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Abstract Recent observational and theoretical results emphasize the po-
tential significance of magnetic fields for structure, evolution, and environment of
massive stars. Depending on their spectral and photometric behavior, the upper
main-sequence B-type stars are assigned to different groups, such as § Cep stars
and slowly pulsating B (SPB) stars, He-rich and He-deficient Bp stars, Be stars,
BpSi stars, HgMn stars, or normal B-type stars. All these groups are charac-
terized by different magnetic field geometry and strength, from fields below the
detection limit of a few Gauss up to tens of kG. Our collaboration was the first
to systematically study the magnetic fields in representative samples of different
types of main-sequence B stars. In this article, we give an overview about what
we have learned during the last years about magnetic fields in 8 Cep, SPB, and
Be stars.

1. Magnetic fields in massive stars

The presence of a convective envelope is a necessary condition for signif-
icant magnetic activity. Magnetic activity is found all the way from the
late A-type stars (e.g. in Altair: Robrade & Schmitt 2009 [I]) with very
shallow convective envelopes down to the coolest fully convective M-type
stars.

On the other hand, advances in instrumentation over the past decades
have led to magnetic field detections in a small but gradually growing
subset of massive stars, which frequently present cyclic wind variability,
Ha emission variations, non-thermal radio/X-ray emission, and transient
features in absorption line profiles.

Magnetic fields have fundamental effects on the evolution of mas-
sive stars, their rotation, and on the structure, dynamics, and heating of
radiative winds. During the last years, an increasing number of massive
stars have been investigated for magnetic fields. Currently, more than two
dozen magnetic early B-type stars (excluding classical He-strong/He-weak
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Figure 1. Left: Part of the Stokes V spectrum of ¢! CMa around Hf with a typical
Zeeman pattern. Right: Regression detection of a magnetic field in ¢&* CMa.

Bp stars) are known.

The origin of the magnetic fields is still under debate: it has been
argued that magnetic fields could be “fossil”’, or magnetic fields may be
generated by strong binary interaction, i.e. in stellar mergers, or during a
mass transfer or common envelope evolution.

2. Determining magnetic fields with FORS 1/2

FORS 2 is a multi-mode instrument equipped with polarization analyzing
optics comprising super-achromatic half-wave and quarter-wave phase re-
tarder plates, and a Wollaston prism with a beam divergence of 22" in
standard resolution mode. Before the polarimetric optics was moved to
FORS 2, it was installed in its twin, FORS 1. From the FORS 2 data, the
Stokes V/I spectrum is calculated following:

v_1 (u) _(u) (1)
I 2 foA+fe) e _uso fo+ fe a=-+45°

where « gives the position angle of the retarder waveplate and f° and f€
are the ordinary and extraordinary beams, respectively.

The mean longitudinal magnetic field is the component of the mag-
netic field parallel to the line of sight, averaged over the stellar hemisphere
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visible at the time of observation. It is diagnosed from the slope of the
linear regression:

v gere o1 dl

where V' is the Stokes parameter that measures the circular polarization,
I is the intensity in the unpolarized spectrum, geg is the effective Landé
factor, e is the electron charge, A is the wavelength, m. the electron mass,
¢ the speed of light, dI/d\ is the derivative of Stokes I, and (B,) is the
mean longitudinal magnetic field. A typical regression detection can be
found in Fig. [l

I~ 4rmec?

3. Magnetic fields in B-type stars

Depending on their spectral and photometric behavior, the main-sequence
B-type stars are assigned to different groups, such as 8 Cep stars and slowly
pulsating B (SPB) stars, He-rich and He-deficient Bp stars, Be stars, BpSi
stars, HgMn stars, or normal B-type stars. These groups are characterized
by different magnetic field geometry and strength, from fields below the
detection limit of a few Gauss up to tens of kG.

To identify and to model the physical processes responsible for the
generation of magnetic fields in massive stars, it is important to understand
whether:

e most magnetic stars are slowly rotating
e magnetic fields appear in stars at a certain age

e magnetic fields are generated in stars in special environments: Do
some clusters contain a larger number of magnetic massive stars,
similar to the Ap/Bp content in different clusters (NGC 2516 has
the largest number of magnetic Ap stars and X-ray sources)?

e magnetic fields are produced through binary interaction

e X-ray emission can be used as an indirect indicator for the presence
of magnetic fields
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Figure 2. Phase diagrams with the best sinusoidal fit for the longitudinal mag-
netic field measurements. The residuals (Observed — Calculated) are shown in
the lower panels. The deviations are mostly of the same order as the error bars,
and no systematic trends are obvious, which justifies a single sinusoid as a fit
function.

3.1.  Pulsating B stars

B Cep stars are short-period (3-8 h) pulsating variables of spectral type O9
to B3 (corresponding to a mass range of 8-20 M) along the main sequence
that pulsate in low-order pressure (p) and/or gravity (g) modes. SPB stars
show variability with periods of the order of 1d, are less massive (3-9Mg)
main sequence B-type stars and have multiperiodic high-order low-degree
g mode oscillations.

A long-term monitoring project aimed at asteroseismology of a large
sample of slowly pulsating B (SPB) stars and 3 Cep stars was started
by researchers of the Institute of Astronomy of the University of Leuven
more than ten years ago. In our first publication on a magnetic survey of
pulsating B-type stars with FORS 1 (Hubrig et al. 2006 [2]), we announced
detections of a weak mean longitudinal magnetic field of the order of a few
hundred Gauss in a number of SPB stars and in the 3 Cep star ¢! CMa,
whose field, of the order of 300-400 G, is one of the largest among all
currently known magnetic 8 Cep stars. In Fig. 2 we display our results of
magnetic field monitoring of four 8 Cep and SPB stars (Hubrig et al. 2011a
[3]). From FORS 1/2 and SOFIN observations, we determined a rotation
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Table 1. Measurements of the mean longitudinal magnetic field using high-
resolution HARPS spectra.

Object  MJD S/N (B,

HD 74195 55605217 220 —70+21
HD 74195 55606.130 300 —14+18
HD 74560 55605.221 240 56419
HD 74560 55606.134 280  8+18
HD 74560 55607.177 350 —35+15
HD 85953 55600.305 230  79+20

period of P = 2.1795d for &' CMa, which is not in line with Fourtune-
Ravard et al. (2011 [4]), who determined P ~ 4.2680d from ESPaDOnS
observations. Note that in that work, the impact of pulsations on the
magnetic field measurements from high resolution spectra was not taken
into account.

Among the sample of SPB stars with detected magnetic fields using
FORS 1, three stars, HD 74195, HD 74560, and HD 85953, have been ob-
served in 2011 February with the high-resolution (R = 115,000) polarime-
ter HARPSpol, installed at the ESO 3.6 m telescope on La Silla, in the
framework of the GTO program 086.D-0240(A). The star HD 85953 was
observed once, whereas HD 74195 was observed on two different nights, and
HD 74560 was observed on three different nights. We downloaded from the
ESO archive the available spectra and reduced them using the HARPS
data reduction software available at the ESO headquarters in Germany.
For the measurements of the magnetic fields, we used the moment tech-
nique developed by Mathys (e.g. Mathys 1991 [5]). Formally significant
detections above the 30 level were achieved in HD 85953 and in one ob-
servation of HD 74195 (see Table [} Hubrig et al. 2013, in preparation). In
line with our discoveries of the presence of weak magnetic fields in pul-
sating stars, Briquet et al. (2013 [6]) found a magnetic field in the hybrid
SPB/f Cep star HD 43317.

The pulsation amplitudes for the three studied pulsating stars range
from 4.5 to 25 mmag. Our study of correlations between the strength of
magnetic fields and pulsational characteristics (Hubrig et al. 2009a [7])
indicates that it is possible that stronger magnetic fields appear in stars
with lower pulsating frequencies and smaller pulsating amplitudes. Spectra
for all three sources can be found in Fig. Bl Spectral variability is evident
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Figure 3. Spectral variability as seen in HARPS Stokes I spectra. Left: HD 74195,
middle: HD 74560, right: HD 85953.

for the two objects with more than one observation.

From FEROS time series, one can find line profile variability for
V1449 Aql with a pulsating frequency of fyus = 5.487d 1. The variability
in the spectra of V1449 Aql and the impact of pulsations on the polarimet-
ric spectra can be seen in Fig. @l Neglecting pulsations in the analysis of
spectropolarimetric data will lead to non-detections of magnetic fields in
these stars (Hubrig et al. 2011b [§]).

3.2. Be stars

Rapidly rotating Be stars lose mass and initially accumulate it in a rotat-
ing circumstellar disk. Much of the mass loss is in the form of outbursts
and thus additional mechanisms such as the beating of nonradial pulsa-
tion modes or magnetic flares must be at work. Indirect evidence for the
presence of a magnetic field are variations of X-ray emission and tran-
sient features in absorption line profiles. Angular momentum transfer to
a circumstellar disk, channeling stellar wind matter, and accumulation of
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Figure 4. Left: Time serles of FEROS spectra for V1449 Aql showmg pulsational
line profile variability in the spectral region 4590-4615 A. The pulsation phase
zero is at the bottom. Right: Variability of the output spectra in two SOFIN
sub-exposures taken with the quarter-wave plate angles separated by 90° taken
around HJD 2455398.530. The lower two spectra, (I + V)o and (I — V)o, corre-
spond to the first sub-exposure, while the upper spectra, (I —V)go and (I+V)go,
correspond to the second sub-exposure. The strong effect of pulsations on the
line profile shapes and the line positions is clearly visible between the spectra of
the first sub-exposure with a duration of 20 min and the spectra of the second
sub-exposure with the same duration.
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material in an equatorial disk are more easily explained if magnetic fields
can be invoked. 15 Be stars have been measured with the hydrogen po-
larimeter by Barker et al. (1985 [9]) using HS - no detection was achieved.
One Be star with a reported magnetic field, w Ori (Neiner et al. 2003 [10]),
was not confirmed as magnetic by recent observations.

A sample of Be stars in the field and in the cluster NGC 3766 (14.5—
25 Myr old) was observed in 2006-2008 with FORS 1. A few Be stars show
weak magnetic fields with the strongest field detected in HD 62367 ((B,) =
117 £ 38 G, my = 7.1). Usually, the detected magnetic fields are below
100 G (see Figs. Bl and [6)). The cluster NGC 3766 appears to be extremely
interesting, where we find evidence for the presence of a magnetic field in
seven early-B type stars (among them three Be stars) out of the observed
14 cluster members (Hubrig et al. 2009b [I1]).

For nine early type Be stars, we obtained time-resolved magnetic field
measurements over ~one hour (up to 30 measurements) with FORS1 at
the VLT. For A\ Eri, we were able to detect a period of P = 21.1min in
the magnetic field measurements (see Fig. [7]). The spectral line profiles of
A Eri exhibit short-time periodic variability (see Fig. B) due to non-radial
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Figure 5. Stokes I and Stokes V spectra of the Be star o Aqr ((B;) = 98+31G)
in the region including the H§ and H~ lines.
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Figure 6. Left: Stokes I and Stokes V' spectra in the blue spectral region around
high number Balmer lines of the He peculiar member NGC 3766-170 of the young
open cluster NGC 3766 with the magnetic field (B,) = 1559 + 38 G, measured
on hydrogen lines. Right: Stokes I and Stokes V' spectra around high number
Balmer lines for the candidate Be star NGC 3766-45, with a magnetic field (B,) =
—194 + 62 G measured on hydrogen lines.

pulsations with a period of 0.7d (Kambe et al. 1993 [12]). Furthermore,
Smith (1994 [13]) detected dimples with a duration of 2-4h. Do we see
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Figure 7. Phase diagram and amplitude spectrum for the magnetic field mea-
surements of A Eri in 2006 August using hydrogen lines (left) and all lines (right).
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Figure 8. Spectrum variability of A Eri on three different nights: on 2006 August
8 (bottom), 2007 November 27 (middle), and 2007 November 28 (top).

strong local magnetic fields?
Apart from A Eri, four other stars showed indications of magnetic
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cyclic variability on the scales of tens of minutes (Hubrig et al. 2009b
[11]). A similar magnetic field periodicity (P = 8.8 min) was detected for
the BO star § Car (Hubrig et al. 2008 [14]). These stars are good candidates
for future time-resolved magnetic field observations with high-resolution
spectropolarimeters.

4. Conclusions

Our magnetic field measurements using various spectropolarimetric instru-
ments have revealed the presence of magnetic fields in a number of differ-
ent B-type stars, including SPB, 8 Cep, and Be stars. New high-resolution
spectropolarimetric observations with HARPS support the magnetic na-
ture of the studied stars. Future observations are urgently needed to de-
termine the role of magnetic fields in these objects.
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