difference of the visual companion
(Perryman & ESA 1997).
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(xxvii) HD 206267 is a spectroscopic triple system (Stick-
land 1995). The brightest component and faintest component are
O-type stars locked in a 3.7 d orbit, while the intermediate bright
star is found at a constant velocity and has a spectral type of OB
(Burkholder et al. 1997). Our LSD profile shows no evidence of
multiple components. We attempted to constrain the fit using pa-
rameters from Stickland (1995) and Burkholder et al. (1997), but
the individual components are too entangled in our LSD profile to
find a reasonably non-degenerate solution.

(xxviii) HD 209481 (14 Cep, LZ Cep) is a well-known double-
lined spectroscopic binary consisting of two late O-type stars in
a close 3 d orbit (see Mahy et al. 2011, and references therein).
We have several observations of this star, and the LSD profiles of
some reveal two well-separated profiles. We constrained the profile
parameters of the two components using these easily separable
profiles, and then used these constraints for the more entangled
observations. To further constrain the fits, we also utilized the RV
solution of Mahy et al. (2011).

APPENDIX B: A SSESSMENT O F LSD NOISE
C H A R AC T E R I S T I C S

We describe here the details of an analysis used to characterize the
reliability of the LSD uncertainties. On the one hand, if the uncer-
tainties are overestimated, this affects our ability to detect signal and
therefore identify magnetic stars. On the other hand, if the uncer-
tainties are underestimated, this would result in a larger number of
spurious detections. In order to address this problem we compared
the FAPs measured from the observed null profiles to a theoretical
FAP distribution, from the single-star population only. The theo-
retical distribution was obtained by generating a series of random
profiles with the same noise characteristics as the observed profiles
and then measuring the FAP of each theoretical null profile. The
individual pixel uncertainties used for the theoretical profiles were
created assuming a Gaussian distribution with a standard deviation
equal to the uncertainty found in the observed LSD profile. 100
theoretical profiles generated with random noise were obtained for
each observation to create the theoretical distribution.

In Fig. B1, we compare the observed and theoretical cumula-
tive distributions for both the binned and unbinned profiles. The
obtained FAP distribution from the observed unbinned profiles is
significantly different from the predicted distribution – the observed
sample contains a significantly larger fraction of high-FAP values
compared to the theoretical distribution. One possible interpretation
of this mismatch is that the uncertainties established from the LSD
procedure are incorrect. We therefore proceeded to recompute the
FAP distribution by adjusting all LSD uncertainties by a fixed value.
A two-sided KS test was used to find a fixed value that provided
the best agreement between the noise-adjusted distribution and the
predicted null distribution. The results from this exercise suggest
that the LSD uncertainties are overestimated by about 20 per cent.
We carried out this same procedure for the binned profiles and the
results were very different – in this case the uncertainties were
overestimated by about 3 per cent. We repeated this same analysis
with the LSD profiles generated by the Donati et al. (1997) LSD
code. The results are similar, but the LSD profiles generated with
the Donati et al. (1997) code result in an overestimation by about
10 per cent for the unbinned profiles and 6 per cent for the binned
profiles.

Another check to test the reliability of the LSD uncertainties
was to compare the mean S/N estimated from the pixel uncertain-
ties (1/σ ) with the S/N estimated from the root-mean-square (rms)

Figure B1. Comparison of cumulative distributions of the FAP. The FAP
distribution obtained from the observed unbinned null profiles (thin black)
and observed binned null profiles (thick red) are compared to a theoretical
null distribution (dotted blue). The theoretical null distribution is the same
when using the uncertainties obtained from the observed binned or unbinned
profiles. Also shown are null distributions where the individual pixel uncer-
tainties have been decreased by 20 per cent for the unbinned profiles (thin
black dashed) and decreased by 3 per cent for the binned profiles (thick red
dashed). The inset provides an expanded view of a small region of the un-
binned distributions to highlight the differences. The corrected distributions
significantly improve the agreement between the observed and theoretical
distributions.

Figure B2. Comparison of the S/N level estimated from the LSD profiles
(〈1/σ 〉), versus the S/N estimated from the rms of the diagnostic null profile.
The grey points correspond to the original measurements, while the black
points correspond to the same measurements, but increasing the S/N by
20 per cent, as found from the noise analysis discussed in the text. The
dotted line corresponds to a one-to-one relation.

deviation from no signal in the null profiles. In the case of pure
Gaussian noise, the RMS S/N should equal the σ S/N. In Fig. B2,
we compare the S/N obtained from each method. The results show
that there is a systematic offset between the two S/N measurements –
the S/N obtained from the rms measurements is consistently higher
than the S/N obtained from the mean uncertainty. These results are
consistent with the previous analysis. Increasing the S/N measure-
ments from the uncertainties by about 20 per cent brings the two
S/N measurements into much better agreement.

The level of disagreement of the uncertainties of the order of
10–20 per cent, as found in this work, is consistent with other
magnetometry studies (e.g. Wade et al. 2000). The unbinned profiles
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are used to compute B� and N� values, and so these measurements,
and their uncertainties, should be considered accurate to within
about 10–20 per cent. This has little impact on the results presented
in this work as the B� values are not used to establish whether a
Zeeman signature is detected or not. The binned profiles are used to
establish the statistical significance of a detected Zeeman signature,
and, in this case, the noise characteristics of these profiles agree
well with theoretical predictions.

A P P E N D I X C : SU M M A RY O F R E S U LT S

This section provides a summary of all measurements for each
observation of each star. Table C1 presents the results for all pre-
sumably single O stars, while Table C2 presents the results for all
stars that are either part of known multiline spectroscopic systems,
or where there is sufficient evidence to suggest that the stars are part
of multiline spectroscopic systems.

MNRAS 465, 2432–2470 (2017)
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