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Abstract. In comparison with stellar magnetic field studies in the eighties and nineties, where
most effort was focused on A, B, and active solar-type stars, magnetic fields are currently directly
measured in massive early B and O stars with radiative envelopes, as well as in the lower mass tail
consisting of fully convective late-M dwarfs. Knowledge of the magnetic field topology of stars
of different mass and at different evolutionary stages is important to understand the underlying
magnetic field generation mechanisms. I review the present status of magnetic field studies along
with the results of theoretical modeling.
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1. Introduction

The presence of a convective envelope is a necessary condition for significant magnetic
activity. Magnetic activity is found all the way from the late A-type stars (e.g. in Altair:
Robrade & Schmitt 2009) with very shallow convective envelopes down to the coolest
fully convective M-type stars. Among the early-type main sequence A and B stars, fields
with large-scale organised structure consistent with the oblique rotator model have been
detected in the subgroup of the Ap and Bp stars. Although these stars have the best
studied fields among the early-type stars, the origin of their magnetic fields is still poorly
understood. The presence of magnetic fields in massive early B and O stars is known in a
very small sample only, but advances in instrumentation over the past decade have led to
magnetic field detections in a 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 the absorption line profiles.

2. The presence of a convection zone in massive stars

Recent theoretical developments have highlighted the potentially significant influence
of magnetic fields on the structure, evolution and environment of massive stars. The
presence of a convection zone in the outer envelope of hot massive stars was recently
studied by Cantiello et al. (2009). The authors used a stellar evolution code to compute
a grid of massive star models at different metallicities. A small convection zone in the
envelopes of sufficiently luminous massive main-sequence stars due to the so-called iron
peak in stellar opacities was previously predicted by Slothers & Chin (1993).

Cantiello et al. mapped the strength of the iron convection zone (FeCZ) in the H-R
diagram showing its prominence as a function of stellar parameters. Since in their models
the FeCZ has a spatial extent similar to the solar convection zone, the authors suggest

171

https://doi.org/10.1017/51743921309992596 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921309992596

172 S. Hubrig

450 [T
[ &' CMa
400 i 4

350

<B >y [G]

w

j=3

S
R
——

200F .

150:...|...|...|...|...1...
400 600 800 1000 1200 1400 1600
MIJD-53000

Figure 1. Magnetic field measurements for one of the hottest 3 Cep star, £&! CMa, during the
last 4.4 years.
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Figure 2. A study of the magnetic field of the B0.2V star # Car. Left: Fourier spectrum for
the magnetic field data. The horizontal line gives the noise level. Right: Phase diagram for the
same dataset for the best candidate frequency of 0.0019 Hz, i.e. about 8.8 minutes.

that a dynamo may also work in rapidly rotating OB stars. The rise time of buoyant
magnetic flux tubes from the FeCZ to the stellar surface will then be then much shorter
than in the model by MacGregor & Cassinelli (2003), who considered the rise of flux tubes
from the convective core. The interaction of the stellar wind with the localized surface
magnetic field could increase the loss of stellar angular momentum and could probably
explain co-rotating density patterns in the outflowing wind. No definitive magnetic field
was ever detected in Wolf-Rayet stars and currently only half a dozen of O stars have
published magnetic fields (e.g., Donati et al. 2002; Donati et al. 2006a; Hubrig et al.
2008a). Among the hottest early B-type stars, a weak (~ 40 G) magnetic field has been
discovered in the B0.2V star 7 Sco (Donati et al. 2006b) and in one of the hottest 5 Cephei
stars, the B0.7IV star £! CMa, with a rather large longitudinal magnetic field of up to
400 G (Hubrig et al. 2006a). The amplitude of the observed magnetic field variations in
the B0.7IV star ¢! CMa is rather low: The obtained values of the longitudinal magnetic
field are in the range from 280 to 410G (see Fig. 1). Our search for a variation period
of the magnetic field in this star using a Fourier analysis did not reveal any significant
frequency (Hubrig et al. 2009a).

The results of the search for a magnetic field in another hot star, 8 Car, with spectral
type B0.2V, using FORS 1 at the VLT were rather inconclusive (Hubrig et al. 2008b).
To monitor the behaviour of the magnetic field over at least a part of the stellar surface,
we carried out a time series of exposures with short integration time over the time span
of ~1.2 h. The observed magnetic field changed several times from positive to negative
values over the observing time span. To find the period of variations of the magnetic
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Figure 3. Phase diagram and amplitude spectrum for the magnetic field measurements of the
Be star AEri in August 2006.

field, we performed a Fourier analysis of the magnetic field measurements. The Fourier
spectrum with an amplitude of the magnetic field variation of 202443 Gauss and the
phase diagram for f = 0.0019Hz are presented in Fig. 2, indicating a possible cyclic
variability of the magnetic field.

A number of physical processes in classical Be stars (e.g., angular momentum transfer
to a circumstellar disk, channeling stellar wind matter, accumulation of material in an
equatorial disk, etc.) are more easily explainable if magnetic fields are invoked. For ten
Be stars we performed time-resolved magnetic field measurements over one hour (corre-
sponding to a time series of 20 to 30 measurements per star; Hubrig et al. 2009b). In this
way, similar to the study of # Car, we obtained information on the behaviour of the local-
ized transient magnetic field over a part of the stellar surface. In the obtained amplitude
spectra a 2.40 peak corresponding to a period of 21.12 min was detected in the data set
of measurements carried out using hydrogen lines in the Be star AEri (see Fig. 3). Our
observations indicate that a strong field could possibly exist locally, but with a topology
such that its net effect can appear only sporadically in disk-integrated variations. Our
time-resolved magnetic field measurements of the remaining Be stars indicate that four
other Be stars may display a magnetic cyclic variability on a time scale of minutes or
tens of minutes. However, since the mechanism of the generation and maintenance of
magnetic fields in massive stars is not well understood yet, we are cautious in drawing
any conclusion on the behaviour of a magnetic field in # Car or the studied Be stars.

3. Stars of spectral type B6-A0 with HgMn peculiarity and Ap/Bp
stars with large-scale organized magnetic fields

Our recent studies of spectroscopic binaries with B6-A0-type suggest that the majority
of slowly rotating late B-type stars formed in binary systems with certain orbital param-
eters become HgMn stars. The aspect of inhomogeneous distribution of some chemical
elements over the surface of HgMn stars has been, for the first time, discussed by Hubrig
& Mathys (1995) and has been confirmed in recent studies (e.g. Hubrig et al. 2006b).
In Fig. 4 we present a typical Doppler Imaging reconstruction of Y on the surface of a
HgMn star, in this case the eclipsing SB2 HgMn binary AR Aur (e.g. Savanov et al. 2009).
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Figure 4. Results of the Doppler Imaging reconstruction of Y on the surface of the eclipsing
binary AR Aur. Spherical Doppler Imaging maps are presented at four equidistant rotational
phases (upper panel). The rectangular plot (lower panel) shows a pseudo-Mercator projection
of the surface maps.

The distribution of some elements was found to present fractured rings around the stellar
rotational equator with some features close to the rotational pole.

For one SB1 system, HD 11753, it was possible to gather a large number of spectra
with the CORALIE echelle spectrograph attached to the 1.2m Leonard Euler telescope
on La Silla in Chile. In total, we obtained 113 spectra at a spectral resolution of 50,000
(Briquet et al., in preparation). Also for this system many spectral lines exhibit clear
variations. In Fig. 5 we present stacked images combining the observed spectra in phase
bins with steps of 0.04.

It is a fundamental question whether magnetic fields play a significant role in the de-
velopment of anomalies in binary B-type stars. Answering this question is also important
for the understanding of the processes taking place during the formation and evolution
of B stars in general. A scenario how a magnetic field can be built up in binary sys-
tems has been presented some time ago by Hubrig (1998) who suggested that a tidal
torque varying with depth and latitude in a star induces differential rotation. Differen-
tial rotation in a radiative star can be prone to magneto-rotational instability (MRI).
Magnetohydrodynamical simulations by Arlt et al. (2003) revealed a distinct structure
for the magnetic field topology similar to the fractured elemental rings observed on the
surface of HgMn stars. The initial model differential rotation was hydrodynamically sta-
ble (Taylor-Proudman flow), but the introduction of a magnetic field excites the MRI
on a very short time-scale compared to the time-scale of microscopic magnetic diffusion.
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Figure 5. Variations of line profiles of different elements in the CORALIE spectra of the SB1
system HD 11753 as a function of rotation phase.

Figure 6. 3-D simulation of magnetic field lines after the onset of MRI. Blue shows radial
magnetic field B, < 0, while red stands for B, > 0. Courtesy: R. Arlt.

Although the fields are not very strong, complex surface patterns can be obtained from
the nonlinear, nonaxisymmetric evolution of the MRI. In Fig. 6 we present a 3-D simu-
lation of magnetic field lines after the onset of MRI.

The magnetic fields of Ap and Bp stars have a simple non-axisymmetric topology
and exhibit virtually no intrinsic variability on short and long time scales. The origin
of the magnetic fields of Ap and Bp stars and details of their peculiar properties are
still mysterious in spite of large efforts in their study. It is not clear yet whether their
magnetism is related to the fossil magnetic fields from the interstellar medium, or results
from some dynamo action capable of generating fields in radiative zones. Riidiger &
Kitchatinov (2009) argued that non-axisymmetric poloidal fields of Ap and Bp stars can
result from a kink-type instability of their internal toroidal fields. Using this mechanism,
they explain the relative slow rotation and observational low boundary of magnetic field
strengths of these stars. Featherstone et al. (2007) used detailed 3-D simulations to study
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the interaction of a primordial twisted magnetic field in the radiative envelope with the
core-dynamo operating in the interior of an A-type star. They conclude that the interplay
between such a field and the stellar dynamo can lead to the development of an organized
large-scale magnetic structure.

4. Activity in the Sun and solar-type dwarfs, evolved single stars,
and fully convective stars

It has been long assumed that solar-type stars lose their angular momentum via a mag-
netized wind, spin down, and become less active during their main sequence phase (e.g.,
Skumanich 1972; Soderblom et al. 1991). Gyrochronology relations (curves in colour-
period-age space) were introduced by Barnes (2007) and improved upon by Mamajek &
Hillebrand (2008). The rotation rate can also be tied to dynamo strength via the Rossby
number, which is observationally defined as the rotation period divided by an estimate of
the local convective turnover time just above the convective-radiative boundary (Noyes
et al. 1984). By combining a gyrochronology relation with the logR}; ,—Rossby num-
ber correlation, one can predict activity as a function of colour and age (Mamajek &
Hillebrand 2008). Another useful empirical relation involves a strong correlation between
coronal X-ray activity and rotation via the Rossby number (e.g. Hempelmann et al.
1995). One of the goals of research on stellar magnetic activity is to understand, from a
theoretical point of view, how these empirical relations constrain stellar dynamo theory.
Despite considerable efforts in theoretical stellar dynamo studies, there are still funda-
mental open questions concerning the deep meaning of these relations (e.g. Montesinos
et al. 2001).

In contrast to solar-type stars, the Ca II H4+K emission from evolved single stars with
low mass is weak. The drop in chromospheric emission from giants with decreasing Tog
corresponds to an even sharper drop in emissions from the transition region and corona.
This has led to the discovery of so-called dividing lines in the H-R diagram. HST imaging
of the M2 supergiant Betelgeuse has shown a bright spot in ultraviolet (Mg II H&K)
wavelengths (Gilliland & Dupree 1996), i.e. located in the star’s dynamic chromosphere
above the photosphere. It was the first direct detection of stellar surface inhomogeneity
on a star other than the Sun. Also some other observations, such as maser polarization in
circumstellar envelopes of AGB stars (e.g. Sivagnanam 2004) or X-ray emission observed
from some cool giant stars (e.g. Hiinsch et al. 1998) suggest the existence of magnetic
activity in late-type giants. The first systematic search for the presence of magnetic
fields in bright giants of different spectral types and with different X-ray luminosities was
carried out ~15 years ago by Hubrig et al. (1994) who reported 3o detections for four
giants. In the last years, using the LSD technique, Konstantinova-Antova et al. (2008)
detected Zeeman signatures of the magnetic field in several other giants. Numerical MHD
simulations of non-linear dynamo action in Betelgeuse were presented by Dorch (2004).
Three different modes of dynamo action were recognized in his computations, but it was
not possible to conclude on the presence of a magnetic field since such a field is not
observed.

Recent observations of active mid-M dwarfs confirmed that dynamo processes in
fully-convective stars with masses of about 0.3Mg are very successful at generating
strong poloidal fields with simple axisymmetrical configurations (e.g. Morin et al. 2008).
For lower mass stars strong and simple large-scale fields were detected, while some stars
display weaker and more complex magnetic field topologies. In Fig. 7 we present af)
dynamo simulations applied to the rapidly rotating fully convective M4 dwarf V374 Peg,
for which an axisymmetric field was reported (M. Kiiker, private communication).
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Figure 7. af) dynamo model simulations: The star has solar-type differential rotation, i.e. it
rotates faster at the equator than at the poles. The resulting magnetic field is axisymmetric
and (essentially) dipolar. This model can be applied to the rapidly rotating fully convective M4
dwarf V374 Peg, for which an axisymmetric field was reported. Courtesy: M. Kiiker.
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Figure 8. a’-dynamo model simulations: This dynamo works without differential rotation. All
field components are generated by the helicity of the convective gas motions (a—effect). This
type of dynamo does not prefer axisymmetric fields and the presented field is purely non-ax-
isymmetric. The surface field shows large regions of strong vertical fields. Courtesy: M. Kiiker.

Large-scale magnetic topologies and surface differential rotation seem to change at spec-
tral type ~M3.5 at the boundary to full convection (e.g. Reiners & Basri 2009). 3-D
nonlinear MHD simulations of the interiors of fully convective M-dwarfs of about 0.3 Mg
were recently presented by Browning (2008). Despite of the lack of strong differential
rotation, the magnetic fields realized in his simulations possess significant axisymmetric
components attributed to the strong influence of rotation on the slowly overturning flows.

5. Magnetic fields in star formation: T Tau stars and Herbig Ae stars

Magnetic fields are important ingredients of the star formation process (e.g. McKee &
Ostriker 2007). Accumulated direct and indirect evidence points to a much higher level
activity in the young Sun (e.g. meteoritic traces and studies of young solar analogs).
T Tauri stars stand out by their very large emissions in the chromospheric and transition-
region lines. A model for the generation of magnetic fields in fully convective pre-main
sequence stars was presented by Kiiker & Riidiger (1999), Chabrier & Kiiker (2006), and
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Figure 9. Stokes I and V spectra of the Herbig Ae/Be star HD 101412, with the largest detected
magnetic field. Left panel: Zeeman features in Ho, Hg, Ca II H&K, and He profiles. Right panel:
Stokes I and V spectra in the vicinity of the Hy line.

Kiiker (2009), who considered a dynamo process of a?-type. The non-linear induction
equation was solved in three dimensions to allow for non-axisymmetric solutions. The
resulting magnetic field was found purely non-axisymmetric and steady (see Fig. 8). Two
years later Kitchatinov (2001) carried out simulations of a convection zone dynamo and
an internal field captured by a growing radiative core for a pre-main sequence solar mass
star. His computations suggest that an infant Sun with its core just starting to grow
generates a non-axisymmetric global field.

The quite recent work of Sokoloff et al. (2008) was based on a representation of the
stellar magnetic field as a superposition of a finite number of poloidal and toroidal free
damping modes. Assuming a “realistic” law of stellar differential rotation the authors
found that a dynamo starts to work in fully convective stars when the dynamo number
D> 5x103.

The presence of magnetic fields in Herbig Ae stars has long been suspected, in particu-
lar on account of Ha spectropolarimetric observations pointing out the possibility of the
existence of a physical transition region in the H-R diagram from magnetospheric accre-
tion, similar to that of classical T Tau stars (e.g. Vink et al. 2002). In the course of our
spectropolarimetric studies of Herbig Ae stars (Hubrig et al. 2004; Hubrig et al. 2006¢;
Hubrig et al. 2007; Hubrig et al. 2009¢) we have for the first time examined the rela-
tion of the measured field strengths to various parameters that characterize the star-disk
system.

In our sample, the Herbig Ae star HD 101412 exhibited the largest magnetic field
strength: (B,) = —454+42 G. In Fig. 9 we present distinct Zeeman features detected at
the positions of the hydrogen Balmer lines and the Ca IT H&K lines.

In Fig. 10, on the left side, we present the strength of the magnetic field plotted versus
log Lx. We find a hint for an increase of the magnetic field strength with the level of
the X-ray emission, also supported by the correlation analysis which yields a >90 %
probability that a correlation is present between (B,) and log Lx. This could suggest a
dynamo mechanism responsible for the coronal activity in Herbig Ae stars.

There are also clear indications for a trend towards stronger magnetic fields in younger
Herbig Ae stars (Fig. 10, right side). The magnetic fields become very weak at the end
of their PMS life. Similarly, strong X-ray sources are only found at the youngest ages, in
qualitative agreement with the predictions of a shear dynamo that decays within a few
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Figure 10. Left panel: The strength of the longitudinal magnetic field plotted over the X-ray
luminosity. Right panel: The strength of the longitudinal magnetic field as a function of age.
Filled circles denote Herbig Ae stars with a 30 magnetic field detection, while open circles denote
Herbig Ae stars with non-detections. Squares denote stars with debris disks, of which none has
a 30 magnetic field detection.

Myrs as the rotational energy of the star decreases (Tout & Pringle 1995). Furthermore,
the stars seem to obey the universal power-law relation between magnetic flux and X-ray
luminosity established for the Sun and main-sequence active dwarf stars (Pevtsov et al.
2003).

6. Summary

Dynamo models have undergone considerable progress in recent years, evolving from
the solar dynamo to the larger class of stellar dynamos. To better understand the mag-
netic field generation in various types of stars it is necessary to obtain in future observa-
tions more information on activity, magnetic fields and magnetic field topology in stars
of different mass and at different age. Testing the present dynamo models against obser-
vational constraints is crucial to identify necessary steps for the further development of
dynamo theories.
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