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Abstract We review magnetic-field measurements of nondegenerate stars across the
Hertzprung—Russell diagram for main sequence, premain sequence, and postmain sequence
stars. For stars with complex magnetic-field morphologies, which includes all G-M main
sequence stars, the analysis of spectra obtained in polarized vs unpolarized light provides
very different magnetic measurements because of the presence or absence of cancellation by
oppositely directed magnetic fields within the instrument’s spatial resolution. This cancella-
tion can be severe, as indicated by the spatially averaged magnetic field of the Sun viewed
as a star. These averaged fields are smaller by a factor of 1000 or more compared to spa-
tially resolved magnetic-field strengths. We explain magnetic-field terms that characterize
the fields obtained with different measurement techniques. Magnetic fields typically control
the structure of stellar atmospheres in and above the photosphere, the heating rates of stel-
lar chromospheres and coronae, mass and angular momentum loss through stellar winds,
chemical peculiarity, and the emission of high energy photons, which is critically important
for the evolution of protoplanetary disks and the habitability of exoplanets. Since these ef-
fects are governed by the star’s magnetic energy, which is proportional to the magnetic-field
strength squared and its fractional surface coverage, it is important to measure or reliably
infer the true magnetic-field strength and filling factor across a stellar disk. We summarize
magnetic-field measurements obtained with the different observing techniques for different
types of stars and estimate the highest magnetic-field strengths. We also comment on the
different field morphologies observed for stars across the H-R diagram, typically inferred
from Zeeman-Doppler imaging and rotational modulation observations.
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List of Acronyms and Abbreviations

BBLP
BOB
CFHT
CP
CRIRES
DI

ESO
ESP,DO,S
FEROS
FORSI
FORS2
FUV
GTO
HARPS
HARPSpol
HINODE
IVQU
LTE
LSD
MDI
MHD
MiMeS
MOST
NIM
NSO
RGB

SB
SOFIN
SOHO
SOT
SOT/SP
SPB
SVD

uv

VLT
ZAMS
ZDI

Broad-band linear polarization

B fields in OB stars consortium
Canada-France-Hawaii Telescope

Chemically preculiar A- and B-type stars

CRyogenic high-resolution InfraRed Echelle Spectrograph
Doppler imaging

European Southern Observatory

a high-resolution spectrograph on the CFHT telescope
Fiber-fed Extended Range Optical Spectrograph
FOcal Reducer and low dispersion Spectrograph

New version of FORS1

Far ultraviolet (912—-1700 A)

Guaranteed time observer

High Accuracy Radial Velocity Planet Searcher
HARPS with polarizing optics

Solar-B satellite

Components of the Stokes polarimetry vector

Local thermodynamic equilibrium

Least-squares deconvolution

Michelson Doppler imager

Magnetohydrodynamics

Magnetism in Massive Stars collaboration
Microvariability and Oscillations of STars satellite
Near Infrared Magnetograph

National Solar Observatory

Red giant branch stars

Spectroscopic binary stars

An optical high-resolution spectrograph on the Nordic Optical Telescope
Solar and Heliospheric Observatory

Solar Optical Telescope

SOT Spectropolarimeter

Slowly pulsating B-type stars

Singular value decomposition method for Stokes profile reconstruction
Ultraviolet (912-3000 A)

Very Large Telescope

Zero-age main sequence

Zeeman Doppler imaging

1 Introduction and Terminology

A prominent solar physicist once remarked,

“If the Sun did not have a magnetic field, it would be as uninteresting as most as-
tronomers consider it to be.”

@ Springer



Magnetic Fields in Nondegenerate Stars 29

Table 1 Magnetic field terminology

Measurement type

Spatially unresolved observations

Filling factor included

Filling factor separate

Stokes I unsigned
line-of-sight spectra
(no cancellation)

Mean unsigned magnetic-field strength
(or flux density) (unpolarized Zeeman
broadening) (B) = Bmobp f

Unsigned magnetic-field modulus and
filling factor (unpolarized Zeeman
splitting) Byop and f

Stokes V or IVQU Net longitudinal magnetic-field Net magnetic-field modulus and filling
signed line-of-sight strength (or flux density) (Zeeman factor (Zeeman splitting) BNgT and f
spectropolarimetry broadening) (B;) = BNET f

(with cancellation)

Such statements about the Sun and stars in general ignore the important ways in which
magnetic fields typically control the structure of stellar atmospheres in and above the photo-
sphere, the heating rates of stellar chromospheres and coronae, mass and angular momentum
loss through stellar winds, chemical peculiarity, and the emission of high energy photons,
which is critically important for the evolution of protoplanetary disks and the habitability of
exoplanets. Thus, stellar structure models and phenomenological descriptions are woefully
incomplete without a clear picture of the star’s magnetic-field morphology and variability.
Here we will summarize the magnetic-field measurement techniques, observations, and phe-
nomena of nondegenerate stars. For other summaries of this topic, see the review papers by
Reiners (2012) and Donati and Landstreet (2009). For a review of theoretical ideas that have
been proposed to explain the origins and morphologies of magnetic fields in nondegenerate
stars, see the following chapter where Ferrario et al. (2015) provide an overview of turbulent
dynamo theories including a description of the inverse cascade of magnetic energy to large
scales and the back reaction of strong fields leading to saturation. Also see the review by
Donati and Landstreet (2009) and references therein and the recent papers by Nelson et al.
(2013, 2014) on solar-like dynamos.

Before proceeding, it is essential to understand magnetic-field terminology (see Table 1).
Unfortunately, these terms are often misapplied, which makes it difficult to compare theory
with observations and to identify the strongest magnetic fields on the stellar surface.

Vector Magnetic-Field Strength B(x, 7) is the true strength of the local magnetic-field
vector at a given location and time in the stellar photosphere (see Fig. 1). Although this is an
essential quantity that must be compared with theory, it is very difficult to measure. There are
very few measurements of B(x, 7) on the Sun (e.g., Rabin 1992) and, except for stars with the
simplest magnetic-field morphologies, none for stars because magnetographs have apertures
that are not able to resolve magnetic fields that are inhomogeneous on small spatial scales.
Many magnetic-field measurements are polarimetric, in which case there is cancellation by
oppositely directed fields. When such cancellations cannot be corrected for, we use the term
net magnetic-flux density, H(x, t) to describe the vector field with cancellation.

Mean Unsigned Magnetic-Field Strength Unpolarized spectra can be used to measure
the unsigned magnetic field by studying the excess broadening of high Landé g spec-
tral lines compared to otherwize similar low Landé g lines or by analyzing resolved line
splitting when the magnetic field is strong. Since the magnetic-field strength varies across
the stellar surface, it is useful to define a “mean-unsigned-magnetic-field strength”, (B),
which is an average value of the magnetic field across the stellar surface, and an “unsigned-
magnetic-field modulus” also called the “mean magnetic-field modulus” (e.g., Hubrig et al.
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Fig. 1 Left: The splitting AL = 46.67gAZB in mA of a 2p level in the presence of a magnetic field, where
B is in kGauss and g is the Landé splitting factor. Since the splitting is proportional to the magnetic-field
strength squared, the best opportunity for actually measuring B is with infrared instrumentation. Right: Cir-
cular polarization (Stokes vector V) is observed when the magnetic field is along the line of sight, and linear
polarization (Stokes vectors Q and U) is observed when the magnetic field is observed perpendicular to the
line of sight. Figure from Reiners (2012)

2005), Bmop, which is the peak magnetic-field strength. These two quantities are related by
(B) = Bmob f, where the filling factor f is the fraction of the stellar surface covered by
Byop- In the simplest case, one can approximate the distribution of magnetic field strengths
within an instrument’s field of view by a single magnetic-field strength Byjop filling a frac-
tional area f and zero magnetic field filling the remaining fractional area, 1 — f. When the
signal-to-noise ratio and spectral resolution are excellent, especially in the infrared where
the A% dependence of the o and = component splitting resolves the Zeeman pattern, Byiop
can be measured from the wavelength difference of the split components and f can be deter-
mined by fitting the depth of the Zeeman absorption components. In a few cases, for example
the measurements of the classical T Tauri star BP Tau by Johns-Krull et al. (1999), observers
have been able to identify a distribution of magnetic-field strengths with corresponding fill-
ing factors, such that Byop f = Y ; Bmon,i f;- When the magnetic field is too weak to resolve
the splitting of the Zeeman components, one can measure only (B) = Byop f -

Net Longitudinal Magnetic-Field Strength Spectropolarimeters measure net magnetic
fields produced by the cancellation of oppositely oriented magnetic fields subtended within
the instrument’s field of view—either the observed stellar hemisphere, the resolution ele-
ment obtained with Zeeman Doppler-imaging observations (see below), or the spatial reso-
lution element on the Sun. We use the term “net longitudinal magnetic-field strength”, (B,),
to refer to the magnetic field averaged over the spatial resolution element of the detector
on the Sun or the entire star, including field cancellation. We refer to the peak signed mag-
netic field in the resolution element as the “net magnetic-field modulus”, Bngr, which is
the largest signed magnetic field strength seen anywhere on the solar surface away from
sunspots or at any rotational phase of a star. The relation between these two quantities is
(B,) = Bner f, where f is the filling factor.

Since stellar magnetic fields are often complex on small spatial scales, unpolarized in-
struments measure (B), which for stars with complex magnetic-field morphologies like the
Sun is much larger than the net longitudinal field (B,). For stars with simple dipolar fields
like many of the Ap stars, these two quantities can be similar. Both instruments with and
without polarizing optics have great difficulty identifying the contribution of the strongest
magnetic fields, which typically occur in dark starspots, when measuring unresolved stellar
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emission. The presence of strong magnetic fields in dark starspots has only been measured
on the Sun with high-resolution infrared instruments as we will show. For all other obser-
vations of the Sun and stars, instruments measure a magnetic quantity that is smaller, and
often much smaller, than the highest value of B(x, 7).

2 Techniques for Measuring Magnetic Fields

In this section, we discuss magnetic field observations obtained by four direct and three
indirect techniques. For additional discussion of this topic see Reiners (2012) and Donati
and Landstreet (2009).

Net Circular Polarization This is the classical technique used for more than 100 years
to measure net longitudinal magnetic-field strengths, (B,). The magnetic signal is provided
by the difference between opposite circular- polarization spectra (blue—red in Fig. 1) for a
spectral line with a large Landé g factor. The required instrumentation is relatively simple,
but oppositely directed fields cancel within a spatial resolution element. Also, since these
measurements are only sensitive to the longitudinal component of the magnetic-field vector,
they refer to the net magnetic-field strength rather than the vector magnetic-field strength,
B(x, ). Since circular polarization is not sensitive to nonmagnetic line broadening, this tech-
nique can measure weak magnetic fields. However, signal saturation when measuring strong
magnetic fields can limit the range of measurable fields. When observing stars with largely
organized magnetic fields, such as the chemically peculiar stars, measurements of (B,) are
invaluable tools to learn about the net magnetic-field modulus, Bngr, and the magnetic topol-
ogy, since the magnetic field changes in a characteristic way while the star rotates.

Zeeman Broadening Spectral lines with large Landé g factors are broadened more than
lines with small g factors. The excess broadening of a high g line compared to a low g
line provides a measure of the unsigned magnetic-field strength averaged over the stellar
hemisphere, (B). However, the high and low g lines must have nearly the same broadening,
except for the magnetic component, as likely occurs for two spectral lines of similar strength
formed in the same region of the atmosphere and preferably from the same element or
ion. This technique first developed by Robinson et al. (1980) requires only high-resolution
spectra obtained without polarizing optics. Since many effects can broaden a spectral line,
this technique works best for measuring strong magnetic fields.

Zeeman Splitting When high-resolution spectroscopy in the infrared makes it feasible,
the resolved o components of an absorption line provide a measurement of the average
value of (B) over the stellar surface or observed region on the Sun. For the strong magnetic
fields of the Ap stars, Zeeman splitting is also observed in the visible.

Zeeman Doppler Imaging The Doppler-imaging (DI) technique provides relative bright-
ness images of the surface of a rotating star in a spectral line. At each rotational phase, the
bright and dark regions along each stellar longitude modify the spectral line profile at their
corresponding Doppler shifts. Analysis of high-resolution spectra obtained at many rota-
tional phases lead to a synthetic stellar image with the bright and dark regions displayed at
their proper locations across the stellar surface. The Zeeman Doppler-imaging (ZDI) tech-
nique provides magnetic-field maps of the stellar surface with comparable spatial resolution.
Instruments that measure circular polarization (i.e., Stokes vector V, which is proportional to
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(B,)) provide stellar surface maps of Bxgr f . Instruments that measure both circular and lin-
ear polarization (i.e., Stokes vectors QU, which are proportional to the transverse magnetic
field) provide surface maps of the radial, toroidal, and meridional components of Bngr f.
This technique is described in detail by Donati and Landstreet (2009). Since the spectral
resolution set by the rotation rate and the spectral resolution cannot resolve the small scale
structure of B(x, ¢), such instruments measure the vector or longitudinal components of the
net magnetic-flux density, H(x, t).

Nonthermal Radio Emission Active late-type stars are often detected by their gy-
rosynchrotron radio emission produced by relativistic electrons spiraling in coronal mag-
netic fields. Observations over a wide spectral range can provide estimates of the coronal
magnetic-field strength. Inactive stars like the Sun emit gyroresonance emission produced
by thermal electrons spiraling in coronal magnetic fields. The wavelength of third-harmonic
gyroresonant emission from solar active regions provides an accurate measure of coronal
magnetic-field strengths.

Sunspots and Starspots  Optical solar images show dark sunspots and bright faculae in the
photosphere. Magnetic-field measurements in sunspots show the strongest magnetic fields
on the solar surface and similar measurements in bright faculae show moderate-strength
fields. Dark sunspots are generally thought to be produced by magnetic suppression of con-
vective energy transport, and the bright faculae are typically explained by magnetic heating
in the low chromosphere. Doppler images and rotational modulation studies provide evi-
dence for very large starspots in active stars, providing an indirect indicator of magnetic
fields.

Indicators of Magnetic Heating Stellar chromospheres (T = 10°~10° K) and coronae
(T > 10° K) are generally thought to be heated by either the dissipation of magnetohydro-
dynamic (MHD) waves or the direct conversion of magnetic to kinetic energy (microflaring).
Both mechanisms involve magnetic fields, and the hotter outer layers produce emission lines
of CaIl, hydrogen (H-o and Lyman-«), and many highly ionized species in the UV and X-
ray spectra. These emission features provide strong evidence for the presence of magnetic
fields but do not measure magnetic-field strengths.

3 What can be Learned from a Spatially Resolved Star, the Sun?

By virtue of its proximity and brightness, the Sun provides the best laboratory for study-
ing magnetic fields on a star, but even for this special case there are important limitations.
Figure 2 shows a high-resolution magnetogram of the whole Sun and an expanded portion
near disk center obtained with the Michelson Doppler Imager (MDI) on the Solar and He-
liospheric Observatory (SOHO) spacecraft. The figure shows the net longitudinal magnetic-
field strength, (B,), obtained with the circular polarization- differencing technique by ob-
serving the Ni I 6768 A line with a Landé g = 1.43. With 2 x 2" pixels, MDI could not
measure unsigned magnetic-field strengths as the magnetic-field morphology is inhomo-
geneous on smaller spatial scales. Since the largest (B,) values shown in this figure are
4250 G, the maximum resolved magnetic-field strengths, Byiop, must be much larger. How
much larger? To answer this question, we consider another observing technique.

For Zeeman-sensitive lines with large Landé g factors observed in the infrared, the
wavelength-splitting pattern obtained when opposite circular-polarization spectra are sub-
tracted is larger than the linewidth. In this case, the observed splitting is proportional to the

@ Springer



Magnetic Fields in Nondegenerate Stars 33

Solar magnetograms obtained with the Michelson
Doppler Imager (MDI) instrument on SOHO

Magnetic flux/aperture is the spatially
averaged magnetic field strength

Fig. 2 Magnetic-flux densities of the whole Sun (right) and the center of the solar disk (leff) obtained by
the MDI instrument on the Solar and Heliospheric Observatory (SOHO) spacecraft with a resolution of 2.
White and black refer to opposite orientations of the net longitudinal magnetic-field strength

net magnetic-field strength modulus, Bygr, and the amplitude of the circular polarization
signal indicates the approximate filling factor of the magnetic field in the solar photosphere
at this spatial resolution. Rabin (1992) used this Zeeman-splitting technique to measure
the distribution of magnetic fields in a solar active region by observing the Fe I 1.565 um
line. The distribution shown in Fig. 3 has a peak near Bxgr = 1300 Gauss with a width of
270 Gauss. Rabin estimated that the filling factor for the 1300 Gauss field is f = 0.1-0.2,
implying that (B,) = Bngr.f should be approximently 130-260 Gauss. By comparison, the
distribution of net longitudinal magnetic-field strengths measured in the optical spectrum
with the National Solar Observatory (NSO) magnetograph in the same active region at
the same time ranges between 0 and 500 Gauss with most resolution elements showing
(B,) <250 Gauss. Since both instruments had similar spatial resolution of 2", the two data
sets are consistent. This comparison suggests that magnetic flux measurements without in-
dependent estimates of f would underestimate the magnetic-field modulus by a factor of
5-10, even for the high spatial-resolution observations of the Sun. The lack of spatial reso-
lution for stellar observations suggests that there is an even larger discrepancy between Bngr
and (B,) for stars.

The Solar Optical Telescope/Spectropolarimeter (SOT/SP) on the HINODE satellite pro-
vides 0732 angular resolution and 1073 polarization sensitivity. Viticchié et al. (2011) have
inverted a representive sample of these Stokes V data with a code that allows for unresolved
magnetic elements smaller than even this extremely high resolution. They found a distribu-
tion of net magnetic-field modulus values with the largest fraction of the observed field at
Bner = 1600 Gauss. They also found that 95.5 % of their observed region in the photosphere
had no, or very weak, magnetic fields such that the (B,) = 66 G. This analysis provides a
picture of the nearest star in which photospheric magnetic fields are concentrated in very
thin flux tubes with a distribution of field strengths up to 1600 Gauss. Such stars occupy a
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Fig. 3 Plotted on the right is the histogram (y axis) of the net magnetic-field modulus, BNET, measured in a
solar active region by the Near Infrared Magnetograph (NIM). The 22 splitting of the Zeeman o components
permits measurements of true magnetic field strengths in the infrared. Plotted on the left is the histogram
(also y axis) of the net-longitudinal magnetic-field strength (also called flux density), (B;), in the same active
region observed at the same time by the National Solar Observatory (NSO) magnetograph. The x-axis plots
the corresponding magnetic-field strengths measured in the two different ways. The NIM was able to measure
BNET values from the complete splitting in Stokes V spectra of the Fe I 1.565 pm line with Landé g = 3.00,
whereas the NSO magnetograph observing in the optical could not detect the splitting of spectral lines in
Stokes V, resulting in field cancellation and averaging of the inhomogeneous field. Figure from Rabin (1992)

very small fraction of the photosphere at its base, and then rapidly decrease with height as
the flux tubes expand. If this picture of the solar magnetic-field morphology is representative
of other convective stars, then from measurements of stellar mean magnetic-field strengths
(signed or unsigned) it will be very difficult to infer magnetic modulus values, filling factors,
and magnetic energies.

The strongest solar magnetic fields are found in sunspot umbrae. Moon et al. (2007)
analyzed Stokes IVQU spectra of the Fe I 6301.5 A line observed in a sunspot umbra with
the SOT/SP instrument on HINODE. In these 0”6 resolution spectra, they found maximum
net field strengths of about 4500 Gauss. These field strengths are about 1000 Gauss stronger
than typical ground-based measurements (e.g., Pevtsov et al. 2014) likely because of the
absence of spartial smearing due to seeing and minimal scattered light in the SOT/SP data.

Measuring the net longitudinal magnetic field of the Sun viewed as an unresolved point
source by a distant observer can be done by studying the solar spectrum reflected by an
asteroid or by integrating whole disk magnetograms. An example of the first approach is
the study of the solar spectrum reflected by Vesta that Daou et al. (2006) found to have
(B,) = —4 £ 3 Gauss. This is a very small net field compared to the active stars described
below. An example of the second approach is the measurement by Plachinda et al. (2011)
who found (B,) = 2 Gauss at the maximum of the solar activity cycle and +0.2 Gauss at
the minimum. Schrijver and Liu (2008) found total magnetic fluxes of 25 x 10%> Maxwells
at times of solar minima and 100 x 10?2 Maxwells at the maxima of the sunspot cycle
by integrating global magnetograms obtained with the SOHO/MDI instrument. For com-
parison, individual active regions on the Sun have magnetic fluxes in the range 10% to
3 x 10%2 Maxwells. For a more detailed description of the solar magnetic field see, for ex-
ample, Schrijver and Zwaan (2000).

4 Pre-Main Sequence Stars

Magnetic fields play key roles in essentially all aspects of the star formation process (e.g.,
McKee and Ostriker 2007). Models of magnetically driven accretion and outflows success-
fully reproduce many observational properties of low-mass pre-main sequence stars, also
called young stellar objects (YSOs). While indirect observational evidence for the presence
of magnetic fields in these stars is manifested in strong X-ray, FUV (912-1700 A), and UV
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(912-3000 A) emission, flaring, and gyrosynchrotron radio emission (e.g., Feigelson and
Montmerle 1999), there are now many direct observations of YSO magnetic fields.

4.1 T Tauri Stars

The evolution of YSOs from dense clumps of interstellar gas and dust to main sequence
stars proceeds through several stages (Feigelson and Montmerle 1999). The earliest phase
of a protostar (referred to as a Class 0 object) consists of a collapsing massive disk detectable
only at millimeter and far-infrared wavelengths. After about 10° years, the collapsing cloud
has formed a Class I object consisting of a heavily obscured star heated by the release of
gravitational energy and a large circumstellar disk. After about 106 years, the star becomes
optically visible above and below the plane of the disk, although the visible spectrum is
veiled by emission from the disk. These stars are called Classical T Tauri stars (CTTSs)
or Class II objects. Strong UV emission seen in CTTSs results mostly from accretion of
gas along magnetic field lines from the disk to the star, producing postshock regions with
strongly enhanced emission in the He I 25876 and other lines. Strong X-ray emission can be
produced in the postshock region, closed-field lines in the stellar corona, and where stellar
and disk magnetic fields interact. In the last stage of evolution to the main sequence, which
occurs between a few million years and 107 years, most of the gas and dust from the disk has
condensed into planets or has been accreted onto the star, which is now called a Weak-lined
T Tauri star (WTTS) or Class III object. WTTSs are often called naked TTSs because their
ultraviolet emission line spectrum is no longer obscured by a disk.

Zeeman broadening of infrared absorption lines provides a powerful tool for measuring
the unsigned magnetic-field strengths, (B), of CTTSs. Johns-Krull (2007) summarized pre-
vious studies and included new measurements for 15 CTTSs (mostly spectral types K7-M2)
in the ~2 Myr old Taurus region. Analysis of spectropolarimetry of four Ti I lines at wave-
lengths near 2.2 um allowed him to solve for the distribution of field strengths and their sum
to obtain (B). These field strengths do not correlate with the predictions of several magne-
tospheric models and are typically twice as large as predicted by pressure equilibrium with
the photospheric gas, unlike the case for main sequence stars. He argued that the need for
horizontal pressure balance requires that strong fields must cover the entire stellar surface of
CTTSs. Since spectropolarimetric measurements (see below) indicate much weaker fields
for these stars, the fields needed for horizontal pressure balance must have complex mor-
phologies rather than be simple inclined dipoles. These strong complex fields are dynamo-
driven in the stellar convective zone starting from “seed” primordial fields. The role of strong
magnetic fields in controlling the accretion flow from disks to small areas at high latitudes
on the stellar surface is now generally accepted, see the review by Bouvier et al. (2007). The
Reiners (2012) review paper includes an updated list of Zeeman-broadening measurements
for pre-main sequence stars.

The Zeeman-broadening technique has permitted Johns-Krull and collaborators to sam-
ple the unsigned magnetic fields of pre-main sequence stars with a range of ages younger
and older than the CTTSs in Taurus. Johns-Krull et al. (2009) obtained the first mea-
surement of the magnetic-field strength of a Class 1 protostar WL 17. They obtained
(B) = 2.9 & 0.43 kG, which corresponds to three times the photospheric gas pressure in-
dicating that the entire photosphere of this embedded ~ 10° yr protostar is likely dominated
by strong fields. Yang and Johns-Krull (2011) studied 14 Class II CTTSs (spectral types K3—
M1.5) in the 1 My old Orion Nebular Cluster. These stars have measured (B) between 1.3
and 3.45 kG with magnetic pressures about twice that of the photospheric gas pressure. The
~10 Myr old TW Hya association contains stars at the very end of the pre-main sequence

@ Springer



36 J.L. Linsky, M. Scholler

phase. Using the same observational technique, Yang et al. (2008) found that magnetic fields
of five Class III naked TTSs with spectral types K7-M3 have (B) = 3.1-4.9 kG. For these
stars the photospheric magnetic pressure also dominates the gas pressure. Comparing the
magnetic fields of the youngest to the oldest pre-main sequence stars, Yang and Johns-Krull
(2011) found no dependence on age for the unsigned magnetic-field strength but a system-
atic decrease in the magnetic flux (47 R?(B)) with age as a result of the systematic decrease
of stellar radius with age.

Spectropolarimetry provides the basis for mapping the topological structure of large-
scale magnetic fields of pre-main sequence stars. While the magnetic fields of many CTTSs
have now been mapped, the 1.5 Myr star BP Tau observed by Johns-Krull et al. (1999),
Donati et al. (2008b), and Chen and Johns-Krull (2013) provides an illustrative example. All
three studies found that the circular polarization seen in the He I A5876 and several other
emission lines, which are produced in postshock accretion regions, occur in very small areas
(2-3 % of the stellar surface) generally located at high latitudes. The longitudinal magnetic
field strength in BP Tau’s accretion region was measured by Johns-Krull et al. (1999) to be
(B) = 2460 %+ 120 G by the Zeeman-broadening technique but as large as 12 kG by Donati
et al. (2008b) using the ZDI technique. The reason for this large discrepancy is uncertain.
The correspondence of Stokes I and Stokes V images led Donati et al. (2008b) to conclude
that the accretion region overlies a large dark starspot in the photosphere near the star’s
rotational pole. All three studies agree that the dark starspot covers about 25 % of the visible
surface and that the remainder of the star is threaded with strong, but tangled, magnetic
fields with an unsigned magnetic field strength (B) = 2.6 &= 0.3 kG, but only an upper limit
to the mean longitudinal magnetic field measured by differencing absorption line profiles in
opposite circular polarizations. Donati et al. (2008b) found that a simple approximation to
the magnetic-field topology is the sum of tilted dipole and octopole components, but only
90 % of the large scale magnetic energy is poloidal, with the remainder torroidal. Since the
measured magnetic-field strength exceeds pressure equilibrium with the photospheric gas,
the entire surface must be covered by strong radial or complex magnetic fields. According
to Donati et al. (2008b), the strong fields are likely produced by dynamo processes in the
star’s convective zone rather than being primordial.

Donati and an international team of collaborators have nearly completed the Magnetic
Protostars and Planets (MaPP) project to map the surface brightness and magnetic-field
topology of 15 CTTSs using the ESPaDOnS spectropolarimeter on the 3.6 m Canada-
France-Hawaii Telescope and the NARVAL spectropolarimeter on the 2 m Télescope
Bernard Lyot. The observed CTTSs include the very low mass 0.35 Mg star V2247 Oph
(Donati et al. 2010a) and the 0.7 M CTTSs DN Tau (Donati et al. 2013) and AA Tau (Do-
nati et al. 2010b), which like BP Tau have fully convective interiors. Their observing pro-
gram also includes the higher mass stars TW Hya (Donati et al. 2011) and the 1.7-1.8 Mg
stars CV Cha and CR Cha (Hussain et al. 2009), which have radiative cores. The CTTSs
range in age from about 1.5 Myr [AA Tau, BP Tau, and V2247 Oph (Donati et al. 2010a)] to
about 8 Myr (TW Hya). Figure 4 plots the luminosities and effective temperatures for these
and other CTTSs and identifies their locations along pre-main sequence evolution tracks for
their masses. The basic properties of large-scale magnetic fields of CTTSs shown in Fig. 4
suggest that these properties may change as stars develop a radiative core. However, this
suggestion is based on only two stars (V4046 Sgr A and B) and there are many competing
effects including spin-down with mass loss and spin-up with accretion and decreasing radius
with age. More data are needed to address this question.

An important criterion for classification as a CTTS is evidence of accretion of gas from
the circumstellar disk to the star. For CTTSs with dipolar magnetic fields, the footpoints of
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Fig. 4 The basic properties of large-scale magnetic topologies of CTTSs obtained by the ZDI technique.
Symbol size indicates the relative magnetic intensities. Symbol color illustrates the magnetic-field configura-
tions (red to blue for purely poloidal to purely toroidal fields). Symbol shape depicts the relative axisymmetry
of the poloidal field component (decagon and stars for purely axisymmetric and purely non-axisymmetric
poloidal fields, respectively). Dashed lines are pre-main sequence evolution tracks and dotted lines are the
corresponding isochrones. CTTSs begin to develop radiative cores below the green line and convective en-
velopes become thinner than 0.5R, below the red line. Figure and caption from Donati et al. (2013)

accretion columns, as indicated by postshock heated emission in the He I 5876 10\, Call, and
hydrogen lines, occur in small areas (about 2 % of the observed disk) located in high-latitude
regions where strong magnetic fields overlie spots that are optically dark in the photosphere
like sunspots. On the other hand, stars with very complex fields, such as the lowest mass
CTTS V2247 Oph, the accretion impact area is at a range of latitudes (Johnstone et al. 2014),
and the underlying photosphere may not appear to be dark. The longitudinal magnetic fields
where the accretion occurs are typically in the range (B) = 2-3 kG and appear to be mainly
radial. These spot fields do not contribute to the average stellar magnetic field obtained from
Stokes V measurements of photospheric absorption lines, because the photospheric emission
from these starspots is faint.

Outside of the accretion shock regions, the stellar magnetic field can be approximated by
a sum of multipoles typically misaligned with respect to the rotational pole. For many of the
mapped CTTSs, the octopole component is stronger and often very much stronger than the
dipole. AA Tau is an exception. In general, the more complex the geometry of the large-scale
field, the weaker the dipole component and the more distributed the magnetic flux across the
stellar surface (Johnstone et al. 2014). The percent of magnetic energy in the toroidal field
ranges from < 5 % for the oldest star TW Hya to 50 % or more for V2247 Oph and the
high mass stars V2129 Oph, CR Cha, and CV Cha. The coupling of stellar magnetic fields
with magnetic fields in the inner disk slows stellar rotation, because the Keplerian rotation
speed of the inner disk is generally slower than that of the star, while accretion of disk
gas adds angular momentum to the star, thereby increasing its rotation rate. Hussain et al.
(2009) and Donati et al. (2011) have called attention to the role that stellar radiative cores
can play in this angular momentum interchange. As CTTSs age and evolve toward the main
sequence, they develop radiative cores and weaker dipole fields. The effect is to weaken the
star-disk magnetic coupling, allowing accretion to speed up the stellar rotation unhindered.
Johnstone et al. (2014) describe the correlation of simpler magnetic-field geometry with
slower rotation and larger size of X-ray-emitting stellar coronae. Vidotto et al. (2014) show
that the increase in stellar rotation rates with age is consistent with the weakening of the
star-disk deceleration torque with age.
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Fig. 5 Analysis of the presence of a magnetic field in both components of the Herbig Ae SB2 system
HD 104237 by applying the SVD method to polarimetric spectra with the High Accuracy Radial Velocity
(HARPS) instrument. The upper spectrum presents the diagnostic null (or Z) spectrum, which is associated
with the Stokes V spectrum by using subexposures with identical waveplate orientation. Below the null spec-
trum, one finds the Stokes V and Stokes / spectra. The measured-net longitudinal magnetic field for the
primary is about 13 G, while for the secondary itis 128 G

4.2 Herbig Ae/Be Stars

Magnetic fields have also been detected in half a dozen Herbig Ae/Be stars (e.g., Hubrig
et al. 2009c). Similar to T Tauri stars, Herbig Ae/Be stars show clear signatures of surround-
ing disks as evidenced by a strong infrared excess and are actively accreting material.

Current theories are neither able to present a consistent scenario of how the magnetic
fields in Herbig Ae/Be stars are generated nor how these fields interact with the circumstellar
environment consisting of a combination of disk, wind, accretion, and jets. On the other
hand, understanding the interaction between the central stars, their magnetic fields, and their
protoplanetary disks is crucial for reconstructing the Solar System’s history and accounting
for the diversity of exo-planetary systems.

Before 2004, the only magnetic field detection of about 50 G had been reported for
the optically brightest (V = 6.5) Herbig Ae star HD 104237 (Donati et al. 1997), but no
further publications confirming this detection existed until recently. Using high-resolution,
high signal-to-noise spectropolarimetric observations with the High Accuracy Radial veloc-
ity (HARPSpol) instrument, Hubrig et al. (2013b) detected a weak net-mean-longitudinal
magnetic field. And only now have Hubrig et al. (in preparation) been able to demonstrate
that the secondary component possesses a magnetic field (see Fig. 5). Spectropolarimetric
studies from 2004 to 2008 reported the discovery of magnetic fields in seven other Herbig
Ae/Be stars (Wade et al. 2005, 2007; Catala et al. 2007; Hubrig et al. 2004, 2006a, 2007).
Later on, a study of 21 Herbig Ae/Be stars with the FOcal Reducer and low dispersion Spec-
trograph (FORS 1) revealed the presence of magnetic fields in six additional stars (Hubrig
et al. 2009b). More recent studies involved the outbursting magnetic binary Z CMa (Szeifert
et al. 2010), the Herbig Ae star HD 101412 with resolved magnetically split lines, and
HD 31648 = MWC 480 (Hubrig et al. 2010, 2011d).

Spectropolarimetric observations of a sample of 21 Herbig Ae/Be stars observed with
FORS 1 have been used to search for a link between the presence of a magnetic field and
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Fig. 6 Left panel: Phase diagram of HD 101412 with the best sinusoidal fit for the net longitudinal magnet-
ic-field measurements using all lines (filled squares) and hydrogen lines (open circles). Right panel: Phase
diagram of HD 150193 with the best sinusoidal fit for (B;) using all lines. The residuals (observed—calcu-
lated) are shown in the lower panel

other stellar properties (Hubrig et al. 2009¢). This study did not indicate any correlation of
the strength of the net longitudinal magnetic field with disk orientation, disk geometry, or the
presence of a companion. No simple dependence on the mass-accretion rate was found, but
the range of observed-field values qualitatively supported the expectations from magneto-
spheric accretion models with dipole-like field geometries. Both the magnetic field strength
and the X-ray emission showed hints of a decline with age in the range of ~ 2-14 Myr
probed by the sample, supporting a dynamo mechanism that decays with age. Furthermore,
the stars seemed to obey the universal power-law relation between magnetic flux and X-ray
luminosity established for the Sun and main-sequence active dwarf stars.

A series of net longitudinal magnetic-field measurements was recently obtained at low
resolution with the multimode instrument FORS 2 at the Very Large Telescope (VLT) for
the Herbig Ae/Be stars HD 97048, HD 101412, HD 150193, and HD 176386 (Hubrig et al.
2011a). Magnetic fields of the order of (B,) = 120-250 G were for the first time detected
in these stars a few years ago during a visitor run with FORS 1 in May 2008 (Hubrig
et al. 2009b). In these observations, Herbig Ae/Be stars exhibit a single-wave variation in
(B,) during the stellar rotation cycle. This behavior is usually considered as evidence of
a dominant dipolar contribution to the magnetic-field topology. Presently, the Herbig Ae
star HD 101412 possesses the strongest net-longitudinal magnetic field ever measured in
any Herbig Ae star, with a surface magnetic field (B,) up to 3.5 kG (Wade et al. 2005,
2007). HD 101412 is also the only Herbig Ae/Be star for which the rotational Doppler ef-
fect was found to be small in comparison to the magnetic splitting, and several spectral
lines observed in unpolarized light at high dispersion are resolved into magnetically split
components (Hubrig et al. 2010, 2011a).

To date, magnetic-field geometries have been studied for the two SB2 systems HD 200775
(B3 primary) and V380 Ori (B9 primary) (Alecian et al. 2008, 2009), and presumably single
stars HD 101412, HD 97048, HD 150193, and HD 176386 (Hubrig et al. 2010, 2011a). As
an example, phase diagrams of the magnetic data for the Herbig Ae/Be stars HD 101412 and
HD 150193 folded with the determined magnetic/rotation periods are presented in Fig. 6.

The magnetic-field model for the Herbig Ae star HD 101412 is described by a centered
dipole with a polar magnetic-field strength B, between 1.5 and 2 kG and an inclination of
the magnetic axis to the rotation axis g of 84 £ 13° (Hubrig et al. 2011d). The fact that
the dipole axis is located close to the stellar equatorial plane is very intriguing in view of
the generally assumed magnetospheric accretion scenario that magnetic fields channel the
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accretion flows towards the stellar surface along magnetic field lines. As was shown in the
past (Romanova et al. 2003), the topology of the channeled accretion critically depends on
the tilt angle between the rotation and the magnetic axis. For large inclination angles 8, many
polar field lines would thread the inner region of the disk, while the closed lines cross the
path of the disk matter, causing strong magnetic braking, which could explain the observed
unusually long rotation period of HD 101412 of about 42 days.

Since about 70 % of Herbig Ae/Be stars appear in binary/multiple systems (Baines et al.
2006), special care must be taken in assigning the measured magnetic field to the particular
component in the Herbig Ae/Be system. Alecian et al. (2008) reported on the discovery of
a dipolar magnetic field in the Herbig Be star HD 200775, which is a double-lined spec-
troscopic binary system. However, the magnetic field was discovered not in the component
possessing a circumstellar disk and dominating the He emission; thus the evolutionary sta-
tus of the primary B3 component is unclear yet (Benisty et al. 2013). Similar to the case
of HD 200775, the frequently mentioned discovery of a magnetic field in the Herbig SB2
system HD 72106 (Alecian et al. 2009) refers to the detection only in the primary compo-
nent, which is a young main-sequence star, but not in the Herbig Ae secondary (Folsom
et al. 2008). The same uncertainty in the evolutionary status applies to the magnetic field
detection in the system V380 Ori reported by Alecian et al. (2009). The authors report on
the presence of a dipole magnetic field of polar strength 2.12 +0.15 kG on the surface of the
chemically peculiar primary V380 Ori system. V380 Ori has spectral type around B9 and has
been observed in great detail over many wavelength ranges (e.g., Hamann and Persson 1992;
Rossi et al. 1999; Stelzer et al. 2006). It has a close infrared companion, with a separation
of 0.15” at PA 204° (Leinert et al. 1997). Alecian et al. (2009) found that the primary in
the V380 Ori system is itself a spectroscopic binary with a period of 104 days, with the
secondary being a massive T Tauri star. More recently, Reipurth et al. (2013) report that
V380 Ori is a hierarchical quadruple system with a fourth component at a distance of 8.8”
and position angle 120.4°. Since no periodicity was found in the behavior of the emissions
in hydrogen, helium, calcium, and oxygen lines (the lines determining the Herbig Ae/Be
nature), it is possible that the primary chemically peculiar component with the detected-
dipolar magnetic field is already in advanced age, and the Herbig Be status of the primary is
merely based on the appearance of emission in the above-mentioned lines belonging to the
secondary T Tauri component.

The presence of a magnetic field on the surface of the Herbig Ae star HD 190073 has
been known for several years. The first measurement of a net longitudinal magnetic field in
HD 190073 was published by Hubrig et al. (2009c¢), indicating that (B,) = 84 £ 30 G mea-
sured on FORS 1 low-resolution spectra at the 2.8¢ level. Catala et al. (2007) then observed
this star using the ESPaDOnS spectrograph mounted on the Canada-France-Hawaii Tele-
scope (CFHT) and confirmed the presence of a weak magnetic field, (B,) =74 £ 10 G, ata
higher significance level. A few years later Hubrig et al. (2009¢) reported (B,) = 104£19G
using FORS 1 measurements. The measurement of the net longitudinal magnetic field using
the available archival HARPS observations from May 2011, (B,) = 91 & 18 G, presented
in this work fully confirms the presence of a rather stable weak field. Surprisingly, new ob-
servations of this star during July 2011 and October 2012 by Alecian et al. (2013) detected
variations of the Zeeman signature in the LSD spectra on time scales of days to weeks.

The authors suggest that the detected variations of Zeeman signatures are the result of
the interaction between the fossil field and the ignition of a dynamo field generated in the
newly born convective core. Careful spectropolarimetric monitoring over the next years will
be important to confirm the reported variability of the magnetic field. Furthermore, since
HD 190073 is very likely a binary system (Baines et al. 2006), special care must be taken in
the interpretation of magnetic-field measurements.
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As mentioned above, all previously studied Herbig Ae/Be stars exhibit a single-wave
variation in the net longitudinal magnetic field during the stellar rotation cycle. These ob-
servations are usually considered as evidence for a dominant dipolar contribution to the
magnetic field topology. Magnetospheric accretion theories traditionally consider that sim-
ple ~kG dipolar magnetic fields truncate the disk and force in-falling gas to flow along the
field lines. The assumption of dominant dipolar fields is usually made for simplicity or be-
cause of the lack of available information about the true large-scale magnetic field topology
of these stars. Indeed, the recent work of Adams and Gregory (2012) shows that high-order
field components may even play a dominant role in the physics of the gas inflow, as the
accretion columns approach the star.

The rather new diagnostic He I A 1.083 pm emission line is considered as probing in-
flow (accretion) and outflow (winds) in the star-disk interaction region of accreting T Tauri
and Herbig Ae/Be stars. The uniqueness of this probe derives from the metastability of
this transition and makes it a good indicator of wind and funnel flow geometry (Edwards
et al. 2006). Furthermore, according to Edwards et al., the He I line appears in emission for
stronger mass-accretion rates and in net absorption for low mass-accretion rates. Modeling
of this line allowed Gregory et al. (in preparation) for the first time to study the influence
of field topologies on the star-disk interaction. Their models use magnetic fields with an
observed degree of complexity, as determined via field extrapolation from stellar magnetic
maps.

In Fig. 7, one can find recent high-resolution CRyogenic high-resolution Infrared Echelle
Spectrograph (CRIRES) observations of the spectral regions containing the He I A 1.083 um
line and the hydrogen recombination line Pay at 1.094 um over the rotation period of
HD 101412 (Hubrig et al. 2012a). The rather strong variation of the line profile of the He I
line indicates that the magnetic field of this star is likely more complex than a dipole field.
Variable behavior of the He I A 1.083 um line was also discovered in a recent X-shooter
spectra of the magnetic Herbig Ae stars HD 190073 and PDS 2 (see Fig. 8).

Knowledge of the magnetic-field strength and topology is indispensable for understand-
ing the magnetospheres of Herbig Ae/Be stars and their interaction with the circumstellar
environment consisting of a combination of disk, wind, accretion, and jets. Progress in un-
derstanding the disk-magnetosphere interaction can, however, only come from studying a
sufficient number of targets in detail to look for various patterns encompassing this type of
pre-main sequence stars.

Before concluding this topic, we call attention to the work of Bagnulo et al. (2012) and
Landstreet et al. (2014), who have questioned the credibility of previous detections of weak
magnetic fields at the 3—4o level with the FORS1 instrument on the ESO VLT. They find
that consistency checks among different observations of the same star reveal external errors
that are at least 30-40 % larger than can be explained by the cited photon statistics and that
alternative reduction procedures provide significantly different (and often smaller) values
for the mean longitudinal fields. They suggest that small instrument flexures and velocity
shifts and “occasional outliers” likely limit the ability of FORS1 to obtain reliable fields
weaker than 100-200 G. Bagnulo et al. (2012) argued that many of the published detec-
tions of weaker fields are spurious and not confirmed by measurements with high-resolution
spectropolarimeters such as ESPaDOnS (Silvester et al. 2009), but that stronger field mea-
surements by FORS1, for example many Ap/Bp stars, are generally confirmed (Landstreet
et al. 2014).

Bagnulo et al. (2012) found that of the five Herbig Be stars that Hubrig et al. (2009c)
cites as new detections with errors of 3.4-4.5¢, four (PDS2, HD 100546, HD 135344B,
and HD 176386) appear to be spurious and two (HD 97048 and HD 150193) are possible

@ Springer



42 J.L. Linsky, M. Scholler

[ITTTTTTTT I T TIT T IT T T TTTTTTTTT ] HH\‘HHHH\ HH\HH‘\ \HHH‘

Normalized Flux
Normalized Flux

%

0.57\\\\H\H‘\HH\H\‘HHH\H‘\HHHHH 7HH\‘\\HH\H‘HH\HH‘\HHHH"
1081 1082 1083 1084 1085 1093 1094 1095 1096
Wavelength [nm] Wavelength [nm]

Fig. 7 Recent observations of HD 101412 with the CRyogenic high-resolution Infrared Echelle Spectro-
graph (CRIRES). Left panel: The variability of the He I A 1.083 pm line profile over the rotation period.
Obviously, the field of HD 101412 appears more complex than just a dipole. Right panel: Variations of the
hydrogen recombination line Pay at 1.094 pm at the same rotation phases. The Pay line at 1.094 um is
frequently employed for calculating the mass accretion rate in the way presented by Gatti et al. (2008)
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Fig. 8 Recent X-shooter observations of the He I A 1.083 um line profile in the magnetic Herbig Ae stars
HD 190073 (left panel) and PDS 2 (right panel) at different epochs. The spectra are shifted vertically for
clarity

detections. In subsequent observations with FORS2, Hubrig et al. (2011d) found weak si-
nusoidally varying fields in HD 97048, HD 150193, and HD 176386, but the cited errors
are in the 3—4o range. At present, the identification of magnetic fields in a few Herbig Be
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stars (e.g., HD 76106B, HD 101412 and HD 190073) are confirmed, weak fields appear to
be present but are not definitely established in several stars, but most Herbig Be stars do not
have detected magnetic fields.

5 Main Sequence Stars
5.1 Low Mass Stars

The very small values of the surface-averaged net longitudinal component of the solar mag-
netic field are a consequence of the almost complete cancellation of the spectropolarimetric
signal by oppositely oriented magnetic fields. Similar measurements for nearby bright G
and K stars like £ Boo A and 61 Cyg A also show weak magnetic fields of 10-30 Gauss
and 13 Gauss, respectively (Plachinda and Tarasova 2000; Plachinda et al. 2001). One must
conclude that the typical morphology of late-type dwarf stars is highly complex, and, there-
fore, different observing techniques are required to understand the magnetic-field strengths
and morphologies of these stars.

5.1.1 Zeeman Broadening Observations

Robinson et al. (1980) first showed that measurements of Zeeman broadening of spectral
lines in unpolarized light can be used to measure the mean magnetic-field strength (B) =
Byop f averaged over the surface of a late-type star. This technique described in Sect. 2
has been applied to a number of mostly active stars (see tables in Reiners 2012), but the
technique has its limitations as described in detail by Anderson et al. (2010) and Saar (1988).

Anderson et al. (2010) analyzed high-resolution optical spectra of four stars with spec-
tral types similar to the Sun, two slowly rotating quiet stars, 61 Vir (G6 V) and the Sun
(G2 V) viewed as a star by reflected light from Ganymede, and two rapidly rotating active
stars, 59 Vir (GO V) and HD 68456 (F6 V). They computed spectral line profiles by ra-
diative transfer calculations in local thermodynamic equilibrium (LTE) model atmospheres
with a range of broadening parameters to best fit the observed line profiles. These calcu-
lations were for both single-component and two-component model atmospheres for which
one component could be hotter (plage region), the same, or cooler (starspot) than the mean
temperature structure. They found that (B) is consistent with zero for the two quiet stars,
600-1200 Gauss for HD 68456, and about 500 Gauss for 59 Vir. However, they identified
a number of systematic effects (e.g., line blends, overly simplified treatment of turbulence,
and LTE atmospheres) and concluded that a more fruitful approach would be to analyze Zee-
man broadening of infrared spectral lines with large Landé g values, because then Zeeman
broadening is much larger than the other broadening mechanisms.

An early example of applying the near-infrared Zeeman-broadening technique to mea-
sure magnetic fields was the study of the active star € Eri (K2 V) and two other K stars
(40 Eri and o Dra) by Valenti et al. (1995). They observed the Fe I 1.56485 um line
with Landé ¢ = 3.0 and 15 other nearby Fe I lines with smaller g factors. By modelling
the Fe I line profiles with marginally resolved o components, they were able to measure
separately the unsigned magnetic-field modulus Byop = 1.44 £ 0.2 kG and filling factor
f =0.088 £ 0.025. The corresponding value of Byjop f = 0.13 kG. With the same tech-
nique, Johns-Krull and Valenti (1996) modelled the Fe I 8468.4 A line with Landé g=25
in four M dwarfs. Figure 9 shows the significant Zeeman broadening of the Fe I lines of the
two active stars, EV Lac (M4.5e) and GJ 729 (M4.5¢e), relative to less active comparison
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stars that the authors identify as the splitting of the ¢ components of the stellar magnetic
fields. Since this splitting is larger than other broadening mechanisms, their spectral synthe-
sis analysis determined the mean magnetic fields and filling factors separately rather than as
the product of Byop f. They found Byiop = 3.8 £0.5 kG and f =0.50 £ 0.13 for EV Lac
and Byop =2.64+0.3kG and f =0.5+0.13 for Gl 729. These magnetic field strengths are
larger than the maximum field strengths seen in solar active regions and likely result from
the higher pressure in M dwarf photospheres and the balance between magnetic pressure
(B?/87) in magnetic flux tubes and gas pressure in the nonmagnetic photosphere.

Figure 10 shows that for G-M dwatrfs, the observed magnetic-field strengths are approxi-
mately equal to the equipartition field set by pressure balance between the magnetic pressure
in flux tubes and the nonmagnetic-photospheric gas pressure outside of the flux tubes. This
pressure balance is also seen in solar active regions (plages) but not in sunspots, where the
emergent spectrum is depressed to higher pressure layers below the normal photosphere.
T Tauri stars show the same effect, although the reason is not yet clear. This figure also
shows that f increases with rotation period according to the relation f = 79-64log(P).
Cuntz et al. (1999) have used a similar relation in computing a two-component (nonmag-
netic and magnetic flux tube) model chromosphere for € Eri. This relation probably does not
contain significant bias resulting from the different rotation rates or activity of the magnetic
star and the comparison low activity star, because the widths of low Landé g spectral lines
in the active and inactive stars have the same shape whereas the shapes of the high Landé g
lines differ greatly and show marginally or completely resolved sigma components for the
active star.

Reiners and Basri (2007, 2010) and Shulyak et al. (2011) have extended this study of M
dwarf magnetic fields to include more than 80 stars in the spectral range M2.0 to M9.5 by
fitting the Zeeman-broadened lines of molecular FeH near 1.0 um. The average magnetic-
field strengths of these stars range up to (B) = 4 kG (see Fig. 11) with a large range at
each spectral type. Except for the coolest stars in their sample (spectral types M7 to M9.5),
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Fig. 10 (left) Ratio of the measured-unsigned magnetic-field modulus to the equipartition magnetic field
strength when the magnetic pressure (BI%/IOD /8m) equals the photospheric gas pressure. The dashed-horizon-
tal line corresponds to measured-magnetic fields equal to the equipartition field. Triangles indicate T Tauri
stars and O symbols refer to solar features (plage and sunspot). (right) Filling factors (100 x f) vs. rotational
periods for G-M dwarf stars. Figure from Valenti and Johns-Krull (2001)
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the magnetic field strength increases with rotational velocity, as is seen in G and K stars.
Although these measurements could not separate Byiop from f, many of these stars have
Byop f = 4 kG, similar to EV Lac, for which f = 0.50 & 0.13 (Johns-Krull and Valenti
1996). This summary suggests that for the active cool M dwarfs, about half of the stellar
photosphere has magnetic fields as strong as Byop ~ 8 kG.

The Ti I spectral lines near 2.2 um, which provide even larger Zeeman splittings, are
useful for measuring magnetic-field strengths and filling factors of M dwarfs like AD Leo
(Saar and Linsky 1985). The combination of large Zeeman splitting and high signal/noise
Ti I spectra of the T Tauri star TW Hya (see Sect. 4.1) permitted Valenti and Johns-Krull
(2001) to determine the distribution of magnetic-field strengths and corresponding filling
factors across the stellar surface.

The measured values of Byiop f are correlated with the commonly used indicators of
magnetic activity and heating. Figure 12 shows the correlation of Byiop f with the Rossby
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Fig. 12 Correlation of the T T T T T T
mean-unsigned magnetic-field
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number R(. Crosses are
solar-type stars, and circles are
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M7-MO9 stars. These data show a
rotation-activity relation for
slowly rotating stars (large Rg)
and saturation for rapidly rotating
stars (small Rg). Figure from
Reiners (2012)
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number, Ry = Pot/Tconv, Where Py is the stellar rotational period, and t.q,y is the convec-
tive turnover time, which is not a well-defined theoretical quantity. It is usually computed
empirically as the mass-dependent convective turnover time that minimizes scatter in the
rotation-activity relation as described by Reiners (2012). “Ry is an important parameter for
the dynamo generation of magnetic fields. Figure 12 shows the log-log rotation-activity re-
lation for slower-rotating stars and saturation for the faster-rotating stars. The ratio of Ha
Iuminosity to bolometric luminosity, 10g [ Lyy/Lboi] Vs. log Ry shows the same type of cor-
relation (Reiners 2012).

5.1.2 Zeeman Doppler Imaging

Doppler imaging produces a brightness map of a stellar surface by inverting a time sequence
of high-resolution spectra that contain the brightness and Doppler shift of absorption lines
produced in each spatial resolution element on the stellar surface (Vogt and Penrod 1983).
Although such inversions have many solutions, several regularization techniques lead to
robust solutions of the two-dimensional brightness maps. Zeeman-Doppler imaging is the
extension of the DI procedure with polarizing optics, as first proposed by Semel (1989)
and developed by Donati and Brown (1997). The first applications of ZDI to stars used
only circular polarization data (Stokes V), but recent developments in instrumentation and
polarized radiative-transfer calculations (Piskunov and Kochukhov 2002) allow the analysis
of both circular- and linear-polarized spectra (Stokes IVQU). Donati and Landstreet (2009)
provide a comprehensive review of this topic.

ZDI works because the longitudinal and transverse components of the vector magnetic
field produce different Zeeman patterns as a function of velocity when the magnetic vector
is viewed from the advancing limb to the star’s central meridian and then to the receding
limb. The circular polarization Zeeman patterns (net after cancellation) are different for the
radial, azimuthal (toroidal), and meridional components of the magnetic field, as shown
in Fig. 13. Linear-polarization Zeeman patterns show different center-to-limb effects for
the radial, azimuthal, and meridional magnetic fields. Since high signal-to-noise data are
required to detect weak circular and especially linear polarization, Donati and Brown (1997)
pioneered the use of a very large number of spectral lines to create ZDI images.

Before describing some of the major accomplishments of ZDI, we should mention the
limitations of the technique. First, and most important, ZDI measures the large-scale net
magnetic-field strength and not the unsigned magnetic-field strength because the circular
and linear polarization data are net values after cancellation by oppositely oriented fields in
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Fig. 13 A schematic representation of the circular-polarization Zeeman spectrum (V/I) of an absorption line
formed in a magnetic field. If the magnetic field is radial relative to the star (and therefore longitudinal at
disk center as viewed by an observer), the Zeeman pattern is strongest on the stellar meridian and retains the
same symmetry, but weakens, as the radial field is observed towards the stellar limbs. If the magnetic field is
azimuthal (E-W direction) relative to the star (and therefore transverse at disk center and longitudinal at the
limbs), the Zeeman pattern is strongest at the limbs (but opposite symmetry) and zero at disk center. If the
magnetic field is in the meridional direction (N-S direction, not shown in the figure), the Zeeman pattern is
observed only toward the poles. Figure from Hussain (2004)

each spatial resolution element. Also important are the effects of irregular or large gaps in
the time spacing, uncertainty in the inclination of the star’s rotation axis relative to the line of
sight, possible crosstalk between the Stokes parameters, line blends, different temperatures
(and thus continuum brightness) of magnetic compared to nonmagnetic regions, evolution
of the stellar magnetic topology during the multiday observing sequence, and poorly under-
stood instrumental and systematic errors. Despite these limitations, ZDI studies have found
that the topologies of active G—M stars, which are younger and likely precursers of older
stars like the Sun, differ considerably from what we know about the Sun in the following
ways:

Importance of Azimuthal Fields ZDI images of active solar-mass stars typically show
strong azimuthal fields that are not seen in inactive stars like the Sun. A good example is
the study by Morgenthaler et al. (2012) of the magnetic field on & Boo A, a G8 V star
rotating almost four times faster than the Sun (P, = 6.43 days). As shown in Fig. 14, the
reconstructed net magnetic field includes a strong azimuthal component that contains most
of the net magnetic field in the 2007 and 2011 data sets when Ca II emission indicated
that the star was most active. For solar-mass stars, the magnetic energy in large-scale fields
increases with the rotation rate (Vidotto et al. 2014): most of this magnetic energy is in
the poloidal field for slow rotators like the Sun, but the fraction stored in azimuthal fields
increases with rotation rate and dominates the poloidal fields when P, < 12 days (Petit
et al. 2008; see Fig. 15). ZDI images of the very rapidly rotating (P, = 0.51479 days)
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Fig. 14 Reconstructed net magnetic-field maps of & Boo A for the radial, azimuthal,and meridional com-
ponents obtained at five times between 2007 and 2011 by Morgenthaler et al. (2012). The strong azimuthal
component contains the most of the magnetic energy when the star is most active (2007 and 2011)
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Fig. 15 A summary of the large-scale magnetic topologies and fluxes obtained from ZDI images as a function
of stellar mass, rotation period, and Rossby number (R(). Symbol size indicates the relative magnetic energy
density, and symbol color indicates field topology with blue for purely toroidal and red for purely poloidal
fields. The symbol shape indicates the degree of asymmetry (decagon for purely axisymmetric poloidal fields
and stars for purely nonaxisymmetric poloidal fields). The encircled area contains the Sun and more rapidly
rotating solar-mass stars. Figure adapted from Donati and Landstreet (2009)

young KO V star AB Dor show strong azimuthal fields both at high latitude (70°-80°), which
appears to encircle a polar spot, and at intermediate latitudes with opposite sign (Donati et al.
1999; Hussain et al. 2002). The net magnetic field in these azimuthal fields exceeds 1 kG in
some places with the high latitude azimuthal flux the largest measured flux on this star.

Relation of Net Magnetic Fields to Unsigned Field Strengths The net magnetic fields
for £ Boo A shown in Fig. 14 would suggest that Bygr = 30 — 100 G if one assumes
that f = 1.0 and no field cancellation. This result should be compared to the measure-
ments of the spatially resolved solar magnetic-field modulus, Byop & 1600 G. The value
of Byop for &€ Boo A should be similar to, or somewhat larger than, solar as the star is
slightly cooler than the Sun with higher photospheric gas pressure and, therefore, higher
equipartition magnetic-field strength. Zeeman-broadening measurements of & Boo A lie in
the range (B) = Bmop f = 0.34 — 0.48 kG (Reiners 2012). Marcy and Basri (1989) mea-
sured (B) = 0.35 kG with Byop = 1600 G, similar to the Sun, and f = 0.22. If one assumes
this value for the filling factor, the observed net magnetic field is 30-100 G corresponds to
Bner = 140-450 G, which can be compared to the resolved field strength Byop = 1600 G.
Since the magnetic energy density is proportional to Bf;op., field cancellation means that the
ZDI image only represents 1-10 % of the photospheric magnetic energy of this star. Other
ZDI images likely also represent only a small fraction of the magnetic energy in a stellar
photosphere. Lang et al. (2014) estimate the amount of small-scale flux not found in ZDIs
of M stars and extrapolate the small-scale and large-scale photospheric fields into the stellar
coronae.

Dependence on Age and Rotation Vidotto et al. (2014) find that for non-accreting main-
sequence stars in the unsaturated regime, that is stars older than 107 years, magnetic fields
decay with increasing age and rotation period P,. They find this decay to be the case for
both (B), measured from Stokes I spectra, and for an unsigned version of (B,), measured
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from ZDI images. The power-law dependencies are similar, (B) o« P” and unsigned
(B,) oc P 1324014 respectively, indicating that the large-scale fields, measured from ZDI
images, and the small-scale fields, measured from Zeeman broadening and splitting spec-
tra, are coupled (Vidotto et al. 2014). These authors suggest that the same dynamo field-

generation processes are responsible for both the small-scale and large-scale fields.

Large-Scale Magnetic Morphology of Early and Late M Dwarfs In a series of papers,
Donati et al. (2008a) and Morin et al. (2008, 2010) obtained ZDI images of 23 M dwarf stars
to study whether the magnetic topologies of M dwarfs are different for stars with radiative
cores and presumably solar-like o §2-type dynamos (M > 0.35 M) compared to stars that
are fully convective with different types of dynamo processes (M < 0.35 M). One finding
is that for stars with similar parameters (i.e., similar Rossby numbers), there are two very
different magnetic topologies (strong dipolar and weaker multipolar) that may indicate a
bistability with two possible dynamo states or an age effect (cf. Gastine et al. 2013; Vidotto
et al. 2014). Despite this topological diversity, many of the more massive M dwarfs (M >
0.5 M) have strong azimuthal fields and weak poloidal fields, but with decreasing mass,
axisymmetric poloidal fields dominate over the toroidal fields and produce stronger large-
scale magnetic fluxes, as shown in Fig. 15. The strong azimuthal fields seen in the more
massive M dwarfs, which have radiative cores, are also seen in the young classical T Tauri
stars (see Sect. 4.1), which are fully convective. Why these two star types with very different
interior structures have similar magnetic topologies has not been explained and may provide
an important clue concerning magnetic dynamos.

There is evidence for evolution of the reconstructed magnetic topologies for the less
massive stars on time scales of less than one year. The fully convective stars likely have
a higher degree of large-scale field organization as the ratio of net magnetic-field strength
measured in the circular polarization data to the unsigned magnetic-field strength inferred
from the magnetic-broadening data is only about 15 % for these stars compared to only a
few percent for the more massive stars with radiative cores. The more massive M stars, like
the G and K stars, have complex fields on small spatial scales.

Variable Magnetic Topology ZDI images of the solar-type star HD 190771, which rotates
nearly three times faster than the Sun (P, = 8.8 days), show large changes in the magnetic
morphology in the course of one year (2007 to 2008; Petit et al. 2009). These changes
include polarity reversal in the axisymmetric and azimuthal fields and a sharp decrease in
the magnetic energy stored in the azimuthal component.

Nonpotential Magnetic Fields and Large Magnetic Loops Hussain et al. (2002) showed
that the magnetic field of the very rapidly rotating star AB Dor contains about 20 % non-
potential energy in the photosphere and about 14 % nonpotential energy in the corona. This
nonpotential energy indicates strong electric currents in both locations, which is very dif-
ferent from the slowly rotating Sun. Also, sequences of high-resolution spectra provide ev-
idence for large slingshot-type prominences anchored at high latitudes that are probably
magnetic loops extending outward to several stellar radii that co-rotate with the photosphere.

5.2 The Chemically Peculiar Stars

Spectra of chemically peculiar (CP) main-sequence A- and B-type stars contain abnormally
strong or weak absorption lines of certain elements (e.g., Si, Sr, Cr, Eu, or He). These stars
generally have magnetic fields that can be detected through circular-polarization observa-
tions of spectral lines. Observables, such as the magnitudes in various photometric bands,
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Table 2 Different groups of chemically peculiar stars

Peculiarity type Spectral type Tefr range Magnetic Spots
He-strong B1-B4 17000-21 000 yes yes
He-weak B4-B8 13 000-17 000 yes yes
Si B7-A0 9000-14 000 yes yes
HgMn BS8-A0 10000-14 000 yes? yes!
SrCrEu AO0-FO 7000-10 000 yes yes
Am AO0-FO 7000-10000 yes? no

spectral line equivalent widths, and magnetic-field properties, vary with the same period,
which can range from half a day to several decades. Abnormal line strengths correspond to
element overabundances (by up to 5-6 dex with respect to the Sun) in the stellar outer layers.
The CP star class is roughly represented by three subclasses: the magnetic Ap and Bp stars,
the metallic-line Am stars, and the HgMn stars. An overview of the different groups of CP
stars can be found in Table 2. Indirect evidence for kG magnetic fields in these stars consists
of strong gyrosynchrotron emission detected at cm wavelengths (Linsky et al. 1992) and an
X-ray flare seen in the AOp star IQ Aur (Robrade and Schmitt 2011). About a few percent of
intermediate-mass main-sequence stars are identified as Ap/Bp stars (Landstreet et al. 2007;
Donati and Landstreet 2009).

The first detection of the net-longitudinal magnetic field in a star other than the Sun was
achieved in CS Vir by Babcock in 1946 (Babcock 1947). Today, net-longitudinal magnetic-
field measurements throughout the variation period have been obtained for no more than
100 stars. The resolution of magnetically split lines requires a sufficiently strong magnetic
field and slow rotation. Resolved magnetically split lines were first discovered in Babcock’s
star, HD 215441 (Babcock 1960), for which he measured a net magnetic-field modulus of
Byop ~ 34 kG, which is the strongest magnetic-field modulus measured in an Ap star to
date. However, Elkin et al. (2010) found that the Ap star HD 75049 with Byop ~ 28 kG
(see Fig. 16) is a close rival to Babcock’s star, Hubrig et al. (2005) found that the cool Ap
star HD 154708 has Byop ~ 24.5 kG, and Kochukhov et al. (2011) showed that the He-
strong star HD 37776 may have an even stronger surface magnetic field. In 1987, 12 stars
with magnetically resolved lines were known, but only four of those were studied through-
out their variation period. By 2001, 44 stars with magnetically resolved lines were known,
with 24 of those were studied throughout their variation period (Mathys et al. 1997; in prepa-
ration). The first systematic determinations of the crossover effect and the mean quadratic
magnetic field were published in 1995 by Mathys (1995a, 1995b). A full phase coverage
was achieved for about two dozen stars. The bulk of the published material on broad-band
linear polarization (BBLP) was gathered by Leroy between 1990 and 1995 (Leroy 1995, and
references therein). Variations in BBLP are well studied for about 15 stars.

As shown in Fig. 17, the strongest magnetic fields tend to be found in more massive
stars, but also in fast-rotating stars (Hubrig et al. 2000). All CP stars with rotation peri-
ods exceeding 1000 days have magnetic fields below 6.5 kG. However, a great many Ap
stars have short periods typically 2—4 days (Hubrig et al. 2000). From the finding that the
net-longitudinal magnetic field averaged over the stellar disk is not zero, one can directly
conclude that the magnetic field must be organized on a larger scale, either as a dipole or
a superposition of a dipole and a quadrupole. The circular polarization from tangled, solar-
like magnetic fields mostly cancels out in a disk integration. The magnetic field of Ap stars
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thus has a significant dipole-like component. For a dipole, the ratio between the longitudi-
nal magnetic field and the magnetic-field modulus (B,)/Bngr is 0.3, for a quadrupole it is
0.05. If toroidal or higher-order multipolar components were sufficient to account for the
observed net-longitudinal magnetic field, these components would induce strong distortions
of the spectral line profiles in Stokes 7, i.e., in integral light, which is not seen.

The magnetic field covers the whole CP stellar surface homogeneously, i.e., the distribu-
tion of the field strength over the star is fairly narrow. Evidence for this distribution comes
from the fact that the magnetic field is observed at all phases, the continuum is reached
between the split components of resolved lines, and that the resolved magnetically split
components are rather narrow (Mathys et al. 1997).

Fig. 16 Variation of the ' ' ' '
magnetic field modulus of

HD 75049 with rotational phase.
Different symbols refer to
measurements using different
ions. The solid line is the fit to
the data obtained using the
hydrogen lines, and the dashed
line is the fit using the Fell lines.
Figure from Elkin et al. (2010)
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Fig. 17 Left: Plot of the mean magnetic field modulus as a function of stellar mass for Ap stars. Triangles
are for stars with Pyt < 10 days, squares for periods 10-1000 days, and asterisks for periods longer than
1000 days. Right: Plot of magnetic flux as a function of rotational period for Ap stars. Filled symbols are for
stars with magnetically-resolved spectral lines. Open symbols are for stars for which mean quadratic fields
are available. Figures are from Hubrig et al. (2000)
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Magnetic fields have severe effects on the structure of stellar outer layers. They are re-
sponsible for magnetically controlled winds and elemental-abundance stratification. Evi-
dence for abnormal atmospheric structure comes from the profiles of hydrogen Balmer lines
in cool Ap stars that cannot be fitted by conventional models. This structure has also a poten-
tial impact on the net-longitudinal magnetic-field determination by Balmer-line polarimetry.
The core-wing anomaly (Cowley et al. 2001) of the hydrogen Balmer lines leads to the im-
possibility of fitting the Balmer lines with one temperature. For example, to fit the HB line
in HD 965, one needs to assume T = 5500 K for the core of the line and 7. = 7000 K for
the wings.

The magnetic field is not symmetric with respect to the stellar rotation axis. Other surface
features, e.g., the abundance distribution, are determined by the magnetic field. Since the
observed variations result from changing aspects of the visible hemisphere as the star rotates,
the variation period must be the rotation period of the star. No intrinsic variations of the
magnetic field have been observed in Ap stars over time scales of decades.

In early models of the magnetic field, a quasi-sinusoidal variation of the longitudinal
magnetic field was assumed. In the simplest model, a dipole centered at the star’s center and
with an axis inclined with respect to the stellar rotation axis, was employed. Stars with mag-
netically resolved lines show that the magnetic-field modulus generally has one maximum
and one minimum per rotation period, even for stars with a reversing-longitudinal magnetic
field (Mathys et al. 1997) (see Fig. 16). From these observations, a centered dipole can be
ruled out. Alternative models include a dipole that is offset along its axis (parameters: i, 3,
By, a), or a collinear dipole plus a quadrupole (parameters: i, 8, Bq, By), with i the inclina-
tion angle of the star with respect to the line of sight, 8 the inclination angle of the magnetic
field with respect to i, By the strength of the dipole, B, the strength of the quadrupole, and
a the offset of the dipole with respect to the star’s center. The models must make a good
match with four observables: the maximum and the minimum of both the longitudinal mag-
netic field and the magnetic-field modulus. Both classes of models are equivalent to first
order.

Additional constraints on the magnetic field geometry can come from the crossover and
the mean-quadratic magnetic field. A collinear dipole plus a quadrupole and an octupole give
good first approximations in many cases (Landstreet and Mathys 2000). The dipole primar-
ily accounts for the longitudinal magnetic field, the quadrupole gives the field strength con-
trast between the poles, and the octupole is responsible for the equator-to-pole field strength
contrast. Asymmetric variation curves can be determined from some magnetic-field mo-
ments. They exist when the magnetic field is not symmetric about an axis passing through
the center of the star (Mathys 1993) and can be described with a generalized-multipolar
model (Bagnulo et al. 2000, and references therein). The input observables for these models
are all available observables of the magnetic field: (B,), (x B,), /(B?) + (B2), {Bxgr), and
the BBLP, where x is the stellar equatorial velocity times the sine of the inclination angle.
Landolfi et al. (1998) has shown that the inversion of these measured quantities provide in-
formation on the strength and orientations of the dipole and quadrupole components of the
stellar magnetic field subject to the limitations imposed by measurement errors. In partic-
ular, the quantity \/(B?) + (B?) is needed to determine the presence and properties of the
quadrupole component of the magnetic field. A x? minimization between the predicted and
observed values of the observables at phases distributed throughout the rotation period will
determine the final model for the geometric structure of the magnetic field.

Ultimately, a direct inversion of the line profiles recorded in all four Stokes parameters
will allow one to derive magnetic-field maps without a-priori assumptions. Since inversion
is an ill-posed problem, a regularization condition is needed. This condition is achieved with
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the Zeeman Doppler-imaging technique (ZDI) (Piskunov and Kochukhov 2002). It is very
demanding in terms of the signal-to-noise ratio in the data, spectral resolution, and phase
coverage. So far, these inversions are restricted to a few individual stars (e.g., Kochukhov
et al. 2004; Liiftinger et al. 2010; Kochukhov and Wade 2010; Silvester et al. 2012;
Rusomarov et al. 2013). Inversion of the phase-resolved full Stokes IVQU spectrophoto-
metric data set for the AOpSiEuHg star o>CVn revealed a global dipolar-like topology with
localized spots of higher field intensity (Kochukhov and Wade 2010). Recent magnetic-field
maps of @> CVn obtained by Silvester et al. (2014b, 2014a) confirm the complex substruc-
ture of the magnetic field and show that low-order multipole models fail to match the ob-
served maps. They also find that the magnetic-field topology of this star has been stable for
the last 10 years and that maps based on strong absorption lines tend to smooth the finer scale
structure seen in maps constructed from weak absorption lines. The chemical abundance en-
hancements are correlated with the radial magnetic field in patterns that are not predicted
by theoretical models. In particular, some elements (e.g., O, Cl, and Eu) are enhanced in
areas with negative radial magnetic fields, whereas other elements (e.g., Fe, Cr, Si, Ti, and
Nd) are deleted where the magnetic fields are weak but overabundant where Byiop ~2 kG,
irrespective of sign.

The magnetic-field modulus much better characterizes the intrinsic-stellar magnetic field
than the net-longitudinal magnetic field, which is much more dependent on the geometry
of the observation. Most Ap stars with magnetically resolved lines have a magnetic-field
modulus (averaged over the stellar rotation period) between 3 and 9 kG, but there is a lower
cutoff of the distribution at 2.8 kG, (Landstreet et al. 2007; Auriere et al. 2007), which corre-
sponds to the thermal equipartition fields in the photospheres of Ap and Bp stars (Donati and
Landstreet 2009). For Ap stars with masses greater than 3 M ©, the magnetic-field strenghs
decline rapidly with age, but the lower mass Ap stars do not show this behavior (Landstreet
et al. 2007). One should be able to resolve lines down to 1.7 kG or lower at some rotation
phases of some stars, but only for one target is the resolution sufficient to observe down to
2.2 kG. The lower limit of the magnetic-field distribution is roughly temperature indepen-
dent; hotter stars may have stronger magnetic fields than cooler stars (Mathys et al. 1997).

Ap star variation periods span five orders of magnitude. Until recently, there appeared to
be no systematic differences between short- and long-period stars. A confirmation that very
long periods are indeed rotation periods has been brought by BBLP (Leroy et al. 1994).
The systematic study of 40 Ap stars with resolved magnetically split lines has doubled the
number of known Ap stars with P > 30 days (Mathys et al. 1997). The distribution of
periods longer than 1 year is compatible with a uniform distribution on a logarithmic scale.
No star with P > 150 d has a magnetic-field modulus exceeding 7.5 kG. More than 50 %
of the Ap stars with resolved lines and shorter periods have a magnetic-field modulus above
this value (Mathys et al. 1997). In the collinear dipole plus quadrupole and octupole model,
the angle between the magnetic and rotation axes § is generally smaller than 20° for stars
with P > 30 d, unlike short period magnetic Ap stars for which this angle is usually large
(Landstreet and Mathys 2000).

HgMn stars are chemically peculiar stars with spectral type B8 to AO and T =
10000-14 000 K. They show extreme overabundance of Hg (up to 6 dex) and/or Mn (up to
3 dex). They display the most obvious departures from abundances expected within the con-
text of nucleosynthesis (Cowley and Aikman 1975). More than 150 HgMn stars are known,
many of which are found in young associations (Sco-Cen, Orion OB1). They are among the
most slowly rotating stars on the upper main sequence and have exceptionally stable atmo-
spheres with an average rotational velocity of (vsini) = 29 km/s, which leads to extremely
sharp-lined spectra. They are the best-suited targets to study isotopic and hyperfine struc-
ture. More than 2/3 of the HgMn stars belong to spectroscopic binary (SB) systems with a
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prevalence of Puy, &~ 3-20 d, and many HgMn stars are in multiple systems. The spectrum
variability seen in HgMn stars is due to the presence of chemical spots. These stars do not
have strong large-scale organized magnetic fields, but tangled magnetic fields are possible.
They do not have enhanced strengths of rare earth elements but rather of the heavy elements
W, Re, Os, Ir, Pt, Au, Hg, T1, Pb, and Bi, which makes these stars natural laboratories for the
study of heavy elements. They also show anomalous isotopic abundances for the elements
He, Hg, Pt, T1, Pb, and Ca.

One of the most exciting objects containing a HgMn star is the triple system AR Aur.
The inner two stars constitute the only known eclipsing binary including a HgMn star. This
binary has an orbital period of 4.13 d and an age of 4 Myr. The two stars are of spectral
types BOV and B9.5V, and while the primary HgMn star is exactly on the zero-age main
sequence (ZAMS), the secondary is still contracting (e.g., Nordstrom and Johansen 1994).
Hubrig et al. (2012b) used observations with SOFIN high-resolution optical spectrograph
at the Nordic Optical Telescope to study the distribution of different elements over the sur-
face of the primary HgMn star using the Doppler-mapping technique. From the same data
set, they also measured a weak longitudinal magnetic field in the primary star with 3—4o
errors. AR Aur shows a similar behavior to other HgMn systems discussed by Hubrig et al.
(2012b). The results suggest a correlation between the proposed magnetic field, the abun-
dance anomalies, and the binary properties. For the synchronously rotating components of
the SB2 system AR Aur, the stellar surfaces facing the companion star usually display low-
abundance element spots and negative magnetic-field polarity. The surface of the opposite
hemisphere, as a rule, is covered by high-abundance element spots and the putative magnetic
field is positive at the rotation phases of the best-spot visibility (Hubrig et al. 2012b). Since
the reanalysis of the FORS1 data that Hubrig et al. (2006b) used to identify weak longitudi-
nal fields in four HgMn stars did not confirm the presence of fields in these stars (Bagnulo
et al. 2012) and Kochukhov et al. (2013) found no evidence for tangled magnetic fields in
any HgMn stars, the present conclusion is that these stars do not have measured magnetic
fields.

The He-strong early B stars are the most massive and hottest of the chemically peculiar
stars. They are very rapid rotators; the most rapidly rotating star in this class, HR 7355,
has a rotational period of 0.52 days, about 90 % of critical. Rivinius et al. (2013) showed
that this star’s magnetic-field topology is more complex than an oblique dipole and that the
magnetic poles are the regions with the strongest He overabundances and the lowest metal
overabundances. The B2Vp star o Ori E shares many of the same properties as HR 7355
with a similar magnetic-field topology and chemical abundances at the magnetic poles, but
with a slower rotational period (1.19 days) and higher T (Oksala et al. 2012). For a third
member of the He-strong subgroup, HD 37776, ZDI shows a very complex magnetic field
with a magnetic-field modulus, Byop = 43-49 kG, depending on the assumed topology,
that could be stronger than for Babcock’s star (Kochukhov et al. 2011). The magnetic field
appears to contain a toroidal component.

5.3 Pulsating B Stars

B Cep stars are short-period (3-8 h) pulsating variables of spectral type O9 to B3 (corre-
sponding to a mass range of 820 M) along the main sequence that pulsate in low-order
pressure (p) and/or gravity (g) modes. Slowly pulsating B (SPB) stars show variability with
periods of the order of 1 d, are less massive (3-9 M) 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 SPB and
B Cep stars was started by researchers of the Institute of Astronomy of the University of
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Fig. 18 Phase diagrams with the best sinusoidal fit for the net longitudinal magnetic-field strength mea-
surements. The residuals (observed—calculated) are shown in the lower panels. The deviations are mostly of
the same order as the error bars; no systematic trends are obvious, which justifies a single sinusoid as a fit
function

Leuven more than 10 years ago. In the first publication on a magnetic survey of pulsating B-
type stars with FORS 1, Hubrig et al. (2006a) announced detections of weak net-longitudinal
magnetic fields of a few hundred Gauss in a number of SPB stars and in the 8 Cep star
&' CMa, whose field of the order of 300-400 G is one of the largest among all currently
known magnetic S Cep stars. Bagnulo et al. (2012) has confirmed the detection of two of
the SPB stars (HD 53921 = V450 Car and HD 208057 = 16 Peg) and listed two others as
possible detections (HD 74195 = o Vel and HD 152511 = V847 Ara). Reanalysis of the data
for one or a few observations of the other SPD stars did not confirm the earlier detections of
weak longitudinal magnetic fields. In the continuation of their FORS1 observing program,
Hubrig et al. (2009a) listed six B Cephei stars and 18 SPB stars as having magnetic fields
at the > 3¢ level, but Bagnulo et al. (2012) was able to confirm only one of the § Cephei
stars (HD136504 = € Lup) and none of the individual observations of the other SPB stars.
The B Cephei star £ CMa (HD 46328), however, is a confirmed detection with a strong
magnetic field (B,) =338 £ 11 G (Silvester et al. 2009, 2012). HD 180642 = V1449 Aql
is another B Cephei stars with a strong longitudinal magnetic field and a dipolar field of
about 3 kG. The differences between FORS1 detections (Hubrig et al. 2006b, 2009a) and
the nondetections based on a alternative reductions of the same data by Bagnulo et al. (2012)
are discussed at the end of Sect. 4.2.

In Fig. 18, one can see the results of magnetic-field monitoring of four 8 Cep and SPB
stars. Although many of the individual measurements of the stars shown in the figure are
not significant at the 3o level, the plots of longitudinal magnetic fields phased with the rota-
tional period reveal patterns that can be simply explained by oblique rotator models. From
FORS 1/2 and the higher resolution SOFIN observations, Hubrig et al. (2011c) determined
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Table 3 Measurements of the

mean longitudinal magnetic field ~ Object MID S/N (Bz)

using high-resolution HARPS

spectra HD 74195 55605.217 220 —70+21
HD 74195 55606.130 300 —14+18
HD 74560 55605.221 240 56+ 19
HD 74560 55606.134 280 8+ 18
HD 74560 55607.177 350 -35+15
HD 85953 55600.305 230 79 +20

a rotation period of P =2.1795 d for £' CMa, which is nearly a factor of two smaller than
found by Fourtune-Ravard et al. (2011), who determined P ~ 4.2680 d from ESPaDOnS
observations. Note that in the latter work, the impact of pulsations on the magnetic-field
measurements from high-resolution spectra was not taken into account. The effects of not in-
cluding pulsations in the analysis of low-resolution FORS1 spectra can be large but not read-
ily quantifiable (Hubrig et al. 201 1e), whereas pulsation effects on high-resolution Stokes V
data may not be large (Silvester et al. 2012).

Among the sample of SPB stars with detected magnetic fields using FORS 1, three stars,
HD 74195, HD 74560, and HD 85953, have been observed in February 2011 with the high-
resolution (R = 115, 000) polarimeter HARPSpol, installed at the European Southern Ob-
servatory (ESO) 3.6 m telescope on La Silla, in the framework of the guaranteed-time ob-
server (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. Additional spectra were downloaded from the ESO archive and reduced us-
ing the HARPS data reduction software available at the ESO headquarters in Germany. For
the measurements of the magnetic fields, the moment technique developed by Mathys (e.g.,
Mathys 1991) was used. Formally significant detections above the 3o level were achieved in
HD 85953 and in one observation of HD 74195 (see Table 3; Hubrig et al., in preparation).
In line with the discoveries of weak magnetic fields in pulsating stars, Briquet et al. (2013)
found a magnetic field in the hybrid SPB/B Cep star HD 43317.

The pulsation amplitudes for the three-studied pulsating stars range from 4.5 to 25 mmag.
The study of correlations between the strength of magnetic fields and pulsational character-
istics (Hubrig et al. 2009b) 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. 19. Spectral variability is evident for the two objects with
more than one observation.

From the FEROS (Fiber-fed Extended Range Optical Spectrograph) time series, one can
find line profile variability for V1449 Agl with a pulsating frequency of fyus = 5.487 d-!.
The variability in the spectra of V1449 Aql and the impact of pulsations on the polarimetric
spectra can be seen in Fig. 20. Neglecting the rapid changes in the line profiles shapes due to
pulsations in the analysis of spectropolarimetric data can lead to nondetections of magnetic
fields in these stars (Hubrig et al. 2011e) or even spurious magnetic detections (Schneer
et al. 2006). The need for a careful observing procedure is especially important for large
amplitude pulsators like V1449 Aql (Hubrig et al. 2011e).

5.4 Be Stars

Rapidly rotating Be stars lose mass and initially accumulate it in a rotating circumstellar
disk. Much of the mass loss is in the form of outbursts, and thus additional mechanisms,
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Fig.20 Left: Time series of FEROS (Fiber-fed Extended Range Optical Spectrograph) spectra for V1449 Aql
showing 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 subexposures taken with the quarter-wave
plate angles separated by 90° taken around HID 2455398.530. The lower two spectra, (I +V)g and (I — V),
correspond to the first subexposure, while the upper spectra, (I — V)gg and (I 4+ V)9, correspond to the
second subexposure. The strong effect of pulsations on the line-profile shapes and the line positions is clearly
visible between the spectra of the first subexposure with a duration of 20 min and the spectra of the second
subexposure with the same duration

such as the beating of nonradial pulsation modes or magnetic flares, must be at work. Indirect
evidence for the presence of a magnetic field are variations of X-ray emission and transient
features in absorption line profiles. Angular momentum transfer to a circumstellar disk,
channeling stellar wind matter, and accumulation of material in an equatorial disk are more
easily explained if magnetic fields can be invoked. Fifteen Be stars have been observed with
the hydrogen polarimeter by Barker et al. (1985) using HB, but no magnetic fields were
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detected. One Be star with a reported magnetic field, @ Ori (Neiner et al. 2003), 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 ob-
served by Hubrig et al. (2009b) in 2006-2008 with FORS 1. A few Be stars show weak mag-
netic 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. 21 and 22). Since the
magnetic fields are weak, it is difficult to determine their large-scale structure. The cluster
NGC 3766 appears to be extremely interesting, where evidence can be found for the pres-
ence 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. 2009a).

For nine early-type Be stars, the authors obtained time-resolved magnetic-field mea-
surements over ~one hour (up to 30 measurements) with FORS 1 at the VLT. For A Eri,
they were able to detect a period of P = 21.1 min in the magnetic-field measurements
(see Fig. 23). The spectral line profiles of A Eri exhibit short-time periodic variability (see
Fig. 24) because of non-radial pulsations with a period of 0.7 d (Kambe et al. 1993b). Fur-
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Fig. 22 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 (Bz) = 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 net-longitudinal magnetic field
(Bz) = —194 £ 62 G measured on hydrogen lines
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thermore, Smith (1994) detected dimples with a duration of 2—4 h. Are these strong local
magnetic fields?

Apart from A Eri, four other stars showed indications of magnetic-cyclic variability on
the scales of tens of minutes (Hubrig et al. 2009a). A similar magnetic-field periodicity
(P = 8.8 min) was detected for the BO star 8 Car (Hubrig et al. 2008b). These stars are
good candidates for future time-resolved magnetic-field observations with high-resolution
spectropolarimeters.

5.5 OB Stars

The presence of a convective envelope has been assumed to be 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 and Schmitt 2009) with very shallow convective envelopes
down to the coolest fully convective M-type stars as late as spectral type M9.5 (Reiners and
Basri 2007, 2010).

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 that
frequently present cyclic wind variability, Ho emission variations, nonthermal radio/X-ray
emission, and transient features in absorption-line profiles.
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Magnetic fields have fundamental effects on the evolution of massive stars, their rotation,
and on the structure, dynamics, and heating of radiative winds. 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.

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

— most magnetic stars are slowly rotating,

— magnetic fields appear in stars at a certain age,

— 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)?

— magnetic fields are produced through binary interaction,

— X-ray emission can be used as an indirect indicator for the presence of magnetic fields.

5.5.1 Magnetic Fields in O-type Stars

Early indications of the presence of magnetic fields in O-type stars came from (a) non-
thermal radio emission (Beiging et al. 1989; Abbott et al. 1986), indicating gyrosynchrotron
emission from energetic electrons in magnetic fields, and (b) X-ray emission in the Fe XXIV
and Fe XXV lines (Schulz et al. 2000), indicating plasma as hot as 6.1 x 107 K in the wind
of the O7 V star ' Ori C, which is far hotter than predicted by radiation-driven shocks in the
stellar wind, The first direct detections of a magnetic field in an O-type star were reported
by Donati et al. (2002) for 8! Ori C and Donati et al. (2006) for HD 191612. Today, about
two dozen magnetic O-type stars are known.

Hubrig et al. (2008a) were the first to determine net-longitudinal magnetic-field strengths
for a large sample of O-type stars with an accuracy of a few tens of Gauss, using FORS 1.
Very few magnetic fields stronger than 300 G were detected in the studied sample, suggest-
ing that large-scale dipole-like magnetic fields with polar magnetic-field strengths higher
than 1 kG are not common among O-type stars. Their studies of massive stars revealed that
the presence of a magnetic field can be expected in stars of different classification categories
and at different evolutionary stages. No physical properties are known that define particular
classes of stars as nonmagnetic. The inability to detect magnetic fields in massive stars in
earlier studies could be related to the weakness of these fields, which can, in some stars, be
as small as only a few tens of Gauss.

In recent years, two major surveys have been aimed at better understanding the nature and
origin of magnetic fields in OB stars and the physics of their atmospheres, winds, and mag-
netospheres. MiMeS (Wade et al. 2012) focused on high-resolution (R = 65000-110000)
spectropolarimetry with Narval, ESPaDOnS, and HARPS. The BOB consortium (Morel
et al. 2014) uses 35.5 nights on FORS 2 and HARPS over a period of 2.5 years. It concen-
trates on main-sequence OB stars and do not consider, e.g., Be or Wolf-Rayet stars. One half
of their targets are early B stars, one third are late O stars, and the rest is made up of several
late B stars with only very few early O stars. So far, the BOB consortium has observed of
~100 OB stars, with only very few targets in common with MiMeS. It aims to show consis-
tent detections using different reduction and analysis techniques, independently carried out
by two teams.

Overall, the data obtained by various authors seem to confirm that the occurrence of
fields above the detectability threshold (~ 100-200 G) is low in massive stars. An exact
estimation of the incidence rate is still pending and may be revised upwards in the future.
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While an exact estimate of the incidence rate is still pending, Wade and the MiMeS Collab-
oration (2014) suggests that about 7 % of Galactic O stars have magnetic fields above this
measurement threshold. They strongly suggest that there is a bimodal distribution of O-type
stars consisting of a small population of stars with strong (1-3 kG) magnetic fields, gener-
ally thought to have an oblique rotator structure, and a much larger population of stars with
undetected fields smaller than about 100 G. If confirmed by subsequent measurements, this
dicotomy would be an extension to higher mass stars of the “magnetic desert” that Auriere
et al. (2007) has proposed for intermediate-mass stars. Citing biases for measuring weak
magnetic fields, especially for more rapidly-rotating stars, Fossati et al. (2015) argues that
there is no clear evidence for a “magnetic desert” for high mass stars. Recent measurements
of magnetic fields on ¢ CMa and 8 CMa with the high-resolution HARPSpol spectrome-
ter on the VLT now demonstrate the feasibility of obtaining credible longitudinal magnetic
fields strengths smaller than 10 G (Fossati et al. 2015) at least for bright stars. New mea-
surements with even better sensitivity are needed to quantify the distribution of magnetic
field strengths for OB stars, which is essential for understanding the origin of their mag-
netic fields and the effects of magnetic fields on the evolution of OB stars. Fortunately, the
measurement of weak magnetic fields is helped by magnetic OB stars having, on average,
rotation speeds significantly lower than the rest of the OB star population.

A kinematic analysis of known magnetic O-type stars using the best available astromet-
ric, spectroscopic, and photometric data indicates that a magnetic field is more frequently de-
tected in candidate runaway stars than in stars belonging to clusters or associations (Hubrig
et al. 2011). The results obtained so far allowed the authors to constrain preliminarily the
conditions conducive for the presence of magnetic fields and to derive the first trends for
their occurrence rate and field-strength distribution.

To investigate statistically whether magnetic fields in O-type stars are ubiquitous or ap-
pear only in stars with a specific spectral classification, certain age, or in a special environ-
ment, Hubrig et al. (2011b, 2011) acquired spectro-polarimetric observations with FORS 2.
They detected a magnetic field at a significance level of 30 in eleven stars. The strongest
net-longitudinal magnetic fields were measured in two Of?p stars: (B,) = 381 4= 122 G for
CPD-282561 and (B,) =297 + 62 G for HD 148937. Both magnetic fields were detected
by them for the first time, the latter in an earlier study (Hubrig et al. 2008a).

Walborn (1973) introduced the class of Of?p stars as the subset of massive O stars that
display recurrent spectral variations in certain spectral lines, sharp emission or P Cygni pro-
files in the He I and Balmer lines, and strong C III emission lines around 4650 A. Only five
Galactic Of?p stars are currently known (HD 108, NGC 1624-2, CPD-28 2561, HD 148937,
and HD 191612), and they have all been found to harbor magnetic fields (Martins et al. 2010;
Wade et al. 2012a; Hubrig et al. 2011b, 2008a; Donati et al. 2006). Interestingly, a kinemat-
ical assessment of space velocities of the three brightest in this class (HD 108, HD 148937,
and HD 191612) indicates that all three can be considered as candidate runaway stars
(Hubrig et al. 2011b).

The excellent potential of FORS 2 for the detection and investigation of magnetic fields
in massive stars is demonstrated in Fig. 25, which shows FORS 2 observations collected
between 2008 and May 2011 of the Of?p star HD 148937 together with ESPaDOnS ob-
servations obtained at the CFHT (Wade et al. 2012b). The measurement errors for both
ESPaDOnS and FORS 1/2 observations are of similar order.

In most magnetic O stars, strong magnetic fields seem to give rise to spectral peculiari-
ties and/or drive periodic line-profile variations (e.g., the Of?p stars or 6! Ori C). In contrast,
Grunhut et al. (2012) observed a narrow-lined 09.7 V star (HD 54879) hosting an oblique
rotator field with a dipole strength of 880+ 50 G that does not display any evidence for abun-
dance anomalies. Only the broad emission-like Ho profile is variable. This variability may
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be related to the presence of a centrifugal magnetosphere where wind material is trapped in
closed-magnetic loops and prevented from falling back to the star by centrifugal forces. Pe-
tit et al. (2013) classified slowly rotating O-type stars as having dynamical magnetospheres
and the more rapidly rotating B-type stars as having centrifugal magnetospheres.

Another interesting discovery is the detection of a magnetic field in a multiple system in
the Trifid Nebula (Hubrig et al. 2014), which is a very young and active site of star formation.
From observations of the three brightest components (A, C, and D) identified in the central
part of this nebula, Kohoutek et al. (1999) clearly detected a circularly polarized signal with
FORS2 in component C (HD 164492C). In contrast, no such features were visible for the
two other components (an early O star and a Herbig Be star).

The 09.5 V star ¢ Ophiuchi is a well-known rapidly rotating runaway star with extremely
interesting characteristics. It undergoes episodic mass loss seen as emission in Ho, and
it is possible that it rotates at almost break-up speed with vsini = 400 kms™' (Kambe
et al. 1993a). It is probably associated with the pulsar PSR B1929+10. Tetzlaff et al. (2010)
suggested that both objects were ejected from Upper Scorpius during the same supernova
event. Spectropolarimetric observations of ¢ Oph by Hubrig et al. (2011) with FORS 1
in 2008 revealed the presence of a net-longitudinal magnetic field (B;)xgr = 141 £45 G.
Hubrig et al. (2013a) obtained nine additional spectropolarimetric observations with FORS 2
over the rotation period in 2011. The net-longitudinal magnetic field shows a change of
polarity, and its variation over the rotation cycle can be represented by a sinusoidal fit with
a semiamplitude of ~ 160 G. FORS 2 measurements using all spectral lines can be phased
with a period of 1.3 d (Fig. 26). This period is roughly twice the 0.643 d period found from
the variation of the He I 16678 line. MOST (Microvariability and Oscillations of STars)
satellite observations discovered a dozen significant oscillation frequencies between 1 and
10 cycles day~! (Walker et al. 2005). The suggested rotation periods using UV and X-ray
data range from 0.77 to 0.98 d.

6 Post-Main Sequence Stars

The magnetic-field strengths and topology of post-main sequence stars are very different be-
tween rapidly rotating and slowly rotating stars. Subgiant and giant stars can rotate rapidly
when members of tidally locked spectroscopic binary systems have orbital periods less
than about 20 days, such as the RS CVn systems, or rapid rotators by some other process,
such as the FK Com systems. Zeeman-broadening measurements of the primary stars in the
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Fig. 26 Phase diagram for the
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RS CVn-type systems VY Ari (K3 III-IV) and II Peg (K2-3 IV-V) indicate strong fields
with large filling factors. For VY Ari, Bopp et al. (1989) found Byop = 2000 £ 300 G with
f=0.66+0.14, and for I Peg, Saar (1996) found Byop = 3000 G with f = 0.60

ZDI has provided information on the topology of the magnetic fields of several rapidly
rotating giant stars. For example, Petit et al. (2004a) found for HD 199178, an FK Com-
type star with P, = 3.3 days, that the radial magnetic flux contains roughly 85 % of the
large-scale magnetic energy, but there is also significant azimuthal flux. Comparison with
the Zeeman-broadening data for rapidly rotating dwarfs suggests that most of the magnetic
energy is in small-scale unresolved magnetic fields. Changes in the magnetic topology are
seen on time scales as short as two weeks, and the differential rotation is solar-like, but about
1.5 times faster. Donati et al. (2003) and Petit et al. (2004b) find that ZDI images of the very
active primary star (G5 IV) in the HR 1099 system (P, = 2.84 days) show that unlike
HD 199178, the magnetic energy in the G5 IV star is mostly toroidal with changes seen in
the smaller-scale structure on time scales of 4—-6 weeks and has a much smaller differential
rotation than the Sun. Since (B,) is only 40-120 Gauss, most of the photospheric energy
is at smaller scales than ZDI can resolve. The rapid rotation and deep convective zones of
these stars produce the strong dynamos that power the magnetic fields in these stars.

Single giants and supergiants show a diversity of magnetic properties. We list here five
examples in order of increasing rotational period that exemplify this diversity as inferred
from ZDI measurements. V390 Aur is a G5 III active star (strong Ca II and X-ray emission)
with P, = 9.825 days located at the base of the red giant branch (RGB). Konstantinova-
Antova et al. (2012) find that this star has a moderately strong magnetic field (B,) that varies
between 42 and —16 G with a strong toroidal component likely produced by an efficient
af2 dynamo. B Cet is a somewhat more evolved KO III star also located at the base of the
RGB with P, = 215 days. This star has an axisymmetric poloidal field dominated by a
dipole. Tsvetkova et al. (2013) argue that this is a fossil field left over from when 8 Cet was
an Ap star on the main sequence. Continuing to the more slowly rotating stars, we mention
Pollux (8 Gem), an inactive KO III giant located in the RGB with P, =~ 590 days. Auriere
et al. (2009) find that this star has a weak, but measurable, (B,) = —0.46 £ 0.04 G that they
suggest is produced by a weak «£2 dynamo. EK Boo is an M5 III star with P, = 846 days
located at the tip of the RGB or on the asymptotic giant branch (AGB). Konstantinova-
Antova et al. (2010) measure a variable (B,) between —0.1 and 8 G that could be produced
by a weak «£2 dynamo. Finally, Auricre et al. (2010) measured a magnetic field of about
1 G on the M2 Iab supergiant Betelgeuse (« Ori). With its very slow rotation period of about
17 years, this star’s very weak field may be created by a local small-scale dynamo.
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7 Conclusions

It is essential both to measure stellar magnetic fields and to understand what physical quan-
tity is actually measured, because magnetic fields play many critical roles concerning the
structure and energy balance in stellar atmospheres. These roles include creating the heat in-
put in stellar chromospheres and coronae, controlling the mass and angular momentum loss
from the star, facilitating chemical peculiarity, and energizing the emission of high-energy
photons, which are critically important for the evolution of proto-planetary disks and the
habitability of exoplanets. Since these effects are governed by the star’s magnetic energy,
which is proportional to the magnetic-field strength squared and its fractional surface cov-
erage, it is essential to measure or credibly infer the true magnetic-field strength and filling
factor across a stellar disk. Magnetic-field strengths and filling factors have been measured
only for the Sun and then only with extreme care. We have indicated how and when it is
feasible to estimate magnetic-field strengths for stars. There are now many examples for
which the large-scale magnetic morphologies of stars have been inferred with ZDI tech-
niques, but the small scale morphologies are matters of inference rather than measurement.
The following points summarize our main conclusions:

Magnetic-Field Complexity and Cancellation Two critical questions that should be
answered to understand any stellar magnetic-field measurement are (a) whether or not
oppositely oriented magnetic fields cancel as detected by the observing instrument, and
(b) whether or not the magnetic field has a complex structure across the surface of the star
or in a spatial-resolution element for ZDI measurements. High-resolution spectra, especially
in the infrared, but also in the optical for stars with very strong magnetic fields, measure the
component of the magnetic field along the line of sight without cancellation from Zeeman
broadening of absorption lines when the magnetic splitting is smaller than the intrinsic line
width or Zeeman splitting when the field strength is large enough to separate the Zeeman
pattern in wavelength compared to the intrinsic line width. On the other hand, all spectropo-
larimetric measurements include potential field cancellation. Except for the chemically pe-
culiar A and B stars, most stars have complex magnetic-field structures that are unresolved
by existing instruments. Therefore, most spectropolarimetric magnetic-field measurements
will not measure true magnetic-field strengths. Field cancellation will be especially impor-
tant for solar-like main sequence stars for which the Sun provides the test case of extreme
complexity, but many other types of stars likely also have complex magnetic fields.

Magnetic Field Terminology We reserve the vector quantity “magnetic-field strength”
for measurements in which the field is spatially resolved (or corrected for lack of resolu-
tion) without cancellation. We use the term “modulus” to refer to the peak magnetic-field
strength. For spectral measurements with no cancellation, Byiop refers to the “unsigned
magnetic-field modulus”, and for spectropolarimetric measurements in which there is field
cancellation, Bngr refers to the “net magnetic-field modulus”. When observing spectral lines
that are Zeeman split, it is possible to separate out the corresponding “modulus” from the
filling factor.

What Can Be Learned from the Sun?  As the only star that can be spatially resolved, the
Sun provides a unique test case for understanding the morphology and strength of a stellar
magnetic field and how different observing techniques provide very different measurements
of magnetic-field quantities. When observed as a star-like point source either in the light re-
flected by an asteroid or by co-adding all pixels in solar magnetograms, the net-longitudinal
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magnetic-field strength (B,) is at most £2 G at maximum activity and usually far less. By
contract, high-spatial resolution spectropolarimetry of magnetically sensitive infrared lines
with Zeeman splitting exceeding the line width reveals that the solar magnetic field is highly
filamentary with magnetic-field modulus values in the range 1300-1600 G, in equiparti-
tion with the photospheric gas pressure, and very small filling factors of about 4.5 %. The
magnetic energy of a 1600 G field covering 4.5 % of the solar surface is 1400 times larger
than the energy content of a 2 Gauss field covering 100 % of the surface. Spatial averaging,
even with subarcsecond-sized apertures, such as with the Solar Optical Telescope (SOT)
instrument on the HINODE satellite, require correction for unresolved-magnetic structures
to provide sensible estimates of the photospheric magnetic-field modulus and filling factor.
Since stars with convective zones like the Sun, likely also have highly complex magnetic-
field morphologies, one should expect that spectrophotometric observations will provide
net magnetic-field strengths far smaller than the magnetic-field modulus because of cancel-
lation in spatially unresolved observations. Only unpolarized spectra of magnetically split
lines offer the possibility of measuring the stellar magnetic-field modulus and filling factor
but without information on the magnetic-field morphology.

Pre-Main Sequence Stars Pre-main sequence stars have strong magnetic fields and small
areas where accretion from the circumstellar disk along magnetic field lines impact their
surface creating postshock hot gas observed as bright emission in the He I A5876 and other
lines. For most CTTSs, the accretion shock is co-spatial with strong radial magnetic fields at
or near the magnetic poles and overlies dark starspots in the photosphere. The stellar mag-
netic field away from the accretion impact area can be approximated as a multipole with the
octopole component often stronger than the dipole. For some CTTSs, the toroidal compo-
nent of the field is comparable to, or even larger than, the poloidal component. As the higher
mass CTTSs evolve toward the main sequence, they develop radiative cores and complex
magnetic-field topologies leading to weaker magnetic dipoles and weaker interactions with
their circumstellar disk. This evolution leads to a weakening of the star-disk deceleration
torque and an increase in the stellar rotation rate as a result of the positive accretion torque
and the decrease in stellar radius with age. Herbig Ae/Be stars are the higher mass analogs
of the T Tauri stars with accretion from circumstellar disks and magnetic fields that are
mostly dipolar and often inclined by large angles from the rotation axis. HD 101412 has the
strongest net-longitudinal magnetic field ((B,) = 3.5 kG) yet measured for a Herbig Ae star.

Main-Sequence F-M Stars Main-sequence stars cooler than the Sun have complex mag-
netic fields with magnetic-field strengths and morphologies that depend systematically on
spectral type and rotation period. Zeeman-broadening measurements show a pattern of in-
creasing magnetic-field modulus, Byiop, with decreasing stellar mass, effective temperature,
and rotation period. Magnetic-field modulus values correlate with commonly used indicators
of magnetic heating and activity. For those stars in which Zeeman splitting is observed, the
magnetic-field modulus and filling factor can be far larger than for the Sun. For example, the
magnetic-field modulus and filling factor in the photosphere of the M3.5e star EV Lac were
measured to be Byop = 3.8 £0.5 kG and f = 0.50 & 0.13. The corresponding magnetic
energy per unit surface area is 50 times larger than for the Sun. Many M dwarf stars show
similarly large Byop and f values. Most G-M dwarf stars have magnetic pressures close to
equipartition with their nonmagnetic photospheric gas pressures and have filling factors that
increase systematically with decreasing rotational period. ZDI provides information on the
large-scale magnetic-field morphology, but ZDI images likely represent only a small frac-
tion of the magnetic energy for these stars as a result of cancellation within each resolution
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element. Unlike the Sun, cooler and more rapidly rotating dwarf stars have strong azimuthal
fields that become stronger than poloidal fields for solar mass stars rotating faster than a
12-day period. Fully convective M dwarfs show a higher degree of magnetic field organi-
zation than higher mass stars as indicated by a lower degree of field cancellation. ZDI has
provided evidence for changes in the large-scale magnetic morphology and even reversals
in the poloidal magnetic field on yearly time scales. The very rapidly rotating K dwarf star
AB Dor shows a magnetic field with a high percent of nonpotential magnetic energy in the
photosphere and corona available for flaring.

Chemically Peculiar and Normal B-Type Stars Unlike cooler main sequence stars with
convective zones, the chemically peculiar A- and B-type stars show magnetic-field struc-
tures that are organized on large scales—usually dipole or coaligned dipole, quadrupole, and
octopole fields that are oriented at an angle with respect to the rotation axis. However, recent
ZDI maps of the He-strong star HD 37776 show a magnetic topology that is too complex to
be fit by a low-order multipole model. The three types of chemically peculiar stars, the mag-
netic Ap and Bp stars, metallic-line Am stars, and the HgMn stars, are often slow rotators
compared to chemically normal stars with the same effective temperature. The CP stars are
typically pre-main sequence stars or have just reached the main sequence with very strong
magnetic fields that vary in rotational phase with the chemical peculiarities. The strongest
magnetic-field modulus ever measured for a nondegenerate star is either for Babcock’s star,
Bymob = 34 kG, or for HD 37776, Byop = 43-49 kG. Such strong magnetic fields control
the winds and elemental abundance stratification of these stars. The magnetic fields of these
stars are generally assumed to be primordial rather than dynamo generated and are strongest
for the more massive and fastest rotating stars in this class. Unlike the chemically peculiar
B-type stars, other B-type stars have either weak or undetected magnetic fields. Pulsating B
stars of the B Cep and SPB classes have (B,) ~ 400 G or less. Be stars also have weak or
undetected magnetic fields with (B,) &~ 100 G. The B Cephei star with the strongest longi-
tudinal magnetic field (V1449 Aql) appears to have an oblique rotator magnetic structure.

O Stars The hottest main sequence stars, spectral types O and early-B, are not expected
to have dynamo-generated magnetic fields because the stars do not have convective zones,
but they could have “fossil” fields left over from the primordial nebulae out of which these
stars recently formed or magnetic fields generated by strong tidal forces between binary
stars. Spectrophotometric observations have detected magnetic fields for about two dozen
O-type stars with net-longitudinal magnetic-field strengths generally less than 400 G. The
09.7 V star HD 54879 may be unusual with a dipole strength of 2 kG, and ¢ Oph is a
very rapidly rotating runaway star with a detected magnetic field. Some O-type stars show
indirect evidence for magnetic fields including very high ionization states in X-ray spectra
and very strong radio emission that can be explained by magnetic shocks in their massive
winds.

Post-Main Sequence Stars As stars evolve off the main sequence, they expand, rotate
more slowly, and, as a consequence, are expected to have weaker magnetic fields generated
by their a2 dynamos. As stars progress up the red giant branch from subgiants to class-
III red giants to M supergiants, their magnetic-flux measurements show a sequence of de-
creasing magnetic flux consistent with this picture. Their magnetic fields are assumed to be
complex like their main-sequence predecessor stars, and poloidal or toroidal large-scale ge-
ometries have been detected in a few cases. Prominent exceptions to this decline in magnetic
fields with evolution up the red giant branch are those close binaries whose rapid rotation
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is enforced by tides leading to synchronized orbital and rotational periods. For the G or K-
type subgiant or giant RS CVn systems and the FK Com stars, rapid rotation rejuvenates
strong «§2 dynamos leading to kG magnetic-field moduli detected by Zeeman-broadening
techniques and toroidal magnetic-field morphologies detected by ZDI for the more rapidly
rotating stars. In one case, HD 199178, ZDI measurements have detected remarkably rapid
changes in the field morphology on a time scale of 4-6 weeks.
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