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ABSTRACT

Context. The Magnetism in Massive Stars (MiMeS) project aims at understanding the origin of the magnetic fields in massive stars
as well as their impact on stellar internal structure, evolution, and circumstellar environment.
Aims. One of the objectives of the MiMeS project is to provide stringent observational constraints on the magnetic fields of massive
stars; however, identification of magnetic massive stars is challenging, as only a few percent of high-mass stars host strong fields
detectable with the current instrumentation. Hence, one of the first objectives of the MiMeS project was to search for magnetic ob-
jects among a large sample of massive stars, and to build a sub-sample for in-depth follow-up studies required to test the models and
theories of fossil field origins, magnetic wind confinement and magnetospheric properties, and magnetic star evolution.
Methods. We obtained high-resolution spectropolarimetric observations of a large number of OB stars thanks to three large pro-
grams (LP) of observations that have been allocated on the high-resolution spectropolarimeters ESPaDOnS, Narval, and the polari-
metric module HARPSpol of the HARPS spectrograph. We report here on the methods and first analysis of the HARPSpol magnetic
detections. We identified the magnetic stars using a multi-line analysis technique. Then, when possible, we monitored the new discov-
eries to derive their rotation periods, which are critical for follow-up and magnetic mapping studies. We also performed a first-look
analysis of their spectra and identified obvious spectral anomalies (e.g., surface abundance peculiarities, Hα emission), which are also
of interest for future studies.
Results. In this paper, we focus on eight of the 11 stars in which we discovered or confirmed a magnetic field from the HARPSpol
LP sample (the remaining three were published in a previous paper). Seven of the fields were detected in early-type Bp stars, while
the last field was detected in the Ap companion of a normal early B-type star. We report obvious spectral and multiplicity properties,
as well as our measurements of their longitudinal field strengths, and their rotation periods when we are able to derive them. We also
discuss the presence or absence of Hα emission with respect to the theory of centrifugally-supported magnetospheres.
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� Based on observations collected at the European Southern
Observatory, Chile (Program ID 187.D-0917), and on observations
obtained at the Canada-France-Hawaii Telescope (CFHT), which is
operated by the National Research Council of Canada, the Institut
National des Sciences de l’Univers (INSU) of the Centre National de
la Recherche Scientifique (CNRS) of France, and the University of
Hawaii.
�� The line masks used to compute the LSD profiles in Sect. 4.1 are
only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/567/A28
��� Appendices are available in electronic form at
http://www.aanda.org

1. Introduction
The properties of the magnetic fields of the intermediate mass
stars (1.5 to 8 M�) of spectral type A and late-B (B4 and later)
on the main sequence (A/B stars hereafter) are now well estab-
lished (see the reviews of Landstreet 1992; Donati & Landstreet
2009, as well as references hereinafter). They are found in a
small fraction of these stars, exclusively among the chemically
peculiar Ap/Bp stars (Wolff 1968; Shorlin et al. 2002; Bagnulo
et al. 2006; Aurière et al. 2010; Kochukhov et al. 2013). They
are mainly dipolar or low-order multi-polar fields, with polar
strengths ranging from 300 G to 30 kG, most having fields of or-
der 1 kG (e.g. Landstreet & Borra 1978; Landstreet et al. 1989;
Bohlender et al. 1987, 1993; Mathys & Lanz 1997; Wade et al.
2000a, 2006; Kochukhov 2006; Elkin et al. 2010; Bailey et al.
2012). These fields are stable over many years, and even decades
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(for stars with sufficient observations, e.g. Landstreet et al. 1989;
Khokhlova et al. 1997; Silvester et al. 2014). While the field
strengths seem to show a statistical decrease with stellar age, the
field incidence does not depend on the stellar age (Kochukhov
& Bagnulo 2006; Landstreet et al. 2008). Such stable and large
scale fields are called fossil fields (i.e. they are not continuously
maintained from dissipation, Cowling 1945, 1953; Borra et al.
1982) and are observed in intermediate-mass stars from the pre-
main-sequence phase (in Herbig Ae/Be stars), throughout the
main-sequence phase, and very likely even until the red giant
phase of stellar evolution (Aurière et al. 2008, 2011; Alecian
et al. 2013).

Fossil fields have very different properties compared to the
magnetic fields of the Sun and other cool, low-mass stars, which
indicate a different origin. While in low-mass stars, the presence
of a deep sub-surface convective zone allows for a dynamo to
occur and produce very complex and unstable magnetic fields
as observed at the surface of the Sun, intermediate-mass stars
lack such a convective zone to generate their fields. It is believed
instead that the fossil fields are remnants from fields enhanced
or accumulated during star formation (e.g. Moss 2001). Studies
performed in recent years have brought a variety of new evidence
in favour of this theory and in the generation and history of such
fossil fields (Wade et al. 2005, 2007; Braithwaite & Nordlund
2006; Folsom et al. 2008; Alecian et al. 2008a,b, 2009; Duez &
Mathis 2010; Duez et al. 2010; Alecian et al. 2013).

Massive stars (above 8 M�) of spectral type O and
early-B on the main sequence (OB stars hereafter), similarly to
intermediate-mass stars, possess a large radiative envelope. We
therefore assume that the origin of the field is similar in both
types of stars. The OB stars are however hotter than A/B stars,
and can drive significant radiative winds (Castor et al. 1975).
Magnetic interaction between the star and the environment could
therefore be significant (ud-Doula & Owocki 2002). It has also
been proposed that magnetic fields can have a strong impact
on the structure and evolution of massive stars (e.g. via en-
hanced or suppressed mixing, surface velocity braking, Maeder
& Meynet 2000; ud-Doula et al. 2009; Briquet et al. 2012).
Until recently, our knowledge of the magnetic properties of the
OB stars was very poor. A small number of fields only were de-
tected, mainly in chemically peculiar stars, such as He-strong or
He-weak stars, but also in a few non-peculiar stars. Such a lack
of observational constraints motivated a large consortium to start
the Magnetism in Massive Stars (MiMeS) project, to study the
origin and physics of the magnetic fields in massive stars.

One of the main objectives of the MiMeS consortium
was to obtain stringent observational constraints on the mag-
netic properties of massive stars. With this aim, we have
performed a high-resolution spectropolarimetric survey of
about 360 OB stars selected in the field of the Galaxy and
in young clusters or associations. A large sample was re-
quired to detect a number of magnetic stars large enough
for compiling good statistics on the magnetic properties of
the OB stars. To perform this survey, three spectropolarimet-
ric large programmes (LPs) were allocated between mid-2008
and early 2013, on ESPaDOnS installed on the Canada-France-
Hawaii Telescope (CFHT, Hawaii), on Narval installed on the
Telescope Bernard Lyot (TBL, Pic du Midi, France), and on
HARPS accompanied with the polarimetric module HARPSpol
installed on the ESO 3.6 m telescope (La Silla, Chile). The
Narval and ESPaDOnS magnetic detections were published in
separate papers (e.g. Grunhut et al. 2009, 2013; Oksala et al.
2010; Briquet et al. 2013), and the whole ESPaDOnS, Narval
and HARPSpol survey will be published in forthcoming papers

(Wade et al., Grunhut et al., Petit et al., Neiner et al., Alecian
et al., in prep.). The present paper focuses on the magnetic
detections of the HARPSpol sample.

Within the HARPSpol survey, we detected nine new mag-
netic stars and confirmed the presence of the magnetic fields
at the surface of two others – HD 105382 and HD 109026 –
that had been previously reported (Briquet et al. 2007; Borra
et al. 1983). The two new magnetic detections (HD 122451 and
HD 130807) and the field confirmation in HD 105382 obtained
during the first run (May 2011) of the LP have already been pub-
lished in a Letter (Alecian et al. 2011). In this paper, we report
seven new detections and one field confirmation in HD 109026
that were obtained during the four remaining runs (Dec. 2011,
July 2012, Feb. 2013, June 2013).

This paper is structured as follows. In Sect. 2, we describe
the observations and reduction we performed. In Sect. 3, we
describe the spectral properties of the new magnetic stars. In
Sect. 4, we analyse the polarised spectra and interpret them
to propose magnetic field geometries. In Sect. 5 we discuss
the magnetospheric signatures observed (or not) in Hα, and in
Sect. 6, we present a summary of our results.

2. Observations and reduction

We used the polarisation properties of the Zeeman effect in-
side spectral lines to measure the magnetic fields of our sample.
Because stellar magnetic fields generally produce a stronger cir-
cular than linear polarisation signal (e.g. Wade et al. 2000b), we
carried out observations in circular polarisation mode only. We
obtained observations with the polarimetric module (Piskunov
et al. 2011) of the HARPS spectrograph (Mayor et al. 2003)
installed on the ESO 3.6 m telescope (La Silla Observatory,
Chile). This instrument configuration provides us with high-
resolution spectropolarimetric data, covering a wavelength range
from 378 nm to 691 nm with a gap between 526 and 534 nm.
Depending on the magnitude of the star, one observation con-
sists of one or several successive polarimetric measurements.
To obtain one circularly polarised measurement, we acquired
four successive individual spectra between which we rotated the
quarter-wave plate by 90◦ starting at 45◦. The calibration spec-
tra (bias, flat field, wavelength calibration) were obtained before
the start of each night.

To reduce the data we used a modified version of the
REDUCE package (Piskunov & Valenti 2002; Makaganiuk
et al. 2011), which performs an optimal extraction of the cross-
dispersed échelle spectra after bias subtraction, flat fielding and
cosmic ray removal. We performed the wavelength calibration
using the spectrum of a ThAr calibration lamp. Following the
wavelength calibration, the spectra were shifted in velocity to
the heliocentric frame. We normalised the optimally extracted
spectra to the continuum following three successive steps. First,
we divided the stellar spectra by the one-dimensional optimally
extracted spectrum of the flat field to remove the blaze shape
and fringing. Then, the resulting stellar spectra were corrected
by the response function derived from observations of the solar
spectrum. Finally, we determined the continuum level by fitting
a smooth, slowly varying function to the envelope of the entire
spectrum. Before this final step, we carefully inspected the spec-
trum of each star and masked out the strongest and broadest lines
(including all Balmer lines, and the strongest He lines) from
the fitting procedure. The resolving power of our spectra ranges
from 95 000 to 113 000, depending on wavelength and order,
with a median of 106 000. Their signal-to-noise ratio at 500 nm
ranges between ∼100 and ∼1000.
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Table 1. Log of the observations.

ID Date (d/m/y) HJD texp # S/N
UT (2 450 000+) (s)

HD 66765 13-12-2011 7:24 5908.80955 7200 2 500
14-12-2011 3:42 5909.65571 7200 2 450
15-12-2011 7:17 5910.80453 7200 2 600
16-12-2011 2:32 5911.60699 3600 1 330
16-12-2011 8:23 5911.85086 3600 1 310
17-12-2011 2:35 5912.60934 3600 1 320
17-12-2011 8:12 5912.84324 3600 1 430

HD 67621 12-12-2011 7:06 5907.79702 7200 2 680
13-12-2011 3:42 5908.65554 3600 1 430
14-12-2011 2:22 5909.59972 1800 1 230
14-12-2011 8:35 5909.85897 2200 1 350
15-12-2011 8:40 5910.86215 2200 1 400
16-12-2011 7:31 5911.81444 2200 1 330
17-12-2011 5:39 5912.73657 2200 1 380

HD 109026 15-02-2013 6:57 6338.79036 3600 2 1150
16-02-2013 3:03 6339.62764 1800 1 740
17-02-2013 4:36 6340.69253 1800 1 780
18-02-2013 6:11 6341.75842 1800 1 730
19-02-2013 5:12 6342.71703 1800 1 690
20-02-2013 7:41 6343.82113 1800 1 740
21-02-2013 3:13 6344.63486 1800 1 620
21-02-2013 9:58 6344.91629 1800 1 570

HD 121743 21-07-2012 1:12 6129.55193 3600 1 710
21-07-2012 23:29 6130.47991 3600 1 790

HD 133518 15-02-2013 9:20 6338.88872 3600 1 440
16-02-2013 9:57 6339.91444 1200 1 260
21-02-2013 7:19 6344.80544 1200 1 160

HD 147932 20-02-2013 9:02 6343.87595 7200 2 430
21-02-2013 8:35 6344.85718 7200 2 250

HD 156324 19-07-2012 2:58 6127.62863 7200 2 150
20-07-2012 6:38 6128.78131 3600 1 110
19-06-2013 10:12‡ 6462.92963 4800 1 390

HD 156424 18-07-2012 4:20 6126.68582 7200 2 150
19-07-2012 6:32 6127.77721 3600 1 100

Notes. (‡) Observation obtained with ESPaDOnS.

For one star, HD 156324, we recently acquired one addi-
tional observation using ESPaDOnS at CFHT, within another
LP1. These data were obtained in a similar way to the HARPSpol
data, and were reduced with the dedicated tool Libre-Esprit, only
available at CFHT. The resulting spectrum covers a wavelength
range from 370 to 1048 nm, with a resolution of 65 000 (for ad-
ditional information on ESPaDOnS spectropolarimetric data, see
e.g. Silvester et al. 2012).

We obtained the polarised spectra by combining the four in-
dividual spectra using the ratio method (Bagnulo et al. 2009).
A diagnostic null spectrum was also obtained by combining the
spectra in such a way as to cancel the polarisation from the ob-
ject, which reveals possible spurious polarisation contributions
(Donati et al. 1997).

If successive polarimetric measurements of the same ob-
ject were obtained, we combined them, pixel per pixel, using
a weighted mean, where each weight is the square of the in-
verse of the error on each pixel. Finally, we performed a con-
tinuum re-normalisation order by order to all observations, us-
ing the Image Reduction and Analysis Facility (IRAF) routine
continuum, by fitting cubic spline functions to the line-free por-
tions of the spectra. Table 1 summarises the log of the obser-
vations of the stars examined in this paper. Columns 1 to 6

1 The BinaMIcS LP aims at studying the magnetic fields in spectro-
scopic binary systems (see http://lesia.obspm.fr/binamics/)

give the stellar identification, date and UT time, heliocentric
Julian date (HJD), total exposure time, number of polarimetric
sequences, and signal-to-noise ratio (S/N) of the observations.

3. Spectral properties of the photospheres

3.1. Effective temperatures and surface gravities

To interpret our data, it is necessary to have reliable estimates
of effective temperature Teff and surface gravity log g. We ob-
tained estimates of these quantities from available Johnson UBV,
Strömgren uvbyβ, and Geneva six-colour photometry obtained
from the General Catalogue of Photometric Data (Mermilliod
et al. 1997)2. The stellar basic parameters have been estimated
using transformations from photometry that have been calibrated
with normal stars. The available UBV measurements have been
used to derive Teff estimates by computing the approximately
reddening-independant parameter Q = (U − B)− 0.72 ∗ (B−V).
The calibration for this quantity was that for stars of log g = 4.0
tabulated by Worthey & Lee (2011). UBV data cannot be used
to obtain log g unless an independent estimate of the reddening
parameter E(B − V) is available, and even using the reddening
found from other photometry systems does not give us a very
precise value for log g. We transformed the Strömgren photom-
etry to estimates of Teff and log g using the FORTRAN calibra-
tion programme of Napiwotzki et al. (1993). This calibration is
valid for main-sequence stars up to Teff ∼ 30 000 K. Geneva six-
colour photometry was used to derive estimates of Teff and log g
using the FORTRAN calibration programme of Kunzli et al.
(1997), which is also valid up to about 30 000 K. The derived
basic parameters are listed in Table 2. The parameters obtained
using the three photometric systems are in good overall agree-
ment. We checked that the derived values are consistent with
our spectra. To this aim, we calculated synthetic spectra in the
local thermodynamic equilibrium (LTE) approximation using
the code SYNTH of Piskunov (1992). SYNTH requires, as in-
put, atmosphere models, obtained using the ATLAS 9 program
(Kurucz 1993), and a list of spectral line data obtained from the
Vienna Atomic Line Database3 (VALD; Piskunov et al. 1995;
Kupka et al. 1999). All synthetic spectra have been computed
using the solar metallicity of Grevesse & Noels (1993) and have
been convolved to a rotation function dependent on the pro-
jected rotational velocity v sin i (Gray 1992). We compared, by
eye, the wings of the Balmer lines and the metallic lines of our
data to synthetic spectra and adjusted the temperature, gravity,
v sin i, and vrad until we obtained a reasonable match. For a few
stars, multiple pairs of [Teff, log g] are equally able to fit our
data. When variability or distortion is observed in the spectral
lines v sin i and vrad have been obtained by fitting the blue and
red edges of the metallic lines only. Our estimated and adopted
values of Teff, log g, v sin i, and vrad are presented in Table 2.
No significant difference is found between the photospheric and
spectroscopic determinations of Teff and log g.

3.2. Spectrum description and peculiarities

In order to facilitate the interpretation of our data, we performed
a literature search of each star, and listed important results that
could affect spectroscopic observations of each object, including
pulsations that can have an important impact in some cases (e.g.
Neiner et al. 2012, and references hereinafter). Our findings are

2 http://obswww.unige.ch/gcpd/gcpd.html
3 http://ams.astro.univie.ac.at/~vald/
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Table 2. Effective temperatures, surface gravities, v sin i, and vrad of our sample.

ID Johnson Strömgren Geneva Spectroscopy Adopted
Teff Teff log g Teff log g St. Teff log g v sin i vrad Teff log g
(K) (K) (cgs) (K) (cgs) comp. (K) (cgs) (km s−1) (km s−1) (K) (cgs)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
HD 66765 21 000 (...) (...) 19 820 4.32 20 000 4.0 100 21 20 000 4.0
HD 67621 21 500 (...) (...) 20 580 4.22 21 000 4.0 23 18 21 000 4.0

HD 109026† 16 000 16 310 4.12 16 080 4.00
A [15 000, 17 000] 4.0 180∗ 0∗

16 000 4.0B (...) (...) 20 0
HD 121743 22 000 20 810 3.79 21 180 4.07 21 000 4.0 60 10 21 000 4.0
HD 133518 22 000 20 670 3.98 19 400 4.29 19 000 [3.5,4.0] 0 –5 19 000 4.0
HD 147932 18 000 18 260 4.74 18 060 4.04 [16 000, 18 000] [3.75, 4.0] 140∗ –10∗ 17 000 4.0

HD 156324† 21 000 (...) (...) 19 580 4.38
A 22 000 4.0 60∗ [10, –40, 30]∗∗

22 000 4.0B [14 000–17 000] (...) 30∗ [–30, 140, –80]∗∗
C [14 000–17 000] (...) 5 [10, 8, 0]∗∗

HD 156424 21 000 21 340 4.20 (...) (...) 20 000 4.0 12 0 20 000 4.0

Notes. Column (1): star identification. Columns (2), (3), and (5) effective temperature of the stars determined using Johnson, Strömgren, and
Geneva photometry, respectively. Columns (4) and (6): surface gravity of the stars obtained from Strömgren and Geneva photometry. Column (7):
spectroscopic stellar component in the cases of a multiple spectroscopic system (P for primary, S for secondary, T for tertiary). Columns (8)
to (11) effective temperature, log g, v sin i and radial velocities estimated from our data. Columns (12) and (13): adopted effective temperatures and
surface gravities for the least-squares deconvolution (LSD, Sect. 4.1). “(...)”: Not determined, because of unavailable photometric measurements.
(†) Spectroscopic multiple systems, approximate. (∗) Approximate (large and variable spectral lines). (∗∗) Radial velocities ordered in increasing
HJD. Approximate values for the component A and C due to broad, variable, or faint lines.

summarised for each star below. We then noted the peculiari-
ties observed in our data when compared with synthetic spectra,
and propose an interpretation for each one of them. Sometimes,
at temperatures above 15 000 K, non-LTE effects could signif-
icantly affect the strength of the synthetic lines (e.g. Mihalas
& Athay 1973). In particular, in our sample, they could affect
the lines of He i, C iii, and Si iii (e.g. Przybilla et al. 2011). We
therefore also compared our data with non-LTE synthetic spectra
computed using TLUSTY non-LTE atmosphere models and the
SYNSPEC code (Hubeny 1988; Hubeny & Lanz 1992, 1995).
We checked that non-LTE effects cannot explain the peculiarities
observed in the He, C, and Si lines. We summarise our findings
in Table 3, and we detail below our analysis for each star.

3.2.1. HD 66765

HD 66765 is a B1/B2 V star member of the Vel OB2 associ-
ation (Houk 1978; de Zeeuw et al. 1999). Vel OB2 is an OB
association found in the vicinity of the Wolf-Rayet WC8+O8-
8.5III γ2 Vel binary system, at a distance of about 410 pc, and
with an age of ∼20 Myr (de Zeeuw et al. 1999). Strong and vari-
able He lines of HD 66765 have been reported by various au-
thors (Balona 1975; Garrison et al. 1977; Wiegert & Garrison
1998). Garrison et al. (1977) propose HD 66765 to be a double-
lined spectroscopic binary (SB2) system, but neither Wiegert &
Garrison’s data nor ours confirm this suggestion.

Our spectra are consistent with a single star of a temperature
of about 20 000 K. The radial velocities of our two spectra do
not vary, are found around 21 km s−1, and differ by less than 2σ
from the mean value (15.5 ± 3.2) of the members of Vel OB2
published by Kharchenko et al. (2005). Our spectra display very
strong and variable He lines with broad wings. Variable and dis-
torted Si iii and C ii lines are also observed, revealing abundance
spots at the surface of the star, and suggesting that HD 66765
belongs to the class of He-strong stars.

3.2.2. HD 67621

HD 67621 is a B2 IV star, a member of the Vel OB2 association
(de Zeeuw et al. 1999), and has been poorly studied up to now.
We detected a Zeeman signature in the V spectrum of HD 67621
on the night of Dec. 12th 2011, which allowed us to follow the
star the following nights, hence the variation of the magnetic
signature.

Our observations are consistent with a synthetic spectrum
of Teff = 21 000 K, and a radial velocity around 18 km s−1,
consistent with the mean values of the members of Vel OB2
(15.5 ± 3.2, Kharchenko et al. 2005). He i, Si ii, and S ii appear
to be under-abundant compared to solar abundances, while the
Si iii triplet at 4552, 4567, and 4574 Å is stronger than predicted.
The shape and strengths of the line profiles of some elements
(e.g. Fe iii, Fe ii, Si ii, He i, S ii) present slight changes from
one observation to another, suggesting the presence of abun-
dance spots at the surface of the star. We therefore propose the
HD 67621 belongs to the class of He-weak stars.

3.2.3. HD 109026

HD 109026 (=γ Mus) is classified as a B5 V He-weak type star
(Renson & Manfroid 2009), is situated at a distance of ∼99 pc
(van Leeuwen 2007), and is rotating with a projected velocity
of 188 ± 10 km s−1 (Brown & Verschueren 1997). Waelkens
et al. (1998) classify the star as a slowly pulsating B star (SPB)
based on Hipparcos and Geneva photometric observations. The
photometric determinations of the effective temperature reported
by different authors range from 15 000 K to 17 700 K (e.g.
Molenda-Zakowicz & Polubek 2004; Kochukhov & Bagnulo
2006; Zorec et al. 2009). Niemczura (2003) found a value of
16 000 K from ultra-violet (UV) spectra. Borra et al. (1983) mea-
sured the magnetic field of the star in the wings of Hβ and ob-
tained three positive measurements at a level higher than 3σ,
with values varying between 140 and 470 G, and error bars
around 90 G.
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HD 109026 belongs to the sample of stars used by Jilinski
et al. (2006) to analyse the radial velocities of B stars in
the Sco-Cen association. The Scorpius-Centaurus OB associa-
tion is the closest OB association, and consists of three sub-
groups, Upper Scorpius (US), Upper Centaurus-Lupus (UCL),
and Lower Centaurus-Crux (LCC), which have ages of about 5,
17, and 16 Myr, and distances of 145, 140 and 118 pc, respec-
tively. Jilinski et al. (2006) argue that HD 109026 could be a
member of the association based on radial velocities. Based on
the position and proper motions, Bertiau (1958) placed this star
inside the association. Jones (1971), to analyse the kinematics of
the Sco-Cen association, excluded all stars close to the border of
the association, including HD 109026, to avoid contamination
by field stars. As a consequence de Zeeuw et al. (1999) did not
include it in their analysis. Thompson et al. (1987), based on the
radial velocity and proper motions, find that HD 109026 has a
low probability of membership.

We searched the new Hipparcos catalogue (Perryman et al.
1997; van Leeuwen 2007) for all Sco-Cen members (de Zeeuw
et al. 1999) within roughly 11.5 degrees of HD 109026.
Twelve HIP association members were found. The mean and
standard deviation of the parallax and the two components of
proper motion for this sample are π = 9.85±0.70 mas, μα cos δ =
−38.75 ± 2.48 mas, and μδ = −9.86 ± 2.54 mas. These aver-
age values are very similar to those of the nearest HIP mem-
ber, HIP 60561, roughly 2.5 degrees away on the sky. The
corresponding quantities for HD 109026 are 10.04, −51.33,
and −5.40 mas, all with uncertainties of about ±0.12 mas.
Although the parallax of HD 109026 agrees well with that of the
Sco-Cen stars, and the proper motion in declination is within 2σ
of the mean of nearby Sco-Cen stars, the proper motion in right
ascension differs from the mean of nearby association stars by
five times the observed dispersion of member motions. It there-
fore appears unlikely that HD 109026 is a member of Sco-Cen.

Our spectroscopic data revealed, in addition to the rapidly
rotating B star, a secondary component with a low v sin i
(∼20 km s−1), highly variable metallic lines, and a lower temper-
ature. The magnetic field is only detected in this second compo-
nent (Sect. 4). The secondary contributes only weakly to the pho-
tospheric Balmer lines but displays very strong metallic lines,
implying that the secondary is chemically peculiar, and belongs
to the magnetic Ap class. As a consequence, the temperature of
the secondary is difficult to determine. Depending on the temper-
ature of the secondary our spectra are consistent with a primary
of 15 000 to 17 000 K, with solar abundances (including He) and
a rotation velocity of about 180 km s−1. We therefore do not con-
firm the membership of the primary star in the He-weak class.

Waelkens et al. (1998) reported the discovery of SPB-type
pulsations in the Hipparcos photometric data of HD 109026,
with a period of 2.73 days. In our spectra, the lines of the primary
vary slightly but are contaminated with the strong and variable
lines of the secondary, which does not allow us to disentangle be-
tween pulsations in the primary and chemical spots at the surface
of the secondary. No variation of the radial velocities of the com-
ponents could be measured in our data, which we obtained over
seven nights. The orbital period of the system is therefore much
longer than seven days, and the photometric variability observed
by Waelkens et al. cannot be explained by a partial eclipse of the
primary by the secondary. The shape of the magnetic signatures
changes strongly from one night to the other (Sect. 4), as well as
the individual intensity profile shapes, and their variations could
be consistent with a period of 2.73 days. The photometric vari-
ations reported by Waelkens et al. (1998) could instead be due

to the Ap nature of the secondary, and the measured periodicity
could be its rotational period.

3.2.4. HD 121743

HD 121743 (φ Cen) is a B2 IV-V star member of the Upper
Centaurus Lupus region of the Sco-Cen association (de Zeeuw
et al. 1999). While no photometric variation has been detected
(Jakate 1979; Adelman 2001), HD 121743 is known to show ra-
dial velocity variations with an amplitude of few tens of km s−1

(Buscombe & Morris 1960; van Hoof et al. 1963; Levato et al.
1987). No visual or spectroscopic companion could be found
in the close vicinity of HD 121743 (Jones 1971; Levato et al.
1987; Shatsky & Tokovinin 2002), however, pulsations of β Cep
type with high order modes have been detected in the spec-
trum of this star (Telting et al. 2006). The photometric measure-
ments of the effective temperature range from 20 200 to 23 050 K
(Nissen 1974; Wolff & Heasley 1985; Morossi & Malagnini
1985; de Geus et al. 1989; Wolff 1990; Castelli 1991; Sokolov
1995), while the value of log g determined from fitting the
Balmer lines with LTE atmosphere models varies from 3.9 to 4.2
(Wolff & Heasley 1985; Wolff 1990).

Our data are consistent with a star of a temperature of
21 000 K. We found no evidence of radial velocity variations
in our spectra taken one day apart. The cores of the lines are
clearly distorted, showing bumps that vary from one night to
another. These bumps could be caused by either stellar pulsa-
tions, or abundance patches. No strong abundance anomalies are
observed in the spectrum except a slight enhancement in He.

3.2.5. HD 133518

HD 133518 is a B2-B3 He-strong star (Zboril & North 2000;
Groote et al. 1980; Garrison et al. 1977; MacConnell et al. 1970)
with narrow lines (v sin i < 30 km s−1, e.g. Walborn 1983). Smith
& Groote (2001) mention the presence of redshifted emission in
the C iv resonance lines observed in ultra-violet spectra, which
is proposed to be the result of downflows arising in magnetically
confined wind shocks (e.g. Babel & Montmerle 1997). They
therefore suggest HD 133518 as a candidate magnetic B star,
however, the magnetic measurements performed by Borra &
Landstreet (1979) and Bohlender et al. (1987) were all below
detection with uncertainties on the longitudinal fields ranging
from 230 G to 280 G.

Our spectra are consistent with an effective temperature
around 19 000 K. They show very strong abundance peculiari-
ties in the He i, Si ii, S ii, Fe ii, and Fe iii lines, consistent with
He-strong stars. No variability is observed in our three observa-
tions obtained over six nights. We also note that no rotational
broadening is required to fit the spectral lines, the v sin i mea-
sured from our high-resolution spectra is consistent with zero.

3.2.6. HD 147932

HD 147932 is an early-type star, and a member of the Upper
Scorpius region of the Sco-Cen association (de Zeeuw et al.
1999). The spectral type and effective temperature determina-
tions found in the literature are highly scattered (from 12 000 K
to 18 000 K, e.g. Hernández et al. 2005; de Geus et al. 1989),
most certainly due to the peculiarity of the spectrum (see below).
Koen & Eyer (2002) report a photometric variability with a fre-
quency 1.15758 d−1, (i.e. 20.7 h), but were not able to identify
the origin of the variability.
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Table 3. Main spectral peculiarities, and spectroscopic classification of our sample stars.

ID St. He str. Sp. var. Sp. Notes Class
comp. distor.

(1) (2) (3) (4) (5) (6) (7)
HD 66765 strong high yes He-strong
HD 67621 weak faint yes He-weak

HD 109026
P solar ? faint ? no ? Normal
S (...) high no ? Very strong metallic lines Ap

HD 121743 strong high yes He-strong
HD 133518 strong no no ? He-strong
HD 147932 faint high yes He-weak

HD 156324
P strong high ? yes ? He-strong
S (...) (...) (...) (...)
T weak ? (...) (...) Numerous strong P ii/iii lines He-weak PGa

HD 156424 strong faint no He-strong

Notes. Column (1): star identification. Column (2): spectroscopic stellar component in the cases of a multiple spectroscopic system (P for primary,
S for secondary, T for tertiary). Column (3): apparent strength of the He lines relative to a solar abundance. Column (4): variability of the spectral
lines. Column (5): distortion of the spectral lines. Column (6): additional notes on the peculiarities of the spectra. Column (7): classification of the
star in terms of spectral peculiarity. “(...)”: cannot be determined using our data. “?”: not accurate due to the blending of the spectral lines by the
companion (for multiple spectroscopic systems), or because of the absence of rotational Doppler resolution (for HD 133518).

Fig. 1. Intensity spectrum of HD 156324 around He i 4471 Å and Mg ii 4481 Å of the first (black), second (dark grey) and third (light grey)
observations. The dominant ions of the primary (P), secondary (S) and tertiary (T) components are labelled. The positions of the ions of the
component T are almost identical for the two first observations.

The wings of the Balmer lines (except Hα) of our spectra are
consistent with an effective temperature ranging from 16 000 to
18 000 K. Whatever the temperature, He i lines are much fainter
than expected, suggesting that the star belongs to the He-weak
class. The He and metallic lines (mainly Si and Fe) are highly
distorted and show strong variability between the two observa-
tions obtained one night apart. These variations could be due to
either abundance patches at the surface of the star, pulsations, or
a combination of the two. A careful examination of the spectra
does not allow us to determine the origin, and additional ob-
servations at different rotation phases are required to be able to
interpret these distortions.

3.2.7. HD 156324

HD 156324 is a B2 V star member of the Sco OB4 association
(Kharchenko et al. 2004), situated at about 1 kpc, with an age of

about 7 Myr (Mel’Nik & Dambis 2009; Kharchenko et al. 2005).
Roslund (1969) measured relatively fast radial velocity varia-
tions (from –33 to 73 km s−1 within 8 days), indicating an SB1
nature. Later, speckle observations revealed the presence of a
component at about 0.4′′ (Hartkopf et al. 1993, 1996; Tokovinin
et al. 2010). At a distance of 1100 pc (Kharchenko et al. 2005)
the speckle companion would be separated by about 400 AU
from the companion star, and would orbit with a period of few
thousands of years. Therefore, the speckle companion cannot be
at the origin of the radial velocity variations observed in the
spectrum of HD 156324. On the other hand, with a separation
of only 0.4′′, the light from the speckle companion must have
entered the 0.8′′ fibre during our observations. Tokovinin et al.
(2010) measured a magnitude difference of about 1.4, which im-
plies that if the light from the companion has also entered the
fibre, it would have contaminated our spectra.

Our spectra of HD 156324 are rather complex, revealing
three different stellar components (Fig. 1). The dominant one
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(the primary) is rotating at about 60 km s−1, and the two oth-
ers are rotating at about 30 km s−1 (the secondary) and 5 km s−1

(the tertiary). The radial velocities of the primary and secondary
show variations on a timescale of one day, while the radial ve-
locity variations of the tertiary are much smaller, but do show
small changes between July 2012 and June 2013. The secondary
component of our spectrum is therefore very likely at the ori-
gin of the radial velocity variations observed by Roslund (1969).
On the other hand, because of its small radial velocity changes,
it is not yet clear if the tertiary component corresponds to the
companion detected with speckle imaging.

We attempted to fit our observations with the composite syn-
thetic spectrum of a triple system (Appendix A), to estimate the
temperature of the stars, but the line blending between all com-
ponents and the line variations of the primary make the task dif-
ficult. We propose an effective temperature of about 22 000 K
for the primary, and a temperature range of 14 000–17 000 K for
the two others. Additional observations at various orbital phases
are required in order to disentangle the spectral lines of all the
components and give a better estimate of the stellar parameters.

The shape and strength of the lines of the primary vary from
one observation to the other, suggesting spots and/or pulsations.
The strength of the He lines of the primary are much greater than
the prediction, indicating an over-abundance of He. The depths
of these lines cannot be reproduced by changing the tempera-
ture, by taking NLTE effects into account, or by changing the
luminosity ratio between the components. The primary compo-
nent of HD 156324, therefore, belongs to the class of He-strong
stars. The Si ii/iii lines appear weak compared to the model, and
the He i, C ii, and Si ii/iii lines appear distorted with bumps. The
spectral peculiarities of the third stellar component identified in
the spectrum (see below), however, makes it ambiguous whether
these bumps originate in the photosphere of the primary.

A large number of narrow lines with a depth much higher
than predicted are observed all over the spectrum. These lines
have the same v sin i and radial velocities of the tertiary and,
therefore, are associated with the tertiary component. Most of
these lines have been identified and associated with the elements
P ii and P iii (Fig. 1). Changing the effective temperature of the
tertiary or the luminosity ratio between the components cannot
account for the presence of these lines. We note also the diffi-
culty in detecting this component in the He lines, with respect to
the ease with which it is detected in the Mg ii 4481 line (Fig. 1).
The tertiary could therefore be a chemically peculiar star be-
longing to the class of He-weak PGa. But the He-strong nature
of the primary, the current large uncertainty on the luminosity ra-
tio between the components and the temperature of the tertiary
do not allow us to analyse the He lines of the tertiary in detail.
We were unable to identify any Ga lines in the spectrum. Our
classification of the tertiary as a CP4 PGa star is therefore tenta-
tive at this stage, and requires additional observations accompa-
nied by a more extensive analysis of the spectra to be confirmed.

3.2.8. HD 156424

HD 156424 is a B2 V star, member of the Sco OB4 associa-
tion (Kharchenko et al. 2004). Speckle observations obtained
in 1990–1992 revealed the presence of a companion at a po-
sition angle of about 20◦ with a separation of about 0.78′′
(Hartkopf et al. 1993). In 2008, new speckle observations con-
firmed the presence of a companion that moved to a position
angle of about 50◦ and a separation of 0.35′′ (Tokovinin et al.
2010). Tokovinin et al. estimate the magnitude difference to be

about 2.3 mag, but flag the difference to be highly uncertain and
probably overestimated.

Despite the small separation between both components, no
obvious indication of the presence of a companion could be
found in our spectra, which could be due to the large magnitude
difference measured with speckle imaging. Our data are consis-
tent with a single star with a temperature of about 20 000 K,
and a radial velocity of about 0 km s−1 consistent with the mean
value (2.3 ± 4.2 km s−1) of the members of Sco OB4 published
by Kharchenko et al. (2004). The He i lines appear very strong,
which suggests that the star belongs to the magnetic He-strong
class. Only slight variability is observed in the cores of few
He i and Si ii lines between both observations obtained one night
apart.

4. Magnetic field analysis

4.1. Calculation of LSD profiles

In order to increase the S/N of our line profiles, we applied
the least-squares deconvolution (LSD) procedure to all spectra
(Donati et al. 1997). This procedure combines the information
contained in many metal lines of the spectrum, to extract the
mean intensity (Stokes I) and polarised (Stokes V) line pro-
files. In Stokes I, each line is weighted according to its central
depth, while in Stokes V the profiles are weighted according to
the product of the central depth, wavelength, and Landé factor.
These parameters are contained in a “line mask” derived from
a synthetic spectrum corresponding to the effective temperature
and gravity of the star. The construction of the line mask for
each star involved several steps. First, we used Kurucz ATLAS 9
models (Kurucz 1993) to obtain generic masks of solar abun-
dances, and of Teff/log g following the Kurucz models grid. Our
masks contain only lines with intrinsic depths larger or equal
to 10% of the continuum level. We do not need to use a lower
cutoff for detecting magnetic fields, which was the primary pur-
pose of the MiMeS survey. For mapping the magnetic fields of
the stars we recommend using a cutoff of about 1%, allowing for
the inclusion of the faintest predicted lines. In a second step, we
excluded hydrogen Balmer lines and strong resonance lines from
the generic masks, providing us with a set of corrected generic
masks of various Teff/log g.Then we chose the corrected generic
masks of Teff/log g adapted to our stars, and built masks specific
to each star by modifying the intrinsic line depths to take the rel-
ative depth of the lines of the observed spectra into account. For
the SB2 HD 109026, we did not perform the last step, as both
components make important contributions to the line profiles.
For the two spectroscopic multiple systems, HD 109026 and
HD 156324, we chose corrected generic masks of temperature
and gravity adapted to the primary component. At this stage, the
masks contain only predicted lines satisfying the initial assump-
tion of the LSD procedure, i.e. a similar shape for all spectral
lines considered in the procedure. Columns 3 and 4 of Table 4
summarise the velocity step used in the LSD computation and
the resulting S/N in the LSD V profiles. The LSD profiles are
plotted in Fig. 2.

Clear Zeeman signatures are detected in the LSD V profiles
of all our observations. To assess the significance of a signa-
ture compared to local noise, we compute the false alarm prob-
ability (FAP) of detection as described by Donati et al. (1997).
The FAP allows us to estimate the probability that a signal in
the V profile could occur by chance. We consider that if the
FAP is lower than 0.00001 it is a definite detection (DD). If
The FAP is situated between 0.001 and 0.00001, it is a marginal
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Fig. 2. LSD I (bottom), V (top) and N (middle) profiles of the stars of our sample. For comparison, the profiles of a star with no detected field,
HD 132058, are also plotted. The V and N profiles have been shifted and multiplied by a magnification factor for display purpose. The mean error
bars in V and N are plotted on the side of each profile. HD 66765: the observations obtained at phases 0.06 (black), 0.43 (light grey) and 0.81 (dark
grey) are plotted. HD 67621: the observations obtained at phases 0.11 (dark grey), 0.37 (light grey) and 0.73 (black) are plotted. HD 109026: the
observations obtained at phases 0.42 (black), 0.71 (light grey) and 0.95 (dark grey) are plotted. For all other stars, the profiles have been plotted in
order of decreasing darkness for decreasing V S/N. The three observations of HD 133518 are almost perfectly superimposed.

detection (MD) and the star must be re-observed to confirm
the detection. If the FAP is higher than 0.001, no detection is
achieved. We consider that if we obtain at least one DD for an
object, that object is magnetic. If no MD or DD has been ob-
tained for the object, we consider that the star is not magnetic (or
hosts a magnetic field too low to be detected with our data). All
FAPs of the data presented here have a value lower than 0.00001.
For comparison, we have also plotted the LSD profiles of the star
HD 132058 (B2 III-IV Zorec et al. 2009), for which, we detected
no magnetic field (Fig. 2 lower right panel)4. The FAP of this

4 The reduction and analysis of these data have been performed in the
same way as the data presented in this paper, and will be published in a
future survey paper (Wade et al., in prep.)

observation is 0.9998, and we observe indeed a flat V profile,
contrasting with the profiles of the detected stars.

4.2. Origin of the LSD V signatures

The Zeeman signatures are all found within the bounds of the
photospheric I profile (Fig. 2). Except for two stars, the null N
profiles are flat, indicating that no significant spurious signals are
affecting our data, and this allows us to be confident that stellar
surface magnetic fields are at the origin of the V signatures. For
HD 156324 and HD 156424, features are observed in N, coin-
ciding with the photospheric I and V profiles. These features are
often detected in short-period binaries or pulsating stars. Neiner
et al. (2012) report the analysis of similar spurious signatures
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Table 4. LSD and magnetic data.

ID HJD vbin S/N vint B
 (G) Φrot

(2 450 000+) km s−1 (LSD) km s−1

HD 66765 5908.80955 10.0 7400 [–120, 150] 529 ± 83 0.06
5909.65571 10.0 6200 [–120, 150] –910 ± 85 0.60
5910.80453 10.0 8900 [–120, 150] –591 ± 61 0.31
5911.60699 10.0 4300 [–120, 150] –122 ± 140 0.81
5911.85086 10.0 4400 [–120, 150] 639 ± 137 0.96
5912.60934 10.0 4300 [–120, 150] –1045± 115 0.43
5912.84324 10.0 6500 [–120, 150] –1003± 80 0.57

HD 67621 5907.79702 1.4 6400 [–15, 55] 428 ± 13 0.87
5908.65554 1.4 3800 [–15, 55] 439 ± 21 0.11
5909.59972 1.4 2100 [–15, 55] 50 ± 42 0.37
5909.85897 1.4 3300 [–15, 55] –81 ± 28 0.45
5910.86215 1.4 3800 [–15, 55] 148 ± 23 0.73
5911.81444 1.4 3100 [–15, 55] 510 ± 26 0.99
5912.73657 1.4 3500 [–15, 55] 201 ± 24 0.25

HD 109026 6338.79036 1.4 20 000 [–54, 40] 194 ± 15† 0.65
6339.62764 1.4 13 000 [–54, 40] 484 ± 24† 0.95
6340.69253 1.4 13 000 [–54, 40] 231 ± 22† 0.32
6341.75842 1.4 12 000 [–54, 40] 277 ± 24† 0.70
6342.71703 1.4 12 000 [–54, 40] 465 ± 26† 0.03
6343.82113 1.4 13 000 [–54, 40] 179 ± 22† 0.42
6344.63486 1.4 10 000 [–54, 40] 245 ± 29† 0.71
6344.91629 1.4 10 000 [–54, 40] 358 ± 29† 0.81

HD 121743 6129.55193 3.0 5700 [–80, 90] 288 ± 29 (...)
6130.47991 3.0 6200 [–80, 90] 302 ± 26 (...)

HD 133518 6338.88872 1.4 6300 [–18, 7.2] 490 ± 7 (...)
6339.91444 1.4 3200 [–18, 7.2] 468 ± 12 (...)
6344.80544 1.4 1900 [–18, 7.2] 470 ± 20 (...)

HD 147932 6343.87595 8.0 14 000 [–172, 196] –860 ± 180 (...)
6344.85718 8.0 10 000 [–172, 196] –990 ± 250 (...)

HD 156324 6127.62863 1.4 2100 (...) (...) (...)
6128.78131 1.4 1400 (...) (...) (...)
6462.92963 1.4 6000 (...) (...) (...)

HD 156424 6126.68582 1.4 600 [–25.4, 25] –768 ± 96 (...)
6127.77721 1.4 340 [–26.8, 23.6] –193 ± 167 (...)

Notes. (...) Values not derivable from our data. (†) Unnormalised values.

observed in the null profiles of the magnetic star HD 96446.
They showed that the radial velocities of the spectral lines have
changed between the four sub-exposures of one polarised ob-
servation, and that such rapid changes (relative to the exposure
time) in the radial velocities of the spectral lines, with an am-
plitude of about 7 km s−1, create spurious signatures in the null
profiles. The results of this work are consistent with a similar
modelling performed by Schnerr et al. (2006). In both studies
we observe that the shape of the observed or modelled spuri-
ous null signatures are very similar to those of HD 156324 and
HD 156424, while the amplitudes are of the same order or lower.
This indicates that the signatures observed in the null profiles of
HD 156324 and HD 156424 are most likely due to radial veloc-
ity changes during one polarised observation, and that the radial
velocity variations are of the order of few km s−1. The simula-
tions performed in Schnerr et al. (2006) and Neiner et al. (2012)
have shown that while the radial velocity changes can affect the
shape of the V profiles slightly, they do not significantly affect
the longitudinal field measurements, and they do not put into
question the magnetic field detection at the surface of the stars.
We are therefore very confident in our detections of the magnetic
fields at the surface of HD 156324 and HD 156424.

For HD 109026, the broadening of the Zeeman signatures
corresponds to the broadening of the narrow component of
the I profile. The magnetic field is therefore only detected in

the secondary component. For HD 156324, the centroid of the
signatures changes from one observation to another in the same
direction as the primary. The broadening of the V signatures is
similar to the broadening of the intensity profile of the primary,
indicating that a magnetic field is detected in the photosphere of
the primary. As the lines of the tertiary component are always
blended with the lines of the primary, however we are unable
to exclude the possibility of contamination of the Zeeman sig-
nature by the tertiary component. Finally, no Zeeman signature
is detected in the secondary component. For HD 156324, the
LSD I profiles, in addition to the deep primary component, re-
veal the secondary and the tertiary components. The secondary
component is easily detected in the second and third observa-
tions at radial velocities of ∼140 km s−1 and ∼−80 km s−1, re-
spectively. It is blended with the primary component in the first
observation. The tertiary component is also detected at radial ve-
locities of ∼10 km s−1 in the first and second observations, and
at ∼0 km s−1 in the third observation.

As already mentioned in Sect. 3, the individual lines of the
spectrum of HD 121743 are distorted and show clear variations
from one observation to the other (Sect. 3). Such variable distor-
tions are also visible in the LSD I profiles (Fig. 2), indicating that
they affect a large number of spectral lines. Abundance patches
at the surface of magnetic early Bp stars, due to the rotation of
the stars, lead usually to a correlation between the amplitude of
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the line distortion and the longitudinal field (e.g. Landstreet &
Borra 1978), while pulsations, which induce surface deforma-
tions on time scales unrelated to the stellar rotation period, do
not. We therefore suggest that the observed line profile variations
of HD 121743 are not likely to be due to abundances patches, as
the longitudinal field and the Zeeman signatures have varied in-
significantly between the two observations. We propose instead
that the line distortions are mainly caused by β-Cep pulsations as
proposed by Telting et al. (2006). Pulsating stars have distorted
surfaces, which affect the intensity spectra, but can also affect
the shapes of the Stokes V spectra if the modes and periods of
the pulsations affect the shape of the photospheric spectral lines
significantly (Neiner et al. 2013). We indeed observe small fea-
tures within the Zeeman signatures of HD 121743 (Fig. 2), at
the velocity bins where the LSD I profile is at its most distorted
(between –20 km s−1 and 30 km s−1). While pulsations seem to
perturb the Stokes V spectra, this does not put into question a
surface magnetic field as the dominant shaper of the Zeeman sig-
natures observed in Fig. 2. However, they should be taken into
account in future spectropolarimetric observations and analyses
of this star.

For HD 147932, we also observe distortions in I affecting
mainly the centre of the profiles. As suggested for HD 121743,
these distortions might be produced either by pulsations, by
abundance patches, or by another unknown source. They could
have affected the V profiles, and they could explain the variabil-
ity observed in some pixels of the V profile. Additional observa-
tions are required to reach a conclusion on this point.

4.3. Longitudinal field measurements

We measured the longitudinal magnetic fields (B
, i.e. the line-
of-sight component of the magnetic field integrated over the stel-
lar surface) of each observation of the stars with single-lined
spectra, by computing the first order moment of V and the equiv-
alent width of I using the method described by Wade et al.
(2000c) and the integration limits given in Table 4.

For HD 109026 and HD 156324, the LSD I and V profiles
need to be corrected for the secondary component. Such a cor-
rection requires a knowledge of the effective temperatures of the
components as well as the luminosity ratio (e.g. Alecian et al.
2008a). Because both are either highly uncertain or unknown,
we are not able to compute realistic values of longitudinal fields
for the magnetic stars of both systems.

Columns 5 and 6 of Table 4 summarise the integration ranges
used in the B
 computations and the resulting B
 values with er-
ror bars for all of the other stars. The measured values range
from ∼1 kG to ∼600 G, with errors being as low as 7 G and
reaching up to 250 G. The errors depend strongly on the qual-
ity of the observations, but also on the temperature and v sin i
of the stars and on the cleaning procedure applied to the mask
when the LSD profiles were computed. We emphasise here that
because of the Doppler resolution of high-resolution spectra, we
are able to obtain a definite magnetic detection even if the mea-
surement of B
 is consistent with 0. Indeed, B
 is an averaged
value over the whole visible hemisphere, and therefore over the
entire width of the line profile. For this reason, B
 can give a null
value, even if a non-zero polarisation signal is present in individ-
ual velocity (or wavelength) bins of the mean LSD (or individual
spectral line) profiles. The combination of high-resolution spec-
tropolarimetry and FAP analysis is therefore more efficient for
detecting magnetic fields at the surface of stars than measuring
the longitudinal field alone.

For HD 109026, we are not able to correct the LSD profiles
from the non-magnetic component’s continuum and measure the
normalised longitudinal values. The unnormalised longitudinal
field values can be measured by integrating the I and V profiles
of the system over the line width of the magnetic star only, as
if it was a single star. Such values do not reflect the real field
strength at the surface of the star, but the relative B
 values can
allow us to derive the rotation period of the star (Sect. 4.4.1).

4.4. Magnetic properties

4.4.1. Analysis of the Stokes V variable stars

For four stars (HD 66765, HD 67621, HD 109026, HD 156324)
the Zeeman signatures vary on timescales of few hours to one
day. These variations are interpreted in terms of the oblique ro-
tator model (ORM, Stibbs 1950), in which the magnetic axis is
inclined with respect to the rotation axis. As the star rotates the
magnetic configuration of the observed stellar surface changes
with time, producing variable magnetic signatures.

For three stars (HD 66765, HD 67621, HD 109026) we at-
tempted to derive the rotation period of the stars from the B

variations. If their magnetic fields are dominantly dipolar (which
is common in such early-B stars), the longitudinal magnetic field
curve, as a function of time (or rotation phase), should be very
close to a sinusoidal function. While unlikely, their magnetic
fields could potentially be dominantly quadrupolar. In this case,
the B
 curve would be represented with 2nd-order Fourier ex-
pansion. Because of the number of data points and the observing
window, we are not able to constrain such a model, and we will
only fit our B
 curves with a single-sinusoidal function.

To estimate the rotation period of the star we used the follow-
ing method. We performed successive χ2 fits on the longitudinal
field values using a sinusoidal function by fixing the period to a
value between 0.5 and 10 d with a 3.e-4 d step. The derivatives of
our B
 curves show at least two sign reversals over a maximum
time-lapse of five days, and the minimum time lapse between
two observations is few hours. The chosen period range thus
covers all possible periods we can derive with our data. The three
other parameters of the sinusoid, namely the amplitude (AB), the
vertical (B0), and horizontal (T0) shifts of the curve, are free pa-
rameters in each fitting iteration. The fitted parameters are sum-
marised in Table 5, while the curves of the χ2 as a function of
phase and the best sinusoidal curves are shown in Figs. 3 and 4,
respectively. In the case of HD 66765 and HD 67621, the re-
sult of the fitting procedure provides us with only one significant
minimum at a level of 99.97%, which corresponds to respective
periods of 1.62 ± 0.15 d and 3.60+0.26

−0.20 d. For HD 109026, the χ2

curve provides us with a minimum at 2.84+0.18
−0.22 d. A second min-

imum falls below the 99.97% level, but this value gives a less
good agreement between the model and our data (Fig. 4).

To further establish the robustness of these results, we also
computed periodograms using the Lomb-Scargle technique, as
implemented by Townsend (2010), and the CLEAN algorithm
(Högbom 1974; Roberts et al. 1987; Gutiérrez-Soto et al. 2009).
In each case, the resulting periodograms achieved maximum
power at the periods identified with our χ2 analysis. The peri-
odogram obtained with the Lomb-Scargle technique provided
nearly identical results to our χ2 analysis, while the results of
our CLEANed analysis were greatly improved; the maximum
power achieved in all other peaks in the CLEANed periodogram
were found to be <10% of the peak power. Furthermore, the
uncertainties estimated from our χ2 analysis were considerably
more conservative than similar estimates using the FWHM of
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Table 5. B
 curves fitting parameters.

ID Prot T0 − 2 450 000 AB B0 χ2
min

(d) (d) (G) (G)
HD 66765 1.62± 0.15 5908.68± 0.09 860± 200 –250± 140 0.54

HD 67621 3.60+0.26
−0.20 5908.25± 0.09 300± 50 210± 34 0.68

HD 109026 2.84+0.18
−0.22 6339.79± 0.13 170± 54† 308± 35† 0.77

Notes. (†) Unnormalised values.

the Lomb-Scargle periodogram, which were much closer to
the 68.3% confidence limits that would be estimated from our χ2

analysis.
Even if the number of measurements is small (7 or 8 points),

and the observing window is short (four to six days), we are very
confident in the periods we derived for the following reasons.
First, we have very good agreement between our data and our
best solutions (Fig. 4) for the three stars. Secondly, we obtained
continuous (nightly sampling) measurements of B
, and we even
obtained some of the data during the same night, improving the
sampling. In two cases (HD 66765 and HD 67621), we observe
that B
 is changing sign, and in the third case (HD 109026), we
see two apparent cycles. We therefore clearly follow the B
 evo-
lution almost in real time, and it is really unlikely that periods
larger than those we derive can fit our data. In theory, shorter
periods could also potentially reproduce our B
 variations. For
HD 67621 and HD 109026, two peaks in the χ2 curves are be-
low or close to the 3σ level, corresponding to periods of 2.98 d
and 0.72 d, respectively). These periods can be discarded how-
ever, as these solutions reproduce far less well our B
 measure-
ments, as illustrated in Fig. 4. Third, we observe in Fig. 5 that
profiles obtained at similar rotation phases, but during different
cycles, are very similar. To emphasise this point we have plot-
ted in the same panel as our B
 curves (Fig. 4), the Stokes V
profiles obtained at two almost identical phases as predicted by
our best-fit solution for HD 66765 and HD 109026 (in black).
We have also plotted in grey, two other profiles obtained at very
similar phases as predicted by the solutions with respective pe-
riods of 2.98 d and 0.72 d. We observe that while the black pro-
files are very similar, the grey profiles do not look the same.
This constitutes a nearly independent check of our solutions as
for given magnetic configuration and rotation phase, only one
Zeeman Stokes V signature can be produced. Finally, the de-
rived period for HD 109026 is consistent with the photomet-
ric period found by Waelkens et al. (1998, 2.73 d), suggesting
that the photometric period is related to the rotation of the star,
and that the magnetic star might be spotted enough to produce
detectable photometric variations with Hipparcos.

Our dataset is however too small to say anything about the
potential contribution from a higher order field. In the extreme
case of a dominant quadrupolar the real period of the star would
be twice our derived period. We note that for HD 109026, the
agreement between the two independent B
 and photometric
periods makes this possibility very unlikely.

4.5. Possible origins for the lack of Stokes V variability

For four stars (HD 121743, HD 133518, HD 147932,
HD 156424) the Zeeman signatures do not show significant
variations. For HD 121743 and HD 147932, while variability is
found in some pixels of the profile centre, the amplitudes and the

global shape of the V signatures are similar in both observations
of each star. We therefore propose that the profile changes have
not been produced mainly by the rotation of the star. Such a lack
of variability can be interpreted with four different effects:

(i) The rotation period could be much (at least 10 times) longer
than the time-lapse between the first and last observations,
which would allow the rotation phases to not change signifi-
cantly from one night to another.

(ii) The star is seen close to pole-on.
(iii) The magnetic and rotation axes are almost aligned, and the

magnetic field is axisymmetric (i.e. is symmetric about the
magnetic axis).

(iv) The rotation period is close to the time lapse between the two
observations (for HD 121743 and HD 156424).

For HD 121743, option (i) can be ruled out for the following rea-
sons. The v sin i of the star is about 80 km s−1, and the radius of
the star is estimated to be 4.7 R� (Petit et al. 2013). The maxi-
mum rotation period allowed is therefore 71 h. Even if the error
on the radius is large, it appears unlikely that the rotation period
can be larger than ∼10 d. Option (ii) is also unlikely due to the
large value of v sin i. For HD 147932, we can also rule out both
hypotheses because of its high value of v sin i. For HD 133518
and HD 156424, however, the v sin i is too low to be able to reject
the two first hypotheses.

Even if a few exceptions exist, the magnetic fields in
early-B stars are usually of simple axisymetric configuration.
Furthermore, the shape of the Zeeman signatures of HD 121743,
HD 133518, and HD 156424 tend to favour an axisymetric dipo-
lar configuration, and there is no a priori physical reason prevent-
ing the spin and magnetic axes to be aligned. Therefore, option
(iii) is plausible for HD 121743, HD 133518, and HD 156424.
For HD 147932, the shape of the V profiles are not as simple
as those observed in stars with a centred dipole, which suggests
that the field might be a little more complex (quadrupolar or a
higher order), or that the V signatures are strongly modified by
an inhomogeneous surface abundance distribution, or by pulsa-
tions. In the latter cases, option (iii) would also be possible for
HD 147932.

Finally, only two observations have been obtained for
HD 121743, HD 147932, and HD 156424 with respective time
lapses of 22.3 h, 23.5 h, and 26.2 h. If we assume respective stel-
lar masses of 8.0 M� and 8.5 M� and respective radii of 4.7 R�
and 4.8 R� (Petit et al. 2013) for HD 121743 and HD 156424, the
break-up velocities at the surfaces of the stars are 571 km s−1 and
583 km s−1, equivalent to rotation periods of 8.9 h and 10.0 h.
If the rotation periods are close to the time lapse between the
two observations, i.e. ∼22 h and ∼26 h respectively, this would
allow the star to rotate at a velocity lower than the break-up
velocity. Similarly, for HD 147932, we can estimate the lumi-
nosity of the star to be between log L/L� = [2.3, 2.8] using the
Hipparcos parallax (7.40 ± 0.59 mas, van Leeuwen 2007), the
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Fig. 3. χ2 of the B
 curve fits as a function of the rotation period for HD 66765, HD 67621, and HD 109026. The horizontal red line indicates the
99.97% significance level.

Fig. 4. Normalised or unnormalised longitudinal field values of HD 66765, HD 67621, and the magnetic component of HD 109026 as a function
of julian date. The best-fit solution is plotted with a full red line. For HD 66765 and HD 109029, the solution close to the 3σ level is plotted with a
dashed-doted light-blue line. LSD V profiles are plotted for few observations centred on their Julian date. The V profiles have been shifted and/or
multiply by a magnification factor for display purpose. The black profiles are associated with a similar phase according to our red fit, while the
light-blue profiles are associated with a similar phase according to the blue fits.

Fig. 5. LSD I (left) and V (right) profiles of HD 66765, HD 67621, and HD 109026 ordered by increasing phase (from top to bottom). The phase
and the mean V error bars are indicated on the side of each profile.

Hipparcos magnitude and colour converted into the Johnson
system (V = 7.27, (B − V) = 0.32, ESA 1997), and the colour-
temperature calibration of Worthey & Lee (2011) that predicts
an intrinsic colour (B − V)0 between –0.239 and –0.157 and a
bolometric correction between –2.04 and –1.36. According to
main sequence CESAM evolutionary tracks for a solar metallic-
ity (Morel 1997), we estimate the mass between 4.5 and 6.0 M�,
and the radius between 2.0 and 3.4 R�. With a v sin i around
140 km s−1 and a period of 23.5 h, the minimum allowed ro-
tation rate would be 35% of the break-up velocity, which allows
option (iv). The photometric variability of a period of 20.7 h, re-
ported by Koen & Eyer (2002), could therefore be related to the
stellar rotation, and be due to abundance patches at the surface
of the star.

While some options can be easily ruled out, we are not able
to favour one of them with our current dataset. Additional obser-
vations at various times are required to determine the geometry
of the fields at the surface of these stars.

5. Hα magnetospheric signatures

We searched for Hα emission and variability in our data. For
this purpose, we used the normalised reduced spectra described
in Sect. 2, but not re-normalised by cubic spline functions, which
could affect the shape of broad Hα profiles. The almost per-
fect superimposed Hα profiles observed in a few stars (e.g.
in HD 133518) show that the reduction technique applied to
our data is reliable enough for comparing spectra obtained at
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Fig. 6. Stokes I (top) and V (bottom) spectra of our sample stars around Hα. HD 66765: the 1st and 7th observations are plotted. HD 67621: the
5th and 7th observations are plotted. HD 109026: the 2nd and 6th observations are plotted. HD 133518: the 1st and 2nd observations are plotted.
HD 156324: the 1st, 2nd and 3rd observations are plotted.

different dates. The quality of the continuum normalisation, and
the reality of the inferred emission/absorption variability, are
supported by the excellent agreement of spectra acquired at dif-
ferent dates in regions outside the Hα line wings, and the al-
most perfectly superimposed Hα profiles of stars with no de-
tected emission (e.g. in HD 133518). Indeed, we have confirmed
that continuum normalisation does not contribute to the appear-
ance of variable emission by examining the unnormalised Hα
profiles, which show the same general shape and variability as
those illustrated in Fig. 6.

In Fig. 6, we plot the spectra of our sample of stars
around Hα obtained at two different dates. In four stars
(HD 66765, HD 147932, HD 156324, HD 156424) variable
emission in the wings of the Hα profiles is observed (Fig. 6).
These emissions look very similar to Hα emissions observed
in other magnetic OB stars. Such emissions are normally ob-
served to be in phase with the rotation of the stars (e.g. Oksala
et al. 2010, 2012; Grunhut et al. 2012). In Fig. 6 we overplot-
ted the Hα profiles of HD 66765 obtained at the two rotation
phases (around 0.0 and 0.5) where the observed variations are
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most extreme, and where the longitudinal magnetic field strength
values are also extreme. Furthermore, we also find in our data
that the Hα profiles at similar rotation phases do not show signif-
icant differences, confirming that the Hα emission in HD 66765
is correlated with the rotation of the star.

For HD 67621, we also overplotted the Hα profiles in Fig. 6
at two opposite phases to give us the best chance to detect some
variability. The two profiles are very similar and do not show
significant differences. We also find that all profiles obtained at
other phases are similar to those plotted in Fig. 6.

For HD 66765 and HD 147932, the variations are small and
might be due to the reduction method. We believe that these vari-
ations are real because (i) the data have been obtained using
the same instrument and have been reduced in the same way;
(ii) the Hα profiles are well superimposed at almost all pixel
bins, except where emission or metallic lines are present; and
(iii) in the case of HD 66765 no significant differences are ob-
served in the Hα profiles observed at different dates but at similar
rotation phases.

For HD 156324, while Hα is affected by the spectroscopic
companions, it is clear that emission is present in the first two
observations, and that this emission has disappeared in the third
observation. The two V signatures plotted at the bottom show
indeed that these observations have been obtained at three differ-
ent rotation phases. This suggests that the Hα emission might be
connected to the primary component of the system, and be com-
ing from a centrifugal magnetosphere. Additional observations,
providing a uniform sampling of the rotation of the primary and
obtained at different rotation cycles, are required to confirm this
conclusion.

Such Hα emission is believed to result from magnetically
confined winds, which collide in the magnetic equatorial plane
in the close vicinity of the star (e.g. Townsend et al. 2005). As
a result, depending on the angle between the rotation and mag-
netic axis and on the geometry of the magnetic field, circum-
stellar clouds or discs are forming that rotate rigidly with the
star. ud-Doula et al. (2008) predict that such centrifugal magne-
tospheres can only exist if the stellar magnetic strength is high
enough to confine the wind, and if the rotation rate of the star is
high enough to centrifugally support the material confined into
the clouds and prevent it from falling onto the star. The first con-
dition (wind confinement) is reached if the magnetic confine-
ment parameter, η∗, measuring the magnetic to kinetic energy
ratio, is larger than unity (ud-Doula & Owocki 2002), and the
second condition (centrifugal support) is reached if the Alfvén
radius (RA) is larger than the Kepler co-rotation radius (RK,
ud-Doula et al. 2008). Petit et al. (2013) discussed such theoret-
ical predictions with respect to the observational constraints on
the magnetospheres that were available before July 2012. In par-
ticular, they find that while all magnetic B stars with Hα emis-
sion satisfy the condition RA > RK, not all magnetic B stars
with RA > RK show emission in Hα. They find that Hα emission
is predominantly observed in the most luminous B stars, and at
a given luminosity it seems that Hα emission is preferentially
detected in the most extended magnetospheres.

In this paper, we report the discoveries of new magnetic stars
whose fields have not been discussed by Petit et al. (2013), as
well as new determinations of polar fields and rotation periods.
We therefore propose to discuss the rotational, magnetic, and
magnetospheric properties that the data presented here allowed
us to derive with respect to the theoretical predictions of cen-
trifugal magnetospheres. In Table 6, we summarise the four im-
portant parameters for the following discussion: the polar field
strength (BP), η∗, RA, and RK. We only considered single-lined

Table 6. Magnetospheric parameters of the non-spectroscopic binaries.

ID Bp η∗ RA RK

(kG) (R∗) (R∗)
HD 66765 >3 >2.4 e4 >12.7 2.2
HD 67621 >1.5 >1.4 e4 >11.2 4.4
HD 121743 >0.9 >1.1 e3 >6.1 <3.7
HD 133518 >1.5 >1.3 e4 >11 <17
HD 147932 >3 >2.8 e4 >13 <1.9
HD 156424 >2.3 >7.1 e3 >9.5 <13

Notes. Underlined IDs refer to stars with Hα emission.

spectroscopic stars here. A lower limit only on BP could be
derived by assuming that the fields are predominantly dipolar.
Hence, the polar field is higher than three times the largest value
of the absolute value of the measured B
 (Table 4). The four ob-
jects HD 66765, HD 67621, HD 121743, and HD 156424 were
part of the sample of Petit et al. (2013). We therefore took the
published values of η∗, RA and RK and corrected them to take
our new values of BP, v sin i or Prot into account. For HD 133518
and HD 147932, which have been recently discovered, we ap-
plied the same method as Petit et al. (2013) to derive those val-
ues. For HD 121743, HD 133518, HD 147932, and HD 156424,
the rotation period being unknown, we derived lower limit on RK
using their v sin i.

Among the three single stars with Hα emission, for two of
them (HD 66765 and HD 147932) we find lower limits on η∗
and RA and upper limits on RK that satisfy the conditions for
centrifugal magnetospheres. The third one, HD 156424, has a
predicted Alfvén radius larger than 9.5 R∗, but a Kepler radius
lower than 13 R∗. Although these values are not very constrain-
ing, in any case they allow for a centrifugal magnetosphere to be
present. The reason why RK is not well constrained is because
the v sin i is low, but, such a low v sin i does not necessarily imply
that the star is rotating slowly. In fact, this star could rotate much
faster than the minimum speed derived from the inclination an-
gle. Indeed, we argue in Sect. 4 that the surface of the star would
rotate at a velocity lower than the break-up velocity for rotation
periods larger than 10 h. As we do observe variable emission
in Hα that is likely coming from a centrifugal magnetosphere,
we propose to use the condition RA > RK to estimate the limit
below which the rotation period should be to allow for a cen-
trifugal magnetosphere. According to Eqs. (2) and (4) of Petit
et al. (2013), and the criteria RA > RK, we find the following
relation:

P < R3/2
A

(
4π2

GM�

)1/2

(1)

where M� is the mass of the star. Using the values of the mass
and radius of Petit et al. (2013), we find that the Alfvén radius
can be higher than the Kepler radius only if the rotation period of
the star is lower than about 12 days. If the polar field strength of
HD 156424 is much higher than 3 kG, this upper limit would be
even larger. In any case, it appears that even with a moderate ro-
tation, a centrifugally supported magnetosphere can exist around
HD 156424 and can therefore be at the origin of the emission and
variability of the Hα profile.

For HD 67621, HD 121743, and HD 133518, while they
show no evidence of circumstellar emission in the Hα profiles,
their Alfvén radii are larger than their Kepler co-rotating radii
(Table 6). It therefore appears that these stars could have cen-
trifugal magnetospheres. But, as discussed by Petit et al. (2013),
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the stellar luminosity needs to be sufficient, and the magneto-
sphere large enough to be able to detect such magnetospheres
in Hα. The lack of emission in our data might indicate that if cen-
trifugal magnetospheres are present in the vicinity of the stars,
they are too faint to be detected in our observations. Groote
& Kaufmann (1981) detected some IR excess in the direction
of HD 133518, which could indeed indicate the presence of
circumstellar material.

6. Summary

We report the discovery of magnetic fields at the surface of
seven early-B stars, as well as confirming the magnetic field
of HD 109026, from observations obtained within the MiMeS
project with HARPSpol. We do not detect the magnetic field in
the early-B primary component of HD 109026, we reject the pri-
mary as being a He-weak star, and we are able to associate the
previously reported magnetic field with the secondary Ap com-
ponent only. Taking into account the discoveries obtained during
the first run (Alecian et al. 2011), the HARPSpol LP allowed us
to discover a total of nine new magnetic B stars, and to confirm
the magnetic fields in one (HD 105382) additional early-B star.
This brings us to a total of ∼40 MiMeS magnetic discoveries,
illustrating the important contribution of the HARPSpol LP to
the MiMeS project.

Our data also allowed us to analyse the spectral proper-
ties of the newly discovered magnetic early-B stars, which
led to the discovery of one double-lined spectroscopic bi-
nary (HD 109026) and one triple-lined spectroscopic binary
(HD 156324). For three of the new magnetic stars (HD 66765,
HD 67621, HD 109026) we acquired enough data to derive their
rotation period, which will facilitate future spectropolarimetric
follow-up for magnetic mapping.

All magnetic stars discussed in this paper show abundance
peculiarities: six display He-strong peculiarities, two He-weak
peculiarities, and it is not yet clear to what class of CP stars
the magnetic secondary of HD 109026 belongs (He-weak,
Ap Si or Ap SrCrEu). It appears that, as in intermediate-mass
stars, magnetic fields in B-type stars in the temperature range
18 000–22 000 K are preferentially detected in chemically pe-
culiar stars. Variable Hα emission is detected in four out of the
eight stars discussed in this paper. We argue that their emissions
are very likely coming from centrifugal magnetospheres as is
the case for many other magnetic OB stars (Petit et al. 2013). We
also note the absence of Hα emission in the other stars, while the
simplest form of the theory predicts that their magnetic fields are
strong enough and their rotation fast enough to host centrifugal
magnetospheres. The absence of emission in Hα is not in contra-
diction with the theoretical predictions of centrifugal magneto-
spheres, but confirms the global complexity of the formation and
dynamics of such magnetospheres, as discussed by Petit et al.
(2013).

A full statistical analysis of the whole HARPSpol,
ESPaDOnS, and Narval MiMeS sample is in progress and will
treat in particular the relation between the magnetic fields prop-
erties in massive stars and the stellar parameters, chemical pe-
culiarities, pulsations, rotation, and age (Wade et al., Grunhut
et al., Petit et al., Neiner et al., Landstreet et al., Alecian et al.,
in prep.). Those studies will improve our knowledge of the im-
pact of the magnetic fields on massive star formation, structure
and evolution.

Acknowledgements. We thank the referee for helping us to improve this paper.
EA, CN, and the MiMeS collaboration acknowledge financial support from the

Programme National de Physique Stellaire (PNPS) of INSU/CNRS. MEO ac-
knowledges financial support from GAČR under grant number P209/11/1198
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Appendix A: Synthetic spectra of the triple system
HD 156324

To interpret the complex spectrum of HD 156324, we have
modified the code BINMAG developed by Oleg Kochukhov
to compute the combined spectrum of a triple-lined spectro-
scopic binary. This code uses individual ATLAS9/SYNTH spec-
tra (Sect. 3.1) and the stellar fluxes computed by SYNTH to
calculate the normalised spectrum of the system. Instrumental,
macroturbulent, and rotational broadening, as well as radial ve-
locity shifts have been applied to each individual spectrum us-
ing a Gaussian function (for the instrumental and macroturbulent
broadening), and Gray (1992)’s formalism (for the rotation). The
code also requires as input the radii ratios of the primary to the
secondary (RP/RS), and of the secondary to the tertiary (RS/RT).
The macrotubulent and radial velocities, the v sin i, and the radii
ratios are all adjustable parameters. The effective temperatures
and gravities of the components can be adjusted by loading dif-
ferent synthetic spectra.

Little is known about the system HD 156324. While
some parameters can be unambiguously estimated using our
observations (v sin i and vrad), some others are much more
difficult to constrain because of the degenerated effects they
have on a spectrum (Teff, abundances, radii ratios). An ad-
ditional difficulty can appear when the spectra are variable
and distorted, which seems to be the case for the primary
component of HD 156324. Such degeneracy and difficulties
can be overcome when a large dataset, in which variability can
be studied and understood is obtained. With our small dataset
we can therefore only perform an approximate fit to the data,
and derive very approximate values of the parameters. We
have not attempted to fit the surface gravities and the macro
turbulent velocities of the stars, and we fixed their values
to 4.0 (cgs) and 0 km s−1, respectively, which are typical for
main-sequence stars at these temperatures. While approximate,

Table A.1. Effective temperatures and radii ratio of our synthetic
spectra.

HJD Teff Teff Teff RP/RS RS/RT

(2 450 000+) P S T
6127.62863 22 000 15 000 14 000 1.7 0.5
6128.78131 22 000 15 000 14 000 2.0 1.0
6462.92963 22 000 15 000 14 000 2.0 1.0

this eye-fitting procedure allowed us to attribute the three com-
ponents identified in our spectra of HD 156324 to three different
stellar photospheres, and to identify strong abundance peculiari-
ties in the primary and the tertiary.

Figures A.1 and A.2 show the results of some of the best fits
that we could achieve for the three observations of HD 156324
around 4470 Å and 6370 Å. They illustrate the over- and under-
abundances of the respective He i and Si ii lines from the pri-
mary, while the Ne i 6402 Å line is relatively well fit for the pri-
mary and secondary. The Si ii lines are also relatively well fit for
the secondary; however the depth of the lines of the third compo-
nent are in general not well reproduced. In Table A.1 are reported
the effective temperatures and radii ratio that were used in these
plots. We note that we can also achieve a reasonably good fit of
our data using different values of the secondary and tertiary tem-
peratures (between 14 000 and 17 000 K), and different values of
radii ratio (between 1 and 3 for RP/RS, and between 0.5 and 1.5
for RS/RP). Table A.1 also illustrates our inability to fit all of our
observations at the same time using a unique set of values. The
complexity and the variability of the spectra are most likely the
reason for this difficulty. We note that a unique set of parameters
could be determined for both observations obtained when the
primary and secondary components are not blended. Additional
observations at various orbital phases are required for a better
estimation of the stellar parameters.
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Fig. A.1. Intensity spectra of HD 156324 around He i 4471 Å and Mg ii 4481 Å of the first, second, and third (top to bottom) observations.
The combined synthetic spectra of the triple system are over plotted in each panel with full dark grey lines. The contributions of the three
components relative to the combined stellar flux of the system are over plotted in dot-dashed light-grey lines.The position of the strongest lines of
the primary (P), secondary (S), and tertiary (T) components are indicated with vertical bars.
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Fig. A.2. Same as Fig. A.1 but in a region of the spectrum containing the lines Si ii 6347 Å, Si ii 6371 Å and Ne ii 6402 Å.
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