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ABSTRACT

Aims. The main-sequence B-type star ζ Cassiopeiae is known as a N-rich star with a magnetic field discovered with the Musicos
spectropolarimeter. We model the magnetic field of the star by means of 82 new spectropolarimetric observations of higher precision
to investigate the field strength, topology, and effect.
Methods. We gathered data with the Narval spectropolarimeter installed at Télescope Bernard Lyot (TBL; Pic du Midi, France) and
applied the least-squares deconvolution technique to measure the circular polarisation of the light emitted from ζ Cas. We used a
dipole oblique rotator model to determine the field configuration by fitting the longitudinal field measurements and by synthesizing
the measured Stokes V profiles. We also made use of the Zeeman-Doppler imaging technique to map the stellar surface and to deduce
the difference in rotation rate between the pole and equator.
Results. ζ Cas exhibits a polar field strength Bpol of 100−150 G, which is the weakest polar field observed so far in a massive main-
sequence star. Surface differential rotation is ruled out by our observations and the field of ζ Cas is strong enough to enforce rigid
internal rotation in the radiative zone according to theory. Thus, the star rotates as a solid body in the envelope.
Conclusions. We therefore exclude rotationally induced mixing as the cause of the surface N-enrichment. We discuss that the transport
of chemicals from the core to the surface by internal gravity waves is the most plausible explanation for the nitrogen overabundance
at the surface of ζ Cas.
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1. Introduction

Among main-sequence B-type stars, it is well known that the
Bp stars, B-type stars showing abnormal abundances of cer-
tain chemical elements in their atmosphere, are usually found
to possess strong magnetic fields of several hundred Gauss to
tens of kGauss. Weak magnetic fields of the order of a few hun-
dreds Gauss have also been detected in several B-type targets
that undergo stellar pulsations, i.e. in β Cep stars and in slowly
pulsating B (SPB) stars. The first detections of weak longitu-
dinal magnetic fields (lower than 100 G) in the group of pul-
sating B stars have been achieved for the β Cep stars β Cephei
(Henrichs et al. 2000) and V 2052 Oph (Neiner et al. 2003b).
Following these discoveries, searches for magnetic fields in
β Cep and SPB stars have been accomplished (e.g. Hubrig et al.
2006, 2009; Henrichs et al. 2009; Silvester et al. 2009; Alecian
et al. 2011; Briquet et al. 2013; Neiner et al. 2014c; Sódor et al.
2014), definitely showing that magnetic fields are present among
B-type pulsators. However, direct detections of a Zeeman signa-
ture in the Stokes V measurements have only been obtained for

? Based on observations obtained at the Télescope Bernard Lyot
(USR5026) operated by the Observatoire Midi-Pyrénées, Université de
Toulouse (Paul Sabatier), Centre National de la Recherche Scientifique
(CNRS) of France.
?? F.R.S.-FNRS Postdoctoral Researcher, Belgium.

∼70 magnetic massive stars and they remain limited for pulsat-
ing B stars (∼15 targets). Moreover, there are only a few detailed
studies of the magnetic field configuration for these objects (e.g.
Hubrig et al. 2011; Henrichs et al. 2012; Neiner et al. 2012a).

The B2 IV-V star ζ Cas (HD 3360) was discovered to be
magnetic with the Musicos spectropolarimeter at Télescope
Bernard Lyot (TBL; Pic du Midi, France) by Neiner et al.
(2003a). Independent spectroscopic determinations of the funda-
mental parameters (Briquet & Morel 2007; Lefever et al. 2010;
Nieva & Przybilla 2012) place this target in the common part of
the β Cep and SPB instability strips in the H-R diagram, mak-
ing the star a candidate hybrid B-type pulsator. The fact that this
object is a candidate pulsating target was also suggested from
line profile studies by Smith (1980), Sadsaoud et al. (1994), and
Neiner et al. (2003a), successively. In the three studies, one non-
radial pulsation g mode is observed but the suggested periodicity
differs from one paper to the other. The more recent and more
extended study by Neiner et al. (2003a) leads to the detection
of a non-radial pulsation mode with ` = 2 ± 1 at the frequency
f = 0.64 d−1 with a radial velocity amplitude of the order of
3 km s−1. In addition, a nitrogen overabundance is well known
in ζ Cas (e.g. Gies & Lambert 1992; Neiner et al. 2003a; Nieva
& Przybilla 2012), similar to what is observed for other mag-
netic OB stars on the main sequence (Morel et al. 2008; Martins
et al. 2012).
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In this paper, we present a new study of ζ Cas to better con-
strain its magnetic field, as was already achieved for V 2052 Oph
(Neiner et al. 2012a), by making use of the high-efficiency and
high-resolution Narval spectropolarimeter installed on the TBL
2 m telescope (Pic du Midi, France). The rotation period of the
star (Prot = 5.370447 ± 0.000078 d) is known accurately thanks
to a detailed study of time-resolved, wind-sensitive UV reso-
nance lines taken by the IUE satellite (Neiner et al. 2003a). Our
new spectropolarimetric measurements of ζ Cas were thus taken
so that they cover the various phases of rotation well. These ob-
servations and the magnetic field measurements are described in
Sects. 2 and 3, respectively. A modelling of the magnetic field
and of differential rotation is presented in Sect. 4, followed by a
discussion in Sect. 5. We end the paper with a summary of our
conclusions in Sect. 6.

2. Observations

Ninety-six high-resolution (R = 65 000) spectropolarimetric
Narval observations of ζ Cas were collected in 2007, 2009,
2011, and 2012 (see Table A.1). Unfortunately, we had to discard
12 observations from our analysis (Nr. 46, 48, 49, 62, 63, 64, 65,
66, 67, 68, 69, 86). Indeed, anomalies in the behaviour of one of
the rhombs of Narval was detected during some of the observing
nights in 2011 and 2012 due to the ageing of the coding disk of
the rhomb. Because the rhomb was not in the right position, ob-
servations taken during these nights show a Stokes V signature
that is either weaker or altogether absent. This technical prob-
lem was solved by the TBL team in September 2012. Moreover,
observations Nr. 1 and 2 were obtained in the linear polarisation
mode (Stokes Q and U) and are not used in our analysis, which
concerns circular polarisation (Stokes V). In total, we thus use
82 Stokes V measurements in the present work.

Each of the polarimetric measurements consists in a se-
quence of four subexposures with the same exposure time, be-
tween 120 and 420 s each, taken in different configurations of the
polarimeter retarders. Usual bias, flat-fields, and ThAr calibra-
tions were obtained at the beginning and at the end of each night.
The data reduction was performed using - (Donati
et al. 1997), the dedicated reduction software available at TBL.
From each set of four subexposures we derived one Stokes I
spectrum, as well as a Stokes V spectrum and a null (N) polar-
isation spectrum by constructively and destructively combining
the polarised light collected in the four sub-exposures, respec-
tively. The Stokes I spectra have a signal-to-noise ratio (S/N)
ranging from 406 to 604 around 450 nm (see Table A.1).

3. Magnetic field measurements

3.1. Magnetic Zeeman signatures

For each observation, we applied the least-squares deconvolu-
tion (LSD) technique (Donati et al. 1997) to the photospheric
spectral lines in each echelle spectrum (wavelength domain from
3750 to 10 500 Å) to construct a single profile with an increased
S/N. In that way, the Zeeman signature induced by the pres-
ence of a magnetic field is clearly visible in the high S/N LSD
Stokes V profiles, as seen in Figs. 1 and 3. To compute the LSD
profiles, we made use of five different line masks created from
the Kurucz atomic database and ATLAS 9 atmospheric models
of solar abundance (Kurucz 1993). We used one mask contain-
ing 335 photospheric He and metal lines of various chemical
elements (all lines hereafter), one mask with all 268 metal lines
(all but He lines), one mask with all He and metal lines except

the N lines (313 lines, all but N lines), one mask containing
67 He lines, and finally one mask containing 22 N lines. For
each spectral line, the mask contains the wavelength, depth, and
Landé factor, to be used by the LSD code. The depths were mod-
ified so that they correspond to the depth of the observed spec-
tral lines. Lines whose Landé factor is unknown were excluded.
The average S/N of the LSD Stokes V profiles ranges from 5000
(mask with N-only lines) to 14 000 (mask with all lines) accord-
ing to the number of lines used.

In Fig. 1, we compare LSD Stokes V and N profiles com-
puted for different masks for typical rotation phases. The ab-
sence of significant signatures in the null spectra of all our ob-
servations indicates that owing to our short exposures, none of
our measurements has been polluted by stellar pulsations. All
the LSD Stokes V and I profiles, computed for the mask with all
but He lines, are shown in Fig. 3. A magnetic Zeeman signature
is present in almost all observations.

To statistically quantify the detection of a magnetic field in
each of the Stokes V profile, we used the false alarm probability
(FAP) of a signature in the LSD Stokes V profile inside the LSD
line, compared to the mean noise level in the LSD Stokes V mea-
surement outside the line. We adopted the convention defined by
Donati et al. (1997): if FAP < 0.001%, the magnetic detection
is definite, if 0.001% < FAP < 0.1% the detection is marginal,
otherwise there is no magnetic detection. The type of detection
for each measurement is reported in Table A.2. We find that 74
of our 82 measurements exhibit a definite detection, while three
measurements show a marginal detection, and there is no detec-
tion in five of them.

3.2. Longitudinal magnetic field

We used the centre-of-gravity method on the LSD Stokes V and
I profiles (Rees & Semel 1979; Wade et al. 2000) to compute the
line-of-sight component of the magnetic field integrated over the
visible stellar surface, which is called the longitudinal magnetic
field and is written as

Bl = (−2.14 × 1011 G)

∫
vV(v)dv

λgc
∫

[1 − I(v)]dv
, (1)

where λ, in nm, is the mean, S/N-weighted wavelength, c is the
velocity of light in the same units as the velocity v, and g is
the mean, S/N-weighted value of the Landé factors of all lines
used to construct the LSD profile. We used λ = 482 nm and
g = 1.22 for the mask including all lines, all but He lines, and
all but N lines. We used λ = 481 nm and g = 1.21 for the mask
with He-only lines, and λ = 491 nm and g = 1.20 for the mask
with N-only lines. The integration limits were chosen to be large
enough to cover the width of the line but also small enough to
avoid artificially increased error bars due to noisy continuum. A
range of 23 and 20 km s−1 around the line centre was adopted
when including the He lines or not, respectively.

The values for the longitudinal magnetic field Bl and null
Nl measurements are reported in Table A.2 for the different
masks used. The Bl-values vary between about −25 and 10 G.
The error bars are typically around 2.5, 3.5, 3.0, 3.1, and 6.5 G
when using all, all but He, all but N, He, and N lines. It can
be compared to the mean error bar of ∼29 G for the Musicos
Bl-values from Neiner et al. (2003a). Phase diagrams of the lon-
gitudinal magnetic field for the rotation period are shown in
Fig. 2.
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Fig. 1. Examples of LSD Stokes V (black) and N (blue) profiles taken at four typical rotational phases and for the five different line masks. The
y-axis has been multiplied by 104.
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Fig. 2. Longitudinal magnetic field values plotted in phase with Prot =
5.370447 d and HJD0 = 2 446 871.89 d for the different groups of lines
(from top to bottom: all photospheric He and metal lines, all photo-
spheric lines except He lines, all photospheric lines except N lines, He-
only lines, and N-only lines). A fit of the data for a dipole model (red
line) is shown in each panel.

4. Magnetic field modelling

4.1. Longitudinal field modelling

Assuming a centred dipole field and following Borra &
Landstreet (1980), the magnetic obliquity angle β is constrained
by the observed ratio Bl min/Bl max = cos(i − β)/ cos(i + β) for a
given stellar inclination angle i. The polar field Bpol is then de-
duced from B0 ± B = 0.283 ∗ Bpol cos(β ± i), where B0 and B
are the constant and amplitude of a sine fit to the phase-folded
Bl values, respectively (red lines in Fig. 2).

We adopt an inclination angle i of 30◦ deduced from mod-
elling the LSD Stokes profiles (see Sect. 4.2), which is also ob-
tained from our Zeeman-Doppler imaging (ZDI) modelling pre-
sented in Sect. 4.3. The results of a dipole fit on the longitudinal
magnetic field values are reported in Table 1, considering the dif-
ferent groups of lines shown in Fig. 2. For example, for the mask
using all but He lines, we obtain β = 104◦ and Bpol = 149 G,
with an error of 1 deg and 5 G, respectively. We note that, even
if the B0 and B-values are slightly different when considering the
different masks, we get almost the same ratio Bl min/Bl max in all
cases, so that the deduced β-value is the same for a given incli-
nation angle i. What differs, depending on the adopted mask, is
the Bpol-value, which amounts to 158 G at maximum. Different
chemical elements probe different layers of the star and have
different distributions at the surfaces. Therefore, the measured
longitudinal field value for a given element differs from another
element, which translates into different Bpol-values.

Table 1. Results of a dipole fit on the longitudinal magnetic field values
using the five groups of lines.

B0 B ∆φ β Bpol
G G deg G

all −6.23 14.32 0.027 104 104
all but He −8.85 20.42 0.033 104 149
all but N −5.80 13.50 0.028 104 98

He −3.93 9.20 0.020 104 67
N −9.44 21.69 0.034 104 158

Notes. The stellar inclination angle is fixed to 30 degrees, as deduced
from our forwards LSD Stokes modelling (Sect. 4.2) and from our ZDI
modelling (Sect. 4.3). The errors are of the order of 1 deg and 5 G, for β
and Bpol, respectively.

In Table 1, ∆φ denotes the phase shift of the dipole fits
compared to the ephemeris (Prot = 5.370447 d and HJD0 =
2 446 871.89 d) determined from the UV data by Neiner et al.
(2003a). This ephemeris corresponds to the epoch of mini-
mum in EW of UV C , Si , and N lines (see their Fig. 2).
Depending on the mask used, a phase shift between 0.020
and 0.033 is obtained. The errors of 0.054 d on HJD0 and of
0.000078 d on the rotation period allow for a phase shift up to
∼0.07 between the old UV data and our recent Narval data, so
that the dipole fits are compatible with the ephemeris derived
from the UV data.

4.2. Modelling the LSD Stokes profiles

We also determined the magnetic configuration of ζ Cas by fit-
ting synthetic LSD Stokes V and I profiles to the observed pro-
files for a centred dipole oblique rotator model. The free param-
eters of the model are the stellar inclination angle i (in degrees),
the magnetic obliquity angle β (in degrees), and the dipole mag-
netic intensity Bpol (in Gauss). Afterwards, we checked whether
a better fit is obtained with a dipole off-centred along the mag-
netic axis by a distance d (in stellar radius). A distance d = 0
corresponds to a centred dipole and d = 1 corresponds to a cen-
tre of the dipole at the surface of the star.

In our model, we use Gaussian local intensity profiles with a
width calculated using the resolving power of Narval, a macro-
turbulence value of 2 km s−1, and a v sin i of 20 km s−1. The depth
is determined by fitting the observed LSD Stokes I profiles. The
local Stokes V profiles are calculated assuming the weak-field
case and using the weighted mean Landé factor and wavelength
of the lines derived from the LSD mask (see Sect. 3.2). The syn-
thetic Stokes V profiles are obtained by integrating over the visi-
ble stellar surface by using a linear limb darkening law with a pa-
rameter equal to 0.3. The Stokes V profiles are then normalised
to the intensity continuum.

By varying the free parameters mentioned above, we calcu-
lated a grid of Stokes V profiles for each phase of observation
for the rotation period Prot = 5.370447 d and the reference date
HJD0 = 2 446 871.89 corresponding to the time of minimum
equivalent width of the wind-sensitive UV line, used in Neiner
et al. (2003a). In our fitting procedure, a phase shift compared to
the UV ephemeris ∆Ψ is allowed. We applied a χ2 minimisation
to determine the model that best matches our 82 observed pro-
files simultaneously. The fitting was applied to observed LSD
profiles obtained with all but He lines. We did not model the
LSD Stokes profiles for the masks including He lines because a
Gaussian intrinsic profile is not suited in those cases. The fitting
to LSD profiles computed with the nitrogen lines led to similar
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Fig. 3. Centred (solid red line) and off-centred (dashed green line) dipole field models superimposed on the LSD Stokes V profiles (thin solid black
lines) for all phases of observation and using all but He lines, and the corresponding modelled (dashed red line) and observed (dotted black line)
LSD Stokes I profiles. Above each profile, the rotation phase is indicated on the left and the number of the polarimetric sequence is indicated on
the right. Typical error bars are shown next to each Stokes V profile.
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Table 2. Magnetic field configuration obtained by modelling LSD Stokes profiles for a mask, including all but He lines, with a centred or off-
centred oblique dipole magnetic field.

i β Bpol ∆Ψ d χ2

deg deg G R

30.710.75
0.76 107.090.51

0.52 98.190.75
0.75 0.07850.0012

0.0012 0 1.80649

29.290.74
0.75 102.190.58

0.58 100.740.79
0.79 0.07510.0012

0.0012 0.07160.0035
0.0035 1.69504

Notes. The columns give the parameter values of the best-fitting models for the inclination angle i, the obliquity angle β, the polar field strength
Bpol, the phase shift between the model and the phases derived from the published UV ephemeris ∆Ψ, the off-centring of the field along the
magnetic axis d, and the reduced χ2 values.

parameter values as when using all but He lines, however with
larger error bars, as expected from the lower S/N.

The parameter values obtained for a centred and off-centred
model are listed in Table 2. The polar field strength obtained is
of the order of 100 G, i is about 30◦, and β around 105◦. The val-
ues of the phase shift ∆Ψ of <0.08 remains compatible with the
ephemeris deduced from the UV data. The errors on the model
parameters were determined with the help of the Minuit library,
a physics analysis tool for function minimisation developed at
conseil européen pour la recherche nucléaire (CERN1). The al-
gorithm consists in varying a parameter at a time, and the three
or four other parameters are held fixed to find the two values of
the parameter for which the χ2 function is equal to its minimum
(with respect to all parameters) plus a constant equal to 9 for 3σ
errors. This algorithm takes into consideration the non-linearities
of the χ2 function with respect to its parameters, i.e. the devia-
tion of the χ2 profile from a perfect parabola at its minimum.
Therefore, it provides slightly asymmetrical errors (not visible
within our precision however). We checked that determining the
errors for each parameter independently is justified by comput-
ing the Hessian matrix. We indeed find that the correlation terms
are small.

The small value of the decentring parameter d along with the
only slightly better reduced χ2-values for the off-centred cases
imply that our data are fully consistent with a dipolar magnetic
field at the centre of the star. Figure 3 shows the comparison be-
tween the observed and synthetic LSD V and I profiles for a
centred and off-centred dipole for all phases of observation.

4.3. Zeeman-Doppler imaging

To determine the surface map of the magnetic field, we also used
the ZDI technique (Donati & Brown 1997) following the proce-
dure presented in Petit et al. (2010) and using the LSD Stokes
profiles for all but He lines. In this procedure, the model as-
sumes a constant Stokes I profile, which is not the case for ζ Cas.
To avoid artefacts in the magnetic map due to the deformed in-
tensity profiles, the spherical harmonic expansion was restricted
to ` < 3. The best model has a reduced χ2 of 1.83 and is ob-
tained for a stellar inclination of 30◦. The corresponding ZDI
map is shown in Fig. 4: the radial, azimuthal, and meridional
components are shown. We find that the field has a simple con-
figuration, compatible with an oblique dipole field, as expected
for these kinds of stars. The mean field strength at the surface
amounts to 82 G and the maximum field strength is 148 G at a
latitude of 23◦.

As a result of our very good phase coverage and our
long time base of observations, we can measure the surface

1 http://seal.web.cern.ch/seal/snapshot/
work-packages/mathlibs/minuit/

Fig. 4. Magnetic map of ζ Cas. The three panels illustrate the field com-
ponents in spherical coordinates (from top to bottom: radial, azimuthal,
meridional). The magnetic field strength (colour scale) is expressed in
Gauss. The vertical ticks on top of the radial map show the phases of
observations.

differential rotation of the star with high accuracy. To this end,
we used the method developed by Petit et al. (2002), assuming
a simplified solar rotation law Ω(`) = Ωeq − dΩ sin2 `, where
Ω(`) is the rotation rate at latitude `, Ωeq is the rotation rate of
the equator and dΩ is the difference in rotation rate between
the pole and equator. As shown in Fig. 5, we obtain Ωeq =

1.16999 ± 0.00002 rad d−1 and dΩ = −0.0002 ± 0.0004 rad d−1.
The parameter dΩ is found to be compatible with zero, which
means that our Narval data are fully compatible with a solid body
rotation at the surface, given the very low error bar. If differential
rotation is present at a level below our detection threshold, our
result is in favour of an anti-solar differential rotation, meaning
that the pole would rotate faster than the equator.

4.4. Comparison of the modelling results

The best ZDI model is obtained for a stellar inclination of 30◦,
which is in perfect agreement with the value derived from our
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Fig. 5. Map of the mean surface magnetic field in Gauss in the differen-
tial rotation parameter plane.

forward modelling (Sect. 4.2). In addition, the β angle (105◦) ob-
tained from the Bl values is similar to that deduced from the LSD
Stokes modelling. However, the Bpol value found from fitting the
LSD Stokes profiles (around 100 G, see Table 2) is lower than
the value obtained from the Bl values or from the ZDI models,
which are both compatible (around 150 G). However, one can
consider an uncertainty of a factor of 2 on the magnetic strength
reconstructed through ZDI (Vidotto et al. 2014).

For their magnetic field modelling, Neiner et al. (2003a) used
an inclination angle i of 18◦ ± 6◦ while we obtained i ∼ 30◦.
Their value was computed from Prot, v sin i = 17 ± 3 km s−1

and a stellar radius of R = 5.9 ± 0.7 R�. The inclination an-
gle adopted in Neiner et al. (2003a) is underestimated, because
their v sin i value was underestimated. Our spectra of higher pre-
cision led to v sin i = 20 ± 3 km s−1, also obtained by Nieva &
Przybilla (2012), which is compatible with our value of i ∼ 30◦.
We conclude that a dipole oblique rotator model with i ∼ 30◦,
β ∼ 105◦ and Bpol ∼ 100–150 G reproduces our spectropolari-
metric measurements.

5. Discussion

5.1. Weak magnetic fields among B-type stars

Current spectropolarimetric data give us new insights about
main-sequence stars with radiative envelopes (see Briquet 2015
for a review). Among intermediate-mass stars, there is evidence
for two classes of magnetism: the Ap-like strong magnetism and
the Vega-like ultra-weak magnetism. For the first group, the ob-
served field is always higher than a threshold of 100 G for the
longitudinal field, which corresponds to a polar field strength
higher than 300 G (Aurière et al. 2010). In the second group,
sub-Gauss longitudinal fields have been convincingly detected
(Lignières et al. 2009; Petit et al. 2010; Blazère et al. 2016).
Between both groups, no star is observed and one speaks of a
magnetic desert (Lignières et al. 2014).

This raises the question of whether this dichotomy also holds
for higher mass stars of spectral type O and B. For the latter,
there are Bp stars, an extension of the Ap stars, i.e. stars with
a typical polar strength of the order of kiloGauss, but no ultra-
weak field has been observed so far. In fact, for massive stars,
detecting fields with a longitudinal component below 1 Gauss

requires the co-addition of even more high-resolution spectropo-
larimetric data than for A stars to reach the necessary S/N. This
has only been attempted for two stars so far: γ Peg (Neiner et al.
2014b) and ιHer (Wade et al. 2014); hence, further investigation
to search for Vega-like fields in OB stars is underway (Neiner
et al. 2014a). Moreover, evidence for fields with intermediate
polar strength of the order of tens or a couple hundred Gauss
(weak fields) is increasingly observed in OB stars. So far, such
weak fields have been observed in HD 37742 (ζ OriAa) (Blazère
et al. 2015a,b), τ Sco (Donati et al. 2006), ε CMa (Fossati et al.
2015), and β CMa (Fossati et al. 2015). However, most of these
targets are rather special: ζ OriAa is a young O supergiant and
ε CMa is an evolved B star at the end of the main sequence.
The increased radius of evolved stars explains their weak field
compared to main-sequence stars because of magnetic flux con-
servation. In addition, τ Sco has a complex field, therefore the
disk-integrated field is weaker because of cancellation effects on
the visible surface hemisphere. β CMa seems to be a more nor-
mal B star, but it has not been studied in detail yet, so that its
polar field strength is not clearly known. Our study of ζ Cas thus
provides the first definite case of a weak polar field in a normal
B star, based on a large amount of data that allows for mod-
elling of its magnetic field configuration. As already pointed out
in Fossati et al. (2015), our finding indicates a possible lack of a
magnetic desert in massive stars, contrary to what is observed in
main-sequence A-type stars or a field strength threshold in mas-
sive stars lower than that observed in intermediate-mass stars. In
any case, ζ Cas exhibits the lowest polar field observed so far in
a main-sequence B-type star.

5.2. Evidence for solid-envelope rotation

As discussed in Mathis & Neiner (2015) and Neiner et al.
(2015b), there is increasing theoretical and observational evi-
dence that the magnetic fields observed at the surface of inter-
mediate and high-mass stars are remnants of an early phase of
the life of the star. They are called fossil fields and reside inside
the star without being continuously renewed. Furthermore, these
magnetic fields deeply modify the transport of angular momen-
tum and the mixing of chemicals. Above a critical field limit, the
fields enforce a uniform rotation along field lines and mixing is
inhibited (Mathis & Zahn 2005; Zahn 2011). The inhibition of
mixing in the radiative zone by a magnetic field has been ob-
served in the β Cep star V2052 Oph using the combination of
spectropolarimetry and asteroseismology (Neiner et al. 2012a;
Briquet et al. 2012). For the latter, the field strength observed
(Bpol ∼ 400 G) is six to ten times higher than the critical field
limit needed to inhibit mixing as determined from theory.

As in Briquet et al. (2012), we determined the critical field
strength at the surface Bcrit,surf for ζ Cas above which mixing is
suppressed. In the criterion by Zahn (2011), one makes use of
the time already spent by ζ Cas on the main sequence t, its ra-
dius R and mass M, as well as the surface rotation velocity. With
i = 30◦ ± 1◦, v sin i = 20 ± 3 km s−1, and Prot = 5.37045 d, we
have veq = 40 ± 7.5 km s−1 and R = 4.2 ± 0.8 R�. To estimate t
and M, we computed main-sequence stellar models accounting
for Teff = 20750 ± 200 K and log g = 3.80 ± 0.05 dex (Nieva &
Przybilla 2012), within 3σ. To this end, we used the evolutionary
code CLÉS (Code Liégeois d’Évolution Stellaire; Scuflaire et al.
2008) with the input physics described in Briquet et al. (2011).
The hydrogen mass fraction X is set to 0.7. Allowing a core
overshooting parameter value αov between 0 and 0.4 (expressed
in local pressure scale heights) and a metallicity between 0.01
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and 0.02, we obtain M ∈ [6.7, 9.5] M�, R ∈ [4.5, 7.6] R�, and
t ∈ [19, 40] Myr. If we limit to R ∈ [4.5, 5.0] R� to be compatible
with the observational constraints on the stellar radius, we obtain
M ∈ [6.7, 8.0] M�, t ∈ [22, 40] Myr, and log g ∈ [3.88, 3.95].
Furthermore, if we set αov = 0, we get M ∈ [7.1, 8.0] M�,
t ∈ [22, 29] Myr, and log g ∈ [3.89, 3.95].

We found that the mean critical field strength in the ra-
diative zone for suppressing differential rotation in this star is
Bcrit = 45 G according to the criterion from Eq. (3.6) in Zahn
(2011). According to the ratio (30) between internal and sur-
face fields derived by Braithwaite (2008, see Fig. 8 therein),
this corresponds to a critical field strength at the surface of
Bcrit,surf = 1.5 G.

Considering that the observed field strength is 100−150 G,
we expect rigid envelope rotation and no core overshooting for
ζ Cas. We point out that the adopted criterion by Zahn (2011) is
applicable only in the case of a magnetic obliquity angle β = 0,
while ζ Cas has a large obliquity. Therefore, our result needs
to be confirmed whenever a similar critical field criterion tak-
ing the obliquity angle into account is available (Neiner et al.
2015a; Mathis et al., in prep.). Nevertheless, the conclusion still
holds when considering another criterion from Eq. (22) defined
by Spruit (1999), which does take obliquity into account and
yields Bcrit,surf < 35 G. Therefore, it is likely that the envelope of
the star rotates uniformly. The above two criteria could also be
influenced by the effect of waves, but this has never been studied.
Therefore, we conclude that our study provides the first evidence
for a solid body rotation in the envelope of a weak-field B-type
star, but that this conclusion must be confirmed in the future with
more elaborated critical field criteria.

5.3. Surface N-enrichment in early B-type stars

Early B-type stars are ideal indicators for present-day cosmic
abundances (Nieva & Przybilla 2012) but, in a fraction of them,
the stellar surface is found to be enriched with the products from
hydrogen burning such as nitrogen (e.g. Morel et al. 2006). This
is the case of ζ Cas. An explanation of the surface enrichment of
certain chemical species is that internal mixing can lead to the
dredge up of some core-processed CNO material. The usual in-
terpretation is that rotationally induced mixing is responsible for
the N-enrichment observed in massive stars (Meynet & Maeder
2000). Such a mixing is enhanced when magnetic braking occurs
in models with interior differential rotation (Meynet et al. 2011)
and the predicted N-enrichments depend on the rotation veloc-
ity, but also on the mass, age, binarity, metallicity, and magnetic
field (Maeder & Meynet 2015). As discussed in the previous sec-
tion, we proved that the envelope of ζ Cas rotates as a solid body.
Therefore, the nitrogen overabundance in its stellar surface can-
not be explained by rotationally induced mixing. This conclu-
sion was also reached for the other magnetic N-rich β Cep pul-
sator V2052 Oph. For this star, an asteroseismic study showed
that the stellar models reproducing the observed pulsational be-
haviour do not have any convective core overshooting and the
observed fossil magnetic field is strong enough to inhibit inte-
rior mixing and enforce rigid rotation in the envelope (Briquet
et al. 2012; Neiner et al. 2012a).

A surface N-enhancement linked to binarity (Langer 2008)
is also ruled out by our observations for both ζ Cas and
V2052 Oph. Therefore, yet another mechanism must be in-
voked to explain the abundance peculiarity. As discussed in
Aerts et al. (2014), recent studies suggest that internal gravity
waves might also play a role to account for the surface abun-
dances. Indeed, theoretical and numerical simulations show that

large-scale, low-frequency internal gravity waves are excited
by the convective core and can transport angular momentum
(Mathis 2013; Rogers et al. 2013). Such waves were revealed by
high-precision, space-based CoRoT photometric data in several
Be (Neiner et al. 2012b) and O-type stars. For the latter, a red
noise power excess of physical origin was detected by Blomme
et al. (2011) and then interpreted as internal gravity waves by
Aerts & Rogers (2015). Clearly, such waves are present in mas-
sive stars and their transport modify the mixing in their radia-
tive zone. Contrary to the case of solar-like stars (Press 1981;
Schatzman 1996), the chemical transport that such waves induce
in massive stars remains to be computed, so that a comparison
between theoretical predictions and observations is currently not
possible. However, our observational study of ζ Cas leads us to
conclude that the most likely explanation for the nitrogen enrich-
ment at its surface is the transport of chemicals from the core to
the surface by internal gravity waves.

Several authors (Shiode et al. 2013; Rogers et al. 2013; Lee
et al. 2014) have already demonstrated, thanks to analytical work
or simulations, that the amplitude of these waves is sufficient to
propagate to the surface and thus transport angular momentum
and chemicals. Internal gravity waves propagate in the radiation
zone and deposit or extract, depending on whether they are pro-
grade or retrograde, angular momentum at the location where
they are dissipated (Goldreich & Nicholson 1989; Zahn et al.
1997). Assuming the convective core rotates faster than the ra-
diative envelope, the net angular momentum transport leads to
an acceleration of surface layers (Lee et al. 2014). In the case of
ζ Cas, we showed that rotation is likely uniform in the envelope
because of the presence of the magnetic field. However, the rota-
tion of the core could be higher or lower than the rotation of the
envelope, and waves could locally increase differential rotation
just below the surface.

Moreover, the magnetic field transforms gravity waves into
magneto-gravity waves. However, if the frequency of the waves
are higher than the Alfvén frequency, the properties of the waves
are only slightly modified by a weak magnetic field, such as that
observed in ζ Cas (Mathis & de Brye 2012; Mathis & Alvan
2013). In particular, radiative damping increases with the mag-
netic field strength; the angular momentum transport by waves
thus becomes an inverse function of the field strength (Mathis &
de Brye 2012). However, the weak magnetic field of ζ Cas does
not hamper transport by waves much.

6. Summary

With the aim of better constraining the magnetic field configu-
ration of ζ Cas, we made use of 82 Narval spectropolarimetric
data well distributed over the accurately known rotation cycle of
this N-rich magnetic B-type pulsator. Zeeman signatures typical
of the presence of a magnetic field are seen in almost all LSD
Stokes V profiles, while the diagnosis null spectra do not show
any signature. This confirms that the signatures are of magnetic
origin.

To model the magnetic field, we considered a dipole oblique
rotator model and we fitted both the longitudinal measurements
and the LSD Stokes V and I profiles to derive the parameter
values of the model. Besides this forward approach, we also used
the ZDI method to derive the surface map of the magnetic field
of the star. Our magnetic modelling leads to a stellar inclination
angle i of 30◦, a magnetic obliquity angle β of 105◦, and a polar
field strength Bpol of 100−150 G.

Although weak magnetic fields have already been reported
for several massive stars, ζ Cas is the only firmly established
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case of a weak polar field in a normal B star and exhibits the
lowest field observed so far in a massive main-sequence star. We
also point out that ζ Cas has a polar field strength in the range
where a so-called magnetic desert between about 1 G and 300 G
is observed for intermediate-mass stars. This indicates that either
there is no magnetic desert for massive stars or such a desert is
less extended for massive stars than for intermediate-mass stars.

In addition, owing to our intensive dataset, our ZDI mod-
elling allowed us to test whether the star shows surface differ-
ential rotation. Besides that, a theoretical criterion was used to
determine the critical field strength above which mixing is sup-
pressed. Both approaches led to the conclusion that ζ Cas rotates
as a solid body in the envelope. Indeed, our Narval data prove
that there is no surface differential rotation, while theory pre-
dicts that the magnetic field enforced an interior rigid rotation in
the radiative zone.

To explain the nitrogen enrichment that is observed at the
surface of a fraction of massive stars, and in ζ Cas, the pro-
posed explanations are rotationally induced mixing, a binarity
origin, or a pulsational cause. For ζ Cas, the first two hypoth-
esis are ruled out as a result of our study since interior differ-
ential rotation is excluded and there is no evidence of binarity
in the high-resolution high S/N spectropolarimetry taken on a
long time base. Therefore, the pulsational origin remains the
most convincing explanation for the observed peculiarity. ζ Cas
is likely N-rich because of the transport of core-processed CNO
material from the core to the surface by internal gravity waves.
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Appendix A: Journal of Narval/TBL observations and magnetic field measurements

Table A.1. Journal of Narval/TBL observations of ζ Cas. Column 1/8 indicates the number of the polarimetric sequence.

Nr. Date Mid-UT Mid-HJD Texp Phase S/N Nr. Date Mid-UT Mid-HJD Texp Phase S/N
h:min −2 450 000 s h:min −2 450 000 s

1 2007-01-11 17:56 4112.25359 4× 180 – – 49 2011-07-12 02:22 5754.60870 4× 420 – –
2 2007-01-11 18:12 4112.26442 4× 180 – – 50 2011-07-15 01:15 5757.56212 4× 420 0.54982 530
3 2007-01-11 18:27 4112.27525 4× 180 0.19043 452 51 2011-07-18 02:39 5760.62105 4× 420 0.11941 568
4 2007-01-11 18:43 4112.29052 4× 360 0.19327 557 52 2011-07-22 02:56 5764.63256 4× 420 0.86637 560
5 2007-01-11 21:22 4112.39931 4× 300 0.21353 556 53 2011-07-23 02:11 5765.60078 4× 380 0.04665 571
6 2007-01-11 21:45 4112.41551 4× 300 0.21655 557 54 2011-08-09 03:18 5782.64961 4× 420 0.22122 549
7 2007-01-12 17:30 4113.23806 4× 300 0.36971 533 55 2011-08-10 02:38 5783.62187 4× 420 0.40226 529
8 2007-01-12 17:53 4113.25427 4× 300 0.37273 548 56 2011-08-11 01:29 5784.57366 4× 420 0.57948 544
9 2007-01-12 18:16 4113.27047 4× 300 0.37574 540 57 2011-08-11 22:41 5785.45747 4× 420 0.74405 513
10 2007-01-12 20:52 4113.37863 4× 300 0.39588 539 58 2011-08-12 02:19 5785.60837 4× 420 0.77215 542
11 2007-01-12 21:15 4113.39484 4× 300 0.39890 527 59 2011-08-15 21:45 5789.41837 4× 420 0.48159 498
12 2007-01-12 21:39 4113.41103 4× 300 0.40192 523 60 2011-08-16 01:11 5789.56182 4× 420 0.50830 533
13 2007-01-13 17:32 4114.24066 4× 360 0.55640 557 61 2011-08-16 23:02 5790.47176 4× 420 0.67774 539
14 2007-01-13 17:59 4114.25966 4× 360 0.55994 567 62 2011-08-18 01:42 5791.58315 4× 420 – –
15 2007-01-13 18:26 4114.27865 4× 360 0.56347 590 63 2011-08-18 23:10 5792.47749 4× 420 – –
16 2007-01-17 18:48 4118.28952 4× 180 0.31031 536 64 2011-08-19 03:11 5792.64514 4× 420 – –
17 2007-01-17 19:04 4118.30017 4× 180 0.31230 516 65 2011-08-20 00:22 5793.52760 4× 420 – –
18 2007-06-28 03:01 4279.62780 4× 120 0.35218 440 66 2011-08-21 00:21 5794.52718 4× 420 – –
19 2007-06-28 03:13 4279.63574 4× 120 0.35366 423 67 2011-08-21 03:21 5794.65207 4× 420 – –
20 2007-07-05 02:37 4286.61181 4× 120 0.65264 504 68 2011-08-22 01:09 5795.56073 4× 420 – –
21 2007-07-05 02:49 4286.61975 4× 120 0.65412 516 69 2011-08-22 23:08 5796.47638 4× 420 – –
22 2007-07-06 01:23 4287.55989 4× 120 0.82917 477 70 2011-08-28 00:23 5801.52906 4× 420 0.73665 530
23 2007-07-06 01:34 4287.56783 4× 120 0.83065 480 71 2011-08-28 02:44 5801.62710 4× 420 0.75491 554
24 2007-07-06 03:06 4287.63152 4× 120 0.84251 507 72 2011-08-29 01:38 5802.58321 4× 420 0.93294 479
25 2007-07-07 01:41 4288.57244 4× 120 0.01771 456 73 2011-09-24 23:56 5829.51186 4× 420 0.94717 555
26 2007-07-07 01:52 4288.58039 4× 120 0.01919 454 74 2011-09-26 03:52 5830.67530 4× 420 0.16380 549
27 2007-07-12 02:55 4293.62469 4× 120 0.95846 514 75 2011-09-27 00:47 5831.54736 4× 420 0.32619 569
28 2007-07-12 03:07 4293.63261 4× 120 0.95994 503 76 2011-09-27 23:39 5832.49977 4× 420 0.50353 601
29 2007-07-13 01:54 4294.58223 4× 120 0.13676 406 77 2011-09-28 01:10 5832.56337 4× 420 0.51537 587
30 2007-07-13 02:06 4294.59018 4× 120 0.13824 427 78 2011-10-01 00:00 5835.51466 4× 420 0.06491 567
31 2007-07-13 02:17 4294.59811 4× 120 0.13972 433 79 2011-10-01 21:13 5836.39858 4× 420 0.22950 578
32 2007-07-13 02:28 4294.60603 4× 120 0.14119 422 80 2011-10-01 23:30 5836.49369 4× 420 0.24721 582
33 2007-07-13 02:40 4294.61396 4× 120 0.14267 441 81 2011-10-03 04:13 5837.69019 4× 420 0.47001 577
34 2007-07-13 03:15 4294.63865 4× 120 0.14727 488 82 2011-10-04 01:14 5838.56638 4× 420 0.63316 604
35 2007-07-13 03:27 4294.64658 4× 120 0.14874 480 83 2011-10-04 22:32 5839.45397 4× 420 0.79843 504
36 2007-07-13 03:39 4294.65479 4× 120 0.15027 470 84 2011-10-05 22:26 5840.44932 4× 420 0.98377 574
37 2007-07-13 03:50 4294.66271 4× 120 0.15175 469 85 2011-10-06 00:38 5840.54124 4× 420 0.00088 588
38 2007-11-24 18:07 4429.26647 4× 300 0.21554 566 86 2011-10-06 04:27 5840.70051 4× 420 – –
39 2007-11-24 18:31 4429.28320 4× 300 0.21865 578 87 2011-10-09 03:49 5843.67386 4× 420 0.58419 546
40 2007-11-27 21:36 4432.41177 4× 300 0.80121 532 88 2011-10-11 22:03 5846.43368 4× 420 0.09808 494
41 2009-09-23 22:27 5098.44989 4× 420 0.82033 507 89 2011-10-25 23:02 5860.47453 4× 420 0.71255 547
42 2009-10-15 20:42 5120.37741 4× 420 0.90333 523 90 2011-10-30 19:14 5865.31675 4× 420 0.61419 558
43 2009-10-28 02:24 5132.61064 4× 420 0.18121 485 91 2011-11-08 21:04 5874.39264 4× 420 0.30416 502
44 2009-11-26 17:46 5162.25461 4× 420 0.70104 529 92 2011-11-11 20:11 5877.35603 4× 420 0.85595 532
45 2011-07-05 01:39 5747.57841 4× 420 0.69081 583 93 2011-11-30 22:44 5896.46199 4× 420 0.41356 589
46 2011-07-06 02:01 5748.59145 4× 300 – – 94 2011-12-10 20:20 5906.36150 4× 420 0.25690 555
47 2011-07-09 02:58 5751.63355 4× 420 0.44590 538 95 2011-12-10 22:37 5906.45664 4× 420 0.27461 559
48 2011-07-11 03:02 5753.63654 4× 420 – – 96 2012-01-18 19:59 5945.34444 4× 420 0.51568 461

Notes. Columns 2/9 and 3/10 show the date and time of the middle of observations, while Cols. 4/11 give the Heliocentric Julian Date (HJD)
at the middle of observations. Columns 5/12 give the exposure time in seconds for each sequence, and Cols. 6/13 the rotational phase using
Prot = 5.370447 d and the reference date HJD0 = 2 446 871.89. Columns 7/14 give the S/N of the Stokes I spectra around 450 nm. A missing
phase and S/N indicate that the corresponding observation was not used in the analysis (see Sect. 2 for explanations).
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Table A.2. Magnetic field measurements of ζ Cas.

Nr. Bl Bl Bl Bl Bl Nl Nl Nl Nl Nl Detection
(all) (all but He) (all but N) (He) (N) (all) (all but He) (all but N) (He) (N)
G G G G G G G G G G

3 –6.9± 4.1 –10.6± 5.6 –6.4± 4.4 –7.8± 5.2 –8.9± 10.6 –1.8± 4.1 –4.6± 5.6 –2.8± 4.4 –0.7± 5.3 –17.8± 10.9 MD
4 –13.5± 2.0 –17.7± 2.6 –12.8± 2.1 –8.5± 2.7 –16.2± 5.2 –0.2± 2.0 –1.8± 2.6 1.1± 2.1 2.8± 2.7 –6.7± 5.2 DD
5 –6.9± 2.1 –8.9± 2.8 –6.9± 2.2 –4.7± 2.8 –8.4± 5.4 –0.3± 2.1 –0.8± 2.8 –0.8± 2.2 1.4± 2.8 2.3± 5.4 DD
6 –9.2± 1.9 –14.3± 2.6 –7.9± 2.1 –5.8± 2.6 –17.8± 5.0 0.5± 1.9 –2.3± 2.6 1.5± 2.1 2.7± 2.6 –2.5± 5.0 DD
7 3.1± 1.8 6.2± 2.5 1.9± 2.0 0.5± 2.5 11.9± 4.8 –0.8± 1.8 1.2± 2.5 0.5± 2.0 1.4± 2.5 –9.5± 4.8 DD
8 5.9± 1.8 7.9± 2.5 5.9± 1.9 3.9± 2.4 4.8± 4.8 –0.7± 1.8 –3.4± 2.5 –0.4± 1.9 0.0± 2.4 –2.9± 4.8 DD
9 4.7± 1.8 7.6± 2.5 5.2± 2.0 2.4± 2.5 1.5± 4.8 –1.1± 1.8 –0.7± 2.5 –1.3± 2.0 1.2± 2.5 4.8± 4.8 DD

10 7.0± 2.0 9.9± 2.8 7.1± 2.2 5.0± 2.7 12.5± 5.4 0.3± 2.0 2.0± 2.8 –0.1± 2.2 –1.0± 2.7 –1.5± 5.4 ND
11 7.8± 2.1 14.6± 2.9 7.3± 2.3 2.9± 2.9 16.8± 5.6 –1.4± 2.1 –0.8± 2.9 –0.4± 2.3 –0.7± 2.9 –2.2± 5.6 ND
12 6.5± 2.1 10.3± 2.9 5.6± 2.3 5.0± 2.8 18.9± 5.6 0.8± 2.1 3.4± 2.9 0.7± 2.3 –0.9± 2.8 4.8± 5.6 ND
13 7.2± 1.5 9.8± 2.1 7.2± 1.6 4.2± 2.0 14.2± 4.0 0.8± 1.5 2.2± 2.1 0.4± 1.6 –0.2± 2.0 3.5± 4.0 DD
14 3.0± 1.5 4.8± 2.1 2.6± 1.6 2.0± 2.0 6.5± 4.0 2.7± 1.5 4.3± 2.1 2.4± 1.6 1.3± 2.0 9.1± 4.0 DD
15 5.7± 1.5 8.1± 2.1 5.0± 1.6 3.3± 2.0 5.0± 4.0 –1.8± 1.5 –4.6± 2.1 –1.7± 1.6 –0.7± 2.0 –0.2± 4.0 DD
16 –1.5± 2.6 –2.4± 3.6 –0.6± 2.9 0.2± 3.6 0.5± 7.0 –0.7± 2.6 1.1± 3.6 –1.3± 2.9 0.7± 3.6 –0.7± 7.0 DD
17 –0.1± 2.6 –4.3± 3.6 0.4± 2.8 4.9± 3.6 2.1± 6.9 1.0± 2.6 –1.9± 3.6 2.2± 2.8 3.0± 3.6 –8.9± 6.9 DD
18 3.6± 3.6 3.8± 4.9 4.6± 3.9 5.0± 4.9 10.7± 9.7 –3.1± 3.6 –4.5± 4.9 0.1± 3.9 –0.2± 4.9 –24.8± 9.7 ND
19 8.8± 4.0 8.2± 5.4 6.6± 4.3 6.5± 5.4 18.6± 10.6 –1.5± 4.0 0.9± 5.4 –1.7± 4.3 –4.9± 5.4 7.8± 10.6 DD
20 –2.5± 2.8 1.7± 3.8 –1.8± 3.1 –2.0± 3.8 –7.1± 7.5 6.3± 2.8 3.1± 3.8 5.9± 3.1 4.7± 3.8 7.2± 7.5 DD
21 –1.6± 2.8 –6.5± 3.8 –0.9± 3.0 3.0± 3.8 –9.3± 7.4 0.8± 2.8 2.7± 3.8 –0.6± 3.0 2.4± 3.8 5.9± 7.4 DD
22 –19.2± 3.1 –27.6± 4.1 –17.0± 3.3 –13.0± 4.2 –42.1± 8.1 –2.6± 3.1 –4.2± 4.1 –2.6± 3.3 –0.9± 4.1 –2.3± 8.1 DD
23 –18.9± 3.1 –24.5± 4.1 –16.2± 3.3 –11.6± 4.1 –30.8± 8.1 3.8± 3.1 3.2± 4.1 4.1± 3.3 1.6± 4.1 –0.1± 8.1 DD
24 –11.2± 2.7 –18.0± 3.7 –11.8± 3.0 –6.5± 3.7 –9.5± 7.2 –1.0± 2.7 3.3± 3.7 –0.9± 3.0 –2.7± 3.7 –1.5± 7.2 DD
25 –22.3± 3.5 –32.1± 4.8 –21.7± 3.8 –14.8± 4.8 –34.1± 9.3 1.2± 3.5 1.3± 4.8 2.1± 3.8 1.2± 4.8 –4.5± 9.3 DD
26 –20.4± 3.3 –36.5± 4.5 –19.2± 3.6 –7.0± 4.5 –29.2± 8.7 2.3± 3.3 4.4± 4.4 2.6± 3.6 2.1± 4.5 3.6± 8.7 DD
27 –18.8± 3.1 –19.8± 4.1 –17.2± 3.3 –17.0± 4.1 –29.9± 8.0 –0.8± 3.1 –1.7± 4.1 0.7± 3.3 –2.2± 4.1 –8.1± 8.0 DD
28 –18.7± 3.1 –27.1± 4.2 –18.1± 3.4 –8.4± 4.2 –26.7± 8.2 –3.4± 3.1 –1.8± 4.2 –2.3± 3.4 –3.0± 4.2 –10.4± 8.2 MD
29 –17.4± 4.2 –24.8± 5.7 –18.3± 4.6 –13.5± 5.7 –13.6± 11.2 2.3± 4.2 2.4± 5.7 1.8± 4.6 4.5± 5.7 3.7± 11.2 DD
30 –11.2± 3.9 –14.0± 5.3 –9.3± 4.2 –12.3± 5.3 –35.0± 10.4 0.9± 3.9 5.3± 5.3 1.8± 4.2 –0.3± 5.3 –16.0± 10.4 DD
31 –19.5± 3.9 –24.2± 5.2 –18.0± 4.2 –8.1± 5.2 –11.8± 10.2 –1.2± 3.9 –0.1± 5.2 0.6± 4.2 –0.4± 5.2 –11.5± 10.2 DD
32 –21.5± 4.0 –28.6± 5.3 –18.0± 4.3 –13.6± 5.4 –38.6± 10.5 3.3± 4.0 –0.7± 5.3 3.9± 4.3 5.5± 5.4 –4.6± 10.5 DD
33 –20.6± 3.8 –22.3± 5.1 –20.1± 4.1 –16.4± 5.1 –37.6± 9.9 6.5± 3.8 13.9± 5.1 5.0± 4.1 –0.7± 5.1 12.0± 9.9 DD
34 –11.4± 3.4 –17.5± 4.6 –12.3± 3.7 –5.1± 4.6 –14.2± 9.0 –3.4± 3.4 –5.4± 4.6 –4.9± 3.7 –4.2± 4.6 2.0± 9.0 DD
35 –16.1± 3.3 –17.4± 4.5 –14.7± 3.6 –13.6± 4.5 –21.8± 8.8 –3.3± 3.3 –8.1± 4.5 –3.9± 3.6 –3.2± 4.5 3.0± 8.8 DD
36 –16.7± 3.4 –21.1± 4.6 –16.1± 3.7 –12.2± 4.6 –19.9± 9.0 2.9± 3.4 4.4± 4.6 2.3± 3.7 4.5± 4.6 16.8± 9.0 DD
37 –13.5± 3.3 –18.6± 4.5 –12.0± 3.6 –7.0± 4.5 –19.6± 8.7 0.6± 3.3 2.8± 4.5 –0.2± 3.6 –2.9± 4.5 6.9± 8.7 DD
38 –4.9± 2.3 –7.9± 3.1 –4.2± 2.5 –1.3± 3.1 –6.2± 6.1 0.7± 2.3 3.3± 3.1 0.6± 2.5 –0.6± 3.1 0.2± 6.1 DD
39 –7.3± 2.2 –11.4± 2.9 –5.1± 2.4 –6.2± 2.9 –21.1± 5.7 –0.9± 2.2 –2.2± 2.9 0.7± 2.4 0.3± 2.9 –11.4± 5.7 DD
40 –16.8± 2.4 –23.2± 3.2 –15.7± 2.6 –9.9± 3.2 –20.6± 6.3 1.0± 2.4 2.7± 3.2 0.9± 2.6 0.1± 3.2 –2.3± 6.3 DD
41 –13.5± 2.3 –18.0± 3.2 –12.4± 2.5 –7.9± 3.2 –26.4± 6.3 –2.7± 2.3 –4.2± 3.2 –4.5± 2.5 –2.4± 3.2 7.1± 6.3 DD
42 –18.1± 2.1 –25.1± 2.8 –17.8± 2.3 –12.5± 2.8 –19.3± 5.5 –0.9± 2.1 2.3± 2.8 –1.8± 2.3 –1.1± 2.8 12.2± 5.5 DD
43 –8.8± 2.1 –11.4± 2.8 –7.6± 2.2 –9.3± 2.8 –16.9± 5.4 2.8± 2.1 1.4± 2.8 3.5± 2.2 2.9± 2.8 –1.1± 5.4 DD
44 –3.7± 2.0 –5.1± 2.7 –4.0± 2.2 –2.6± 2.7 –3.2± 5.3 4.3± 2.0 7.3± 2.7 3.5± 2.2 0.4± 2.7 6.6± 5.3 DD
45 –0.3± 1.8 –4.0± 2.3 –1.0± 1.9 –2.1± 2.3 –5.8± 4.9 0.7± 1.8 –2.1± 2.3 1.6± 1.9 2.3± 2.3 –8.5± 4.9 DD
47 9.0± 1.7 16.2± 2.3 8.5± 1.8 4.6± 2.3 16.1± 4.5 –0.8± 1.7 1.1± 2.3 –1.6± 1.8 –2.0± 2.3 3.0± 4.5 DD
50 7.6± 2.0 11.2± 2.8 8.0± 2.2 1.9± 2.7 1.5± 5.4 –0.3± 2.0 0.2± 2.8 0.6± 2.2 –0.7± 2.7 –6.1± 5.4 DD
51 –13.3± 1.7 –18.7± 2.4 –12.9± 1.9 –8.7± 2.3 –17.0± 4.5 –0.3± 1.7 1.5± 2.3 0.1± 1.9 0.9± 2.3 –0.2± 4.5 DD
52 –14.5± 1.6 –25.3± 2.2 –13.4± 1.7 –6.5± 2.2 –26.5± 4.2 –0.5± 1.6 –1.2± 2.2 –1.1± 1.7 –2.0± 2.2 –0.6± 4.2 DD
53 –16.4± 1.8 –24.7± 2.5 –15.2± 2.0 –12.3± 2.4 –24.9± 4.7 –2.7± 1.8 –5.0± 2.4 –2.6± 1.9 –0.0± 2.4 –0.3± 4.7 DD
54 –4.4± 1.8 –5.4± 2.4 –4.4± 2.0 –3.2± 2.4 –8.9± 4.7 –1.2± 1.8 –4.0± 2.4 –0.8± 2.0 1.9± 2.4 –6.2± 4.7 DD
55 6.9± 1.8 11.1± 2.5 7.1± 2.0 5.6± 2.5 8.2± 4.9 –3.7± 1.8 –5.1± 2.5 –3.5± 2.0 –2.9± 2.5 –10.2± 4.8 ND
56 0.4± 1.7 –1.2± 2.2 0.8± 1.8 2.1± 2.2 –4.1± 4.3 0.3± 1.6 –2.1± 2.2 2.1± 1.8 2.9± 2.2 –6.4± 4.3 DD
57 –10.4± 1.9 –15.1± 2.6 –9.7± 2.1 –5.3± 2.6 –16.7± 5.0 1.8± 1.9 1.1± 2.6 1.8± 2.1 3.7± 2.6 1.6± 5.0 DD
58 –11.4± 1.6 –18.5± 2.1 –9.7± 1.7 –6.0± 2.1 –28.4± 4.1 1.2± 1.6 0.8± 2.2 1.9± 1.8 0.8± 2.1 –7.8± 4.1 DD
59 6.5± 2.0 8.5± 2.7 6.9± 2.1 5.0± 2.7 10.0± 5.4 0.6± 2.0 –4.0± 2.7 0.6± 2.1 3.7± 2.7 –4.6± 5.4 DD
60 6.4± 1.7 9.6± 2.3 4.4± 1.8 3.1± 2.3 15.9± 4.6 –0.9± 1.7 –1.4± 2.4 –1.3± 1.8 –1.3± 2.3 1.8± 4.6 DD
61 –2.1± 1.6 –4.9± 2.1 –2.6± 1.7 –0.7± 2.1 1.1± 4.3 1.1± 1.6 –0.4± 2.2 0.7± 1.7 –0.1± 2.1 –1.9± 4.2 DD
70 –9.5± 2.1 –14.6± 2.8 –9.7± 2.3 –7.6± 2.8 –9.3± 5.5 –1.1± 2.1 0.9± 2.8 –0.6± 2.3 –2.5± 2.8 –5.0± 5.5 DD
71 –7.5± 1.8 –17.0± 2.5 –7.0± 2.0 –3.1± 2.5 –12.8± 4.8 –0.4± 1.8 –1.9± 2.5 –0.7± 2.0 –0.2± 2.5 –0.7± 4.8 DD

Notes. Column 1 indicates the number of the polarimetric sequence. The following five columns provide the longitudinal magnetic field value Bl
in Gauss, for LSD using all photospheric lines (Col. 2), using all photospheric lines but He lines (Col. 3), using all photospheric lines but N lines
(Col. 4), using He-only lines (Col. 5), and using N-only lines (Col. 6). Columns 7 to 11 give the null measurements in Gauss for the same five
masks. The last column gives the detection status of a magnetic field in Stokes V , where ND, MD, and DD, mean no detection, marginal detection,
and definite detection, respectively.
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Table A.2. continued.

Nr. Bl Bl Bl Bl Bl Nl Nl Nl Nl Nl Detection
(all) (all but He) (all but N) (He) (N) (all) (all but He) (all but N) (He) (N)
G G G G G G G G G G

72 –15.5± 2.6 –23.3± 3.5 –13.6± 2.8 –8.9± 3.3 –28.1± 6.7 0.3± 2.6 –1.0± 3.5 0.6± 2.8 1.4± 3.2 –2.1± 6.7 MD
73 –18.5± 2.0 –23.7± 2.7 –16.9± 2.1 –9.9± 2.7 –27.1± 5.3 –2.2± 2.0 –2.0± 2.7 –2.1± 2.1 1.6± 2.7 0.4± 5.3 DD
74 –10.7± 1.9 –13.5± 2.6 –10.3± 2.1 –6.8± 2.6 –12.0± 5.1 1.1± 1.9 2.2± 2.6 1.5± 2.1 –2.2± 2.6 –1.2± 5.1 DD
75 4.7± 1.8 6.3± 2.4 4.3± 1.9 2.5± 2.4 10.1± 4.6 –0.4± 1.8 0.4± 2.4 0.2± 1.9 0.1± 2.4 –4.3± 4.6 DD
76 9.8± 1.7 14.2± 2.3 9.0± 1.8 4.8± 2.3 12.2± 4.5 –1.8± 1.7 0.3± 2.4 –2.7± 1.8 –2.2± 2.3 2.9± 4.6 DD
77 10.1± 1.7 11.2± 2.4 10.5± 1.9 8.3± 2.4 9.0± 4.7 0.3± 1.8 –1.6± 2.4 1.2± 1.9 0.2± 2.4 –11.6± 4.8 DD
78 –17.0± 1.8 –25.8± 2.5 –16.1± 2.0 –9.8± 2.5 –22.0± 4.9 0.3± 1.8 –2.0± 2.5 0.5± 2.0 0.6± 2.5 –1.5± 4.9 DD
79 –0.5± 1.8 –0.6± 2.5 –0.3± 2.0 –0.9± 2.4 –0.1± 4.7 1.2± 1.8 0.6± 2.5 0.6± 1.9 –0.5± 2.4 3.0± 4.8 DD
80 1.5± 1.8 0.0± 2.5 3.3± 2.0 4.2± 2.4 –2.9± 4.8 –1.1± 1.8 0.2± 2.5 –1.9± 2.0 –1.6± 2.4 4.3± 4.8 DD
81 7.2± 1.7 10.6± 2.4 7.5± 1.9 6.2± 2.4 14.9± 4.6 0.7± 1.7 –0.7± 2.4 0.0± 1.9 0.7± 2.4 –3.5± 4.6 DD
82 0.7± 1.7 1.3± 2.5 0.3± 1.8 1.4± 2.2 –1.8± 5.3 1.2± 1.7 2.7± 2.5 1.5± 1.8 0.6± 2.2 –0.8± 5.3 DD
83 –10.6± 1.7 –19.0± 2.3 –9.8± 1.9 –6.2± 2.3 –22.0± 4.4 –1.1± 1.7 –1.6± 2.3 –1.0± 1.9 –1.9± 2.3 2.6± 4.4 DD
84 –17.4± 1.7 –27.9± 2.5 –15.5± 1.8 –10.1± 2.2 –33.3± 5.2 –0.6± 1.7 –1.8± 2.5 0.0± 1.8 1.1± 2.2 –5.5± 5.2 DD
85 –19.5± 1.8 –26.5± 2.6 –19.2± 1.9 –14.5± 2.3 –24.8± 5.6 –1.8± 1.7 –1.0± 2.6 –2.6± 1.9 –2.4± 2.3 8.9± 5.5 DD
87 4.7± 1.8 5.1± 2.4 3.6± 1.9 1.5± 2.4 6.7± 4.7 3.1± 1.7 0.0± 2.4 2.8± 1.9 2.8± 2.4 5.2± 4.7 DD
88 –17.0± 2.6 –19.5± 3.5 –16.0± 2.8 –13.6± 3.5 –19.7± 6.8 3.2± 2.6 0.0± 3.5 3.9± 2.8 3.5± 3.5 –2.3± 6.9 DD
89 –6.7± 2.3 –9.7± 3.2 –7.1± 2.5 –4.8± 3.1 –4.7± 6.2 –0.4± 2.3 –0.3± 3.2 0.2± 2.5 0.1± 3.1 –5.5± 6.2 DD
90 3.4± 2.2 8.9± 3.1 2.5± 2.4 0.6± 2.7 6.2± 5.9 1.0± 2.2 2.4± 3.1 0.7± 2.3 1.4± 2.8 3.2± 5.9 DD
91 3.9± 2.4 8.8± 3.4 3.1± 2.6 –0.1± 3.3 6.9± 6.6 –1.2± 2.4 1.8± 3.4 –0.7± 2.6 –0.2± 3.3 –1.1± 6.6 DD
92 –15.0± 2.0 –20.7± 2.8 –15.5± 2.2 –9.3± 2.7 –12.7± 5.3 –0.4± 2.0 1.6± 2.7 –2.1± 2.2 –1.2± 2.7 6.5± 5.3 DD
93 6.2± 1.7 11.6± 2.3 6.3± 1.8 5.2± 2.3 8.9± 4.4 0.7± 1.7 3.1± 2.3 –0.1± 1.8 –1.3± 2.3 6.5± 4.4 DD
94 –1.6± 1.6 –1.4± 2.2 –0.3± 1.7 –1.0± 2.1 –4.8± 4.2 –0.7± 1.6 –2.9± 2.2 –0.5± 1.7 1.0± 2.1 –2.4± 4.1 DD
95 0.3± 1.6 –0.4± 2.2 0.2± 1.8 –1.4± 2.1 –4.6± 4.2 3.9± 1.6 4.0± 2.2 3.1± 1.8 1.9± 2.1 7.9± 4.2 DD
96 9.7± 1.8 14.9± 2.4 9.1± 1.9 7.0± 2.3 17.0± 4.7 1.4± 1.8 4.6± 2.4 2.1± 1.9 0.8± 2.3 0.2± 4.7 DD
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